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In the  present  study  we  evaluated  the complexation  of  daidzein/genistein/glycitein,  present  in an
isoflavone  enriched  fraction  (IEF),  with  �-cyclodextrin  and  2-hydroxypropyl-�-cyclodextrin  (HP�CD).
Based  on  the  increased  solubility  and  higher  complexation  efficiency,  IEF  and  HP�CD  solid  complexes
were  prepared  by  kneading,  freeze-drying,  co-evaporation,  spray-drying  and  microwave.  The solid
complexes  were  characterized  using  Fourier  transformed-infrared  spectroscopy,  differential  scanning
calorimetry,  X-ray  diffraction,  scanning  electron  microscopy,  and  nuclear  magnetic  resonance  spec-
yclodextrin
aidzein
enistein
lycitein

soflavones

troscopy,  and  the  isoflavone  content  and  solubility  were  determined  by liquid  chromatography.  The
results  suggest  that  the  isoflavones  daidzein,  genistein  and  glycitein  may  be  externally  associated  to
HP�CD  as well  as  that  isoflavones/HP�CD inclusion  complexes  are  formed  through  the  insertion  of B-ring
into  the  cyclodextrin  cavity.  Except  for the freeze-dried  IEF/HP�CD  solid  complex,  all  complexes  showed
similar  content  and  solubility.  In conclusion,  the  three  isoflavones  showed  to  be able  to  simultaneously
complex  with  HP�CD.
. Introduction

Isoflavones are a subclass of flavonoids with a 15-carbon
C6–C3–C6) backbone arranged as a 1,2-diphenylpropane skele-
on. They are widely distributed in the plant kingdom, especially
oybeans (Glycine max). Despite the main isoflavones present in
oybean/soy based products are mostly in 6′′-O-malonyl glyco-
ide and 7-O-glucosides forms, only the aglycone forms (daidzein,
lycitein and genistein), which are the biologically active forms, are
bsorbed (Setchell, 1998).
Due to its chemical structure similar to the estrogen (Kuiper
t al., 1997), many biological activities have been ascribed for
soflavones, like reduced menopause related symptoms, prevention
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of osteoporosis and coronary heart disease, as well as prevention
of prostate and breast cancer (Adlercreutz, 2002; Howes, Howes,
& Knight, 2006; Yamaguchi, 2002). However, its use as a dietary
supplement and pharmaceutical preparation is limited by its bit-
ter taste, low water solubility, low stability and low bioavailability
(Setchell et al., 2001; Ungar, Osundahunsi, & Shimoni, 2003).

Among conventional methods used to enhance the solubil-
ity and bioavailability of drugs with low water solubility, the
preparation of inclusion complexes with cyclodextrins seems
to be very promising. Cyclodextrins are macrocyclic, non-
reducing maltooligosaccharides composed of glucose units linked
by �-(1,4)glycosidic bonds (Szejtli, 1998). The most common
cyclodextrins are the �-cyclodextrin, �-cyclodextrin (�CD), �-
cyclodextrin, which are composed of six, seven and eight
glucopyranose units, respectively. Due to lack of free rotation of
the bonds connecting the glucopyranose units, the cyclodextrins
have a toroidal or cone shaped, where the primary hydroxyl groups
are located on the narrow side of the torus while the secondary
hydroxyl groups are located on the wider edge. This architec-

ture provides the formation of an internal hydrophobic cavity,
whereas the external surface is hydrophilic. The lipophilic cav-
ity of cyclodextrin molecules provides a microenvironment into
which appropriately sized non-polar moieties can enter to form

reserved.
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 inclusion complex (Loftsson & Brewster, 1996). Moreover, tox-
city studies have demonstrated that, when orally administered,
yclodextrins are practically non-toxic due to the lack of absorption
rom the gastrointestinal tract (Irie & Uekama, 1997).

Some studies have evaluated the formation of inclusion com-
lexes of cyclodextrins with genistein and daidzein. Crupi et al.
2007) evaluated the mode of complexation between genistein
nd �CD, (2-hydroxypropyl)-�-cyclodextrin (HP�CD) and methyl-
-cyclodextrin by UV–vis absorption and FTIR–ATR spectroscopy.

n the same year, the improvement of daidzein and genistein
olubility by complexation with HP�CD at different host/guest
olar ratios was also reported. (Stancanelli et al., 2007). Later,
aruhazi et al. (2008) reported the obtention of genistein/�-  and
-cyclodextrin complexes employing kneading method and Xavier
t al. (2010) prepared genistein/�CD solid complexes with high
rug loading by freeze-drying.

Although these studies have demonstrated the feasibility of
btaining inclusion complexes with isoflavones, none of them eval-
ated the simultaneous complexation of the three isoflavones with
yclodextrins, as well as the effect of different methods of com-
lexation on solubility and complexation efficiency. Therefore, in
he present study, we evaluated the complexation of an isoflavone
nriched fraction (IEF) with �CD and HP�CD and prepared, by dif-
erent methods, solid complexes of IEF/HP�CD, which were further
haracterized using Fourier transformed-infrared spectroscopy,
ifferential scanning calorimetry, X-ray diffraction, scanning elec-
ron microscopy, and nuclear magnetic resonance spectroscopy. To
he best of our knowledge, this is the first report of complexation
tudy comprising multiple associations of molecules present in a
raction.

. Materials and methods

.1. Chemicals

Liquid chromatography (LC)-grade acetonitrile (Tedia, Fairfield,
H, USA), trifluoroacetic acid (Merck, Hohonbrunn, Germany), and
urified water (Milli-QTM system, Millipore, Bedford, MA,  USA)
ere used for mobile phase preparation. Daidzein (98%, HPLC
urity), glycitein (97%, HPLC purity), and genistein (98%, HPLC
urity) were obtained from Sigma–Aldrich (Steinheim, Germany).
P�CD and �CD were kindly supplied by Roquette Frères (Lestrem,
rance).

.2. Isoflavone enriched fraction preparation

The IEF was produced from Glycine max dry extract. The extrac-
ion of the isoflavones was performed with ethanol 96 GL at the
atio of dry extract to ethanol of 1:20 (g/mL). The resulting mixture
as heated at 60 ◦C for 2 h under constant agitation. The extractive

olution was separated from the insoluble material by filtration and
ydrolyzed with hydrochloric acid 0.5 M at 80 ◦C for 12 h under con-
tant agitation. The resulting hydrolyzed solution was mixed with
istilled water at the volume ratio of 1:5 (v/v) and maintained at
est for 12 h at 10 ◦C. The crystallized material was  separated by
ecantation and filtration. The solid material was recrystallized in
ure ethanol at 80 ◦C, filtrated and dried in oven at 40 ◦C for 24 h.
he isoflavones content was determined by Liquid chromatogra-
hy: 441.43 ± 3.89 mg/g of daidzein, 363.46 ± 1.04 mg/g of glycitein
nd 91.72 ± 0.95 mg/g of genistein.

.3. Liquid chromatography analysis
The Liquid chromatography (LC) analysis was performed on
 Shimadzu Prominence device coupled to diode array detection
DAD) instrument and an automatic injector (Kyoto, Japan). The
lymers 98 (2013) 726– 735 727

stationary phase was a Phenomenex RP-18 column (Synergi Fusion
150 × 4.6 mm i.d.; particle size, 4 �m)  guarded by a Waters pre-
column (20 × 3.9 mm i.d.; particle size, 10 mm)  (Milford, MA,  USA).
The mobile phase consisted of (A) trifluoroacetic acid 0.1% (v/v)
and (B) acetonitrile:trifluoroacetic acid (100:0.01, v/v). The gra-
dient elution was 20–25% B (0–10 min), 25–30% B (10–15 min),
and 30–35% B (15–23 min). The column was  washed with ace-
tonitrile for 3 min  and re-equilibrated with 20% B for 4 min  before
the next analysis. The flow rate was 1 mL.min−1 and the injec-
tion volume was 10 �L. The detection wavelength was 260 nm and
the analysis was  carried out at 40 ◦C. All the samples were sol-
ubilized in acetonitrile 50% (v/v) and sonicated for 30 min. The
clear solution was  filtered through a 0.45 �m PTFE membrane and
injected. The method was  validated over the concentration range
of 0.1–10.0 �g.mL−1 according to ICH guidelines (ICH, 2005).

2.4. Phase-solubility study

Phase-solubility studies were performed with an IKA® stirred
temperature controlled bath (IKA Werke GmbH & Co., Breisgau,
Germany), which allowed an accuracy of 0.1 ◦C. A fixed amount
of IEF exceeding its solubility was  added to unbuffered aqueous
solutions containing increasing concentrations of HP�CD or �CD
in 2 mL  glass vials. Vials were sealed to avoid changes due to evap-
oration and magnetically stirred for 2 days at 24.0 ± 0.01 ◦C or
37.0 ± 0.01 ◦C, protected from light to prevent any degradation of
the molecules. After the equilibrium was reached, the suspensions
were centrifuged for 30 min  at 7000 rpm and filtered through a
0.45 �m PTFE membrane (Millipore HAWP) for direct analysis by
LC. Experiments were carried out in triplicate.

The apparent stability constant (Ks), the complexation efficiency
(CE) and the molar ratio of the isoflavones/cyclodextrins complexes
were calculated based on the phase-solubility diagrams according
to the following equations:

Ks(M−1) = slope/(S0 × (1 − slope))

CE = slope/(1 − slope)

Molar ratio = 1 + (1/CE)

where S0 is the intrinsic solubility of isoflavones in water (solubility
of isoflavones in absence of cyclodextrin).

2.5. Preparation of isoflavone enriched
fraction/(2-hydroxypropyl)-ˇ-cyclodextrin complexes

2.5.1. Freeze-drying method
The required amount of IEF and aqueous solution of HP�CD were

mixed at the molar ratio of 1:1 and stirred at 25 ◦C for 2 days pro-
tected from light. After this period, the dispersion filtered through
a 0.45 �m PTFE membrane (Millipore HAWP), frozen at −18 ◦C for
24 h and then dried 48 h by lyophilization in an Edwards EF4 Mod-
ulyo freeze dryer (Edwards, UK).

2.5.2. Spray-drying method
The required amounts of IEF and HP�CD at the molar ratio of

1:1 were dissolved in ethanol 77% (v/v) at 60 ◦C. The resultant solu-
tion was cooled down to room temperature and dried in a Mini
spray-dryer B-290 coupled to Inert loop B-295 (Büchi, Switzerland).
The spray-dryer was  operated under the following conditions: inlet
temperature 130 ◦C, outlet temperature 50 ◦C, and flow rate of
3 mL  min−1.
2.5.3. Kneading/microwave method
Pre-weighed amounts of IEF and HP�CD at the molar ratio of

1:1 were grounded for 10 min  in a ceramic mortar. The resultant
mixture was further kneaded with ethanol 66% (v/v) for 45 min.
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he pasty mass obtained was dried in a microwave at a power of
45 watts at 60 ◦C, crushed and sifted through sieve no. 80.

.5.4. Microwave method
The required amounts of IEF and HP�CD at the molar ratio of

:1 were dissolved in ethanol 66% (v/v) at 60 ◦C. The solution was
urther microwaved at a power of 245 watts at 60 ◦C for 90 s. The
olvent was evaporated under vacuum and the collected residue
as crushed and sifted through sieve no. 80.

.5.5. Co-evaporation method
Accurately weighed amounts of IEF and HP�CD at the molar

atio of 1:1 were dissolved in ethanol 66% (v/v) and stirred on a mag-
etic stirrer at 60 ◦C. The pasty mass obtained was  dried overnight

n a vacuum desiccator, crushed and sifted through sieve no. 80.

.5.6. Physical mixture
For comparison purposes, physical mixture (PM) was  prepared

t the molar ratio of 1:1 of IEF:HP�CD by simple blending in a vial
or 30 min.

.6. Scanning electron microscopy

The photomicrographs of the samples were taken using a
eol JSM 6060 microscope (Tokyo, Japan) at a voltage of 10 kV.
he samples were previously mounted on aluminum stubs using
ouble-sided adhesive tape and vacuum-coated with a thin layer
f gold.

.7. Fourier transformed-infrared (FTIR) spectroscopy

Infrared spectra covering the range of 4000–400 cm−1 were
btained with a Spectrum BX FTIR spectrometer with MIRacle ATR
ccessory (Perkin Elmer, MA,  USA). The spectra were an average of
8 scans at a resolution of 4 cm−1.

.8. Thermal analysis

Differential Scanning Calorimetry (DSC) curve was  performed in
 DSC-60 calorimeter (Shimadzu Co., Kyoto, Japan) using the follow-
ng conditions: dynamic nitrogen atmosphere (50 mL  min−1) and
eating rate of 10 ◦C min−1. Samples were accurately weighted and
ubmitted to further heat scanning from 25 to 500 ◦C in a sealed alu-
inum pan. An empty sealed aluminum pan was used as reference.
ata analysis was carried out using TA Analysis Software.

.9. X-ray diffraction

The X-ray diffraction (XRD) experiments were carried out
n a Siemens D5000 diffractometer (Siemens, Berlin, Germany)
quipped with a curved graphite crystal using Cu K� radiation
� = 1.5406 Å). The diffraction data were collected at room tem-
erature in a Bragg–Brentano �–2� geometry. The equipment was
perated at 40 kV and 20 mA  with a scan range between 8 and
0. The diffractograms were obtained with a constant step, step
ize/time of 0.02 2�/s.

.10. Nuclear magnetic resonance spectroscopy

NMR  spectra were recorded on Bruker DRX400-AVANCE spec-
rometer operating at 400 MHz, equipped with a 5 mm  inverse

robe with z-gradient coil and a 5 mm,  direct detection, dual probe

1H/13C), respectively. DMSO-d6 (isotopic purity at least 99.5%)
as purchased from Aldrich and used as solvent, and tetram-

thylsilane (TMS) as internal standard (ı 0.0). One-dimensional
lymers 98 (2013) 726– 735

1H and 13C NMR  spectra were acquired under standard condi-
tions. Two-dimensional inverse hydrogen-detected heteronuclear
shift correlation spectra were obtained by HSQC pulse sequence
[1J(C, H)] and HMBC pulse sequence [nJ(C, H), n = 2, 3, and
4]. 1H homonuclear correlation spectroscopy (COSY) and 1H
homonuclear 2D-ROESY (spinlock pulse = 600 ms) were used to
confirm the assigments of the hydrogen signals. Nuclear Over-
hauser effect (NOE) correlations were used in order to confirm
daidzein/glycitein/genistein/cyclodextrin interactions and to get
information about the geometry of the supramolecular complexes.
All experiments were recorded at 300 K.

2.11. Solubility of the isoflavones in IEF associated or
non-associated to cyclodextrin

The solubility study of the isoflavones present in IEF and IEF
associated to cyclodextrins were determined by adding an excess of
sample into 2 mL  of distilled water in a glass vial. The glass vial was
capped and attached to a wrist shaker in a water bath at 25 ± 2 ◦C
for 2 days with agitation. The samples were centrifuged 30 min  at
7000 rpm, filtered through a 0.45 �m PTFE membrane and analyzed
by LC. All the experiments were performed in triplicate.

2.12. Statistical analysis

The results were analyzed either by the student’s test or by the
analysis of variance (ANOVA) followed by Tukey’s test for signifi-
cance at p < 0.05.

3. Results and discussion

The phase-solubility diagrams of IEF/HP�CD and IEF/�CD at
24.0 ± 0.01 ◦C and 37 ◦C ± 0.01 ◦C are showed, respectively, in
Fig. 1A and B. In both temperatures the aqueous solubility of IEF
increased linearly with the concentration of HP�CD or �CD.

At 24.0 ± 0.01 ◦C, the effect of both cyclodextrins on the IEF
water solubility and on the apparent stability constant and com-
plexation efficiency of corresponding complexes is presented in
Table 1.

Among the three isoflavones, genistein presented the highest
S0, which may  be related to the presence of an additional hydroxyl
group. In contrast, daidzein and glycitein presented the highest
increase in their solubility in the presence of both cyclodextrins.

The phase-solubility diagrams presented AL-type profile with
slope less than unit in each case (Higuchi & Connors, 1965), which
indicates that the increase in solubility was  due to the forma-
tion of a 1:1 M complex in solution with all the three isoflavones.
The Ks determined for all isoflavone/cyclodextrin complexes sug-
gest a good interaction between the isoflavones and cyclodextrins,
especially for daidzein and glycitein complexes. Isoflavones also
demonstrated stronger interactions with HP�CD, which could
explain the higher solubility of these complexes in water than that
observed for isoflavone/�CD complexes.

Considering that isoflavones present low water solubility, it is
more convenient to compare the CE than Ks values. For poorly
soluble drugs (aqueous solubility <0.1 mM),  the S0 is in general
much higher than the intercept of the phase-solubility diagram
resulting in non-linearity of otherwise linear (AL-type) phase-
solubility diagram, which can lead to erroneous K1:1 values (Carrier,
Miller, & Ahmed, 2007). Based on CE values, HP�CD also pre-
sented the highest solubilizing power since a lower amount of this

cyclodextrin was  required to solubilize all isoflavones (1:7). In other
words, to form a complex between one molecule of HP�CD and
one molecule of isoflavone, approximately 7 molecules of HP�CD
will remain free. This low efficiency results in a large excess of
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ig. 1. Phase-solubility diagrams of isoflavone enriched fraction/(2-hydroxypropyl)
B)  37.0 ± 0.01 ◦C.

ncomplexed HP�CD solubilized in water and represents an unde-
irable characteristic in the production of pharmaceutical forms
ince it represents a very large amount of excipient.

Recently, Borghetti, Lula, Sinisterra, and Bassani (2009) demon-
trated that operating conditions (temperature, stirring time,
nd excess amount of quercetin) can influence the quercetin/�-
yclodextrin complexation efficiency in the phase-solubility
tudies. They showed that, with an excess amount of quercetin
t higher temperature (37 ◦C), it was possible to enhance
he complexation efficiency. For this reason, in an attempt
o increase the complexation efficiency of both cyclodextrins,
nother phase-solubility study was performed at higher tem-
erature (37 ◦C) with a higher cyclodextrin concentration range:
–10 mM of �CD and 0–100 mM of HP�CD. The �CD concen-
ration range was limited to 10 mM due its lower solubility in
ater.

At 37 ◦C (Fig. 1B), the phase-solubility revealed that, even in
ider range of cyclodextrin concentrations, the profile of the
hase-solubility diagrams was not altered (AL type, slope < 1). How-

ver it resulted in a S0 increase and, on the other hand, a significant
eduction of the Ks and CE values for both cyclodextrins, especially
or genistein (Table 1). These results suggest that the formation
f isoflavones/cyclodextrins complexes is an exothermic process

able 1
ffect of cyclodextrins on the apparent stability constant and complexation efficiency of c

Temp. (◦C) Isoflavones S0 (mM)  Ks (M−1) C

HP�CD �CD H

24

Daidzein 0.0493 1041 977 0
Glycitein 0.0507 809 968 0
Genistein 0.0765 775 503 0
Total  0.1664 741 610 0

37

Daidzein 0.0557 738 616 0
Glycitein 0.0450 682 622 0
Genistein 0.0952 105 291 0
Total  0.1944 397 465 0

emp = temperature, S0 = apparent solubility, Ks = apparent stability constant, CE = comple
-cyclodextrin, �CD = �-cyclodextrin.
clodextrin and isoflavone enriched fraction/�-cyclodextrin at (A) 24.0 ± 0.01 ◦C and

and that the higher cyclodextrin concentration was  not able to
overcome this effect.

The isoflavone aglycones contained in the IEF presented a water
solubility higher than that reported for pure daidzein, which were
2.9 �g/mL (Wang, Komolpis, Kaufman, Malakul, & Shotipruk, 2001),
1.17 �g/mL (Zhao et al., 2011), 2.63 �g/mL (Borghetti et al., 2011),
and 3.84 �g/mL (Ma,  Zhao, Li, & Shen, 2012); and for pure genis-
tein, which were 3.5 �g/mL (Wang et al., 2001), and 1.43 �g/mL
(Wu,  Ge, Zhang, Yu, & Zhang, 2010). No data about the glycitein
solubility was  found in the literature. A similar result was reported
for an aglycone mixture of soy isoflavones (consisting of 55% genis-
tein, 43% daidzein, and 1.8% glycitein). The authors verified that
the solubility of genistein and daidzein in the mixture was  5.2- and
3.3-fold higher than that of the pure compounds in pH 6 buffer
(Huang, Hung, & Fang, 2008). The explanation for this observation
remains unclear and may  involve several physical or physico-
chemical phenomena.

Thus, the complexation of isoflavone contained in IEF in the
production of water-soluble complexes with cyclodextrins showed

to be a promising strategy since the IEF/cyclodextrins complexes
presented higher solubility and superior complexation efficiency.
Based on the obtained results, IEF/HP�CD complexes were pro-
duced by different methods and characterized.

orresponding complexes at 24.0 ± 0.01 ◦C. and 37.0 ± 0.01 ◦C.

E Molar ratio (ISO:CD) r2

P�CD �CD HP�CD �CD HP�CD �CD

.0514 0.0349 1:20 1:30 0.97 0.91

.0411 0.0256 1:25 1:40 0.97 0.91

.0593 0.0398 1:18 1:26 0.91 0.94

.1678 0.1053 1:7 1:10 0.95 0.92

.0449 0.0369 1:23 1:28 0.99 0.96

.0327 0.0270 1:32 1:38 0.99 0.96

.0102 0.0294 1:99 1:35 0.90 0.92

.0920 0.1003 1:12 1:11 0.98 0.95

xation efficiency, CD = cyclodextrin, ISO = isoflavone, HP�CD = (2-hydroxypropryl)-
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ig. 2. Photomicrographs obtained by scanning electron microscopy of (A) (2-hyd
ixture of IEF and HP�CD (1:1), (D) spray-dried IEF/HP�CD complex, (E) freeze-dr

EF/HP�CD  complex, and (H) co-evaporated IEF/HP�CD complex.

The photomicrographs obtained for HP�CD, IEF, IEF/HP�CD
hysical mixture and the corresponding solid complexes are pre-
ented in Fig. 2. IEF reveled particles with an acicular habit
ith fissures and irregular surface (Fig. 2B), whereas HP�CD par-

icles were larger with rounded shape and sub-rough surface
Fig. 2A). In case of the IEF/HP�CD physical mixture, the parti-
les of both IEF and HP�CD were clearly distinguishable from
ach other (Fig. 2C), which suggest that no interaction takes place
etween the two parent compounds in solid state. On the other
and, the solid complexes were completely different from those
f IEF or HP�CD. The spray-dried IEF/HP�CD complex showed

pherical particles with smooth surface (Fig. 2D) and the freeze-
ried IEF/HP�CD complex showed to be an amorphous powder
Fig. 2E). Since the other complexes were crushed, they pre-
ented particles with shard shape and broken edges. Despite these
ropyl)-�-cyclodextrin (HP�CD), (B) isoflavone enriched fraction (IEF), (C) physical
/HP�CD complex, (F) kneading/microwaved IEF/HP�CD complex, (G) microwaved

results suggest the formation of a new single solid phase, they
cannot confirm the formation of complexes between IEF and
HP�CD.

Fig. 3 presents the thermograms of HP�CD,  IEF, and the cor-
responding physical mixture and solid complexes. IEF presents
a unique sharp endothermic peak at 300 ◦C and HP�CD a broad
endothermic peak at 334 ◦C. In the IEF/HP�CD physical mixture, the
intensity of the peak corresponding to the melting point of IEF is
drastically reduced, which was expected since the amount of IEF in
the physical mixture is very small. The IEF/HP�CD solid complexes
showed a complete disappearance of IEF peak and the presence of

slightly shifted peak of HP�CD. Therefore, although the products
obtained are different from the physical mixture, with respect to
the DSC profiles, they not provide enough evidence of true inclusion
complexes.
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ig. 3. The Differential scanning calorimetry curves of (A) (2-hydroxypropyl)-�-cyc
P�CD  (1:1), (D) freeze-dried IEF/HP�CD complex, (E) spray-dried IEF/HP�CD com

H)  kneading/microwaved IEF/HP�CD complex.
Additional evidence of IEF complexation was obtained by
RD diffractograms (Fig. 4). XRD pattern of IEF revealed a well-
efined crystal, whereas HP�CD showed to be amorphous. The
iffractogram of physical mixture showed peaks corresponding

ig. 4. X-ray diffractograms of (A) isoflavone enriched fraction (IEF), (B) (2-hydroxypropy
ried  IEF/HP�CD complex, (E) spray-dried IEF/HP�CD complex, (F) microwaved IEF/HP�C

EF/HP�CD  complex.
trin (HP�CD), (B) isoflavone enriched fraction (IEF), (C) physical mixture of IEF and
 (F) co-evaporated IEF/HP�CD complex, (G) microwaved IEF/HP�CD complex, and
to the IEF, indicating the presence of IEF in the crystalline
state. In contrast, microwaved, kneading/microwaved, and co-
evaporated solid complexes exhibits considerable decrease of
the diffraction peaks, suggesting that it is less crystalline than

l)-�-cyclodextrin (HP�CD), (C) physical mixture of IEF and HP�CD (1:1), (D) freeze-
D complex, (G) kneading/microwaved IEF/HP�CD complex, and (H) co-evaporated
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ig. 5. FTIR spectrum (A) isoflavone enriched fraction (IEF), (B) (2-hydroxypropyl)
EF/HP�CD  complex, (E) spray-dried IEF/HP�CD complex, (F) microwaved IEF/HP
EF/HP�CD  complex.
he physical mixture. Moreover, the freeze-dried and spray-dried
olid complexes diffractograms presented an absence of sharp
eaks. These results strongly suggest that the complexes are

n a totally different form and the isoflavones are interacting

ig. 6. Expanded region of 2D-ROESY counter maps of complexes (400 MHz, D2O). (A) spra
EF/HP�CD  complex, (D) kneading/microwaved IEF/HP�CD complex, and (E) co-evaporat
lodextrin (HP�CD), (C) physical mixture of IEF and HP�CD (1:1), (D) freeze-dried
complex, (G) kneading/microwaved IEF/HP�CD complex, and (H) co-evaporated
with HP�CD probably by the formation of inclusion com-
plexes.

In attempt to elucidated the host:guest interactions, FTIR spec-
trum and 1H NMR  spectrum of IEF, HP�CD, IEF/HP�CD physical

y-dried IEF/HP�CD complex, (B) freeze-dried IEF/HP�CD complex, (C) microwaved
ed IEF/HP�CD complex.
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ixture and IEF/HP�CD complexes were compared (Fig. 5, Table
.1 and Fig. A.1). FTIR spectrum of IEF (Fig. 5) showed characteris-

ic absorption bands in 3394 cm−1 related to –OH free stretching
requency, 3224 cm−1 related to OH bonded stretching frequency
characteristic of the hydrogen bond formed between OH at the
5 and the carbonyl group at C4 in genistein), 3070 cm−1 related
o C H (sp2) stretching frequency, 2939 cm−1 related to C H (sp3)
tretching frequency (characteristic of the OCH3 from glycitein),
630 cm−1 related to C O stretching frequency, 1614 cm−1 related
o C C stretching frequency, 1194 cm−1 related to C O stretch-
ng frequency, and 820 cm−1 related to stretching frequency of
-substituted phenyl. The FTIR spectrum of HP�CD showed promi-
ent peaks at 3337.71 cm−1 (O H stretching), 2925.65 cm−1 (C H
tretching), and 1651.49 cm−1 (H O H bending). The FTIR spec-
rum of physical mixture showed peaks corresponding to the
riginal compounds.

Supplementary material related to this article can be
ound, in the online version, at http://dx.doi.org/10.1016/j.
arbpol.2013.06.062.

With respect to IEF/HP�CD solid complexes spectra, the
haracteristic absorption bands of IEF (3394 cm−1, 3224 cm−1,
nd 2939 cm−1) could not be identified. The C O stretching
1630 cm−1), the C C stretching (1614 cm−1) and the C O stretch-
ng (1194 cm−1) peaks also appear bumped and diminished in
ntensity in the spectra of the complexes. These observations are
onsistent with those made by Crupi et al. (2007), which postu-
ated that spectral changes, at high frequency, in the O H stretching
rofile, and, at low frequency, in the C O, C C, C O C and C O
tretching vibrations could be attributed to the association, via
-bond, between the host and the guest during complexation pro-
ess.

With respect to 1H and 13C NMR  spectra, the chemical shifts of
ydrogens and carbons of IEF and the chemical shifts of hydrogens

EF/HP�CD complexes are summarized in Table A.1. The compari-
on between the one-dimensional 1H NMR  spectra obtained for IEF
nd the five complexes are presented in Fig. A.1.

The hydrogen and carbons attributions of the EIF were com-
ared with the 1H NMR  spectral data of the literature (Borghetti
t al., 2011; Coward, Barnes, Setchell, & Barnes, 1993; Jha, Zilliken,

 Breitmaier, 1980; Park et al., 1999; Sung, Choi, Lee, Park, & Moon,
004; Xavier et al., 2010). The hydrogen and carbons chemical shifts
bserved in the EIF spectrum were consistent with a mixture of the
hree isoflavones.

The freeze-dried IEF/HP�CD complex only presented chemical
isplacements (downfield shift) in the hydrogen signals H6 and H8
A ring) and OH-4′ (B ring) in the isoflavones. In the same way, the
pray-dried IEF/HP�CD complex showed few chemical displace-
ents (downfield shift) in the hydrogen signals H5 and H6 (A ring),

nd H2′/6′ (B ring) in the isoflavones. On other hand, microwaved,
neading/microwaved, and co-evaporated IEF/HP�CD complexes
emonstrated a significant number of chemical displacements
downfield shift) in the hydrogen signals H2 (C ring); H5, H6, H8, OH-

 and OCH3 (A ring); and H2′/6′ and H3′/5′ (B ring) in the isoflavones.
n all cases, this result suggests some perturbations in molecular
lectron density of isoflavones due to existence of the interactions
etween isoflavones and HP�CD.

Daruhazi et al. (2008) reported that genistein has formed an
nclusion complex with �CD by the insertion of the B ring into
he cyclodextrin cavity. In the same way, Borghetti et al. (2011)
eported that daidzein would form an inclusion complex with
CD and HP�CD by the insertion of the B ring into the cyclodex-

rin cavity. On other hand, Xavier et al. (2010) reported that the

omplexation of genistein with �-CD occurs mainly through the
nsertion of the A-ring into the cyclodextrin cavity. Based in our
esults, the complexation can occur through the insertion of either
-ring or B-ring into the cyclodextrin cavity. Ta
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Fig. 6 presents expanded regions of 1H homonuclear 2D-
OESY contour maps of IEF/HP�CD complexes. The expansion of
he spray-dried, freeze-dried, microwaved, kneading/microwaved
nd co-evaporated IEF/HP�CD complexes spectra presented
ntermolecular cross-peaks between the aromatic doublets
7.44–7.24 ppm) of the H2′/6′ of the isoflavones and the hydro-
en H5 (3.88–3.85 ppm) of HP�CD. They also presented interaction
etween the hydrogen H8 and H6 (6.94–6.86 ppm) and H3′/5′
6.81 ppm) of the isoflavones and the hydrogen H4 (3.32–3.38 ppm)
f HP�CD. Therefore, the 1H NMR  analysis suggests that the
soflavones/HP�CD inclusion complexes have been formed through
he insertion of B-ring into the cyclodextrin cavity, since the hydro-
ens H3 and H5 of HP�CD are located inside the cyclodextrin cavity.
oreover, the results also suggest that isoflavones could be exter-

ally associated to the HP�CD since the hydrogen H4 of HP�CD
s located outside the cyclodextrin cavity. This type of associa-
ion is known as association complexes and also contributes to the
ncrease on the isoflavones solubility in water.

Once the IEF/HP�CD solid complexes presented strong evi-
ences about the formation of inclusion complexes, the content
f isoflavone in the IEF/HP�CD solid complexes and its solubil-
ty in water were evaluated (Table 2). Except for the freeze-dried
EF/HP�CD solid complex, all complexes showed similar content of
soflavone and solubility (p < 0.05).

In the freeze-drying method, the dispersion of IEF and HP�CD
as filtered before the lyophilization step to remove the unsolu-

ilized material. Therefore, the smaller content of isoflavones in
he IEF/HP�CD solid complex was probably due to the elimina-
ion of the unsolubilized IEF. Moreover, the freeze-drying method
as less successful in promoting the formation of complexes

etween IEF and HP�CD, since the freeze-dried IEF/HP�CD solid
omplex presented the lowest solubility. This result could be
elated to the use of ethanol as co-solvent in the spray-drying,
neading/microwave, microwave and co-evaporation methods.
he solubilization of the isoflavones and HP�CD, promoted by the
thanol, could facilitate the hydrophobic interaction between the
soflavones and HP�CD, consequently promoting the formation of
omplexes.

. Conclusions

This is the first report that evaluates the influence of dif-
erent methods of complexation on the simultaneous host:guest
nteractions among three compounds present in a plant frac-
ion (IEF) and cyclodextrins. For both cyclodextrins tested, the
hase-solubility diagrams may  be classified as AL-type, indicat-

ng the formation of a 1:1 IEF/cyclodextrins complex, although
P�CD prove to be more effective in increasing the solubility of

soflavones.
The characterization of solid complexes and correspond-

ng physical mixture by DCS, FTIR, and XRD analysis suggest
hat isoflavones interact with HP�CD probably by the forma-
ion of inclusion complexes. The 1H NMR  analysis suggests that
he isoflavones/HP-�-CD inclusion complexes have been formed
hrough the insertion of B-ring into the cyclodextrin cavity. More-
ver, the results also suggest that isoflavones could be externally
ssociated to the HP�CD.

All results suggest that both inclusion complexes and asso-
iation complexes between cyclodextrins and isoflavones could
e effectively formed and, except for the freeze-dried IEF/HP�CD
olid complex, all other solid complexes obtained showed simi-

ar isoflavone content and solubility (p < 0.05). The formation of
uch complexes could be regarded as a promising strategy for
mproving the bioavailability of the isoflavones aglycones in a plant
raction.
lymers 98 (2013) 726– 735
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