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Abstract

Inclusion complexes of some flavonols (3-hydroxyflavone, morin and quercetin) have been obtained with�- and�-cyclodex-
trins, by the co-evaporation method. Different analytical techniques (DSC, XRPD, FT-IR,1H-NMR, UV-Vis) have been em-
ployed for a throughout investigation of the structural characteristics of such supramolecular aggregates, which exhibited distinct
spectroscopic features and properties from both “guest” and “host” molecules. The stoichiometric ratios and stability constants
describing the extent of formation of the complexes have been determined by phase-solubility studies; in all cases type-AL dia-
grams have been obtained (soluble 1:1 complexes). The effect of molecular encapsulation on the flavonols antioxidant activity has
been afterwards evaluated, by means of different biological assays (Bathophenanthroline test; Comet assay; Lipid peroxidation).
Complexation with cyclodextrins further improved the antioxidant activity, increasing drugs solubility in the biological moiety.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Flavonoids have recently attracted a great interest
as potential therapeutic agents against a large variety
of diseases, most of which involve radical damage.
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These polyphenolic compounds, ubiquitous in higher
plants, are also frequent components of major dietary
constituents.

The biological and medicinal properties of
flavonoids have been reviewed extensively, so there is
a wealth of data on their activity as reducing agents,
hydrogen-donating antioxidants and singlet oxygen
quenchers; in some cases metal chelating properties
have been proposed[1–7]. The chemical features of
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flavonoids are predictive of their antioxidant activity,
in the case of flavonols, possessing a free 3-OH group
and a 2,3-double bond in conjunction with a 4-oxo
function in the C ring, phenoxy-radicals produced are
stabilised by resonance effects. Quercetin, in partic-
ular, satisfies all the proposed criteria for effective
radical scavenging, since theo-dihydroxy-structure in
the B ring confers higher stability to the radical form
and participates in electronic delocalisation[8–13].
Anti-tumour promoting activity has also been re-
ported for morin and quercetin, thus, proving useful
as chemopreventive agents in human carcinogenesis
[14–18].

The therapeutic usefulness of these potential ben-
efits is, however, limited by the unfavourable physic-
ochemical properties of these compounds, especially
their very poor water solubility. A higher hydro-
solubility could lead to a better bioavailability and
furthermore, biological assays could be more easily
performed.

On the other hand, pharmaceutical applications of
cyclodextrins (CyDs) as additive and drug-complexing
agents have been growing rapidly, as reflected in the
increasing number of medicinal products being placed
on the market as CyD-based formulations. CyDs have
a doughnut-shaped hydrophobic cavity in which vari-
ous types of “guest” molecules may be clathrated, ei-
ther in the solid phase or in aqueous solution[19–23].
Encapsulation of a drug molecule will advantageously
affect many of its physico-chemical properties, thus
leading to enhanced solubility, dissolution rate, mem-
brane permeability and bioavailability of slightly sol-
uble drugs, including some flavanones[24–29]. Fur-
thermore, there is generally an improvement in their
stability to air and light[30–32]. By taking advantage
of CyD-complexation, many attempts have also been
made to reduce the untoward side effects associated
with drugs [33,34]. Finally, several analytical and
spectroscopic techniques benefit from CyD-inclusion
of the analytes and the associated enhanced selec-
tivity and sensitivity[35–37]. Different methods are
available for the synthesis of CyD-guest complexes,
depending on the physico-chemical properties of the
“guest” molecules: co-precipitation, lyofilisation or
freeze-drying, kneading, neutralisation, grinding or
co-pulverizing[38].

The present work has involved the synthesis, iso-
lation and characterisation of crystalline inclusion

Fig. 1. Chemical structures of the flavonoids under study.

complexes of some flavonols, i.e. 3-hydroxyflavone
(3-OH–F), morin and quercetin (Fig. 1) with �- and
�-CyDs. A careful evaluation of all the factors in-
volved in the different complexation methods led to a
set-up the optimal conditions, by taking into account
some unfavourable characteristics of the “guest”
molecules, mainly their low solubility in many sol-
vents. The combined use of different characterization
techniques, according to the physical state consid-
ered, gave by far the best results in terms of reliability
of the models. The stoichiometric ratios and stability
constants describing the extent of formation of the
complexes were obtained by phase-solubility studies.
The effect of CyD-complexation on the flavonols an-
tioxidant activity was afterwards evaluated, by means
of different in vitro tests.

2. Experimental

2.1. Chemicals

The following reagents and solvents were used.
3-hydroxyflavone (C15H10O3, MW 238.2), morin
(C15H10O7·2H2O, MW 338.27) and quercetin
(C15H10O7·2H2O, MW 338.27) from Extrasynthese
(Genay, France).�-Cyclodextrin (�-CyD, C36H60O30,
MW 972.86) and�-cyclodextrin (�-CyD, C42H70O35,
MW 1135.00), both HPLC grade, from Fluka Chemie
(Switzerland). All the above materials were employed
without any further purification. Water was distilled
prior to use, then filtered through 0.22�m Milli-
pore filters (Bedford, USA). Potassium bromide and
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deuterium oxide (D2O, deuterium content 99.9%)
and all chemicals for biological activity tests were
supplied by Sigma-Aldrich Chemie (Germany). All
solvents employed in the spectrophotometric analy-
ses were of spectroscopic reagent grade, from Merck
(Darmstadt, Germany). All other materials were of
analytical reagent grade.

2.2. Phase-solubility studies

Phase-solubility studies were performed with a
Haake C25 thermostated bath, equipped with a Haake
F6 controller which allowed an accuracy of 0.01◦C.

Excess amounts of the flavonols were added to
10 ml tubes containing unbuffered aqueous solutions
of �- (0.01–0.14 M) and�-CyD (0.001–0.014 M).
Flasks were sealed to avoid changes due to evapora-
tion and the solutions were magnetically stirred for
72 h in a thermostated bath at 25◦C. After the equi-
librium was reached, suspensions were filtered by
Acrodisc® LC PVDF 0.45�m filters (Gellman Sci-
ence). An aliquot from each vial was adequately di-
luted and assayed spectrophotometrically to evaluate
the amount of each flavonoid dissolved. Experiments
were carried out in triplicate. Processing of the data
was done by the Statistica® software (Statsoft).

2.3. Preparation of the solid complexes

The inclusion compounds of the three flavonols
(3-hydroxyflavone, morin and quercetin) with�- and
�-CyDs were prepared by three different methods:
kneading, co-evaporation, thin layer.

Kneaded products were obtained by wetting in a
mortar physical mixtures of the substances (in a mo-
lar ratio 1:1), with a minimum amount of a 1:1 (v/v)
methanol–water mixture. Mixtures were grounded
thoroughly with a pestle until a homogeneous paste
was obtained, which was then dried under vacuum up
to constant weight (room temperature).

Co-evaporated products were obtained from
organo-aqueous solutions (1:2, v/v) containing
equimolecular amounts of the two partners. Only
water-miscible organic solvents were employed (ace-
tone and methanol), able to dissolve the flavonoids
and give a clear solution when added to the aqueous
solution of cyclodextrin. Both concentrations of the
two solutions were adjusted in order to avoid the ex-

temporaneous precipitation of any of the components
at the time of mixing. Stirring was carried out for
at least 72 h, under controlled temperature (25◦C)
and shielded from light to prevent any degradation
of the flavonoid molecule. After this time, solutions
were cooled to facilitate the precipitation of the in-
clusion compounds, as it is known from literature
that complexation is an exothermic reaction. Since
spontaneous precipitation of the complexes did not
occur, the following procedure was established for
their recovering. The organic solvent was evaporated
in a rotary vacuum evaporator, hence solutions were
filtered to eliminate the free flavonoid which had not
reacted. Water was at last evaporated under vacuum
(30◦C), providing the solid complexes still containing
an excess amount of the free cyclodextrins.

The last procedure consisted in a variant of the
co-evaporation method above described. According to
this procedure, the flavonoids were crystallised from a
suitable organic solvent (acetone or methanol) in such
a way as to obtain a thin layer of the substance all
around the bottom of a flask and an aqueous solution
containing an equimolecular amount of CyD was then
added. The following steps consisted in stir, filtration
and finally evaporation of the water, under the same
conditions as the previous method.

2.4. Differential scanning calorimetry (DSC)

The DSC curves were obtained using a Perkin-Elmer
differential scanning calorimeter model DSC-4, cal-
ibrated with indium (99.99% purity, m.p. 156.6◦C),
at heating rates of 10◦C/min. One to five milligram
samples were heated in aluminium crimped pans un-
der nitrogen gas flow, in the 40–350◦C range and
measurements were made in duplicate. Software used:
Thermal Analysis Data Station (TADS).

2.5. X-ray powder diffractometry (XRPD)

Powder X-ray diffraction patterns were taken with
a Philips PW 1050/25 X-ray diffractometer, by using
a Ni-filtered Cu K� radiation (λ = 1.5418 Å), in the
2◦ ≤ 2θ ≥ 50◦ range, at 25◦C (target, Cu; voltage,
40 kV; current, 20 mA; time constant, 4 s; angular
speed, 1◦/min; slit, −0.1◦ and −1◦). Samples were
finely ground in an agate mortar and measurements
were made in duplicate.
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2.6. Fourier transform-infrared spectroscopy
(FT-IR)

The FT-IR spectra acquired by Diffuse Reflectance
Infrared Fourier Transform (DRIFT) were taken from
potassium bromide mixtures of the samples, obtained
by gently mixing in an agate mortar. A FT-IR Perkin-
Elmer 1600 spectrophotometer was used for the
analysis, in the frequency range between 4000 and
450 cm−1.

2.7. Proton magnetic resonance (1H-NMR)

Proton NMR spectra were recorded at 25◦C on a
Varian Gemini 300 MHz spectrophotometer, from sat-
urated solutions of the analytes (pure CyDs and solid
complexes with flavonols in a molar ratio 1:1) dis-
solved in D2O. The chemical shifts are referred to
D2O signal at 4.8 ppm at 25◦C.

2.8. UV-visible spectroscopy (UV-Vis)

The UV-Vis absorption spectra were obtained
with a Perkin-Elmer UV-Vis double beam spec-
trophotometer mod. Lambda 45, equipped with a PC
for data processing (software: UV-Win Lab, from
Perkin-Elmer). Quartz cells with a 10 mm pathlenght
(Hellma) were employed in the 220–400 nm spectral
range (scanning speed 60 nm/min; slit= 2). Concen-
trations of the samples to be measured were adjusted
so that the extinction values did not exceedE = 1.0
at a given wavelength. UV-Vis spectroscopy was also
employed to quantify the amount of each flavonoid
included in the CyD-complexes, investigated in bio-
logical assays. The drug concentration was calculated
by interpolation of calibration curves previously ob-
tained in H2O–EtOH (1:1, v/v) solutions of the free
substances.

2.9. Biological activity tests

2.9.1. Bathophenanthroline test
The Bathophenanthroline test was performed ac-

cording to Yoshino and Murakami[39], with slight
modifications. The sample contained 980�l of 10 mM
Tris–HCl (pH 7.1), 10�l of 0.05 mM FeSO4 and 10�l
of the solution containing the flavonols (2.3�M final
concentration). Stock solution of FeSO4 was prepared

daily. All the mixtures were incubated at 37◦C in spec-
troscopic cells; 500�l of 1 mM bathophenanthroline
disulfonate were added at different intervals and the
absorbance at 540 nm was measured.

2.9.2. Comet assay
The single cell gel electrophoresis was performed

as described by Singh et al.[40] on human leuco-
cytes from peripheral venous blood. Freshly collected
whole blood was incubated for 1 h at 37◦C with 10�M
benzo[a]pyrene (BaP) to induce DNA damage. Frosted
microscope slides (prepared in triplicate per sample
per experiment) were covered with 140�l of 0.75%
regular melting agarose; a second 110�l layer of 0.5%
low melting point agarose mixed with leucocytes in-
cubation mixture was pipetted out. After solidifica-
tion, a third layer of 110�l low melting point agarose
was pipetted out on the slides and allowed to gel at
4◦C. Slides were immersed in lysing solution (2.5 M
NaCl, 100 mM Na2EDTA, 10 mM Tris–HCl pH 10,
1% Sarkosyl with 1% (v/v) Triton X-100 and 10%
(v/v) DMSO) and kept at 4◦C overnight. Slides were
then placed in alkaline buffer (300 mM NaOH and
1 mM EDTA, pH 13) for 20 min to allow DNA un-
winding; electrophoresis was conducted in the same
solution for 25 min at 0.6 V/cm. Finally, slides were
washed 3× 5 min in 0.4 M Tris–HCl buffer (pH 7.5),
fixed in methanol for 10 min and stained with 50�l
propidium iodide (2.5 mg/ml). Comets were viewed
under a fluorescence Nikon E800 microscope with a
200× objective. Fifty cells were randomly selected in
each slide and scored from 0 to 4 on the basis of comet
tail length; undamaged cells (score 0) looked like an
intact nucleus without tail, while damaged cells ap-
peared as comets. Final score was calculated as fol-
lows: Score= (n cells scored 1)+(2n cells scored 2)+
(3n cells scored 3) + (4n cells scored 4).

2.9.3. Lipid peroxidation
The antioxidant activity of the compounds against

lipid peroxidation induced by FeSO4 was estimated
in rat liver microsomes by measurement of mal-
ondialdehyde (MDA) formation, using the thiobar-
bituric acid method as described by Husain and
Somani [41]. Microsomal fraction was obtained as
previously described[42] and total protein content
was measured according to the method by Bradford
[43].
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Fig. 2. Solubility of 3-OH–F as a function of�-CyD concen-
tration in water at 25◦C. Each data point is the mean of three
measurements.

Heat-inactivated microsomes (0.5 mg/ml proteins)
were incubated for 1 h at 37◦C with 100�M ascorbic
acid, 10�M FeSO4 and flavonols (2.3�M) or vehicle.
Peroxidative damage was stopped adding two volumes
of a mixture composed of thiobarbituric acid (0.374%
(w/v)) and trichloroacetic acid (15% (w/v)) in 0.25 N

Fig. 3. DSC thermal curves: 3-OH–F (a);�-CyD (b); corresponding
inclusion complex (c).

HCl. After 15 min at 85◦C and cooling, the precipitate
was removed by centrifugation and the supernatant
was measured at 532 nm against a blank containing all
the reagents except test sample.

2.10. Statistical analysis

Statistical analysis was carried out to study the sig-
nificance of the results of biological activity tests,
by comparing free and complexed flavonols with the
controls. The Dunn-test, a non-parametric multiple
comparison test based on Kruskal–Wallis rank sums,
was performed to analyse Comet scores. ANOVA, fol-
lowed by Newman–Keuls multiple comparison test,
was used to compare lipid peroxidation in terms of
MDA production.

Fig. 4. X-ray diffraction profiles: 3-OH–F (a);�-CyD (b); corre-
sponding inclusion complex (c).
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3. Results and discussion

3.1. Phase-solubility studies

The stoichiometric ratios and stability constants
were derived from the changes in the solubility of the
substrates in the presence of increasing amounts of
CyDs, measured by UV absorbance. For all the drug/
CyD systems, type-AL diagrams were obtained, mean-

Table 1
XRPD patterns for 3-OH–F/�-CyD system

�-CyD 3-OH–F Inclusion complex 3-OH–F/�-CyD

◦2Θ d (Å) I/I0
◦2Θ d (Å) I/I0

◦2Θ d (Å) l/l0

5.2 16.9 3
9.1 9.71 18

9.9 8.93 7 9.7 9.11 2
12.0 7.37 100 11.9 7.43 77
12.3 7.19 21 12.3 7.19 90 12.1 7.31 49
13.0 6.80 9
13.6 6.50 9 13.5 6.55 43
14.4 6.14 40 14.3 6.19 86
15.2 5.82 6 15.4 5.75 100
15.9 5.57 22 15.8 5.60 40

17.2 5.15
18.2 4.87 42 18.3 4.84 34
18.7 4.74 18
19.2 4.64 10
20.0 4.43 12 20.0 4.43 100
20.4 4.35 9 20.4 4.35 3
20.8 4.27 11 20.9 4.24 12
21.7 4.09 94 21.7 4.09 92
22.2 4.00 17 22.2 4.00 43
22.7 3.91 9 23.2 3.83 4 22.8 3.90 43
24.0 3.70 26 24.5 3.63 6

24.9 3.57 4
25.7 3.45 11 25.2 3.53 8
26.9 3.31 5 26.8 3.32 8
27.4 3.25 22 27.4 3.25 37
27.8 3.20 8 28.0 3.18 5
28.7 3.10 7
29.3 3.04 3 29.8 2.99 2
30.2 2.96 9 30.5 2.93 7
31.9 2.80 15
32.6 2.74 10 32.2 2.78 3
32.9 2.72 10
33.2 2.69 13 33.3 2.64 2
35.5 2.53 5 34.8 2.57 2
36.3 2.47 21
37.1 2.42 12
37.4 2.40 8 37.8 2.38 2
38.6 2.33 12

40.0 2.25 6

ing that the solubility of the flavonoids is apparently
increased by the presence of the macrocycle. Assum-
ing a 1:1 stoichiometry of the complexes, stability
constants,Kc, were calculated from the straight-line
portion of the phase-solubility diagram[44], accord-
ing to the following equation:

Kc = slope

intercept(1 − slope)
(1)
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Each data point is the average of three determina-
tions. Fig. 2 shows the phase-solubility diagram ob-
tained for 3-hydroxyflavone with b-CyD as an exam-
ple (Kc 958.63 M−1). Stability constant calculated for
�-CyD complex was greater than the�-CyD one (Kc
16.12 M−1) and a similar behaviour was observed for
morin (�-CyD-system:Kc 49.31 M−1; �-CyD-system:
Kc 330.95 M−1) and quercetin (�-CyD-system:Kc
19.17 M−1; �-CyD-system:Kc 128.69 M−1).

3.2. Solid complexes

The selection of the method of preparation of the
inclusion compounds was highly dependent on the
solubility of the flavonoids and CyDs in a common

Fig. 5. FT-IR spectra: 3-OH–F (a); inclusion complex with�-CyD (b). Acquired by DRIFT.

solvent, which implied the formation of a homoge-
neous system and therefore a more intimate contact
between the interacting molecules. Since the flavonols
are not water-soluble, an organic solvent had to be
employed. In solution, the relative hydrophobicity
of the CyD cavity implies that the substitution of
internal water molecules with less polar molecules
is thermodynamically favoured. Among the water-
miscible solvents considered, methanol was preferred
to acetone because, being more polar, it has a smaller
affinity both for the drug and for the lipophilic mi-
croenvironment of the CyDs. For these reasons,
it is less competitive for inclusion into the cavity,
and a better complexation yield could be accom-
plished.
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3.3. DSC

DSC was employed to check any variation of
crystalline properties of the flavonoids due to the
interactions with the CyDs. In the DSC curves
of the complexes, the absence of the melting en-
dothermic peaks of the flavonoids (i.e.∼170◦C for
3-hydroxyflavone;∼130 and 290◦C for morin;∼140
and 320◦C for quercetin) could be noticed and only
a reduced peak around 100◦C was evident, as a re-
sult of displacement of bound water in the cavity by
the guest (crystallization water). In the case of morin
and quercetin, however, things were somewhat com-
plicated since the peaks arising from fusion and loss
of water were partially hindered by the CyDs typi-
cal transitions. This result definitely proves a change
in crystallinity of the drug, presumably due to an
inclusion process. An example is shown inFig. 3.

3.4. XRPD

X-ray powder diffraction patterns confirmed the re-
sults of DSC analysis: the diffraction peaks relevant
to crystalline flavonoids were no longer detectable in
all the CyD-systems, and the reduction of the degree
of crystallinity of the drugs could be taken as an in-
dication of complexation. A reduced number of sig-
nals were noticeable in the complexes, of remarkably

Fig. 6. Magnitude of theup-fieldshift observed for the�-CyD protons after interaction with 3-OH–F.1H-NMR spectra recorded in D2O;
signals referred to residual HDO.

lowered intensity, thus meaning a greater amorphous-
ness of the inclusion compounds, compared to the free
molecules (seeFig. 4 for an example). In more detail,
the differences in interplanar distances, diffraction an-
gles and relative diffraction peak intensities borne out
the formation of different crystalline structures (data
reported inTable 1).

3.5. FT-IR

FT-IR spectroscopy allowed the analysis of changes
in the spectral features of the “guest” molecules.
Diffuse reflectance is a very useful technique in the
analysis of powders, or whenever the roughness of
the analyte surface is not negligible for the incident
radiation wavelength. As for the FT-IR spectra of the
inclusion compounds, the existence of new species
with different spectroscopic features is confirmed by
the disappearance of the characteristic bands of the
free flavonoids, associated with aromatic bending and
stretching (around 1100 and 1600 cm−1), –OH phe-
nolic bending (above 1200 cm−1). All other flavonols
characteristic vibrations showed at least a reduced
intensity: 3-hydroxyflavone’s (1211; 989; 897; 863;
776; 759 cm−1); morin’s (1246; 1173; 974; 828;
637 cm−1); quercetin’s (1170; 1132; 1092; 1015;
864 cm−1). This proved not only an interaction but a
real inclusion, since in the case of a physical mixture
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only a superimposition of the signals would have
been observed. An example is reported inFig. 5.

3.6. 1H-NMR

Proton magnetic resonance was very useful for clar-
ifying at a molecular level the nature of drug/CyD
interaction, though introducing two main difficulties:
firstly, the use of any reference standard was not ad-
visable, since the organic molecule proved to compete
for inclusion in the CyD cavity, hence in some cases
spoiling the complexes. The HDO residual signal it-

Fig. 7. 1H-NMR spectra: free�-CyD (a); inclusion complex with 3-OH–F (b). Spectra recorded in D2O; signals referred to residual HDO.

self was therefore used as an internal standard. More-
over, signals of the flavonoids were hardly detectable
in the spectra of the complexes, due to their very poor
water-solubility and to the presence of a great amount
of CyD, either complexed and free (in the latter case as
an impurity). The absence of new peaks arising from
the pure complexes indicated that, on the NMR time
scale, the inclusion process is a fast exchange regime.
Observation of the1H-NMR spectra of the inclusion
compounds showed that a number of signals relevant
to CyDs moiety experienced shift, H3 and H5 located
inside the torus being by far the most affected, while
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the external protons H1, H2 and H4 were shifted much
less by the inclusion process. The largerup-fieldshift
observed for the internal protons was undoubtedly due
to the ring current effects generated by the circulating
� electrons of the aromatic “guest” (that is magnetic
anisotropy), clearly proving the reality of the inclu-
sion. H6 proton, located on the cavity rim, was also
shifted, but to a smaller extent. Proton spectrum of
�-CyD, performed both in the presence and in the ab-

Fig. 8. (a–c) Effect of 2.3�M flavonols, free (a), complexed with
�-CyD (b) and �-CyD (c), on the autooxidation of ferrous ion
with bathophenanthroline disulfonate.

sence of the flavonoid “guest”, showed that H5 signal
is not detectable in the free CyD, since hindered by
H6, whereas it becomes evident in the complex, as a
consequence of the up-field shift (Figs. 6 and 7show
data obtained for 3-hydroxyflavone/�-CyD system as
an example).

3.7. Bathophenanthroline test

This test evaluates the presence of ferrous ion mea-
suring the UV absorption of the Fe2+-bathophenan-
throline disulfonate complex. It allowed to assess the
effects of flavonols and their complexes with�- and
�-cyclodextrin in removing the iron from reaction
medium, either chelating the metal or enhancing the
rate of Fe2+ autooxidation. Iron can participate in
the generation of reactive oxygen species (ROS) and
its substraction inhibits the formation of ROS, thus
protecting the biological substrate from oxidative
damage.

Fig. 8ashows that all the flavonols increase the sub-
straction of Fe2+ at the concentration tested.Fig. 8b
and cshow that the flavonols complexed with�- and
�-CyD enhance Fe2+ autoxidation or chelation to a
bigger extent in respect to the flavonols not complexed.
The effect is better showed with�-CyD; in particu-
lar morin enhances the Fe2+ autooxidation markedly
when complexed with�-CyD.

Fig. 9. Effect of 2.3�M �- and �-CyD on undamaged hu-
man leucocytes and of 2.3�M free and complexed flavonols on
BaP-mediated DNA damage by comet assay. Each bar represents
the mean of three experiments, each in triplicate, with 1 SD error
bars shown. By means of Dunn’s-test, comet score of treated cells
was compared to that of untreated but damaged cells (∗∗P < 0.01;
∗∗∗P < 0.001); BaP damage and the effect of uncomplexed CyDs
were compared to undamaged control cells (◦◦◦P < 0.001; NS:
not significant).
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The iron chelation by flavonols may be responsible
for their antioxidant activity. The complexes formed
reduce the accessibility of iron to oxygen molecules
and the consequent production of hydroxyl radicals.

3.8. Comet assay

The results obtained from the single cell gel elec-
trophoresis of human leucocytes are shown inFig. 9.
Decreased damage is associated with decreased score
and indicates a protective effect of antioxidant treat-
ment. Concentrations were normalized for flavonoid
molarity (2.3�M free flavonoid) in the BaP/cells
reaction mixture. Significantly less DNA damage in
stressed cells was observed with all the antioxidant
compounds tested, with quercetin giving the lowest

Fig. 10. Effect of 2.3�M �- and�-CyD and of 2.3�M free and complexed flavonols on FeSO4/ascorbic acid-induced lipid peroxidation on
rat microsomal fraction. Each bar represents the mean±S.D. of MDA production in three experiments, each in triplicate. Basal= undamaged
microsomes. The effect of uncomplexed CyDs and flavonols was compared to control (∗∗P < 0.01; ∗∗∗P < 0.001); MDA levels in samples
treated with flavonol/CyD complexes were compared to free flavonols (◦P < 0.05; ◦◦P < 0.01).

comet scores. Treatment with 2.3�M �- and�-CyD
did not induce damageper se. Complexation with
both cyclodextrins improved the protective effect of
the three flavonols, but lower scores resulted from the
treatment of cells with�-complexes.

3.9. Protection from lipid peroxidation

To evaluate the antioxidant activity of the com-
pounds against lipid peroxidation induced by FeSO4
in rat liver microsomes, concentrations were normal-
ized for flavonoid molarity (2.3�M free flavonoid) in
the peroxidant reaction mixture. All the free flavonols
provided remarkable protection against the perox-
idative damage (P < 0.001), with quercetin giving
the lowest MDA production. Complexation with both
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cyclodextrins improved the antioxidant activity of
the flavonols, but�-CyD resulted the most effective
in reducing MDA production for all the three com-
plexed flavonols. As cyclodextrins have been reported
to complex ferrous ion[45], we also searched for
a direct antioxidant activity of non-complexed�-
and �-CyD; results indicate a protective effect from
lipid peroxidation of 2.3�M cyclodextrins, more ev-
ident for the�-compound, which is presumably due
to chelation of the inducer of peroxidative damage,
Fe2+. Data illustrated inFig. 10.

4. Conclusions

The preparation of the inclusion compounds was
accomplished from liquid mixtures of the “host” and
“guest” molecules, by the co-evaporation method. This
had proved to be the most suitable procedure, regard-
ing both the drug stability and the amount of com-
plexes obtained. Among the water-miscible solvents
considered, methanol was the chosen one since, due
to its polarity, it showed smaller affinity for the CyD
lipophilic microenvironment than the drug. For these
reasons, it was less competitive for inclusion into the
cavity, and a better complexation yield could be ac-
complished.

The combined use of different analytical tech-
niques, according to the physical state considered,
enabled to fully characterize the inclusion compounds
obtained. These showed different structural and ther-
mic properties and distinct spectroscopic features
from the free molecules (flavonols and CyDs). Both
�- and �-cyclodextrins were successful in complex-
ing the flavonols, but it most be pointed out that
inclusion in �-CyD was in all cases more effective.
The higher degree of interaction could be attributed
to the larger dimension of�-CyD cavity, compared
to the �-CyD one; these results were supported by
the phase-solubility studies. For all the drug/CyD
systems, type AL diagrams were obtained (1:1 com-
plexes), meaning that the solubility of the flavonols is
increased by the presence of the macrocycle. However,
stability constants calculated for the flavonol/�-CyD
systems were higher than those of the�-CyD ones.
The highest value obtained for 3-hydroxyflavone was
presumably due to the higher hydrophobicity of the
molecule, which therefore exhibits a greater affinity

for CyD cavity. Biological assays borne out later evi-
dence on these results. Antioxidant protection against
oxidative stress may decrease the rate of DNA and
membrane damage and hence help to prevent toxic
injury, ageing and age-related diseases including can-
cer. Scavenging of damaging free radicals and binding
of iron are two important antioxidant mechanisms
shown by flavonols. Complexation with cyclodextrins
further improved their antioxidant activity, increasing
their solubility in the biological moiety.
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