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Abstract

The effect of B-cyclodextrin (B-CyD), (2-hydroxypropyl)-B-cyclodextrin (HP-B-CyD) and methyl-f-cyclodextrin (Me-3-CyD) complexation
on the UV absorption of genistein (Gen) was studied in pure water. A phase solubility study was performed, according to the method reported by
Higuchi and Connors, to evaluate the changes of isoflavone in the complexation state and the obtained diagrams suggested that it forms complexes
with a stoichiometry of 1:1. Then, the solid complexes of genistein with these macrocycles in 1:1 molar ratio were prepared by the co-precipitation
method and characterized by FTIR absorption spectroscopy in ATR geometry. The host—guest interactions have been evidenced by monitoring, in the
FTIR-ATR spectra, the changes in some guest molecule bands relative to those observed in the spectra of the 1:1 physical mixtures and complexes.

In particular, for the high-frequency O—H stretching band, a quantitative vibrational assignment of the observed sub-bands has been made.

From the results, the inclusion phenomena have been discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

B-Cyclodextrins (B-CyDs) are cyclic oligomers connecting
seven glucose units via a-(1,4)-linkages, having a toroidal
shape with a non-polar inside and two hydrophilic rims. Thanks
to their unusual structure, 3-CyDs act as molecular hosts for
a large variety of guest molecules, polar and non-polar ones,
through non-covalent interactions [1]. In order to increase
their host qualities, synthetically modified and relatively safe
B-CyDs are usually used in parenteral formulations, such as
HP-B-CyD and Me-3-CyD [2]. The detailed analysis of the
solid inclusion complexes, providing their three-dimensional
structure and lattice, can give more information about the
interaction force responsible of their formation. Inclusion
complexes are now widely used in pharmaceutical industry,
for improving the solubility, stability and bioavailability of the
guest molecules [3-7], and in other areas such as the food and
cosmetic industries and agrochemistry [8,9].
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The inclusion complexes of 3-CyDs in aqueous solutions
have usually been researched using ultraviolet and visible
absorption spectroscopy, fluorimetry, phosphorimetry, NMR
spectroscopy, chromatography, etc. [10,11]. In the solid state,
the usual physical methods such as single-crystal X-ray diffrac-
tion (XRD) and neutron diffraction require crystalline samples
[12]. On the other side, the inclusion compounds are rou-
tinely obtained as an amorphous powder by freeze-drying,
spray-drying or co-precipitation. In these cases, X-ray analy-
sis is not suitable for obtaining structural information, since
it is not able to discriminate whether the obtained product is
a true inclusion complex or a homogeneous dispersed mix-
ture of the two amorphous components, because of the very
broad signals and the diffused diffraction pattern. Recently,
many papers have been published on the effects of inclusion
process on the guest molecules, as investigated by Raman and
Fourier transform infrared (FTIR) spectroscopy [13-20]. Gener-
ally speaking, the changes observed in the vibrational spectra of
the drug in the complex form, with respect to the pure compound
and the physical mixture, are indicative of the formation of a
drug/cyclodextrin complex. In particular, when used in Atten-
uated Total Reflectance (ATR) geometry, FTIR spectroscopy
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brings significant advantages to pharmaceutical development
compared with the usual technique, linked to the fact that, firstly,
no sample preparation is required and, secondly, FTIR-ATR
spectra can be obtained in a non-invasive way, i.e. without inter-
ference due to the usual dispersion of the sample in KBr or
Csl pellets. The absence of sample manipulation guarantees
rapidity in the measurement process and high reproducibility
of the spectra, making FTIR-ATR technique very adequate also
in revealing differences in solid-state forms including hydration
state and polymorphic crystal forms, and generally in the iden-
tification and characterization of pharmaceuticals [21,22]. We
also add that this technique represents an excellent opportunity
in studying hydrogen bonding, since it allows one to obtain spec-
tra free from saturation artifacts, so overcoming the difficulties
linked, for example, to the strong absorption of the O—H funda-
mental stretching vibration, here analysed. In spite of this, very
little has been reported about the inclusion complexes of CyDs
in the solid state using FTIR-ATR spectroscopy.

As guest molecule, Gen (4',5,7-trihydroxyisoflavone, see
Fig. 1), the most abundant isoflavone in soybeans, is of intense
interest because its activity is involved in a variety of health
protective effects including reducing the risk of cardiovascular
disease, lowering rates of prostate, inhibition of the cancer-
ous cell growth, and improving bone health among many other
claims [23-27]. Because of its chemical structure, the molecule
is poorly soluble in water and its dissolution is slow. This
imposes some restraints to its therapeutic applications. A strat-
egy to improve its rate of absorption and to achieve a rapid onset
of activity consists of the preparation of inclusion complexes
with B-CyDs [28,29].

Lee et al. [30] have evaluated the inclusion efficiency of Gen
and other guests in 3-CyD and HP-3-CyD in 1 wt.% solutions
(~9 mM). In particular, above 5 mM in the case of 3-CyD, non-
consideration of the formation of aggregates could invalidate
the quantitative analysis. Very recently, Cheng et al. [31] by
using a variety of well-established techniques, including ther-
mogravimetry (TG), derivative thermogravimetry (DTG) and
differential scanning calorimetry (DSC) indicated that both 3-
CyD and the host Gen molecule form molar ratio 1:1 complex.
In addition, the thermal stability and water solubility of Gen are
shown to be significantly improved by complexation.

On this basis, the present study was designed to elucidate the
mode of complexation between Gen and (3-CyD, HP-3-CyD and
Me-3-CyD.

The inclusion complexes of Gen with B-CyD, HP-B-CyD
and Me-3-CyD were prepared by mixing and shaking in solu-
tion and characterized by UV-vis absorption. Then, the solid
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Fig. 1. Chemical structure of genistein (Gen, 4',5,7-trihydroxyisoflavone).

inclusion complexes were synthesized by co-precipitating. In
addition, the physical mixtures of Gen and B-CyD, HP-f3-
CyD and Me-3-CyD were also prepared by simple blending.
The inclusion complexes and the physical mixtures in the
solid state were characterized for the first time by FTIR-ATR
spectroscopy.

In particular, in order to clarify the nature of the O—H stretch-
ing vibration, a new quantitative analysis of the FTIR-ATR
spectra has been performed by using mathematical procedures
such as deconvolution and curve fitting.

The obtained results allowed us to elucidate the effect of the
inclusion process on the guest molecule.

2. Experimental
2.1. Chemicals

The following reagents and solvents were used: genis-
tein (4',5,7-trihydroxyisoflavone, C{sH9Os, FW 270.24) from
Sigma—Aldrich Chemie® (USA); B-cyclodextrin (B-CyD,
FW ~1135.0, mp~290-300°C dec.), (2-hydroxypropyl)-B-
cyclodextrin (HP-B-CyD, FW=1170.0, mp~278°C dec.,
degree of substitution ~ 0.6), methyl-B-cyclodextrin (Me-3-
CyD, FW = 1310.0, degree of substitution~ 1.7-1.9), from
Fluka Chemie (Switzerland). They were employed without
any further purification. Water used throughout the study was
double-distilled and deionised, then filtered trough 0.22 pwm
Millipore® GSWP filters (Bedford, USA). Solutions to be
analyzed were prior filtered trough 0.45 wm Sartorius Minisart®-
SRP 15 PTFE filters (Germany).

2.2. UV—vis absorption measurements

UV-vis absorption spectra were obtained with a Perkin-
Elmer (Norwalk, USA) UV-vis double beam spectrophotometer
mod. Lambda 45 (resolution, (0.001 £ 1) x 10~3 absorbance
units; signal-to-noise ratio, 1 x 10™%), equipped with a PC for
data processing (softwares: UV-Win Lab®, from Perkin-Elmer:;
Peakfit® v.4.11, from Systat Software Inc.). 10.00 and 1.00 mm
pathlength rectangular quartz cells (Hellma) were employed in
the 220-400 nm spectral range (scan speed 60 nm/min; slit=2).
Concentrations of the samples to be measured were adjusted
so that the extinction values did not exceed E=1.0 at a given
wavelength. Baseline was established for each measurement,
by placing in the reference compartment an aqueous solution
of each cyclodextrin at the same concentration of the sample.
All measurements were carried out at 25.0 & 0.01 °C. All data
shown represent the average of, at least, three determinations.
UV-vis spectroscopy was employed in the study of Gen alone
(107 M) and in the presence of increasing amounts of macro-
cycles ((1.0-9.0) x 1073 M).

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

stirring bath thermostat 15.40 with Telemodul 40 C control
unit, which allowed an accuracy of 0.01°C. A fixed amount
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of Gen (>107*M), exceeding its solubility, was added to
unbuffered aqueous solutions of B-CyD, HP-3-CyD and Me-[3-
CyD ((0.0-9.0) x 1073 M)in 10 ml capped tubes, then sonicated
in a Bandelin RK 514 water bath (Berlin, Germany) for 15 min.
Flasks were sealed to avoid changes due to evaporation and
magnetically stirred for 3 days in a thermostated bath at
25.0£0.01 °C, shielded from light to prevent any degradation
of the molecules.

After the equilibrium was reached (about 72 h), the suspen-
sions were filtered through Sartorius Minisart®-SRP 15 PTFE
0.20m filters. An aliquot from each vial was withdrawn by
I ml glass syringe (Poulten & Graf GmbH, Germany) and
assayed spectrophotometrically to evaluate the amount of Gen
dissolved. Experiments were carried out in triplicate, solu-
bility data were averaged and used to calculate the binding
constant for the complexes formation, by UV—vis absorption
spectroscopy.

2.4. FTIR-ATR absorption measurements

FTIR-ATR spectra were recorded, at room temperature
(25+0.01°C), using a Bomem DAS Fourier transform spec-
trometer, operating with a Globar source, in combination with
a KBr beamsplitter, a DTGS/KBr detector. The powders were
contained in Golden Gate diamond ATR system, just based on
the Attenuated Total Reflectance (ATR) technique [32]. As well
known, when infrared radiation, under certain conditions, passes
through a prism made of a high refractive index infrared trans-
mitting material (ATR crystal), it will be totally reflected. In a
ATR measurement, the sample (powder) is placed in contact with
the totally reflecting surface of the ATR crystal and pressed by a
diamond piston. In this configuration, a wavelength range from
600 to 4000cm™! can be covered. In this way a well-defined
layer of sample is obtained. In this configuration, the evanescent
wave will be attenuated in regions of the IR spectrum where
the sample absorbs energy. A property of the evanescent wave
that makes ATR a powerful technique is that the intensity of
the wave decays exponentially with a distance from the surface
of the ATR crystal. The distance, on the order of micrometers,
makes ATR generally insensitive to sample thickness, allow-
ing for the analysis of thick or strongly absorbing samples. The
spectra were recorded with a resolution of 2 cm ™!, automatically
adding 100 repetitive scans in order to obtain a good signal-to-
noise ratio and highly reproducible spectra. All the IR spectra
were normalized for taking into account the effective number of
absorbers.

No smoothing was done, and spectroscopic manipulation
such as baseline adjustment and normalization were performed
using the Spectracalc software package GRAMS (Galactic
Industries, Salem, NH, USA). The band decomposition of the
O—H stretching mode was undertaken using the curve fitting
routine provided in the PeakFit 4.0 software package, which
enabled the type of fitting function to be selected. The strat-
egy adopted was to use well-defined shape components of
Voigt functions with all the parameters allowed to vary upon
iteration. The statistical parameters were used as a guide to
“best-fit”.
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Fig. 2. UV absorption spectra of Gen in the presence of increasing concen-
trations of: (a) B-CyD (0.0-9.0 mM), (b) HP-B-CyD (0.0-5.0mM), and (c)
Me-B-CyD (0.0-5.0 mM). In the corresponding insets, phase solubility diagrams
of Gen as a function B-CyD, HP-3-CyD, and Me-B-CyD concentration in water
at 25.0£ 0.1 °C are shown.

3. Results and discussion
3.1. Phase-solubility studies

The stoichiometric ratios and stability constants describing
the extent of formation of the complexes were obtained by mea-
suring the changes in UV-vis absorbance of the substrates, in
the presence of increasing concentrations of the ligands. As you
can see in Fig. 2(a)—(c), the absorption intensities increased by
increasing the 3-CyD, HP-B-CyD and Me-3-CyD concentra-
tion. In the same figure, the insets show the phase-solubility
diagrams obtained for Gen with 3-CyD, HP-3-CyD and Me-3-
CyD, respectively. As it appears clear from an inspection of the
figure, for all the drug/CyD systems the solubility of the Gen is
enhanced by the presence of the macrocycle.

In particular, a linear increase in solubility of Gen with
concentration of B3-CyD is observed in all the explored range,
whereas there is a negative shift from linearity with a well defined
plateau at 5 x 10~3 M for HP-B-CyD and Me-B-CyD; indicating
that at this point Gen must be fully complexed.

In the region where a linear increase was observed, a linear
regression analysis was performed and the equations turned out
to be as follows:

y = 0.0454x 4+ 0.0528 1)
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for Gen/B-CyD system:

y = 0.1493x 4 0.1065 2)
for Gen/HP-3-CyD system, and, finally:
y = 0.0899x + 0.0628 3)

for Gen/Me-3-CyD system. In the above expressions, x is the
concentration of cyclodextrin in solution (10_3 M); y is the
concentration of Gen in solution (10~% M); the correlation coef-
ficient turned out to be 72 =0.97 in all cases.

Since the slope of the diagram is less than 1, the soichiometry
of the complexes was assumed to be 1:1. Then, the stability
constants, K., were calculated from the straight-line portion of
the phase-solubility diagram [33], according to the following
equation:

o
© O So(l —a)

where « is the slope of the linear plot reporting the amount of
complexed Gen as a function of CyDs and Sp=2.9 x 1079 M is
the solubility of isoflavone in water, as experimentally obtained
by distributing the guest molecule between water and butanol
after having already calculated the extinction molar coefficient
(e) of Gen in this organic solvent [34].

A smaller K, value indicates too weak an interaction, whereas
a larger value indicates the possibility of limited release of drug
from the complex thereby interfering with drug absorption. In
particular, the highest value for the stability constant was calcu-
lated for the complex with HP-B-CyD (K. =60518 M~!), and
then, in order, for Me-B-CyD (K. =34065 M~ and B-CyD
(K. =16401M™1).

“

C

3.2. FTIR-ATR absorption measurements

The inclusion complexes of Gen with 3-CyD, HP-3-CyD and
Me-B-CyD were obtained by co-precipitation method.

A fixed amount of Gen was weighted and dissolved in purified
water and an equimolar concentration of each macrocycle was
added to obtain the complexes in a molar ratio 1:1.

Stirring was carried out for one hour, under controlled tem-
perature (25 £ 0.01 °C). After that time, solutions were stored in
the dark at 4 °C for about 24 h and the water was subsequently
evaporated under vacuum (~30 °C), obtaining the Gen/B-CyD,
Gen/HP-B-CyD, Gen/Me-f3-CyD solid complexes.

The infrared spectra of the Gen/3-CyD, Gen/HP-3-CyD, and
Gen/Me-3-CyD complexes were analysed and compared with
the spectra of the pure compounds and their physical mixtures,
respectively.

In the high frequency region, we focused our attention on the
4000-2000 cm ™! range. As it is known, the infrared spectrum of
Gen presents, in this range, a band at ~3405 cm ™! typical of the
vibrational frequency of the O-H stretching mode, overlapped
with another broad band, peaked at ~3084 cm™, assigned to
C—H stretching vibration [35].

In the case of Gen/B-CyDs physical mixtures and complexes,
the O-H stretching vibrational modes coming from primary and
secondary O—H groups of (3-CyDs, from crystallization water
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Fig. 3. FTIR-ATR spectrum in the 4000-2000 cm~! region of (a) Gen/B-CyD,
(b) Gen/HP-B-CyD, and (c) Gen/Me-B-CyD systems. Closed circles refer to
physical mixtures and open circles refer to inclusion complexes. In the insets,
the FTIR-ATR spectra of the corresponding pure macrocycles are reported.

molecules (interstitial and intracavity), and from the hydroxyl
groups of the guest molecules are revealed in the ~3700 to
~3100cm™~! range [36,37]. In principle, these contributions,
that usually appear overlapped, give rise to very broad bands,
and this makes the analysis of this spectral profile not easy. The
C—H stretching contribution is also evident at ~2930cm™~!. Ina
general way, we can adfirm that the effect of the guest molecules
on the position and intensities of these bands depends on both the
size and the rearrangement of the guest within the host cavity. As
reported in Fig. 3, the O—H stretching experimental spectra of
Gen/3-CyD, Gen/HP-3-CyD, and Gen/Me-B-CyD complexes
exhibit a different profile with respect to the ones corresponding
to the physical mixtures. This occurrence could suggest a redis-
tribution, upon complexation, of the water molecules among
the different hydrogen bonds sites, because of the formation
of hydrogen bond between Gen and (3-CyDs. Probably, during
the complexation process, Gen enters into the 3-CyDs torus-
shaped cavity, disturbing some of the previous existing bonds
formed between the O—H groups of 3-CyDs molecules, and
the water molecules from the inside of the torus change their
hydrogen bonding environment. In particular, a more enhanced
low-frequency contribution together with an overall broadening
of the band shape are revealed in the spectra of the complexes
with respect to the corresponding physical mixtures, indicat-
ing that the observed change in the hydrogen bonding scheme,
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as a consequence of complexation, should imply an increased
co-operativity involving longer lifetimes.

A quantitative analysis of the observed profiles, including
deconvolution and curve-fitting, is then really helpful in order
to clarify the nature of the O—H stretching band.

A problem which arises in the analysis of our spectra is the
partial overlapping of the C—H and O—H stretching bands. In
order to separate both bands and at the same time to resolve the
O—H stretching band into components, we choose to fit simulta-
neously the whole spectrum (C—H and O—H stretching regions)
into Voigt components (three for C—H band and five for O—H
band), with all the fitting parameters left free to vary upon itera-
tion until converging solution is reached. Then, the contributions
coming from the symmetric and antisymmetric methyl stretches
have been subtracted from the total fits and more detailed fits
have been performed just in the O—H stretching region. Again,
five components for the O—H stretching band describe correctly
the existing types of H-bonded OH oscillators for all the analysed
samples. The results from the curve fitting procedure obtained
in the case of B-CyD, HP-B-CyD, and Me-3-CyD are displayed
in Fig. 4 and reported in Table 1.

Although the spectral decompostion procedures have no
unique solution, we remark that the one we adopted here uses
the minimum number of parameters and, at the same time,
it furnishes extremely good fits to the data. The best-fit is,
in fact, characterized by > ~0.9999 for all the investigated
systems. Furthermore, we will show below that it provides a
sound tool to quantitatively account for the changes in H-bond
scheme upon complexation. On the other side, the presence, in
the experimental spectra, of five sub-bands with the assigned
centre-frequencies was also suggested by the analysis of the
second derivative profiles that showed five minima approxi-
mately corresponding to the maxima of each band component.
As an example, the case of HP-B-CyD is reported in the inset of
Fig. 4(b).

The frequencies we got in fitting our data appeared very simi-
lar to those obtained by Gavira et al. [36], then the assignment of
the components was performed in agreement with their study. In
particular, the sub-band w; at ~3580 cm~! was ascribed to the
cluster of water molecules inside the hydrophobic 3-CyD cavity.
The bands w3 ~3410cm™! and ws ~3174cm™! were mainly
associated to water molecules in the interstices among differ-
ent 3-CyD molecules and linked to them via hydrogen bond,
even if they also reflect contributions coming from primary and
secondary OH groups. These OH groups are, on the other side,
responsible of the components revealed at w, ~3525cm™! and
w4 ~3280cm™~!. Fig. 5 shows the fitting results obtained for
Gen/Me-33-CyD physical mixture and complex, as an example.
Table 2 shows the main fitting parameters of the resolved com-
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Fig. 4. FTIR-ATR spectrum (open circles) in the 3750-2750 cm ™' region of:
(a) B-CyD, (b) HP-B-CyD, (c) Me-p-CyD, together with the best-fit (continuous
line) and the deconvolution components (dashed lines). In the inset of (b), the sec-
ond derivative profile of the FTIR-ATR spectrum of HP-3-CyD is also reported.

ponents, i.e. peak wavenumber and relative intensity, for all the
investigated Gen/-CyDs physical mixtures and complexes.

For each sample, we verified that the physical mixture experi-
mental spectrum turned out to be a complete superposition of the
spectra of Gen and the corresponding pure macrocycle. Then,
the observed six sub-bands have to reflect the aforementioned
contributions coming from (3-CyDs, and for this reason they have
been labeled again from w; to ws, together with the contribution
coming from Gen, wgen, that, as it is expected, is downshifted in
frequency with respect to pure Gen, indicating a more hindered
O—H vibration due to the “activation” of some interaction.

The peak wavenumbers are linked to the connectivity of
the respective H-bonds: the higher is the connectivity of the
arrangement in which the OH oscillator is involved, the more
downshifted is the corresponding O—H stretching frequency.
Passing from physical mixtures to inclusion complexes, we

Table 1
Best fit parameters of O—H stretching band for all the analysed macrocycles

w1 (em™) I (%) wy (em™h) I (%) w3 (em™) I3 (%) w4 (em™h) 14 (%) ws (em™) Is (%)
B-CyD 3581.5 1.9 3536.8 1.5 3422.5 24.8 3265.7 34.6 3156.3 37.2
HP-B-CyD 3576.9 1.2 3511.8 42 3398.2 31.3 3269.7 279 31725 35.4
Me-B-CyD 3594.5 4.2 3526.7 14.2 34114 45.1 3300.5 229 3192.1 12.9
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Table 2
Best fit parameters of O—H strechting band for genistein and for all the analysed physical mixtures (p.m.) and complexes (co.)
i (em™) (%) wr(em™) L (%) w3(em™) (%) @Gen (M) Igen (%) w4(cm™) I (%) ws(em™)  I5 (%)

Gen/B-CyD p.m. 3592.0 14 3513.6 4.7 3419.8 12.9 3348.2 21.3 3250.8 23.7 3154.9 36.0
Gen/B-CyD co. 3602.8 0.5 3535.9 3.6 33433 22.4 3326.9 20.9 3232.1 13.2 3128.5 39.4
Gen/HP-B-CyD p.m. 3588.6 2.4 3475.1 4.0 3403.9 235 33342 14.6 3255.9 15.1 3159.4 40.2
Gen/HP-B-CyD co. 3610.4 0.6 35153 3.6 3384.7 40.6 3306.9 6.3 3219.4 7.2 3147.9 41.6
Gen/Me-B3-CyD p.m. 3573.1 3.6 3503.8 8.1 3413.1 38.8 3338.8 15.2 3268.9 15.8 3171.2 18.4
Gen/Me-B-CyD co.  3603.0 0.9 35333 72 3404.5 44.9 3306.5 9.5 3250.7 10.8 3139.8 26.7

revealed, for all the analysed systems, a total variation of, at
most, ~30cm™!, and it does not allow us to unequivocally
assign a maximum. Anyway an inspection of Table 2 shows,
as a general trend, a decreasing of the connectivity of the
bonds involved in the highest frequency contributions, w; and
w>. This means that the corresponding arrangements are less
structured. Going down in frequency, passing from w3 to ws,
the opposite behaviour is revealed.

The relative areas of the components are representative of the
fractional populations of the particular species present. Pass-
ing from physical mixtures from inclusion complexes, for all
the analysed systems, we observe, first of all, a decrease of the
intensity /1 of the highest frequency sub-band w;. This change

(a)
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Fig. 5. FTIR-ATR spectrum (open circles) in the 3750-2750 cm™! region of:
(a) Gen/Me-B-CyD physical mixture, (b) Gen/Me-B-CyD inclusion complex,
together with the best-fit (continuous line) and the deconvolution components
(dashed lines).

indicates a reduction of the number of H,O molecules included
in the cyclodextrins cavities, as a consequence of the entrance,
during the inclusion complex process, of Gen inside the cavity.
Going on, the decreasing of I and, in particular, of 14 specifi-
cally connected to the stretching of primary and secondary OH
groups of 3-CyDs, can be justified by thinking that these groups
are now involved in different, new, H-bonded schemes, with Gen
or other H,O molecules, indicative of complexation, that con-
tribute to the observed increasing of /3 and /5. Finally, we notice
that, on one side, wgen shows the largest downshift, and, on the
other side, Igen exhibits the most significative decreasing in the
case of HP-B-CyD. These occurrences are in agreement with the
highest value of K. here obtained by UV-vis data.

Evidences of the formation of the complexes are clearly
present in the spectral region below 1700 cm™!.

In the case of Gen, several intense bands usually appear in
this region. These bands would constitute an excellent candi-
date to show some variation attributable to the complexation
process. In particular, the vibrational frequency of C=0O stretch-
ing is revealed at ~1649.8 cm™!. Going on, the C=C and the
C—O—C stretching vibrational frequencies are observed at ~
1612.4cm™! and ~1312-1140cm™!, respectively [38]. The
~1260-1030cm™! range is assigned to the C—O stretching
vibration [39].

Figs. 6-8 show the FTIR-ATR spectra of the Gen/B-CyD,
Gen/HP-B-CyD, and Gen/Me-3-CyD complexes, respectively,

S - ...~

Absorbance (arb. units)
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1500 1400
Wavenumber (cm’1)

1700 1600 1300

Fig. 6. FTIR-ATR spectrum (1700-1200 cm™" region) of: (a) B-CyD (dashed
line), (b) Gen (solid line), (c) Gen/B-CyD physical mixture (closed circles) and
Gen/B-CyD complex (open circles).
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Fig. 7. FTIR-ATR spectrum (1700-1200cm~"! region) of: (a) HP-B-CyD
(dashed line), (b) Gen (solid line), (c) Gen/HP-B-CyD physical mixture (closed
circles) and Gen/HP-B-CyD complex (open circles).

together with those of the pure compounds and their physi-
cal mixture in the 1700-1200cm™' range. In particular, for
all the analysed cases, the C=0O stretching (~1649.8 cm’l),
the C=C stretching (~1614.5 cm’l), the C—O—C stretching
(~1308.5cm™!), and the C—O stretching (~1260 cm™!) peaks
are also distinctly present, at the same centre-frequencies, in
the physical mixtures (although somewhat overlapped by CyDs
bands), whereas they appear bumped and diminished in intensity
in the spectra of the complexes. In particular, by looking in detail
at the 1350-1200 cm ™! region, we can distinguish, as far as
the C—O—C stretching vibration is concerned, a low-frequency
shift in the case of the analysed complexes with respect to the
pure Gen and physical mixtures. Similarly, the C—O stretch-
ing vibration for all the analysed complexes is shifted to a
lower wavenumber than that of pure Gen and physical mixtures.
These changes in vibrational frequencies might be ascribed to
a weakening of the strength of the interatomic bonds (C—O and

Absorbance (arb. units)

600 1500 1400 1300 1200
Wavenumber (cm)

s R o

1700

Fig. 8. FTIR-ATR spectrum (1700-1200cm~! region) of: (a) Me-B-CyD
(dashed line), (b) Gen (solid line), (c) Gen/Me-B-CyD physical mixture (closed
circles) and Gen/Me-B-CyD complex (open circles).

C—0O—C in our cases) as a consequence of an altered environ-
ment around these bonds upon complexation, that induces the
formation of new intermolecular hydrogen bonds between Gen
and 3-CyDs, according to the mechanism already described for
explaining the spectral changes revealed in the O—H stretching
region.

Finally, a close fitting within the cavity would hinder the out-
of-plane bending of aromatic C—H bonds, at ~790 cm™! in the
spectrum of Gen, consequently strongly decreasing the intensity
of the vibration mode. This diminishing has been revealed also
in the spectra of all our analysed samples, passing from the
physical mixtures to the complexes.

All these results allow us to hypothesize that these anal-
ysed functional groups are directly involved in the process of
complexation with B-CyDs, in a similar basic complexation
mechanism for all the analysed host molecules.

4. Conclusions

The effect of (-cyclodextrin, (2-hydroxypropyl)-B-cyclo-
dextrin and methyl-f-cyclodextrin on the UV-vis absorption
of genistein has been studied, in pure water.

The effect of cyclodextrins complexation has been observed
and, in each case, an increased apparent solubility has been
viewed in the medium. This result is of special interest for prac-
tical purposes in the pharmaceutical field, since formulations
that produce higher drug concentrations in solution may provide
improved therapeutic options for patients.

The concentration of the complexed substrates has been
obtained from UV—-vis intensity values. Thus, after plotting these
quantities as a function of the total CyDs concentration, the asso-
ciated binding constants have been estimated from the slope of
the linear fit.

Then, FTIR-ATR spectroscopy has been successfully used
to study the complexes formed between 3-CyD, HP-B-CyD
and Me-B3-CyD with Gen in solid phase, in order to investi-
gate host—guest interactions at molecular level. Changes in the
FTIR-ATR band-shapes of the complexes compared with their
corresponding bands of the pure Gen and physical mixtures
have been observed. Differences in the degree of association via
H-bonding during complexation process have been postulated
to explain the spectral changes revealed, at high frequency, in
the O—H stretching profile, and, at low frequency, in the C=0,
C=C, C—O—C and C—O stretching vibrations. In particular,
the analysis of the O—H stretching band by a decomposi-
tion into sub-bands appeared very adequate to get quantitative
information on the changes induced on the various H-bonded
environments during the complexation process. In addition, the
disappearing of the out-of-plane bending C—H band of the aro-
matic moiety suggested a hindering due to a close fit to the
cavity.

FTIR-ATR technique has been found a suitable method for
the characterization of inclusion phenomena and it appears very
promising for the study of other inclusion complexes as well,
especially if used in conjunction with other experimental tech-
niques and/or numerical approaches.
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