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Abstract The inclusion complexes of four flavonols with
modified cyclodextrins (CDs) have been investigated. The
effect of heptakis (2,6-di-O-methyl) f-cyclodextrin (DM-
f-CD) and 2-hydroxypropyl-f-cyclodextrin (HP-$-CD) on
the aqueous solubility of flavonols, namely, galangin, ka-
empferol, quercetin, and myricetin was investigated,
respectively. The increased solubility of all flavonols in the
presence of CD was evidenced. The NMR experiment and
molecular modeling studies showed that flavonols interact
with each modified CD through different binding modes.
Flavonols can complex with CDs largely by two binding
modes. The first one is that B-ring of flavonols is oriented
toward secondary rim of CD. The second one is that A-ring
of flavonols is oriented toward secondary rim of CD.
Whereas only the first mode was observed in DM-f-CD
complexes, both the first and the second mode were
observed in HP-$-CD complexes in this study.

Keywords Cyclodextrin - Flavonol - Solubility -
Inclusion complex

H. Kim - S. Jung (0<)

Department of Bioscience and Biotechnology and Bio/Molecular
Informatics Center, Konkuk University, 1 Hwayang-dong,
Gwangjin-gu, Seoul 143-701, South Korea

e-mail: shjung@konkuk.ac.kr

J. Choi

Department of Chemistry, The University of Suwon,
San 2-2 Wawoo-ri, Bongdam-eup, Hwasung city,
Kyunggi 445-743, South Korea

Introduction

Flavonoids are polyphenolic compounds that usually exist
in plants as secondary metabolites [1]. They possess strong
antioxidative activity as well as other potential effects
including anti-inflammatory, anti-cancer, and anti-viral [2].
Flavonols constitute a major group within the flavonoids
present in several foodstuffs, such as apples, cherries, and
other green vegetables. It was reported that kaempferol,
quercetin, and myricetin reduced the risk of pancreatic
cancer [3]. However, owing to their phenolic nature,
flavonoids are poorly water soluble, and their scarce
absorption is well known [1]. This aspect reduces their
bioavailability.

In recent years, cyclodextrin complexation has been
successfully used to improve solubility, chemical stability,
and bioavailability of a number of poorly soluble mole-
cules. Cyclodextrins (CDs) are cyclic a-(1 — 4)-linked
glucopyranose oligomers having six («), seven (f§) and
eight (y) glucopyranose units and adopt a truncated cone
structure with hydrophobic cavity. The non-polarity of the
interior cavity of the cyclodextrin makes it ideal for solu-
bilizing nonpolar solutes, whereas the polarity of its
exterior helps it and its guest to become soluble in water
[4]. This property accounts for the great interest in cyclo-
dextrins. However, unmodified S-CD has poor water
solubility and is unsafe due to its nephrotoxicity [5, 6].
Therefore, several modified and relatively safe than f-CD
have been synthesized and used [6], such as heptakis (2,6-
di-O-methyl) f-cyclodextrin (DM-f$-CD) and 2-hydroxy-
propyl-f-cyclodextrin (HP-$-CD). DM--CD and HP-f-
CD were used to improve the aqueous solubility of four
flavonols (Fig. 1). These flavonols share common structure
except B-ring with from no to three hydroxyl group. Phase
solubility, "H-NMR and molecular modeling studies were
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Fig. 1 Molecular structure of flavonols

performed to elucidate the complexation phenomena
between these modified CDs and flavonols.

Experimental
Materials

Galangin, kaempferol, quercetin, myricetin, heptakis (2,6-
di-O-methyl) p-cyclodextrin (DM-f-CD), and 2-hydroxy-
propyl-f-cyclodextrin  (HP-5-CD) (M.S. =1) were
purchased form Sigma—Aldrich Inc. St. Louis, MO. They
were employed without further purification. All other
materials were analytical grade, and all water used double-
distilled and deionized.

Phase solubility studies

Phase solubility studies were performed according to the
method of Higuchi and Connors [7]. A fixed initial amount
of flavonols (1 mM), exceeding their solubility, was added
to unbuffered aqueous solutions of cyclodextrins (0.0—
6.0 mM) in capped vials, then sonicated for 40 min. Vials
were sealed to avoid changes due to evaporation and
maintained for 24 h, shielded from light to prevent deg-
radation of the molecules. At the equilibrium (about 24 h),
the aliquot from each vial was filtered through a PVDF
0.2 pum filter (Whatman) and diluted in 70% ethanol/water.
Each sample was analyzed by UV-Vis spectrophotometry
(UV 2450, Shimadzu Corporation) to evaluate the con-
centration of the flavones dissolved. The experiment was
carried out in triplicate, solubility data were averaged and
used to calculate the stability constant. The stability con-
stants (Kc) of the flavonol-cyclodextrin complexes were
calculated from the straight lines portion of the phase
solubility diagrams according to Higuchi—Connors
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equation: K¢ = slope/Sy(1—slope), where S, is the solu-
bility of flavonols in water.

'"H-NMR studies

"H-NMR spectra were obtained at 300 K using a Bruker
AMX spectrometer operating at 500 MHz. Inclusion
complexes for '"H-NMR studies were prepared freeze—
drying method, which is the best to prepare the inclusion
complexes [8]. Each complex was dissolved in 50% v/v
dimethylsulfoxide-ds, (DMSO) in D,O. Chemical shifts
were expressed in ppm relative to those of the HOD signal
(4.58 ppm from 3-(trimethylsilyl)-propionic  acid-d4
(TSP)). The chemical shift displacements were calculated
according to the formula: Ad = J(freey—O(complex)» Where
O(iree) 18 the chemical shift of flavonols without CDs, and
O (complex) 1S the chemical shift of flavonols with CDs.

Molecular modeling studies

Molecular modeling was carried out using the Insight II
molecular modeling package (Accelrys, San Diego) on
Pentium PC. The molecular structure of S-CD was
obtained from crystal structure. DM-f-CD, HP--CD, and
flavonols were built using the Builder module of the Insight
II program by adding to 5-CD 14 methyl in position 2 and
6 (DM-f-CD) and 7 hydroxypropyl groups on the primary
hydroxyl groups of f-CD as shown by Mura et al. (HP-p-
CD) [9]. The obtained models were optimized using a
protocol of conjugated gradients to avoid steric hindrance.
After thorough minimization, docking experiments were
carried out using “Dock” modules in Insight II and the
CVFF force field for docking and scoring [10]. The
flavonols were initially set above the center of the cavity of
CD with a distance of ~10 A. During the course of
docking simulations, flavonols could make a maximum
translational movement of 1 A and a maximum rotation of
180° around the x, y, and z axes. Each cycle began with a
random change of up to 5 df among them. The resulting
new conformation was subjected to 100 iterations of con-
jugated gradient energy minimization. After the energy
minimization, the resulting structure was accepted based on
the Metropolis Monte Carlo criteria [11]. Conformations
within 0.1 A RMSD of pre-existing ones were discarded to
avoid accepting similar configurations. To mimic solvent
screening, a distance-dependent dielectric constant of
(¢ = 4r, where r = interatomic distance in A) was used
[12]. The docking simulations were performed until energy
convergence and up to 50,000 trials. Ten lowest scored
conformations of accepted one were selected from each
simulation of complexes to use conformational analysis.
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Results and discussion
Phase solubility studies

The phase solubility diagram is a widely accepted method
for evaluation of the effect of CD complexation on the
guest solubility [13]. The diagram is obtained by measuring
the concentration of guest in the presence of increasing
concentrations of the cyclodextrins. Recently, Bergonzi
et al. investigated the solubility of three flavonols (galan-
gin, kaempferol, and quercetin) with native o-, ff-, and y-
CD [8]. They reported that -, -, and y-CDs did not have
any positive influence on solubility of galangin and o- and
7-CDs also did on solubility of quercetin. On the contrary,
water solubility of kaempferol increased as a function of
the native CDs concentration and only S-CD showed
enhancement of water solubility in the case of quercetin.
Figure 2 shows that the phase solubility diagrams of
obtained for modified CDs with four flavonols. Both DM-
f-CD and HP-f-CD were found to enhance water solubility
of all flavonols and showed typical A type diagram [7].
The solubilizing efficiency of CDs is different in each
flavonol. DM-f-CD shows more efficient than HP-$-CD in
galangin and two modified CDs show similar solubilizing
efficiency in kaempferol (Fig. 2a). However, HP-$-CD is
more efficient than DM-f-CD in quercetin and myricetin,
which have more hydroxyl group in their B-ring than ka-
empferol (Fig. 2b). The 1:1 guest/cyclodextrin complex is
the most common type of association where a single guest
is included in the cavity of one cyclodextrin, with a sta-
bility constant K¢ for the equilibrium between the free and
associated species [13]. Furthermore, since the slope of the
diagram is lower than unit, the stoichiometry of the com-
plexes was assumed to be 1:1 [7]. The stability constants
Kc were calculated from the straight-line portion of the
phase solubility diagram and summarized in Table 1. Ka-
empferol complexes show higher stability constants than
other flavonoid complex in both modified CDs and stability
constants are similar in both modified CDs. DM-f-CD
shows higher stability constants than that of HP-$-CD in
galangin, but on the other hand, HP-$-CD shows higher
stability constants than that of DM-f-CD in quercetin and
myricetin which contain more hydroxyl groups than ka-
empferol. The overall values of stability constant is largely
higher than that of «-, -, and y-CD complexes, which has
been reported below 400 Mt [8]. These results are
reflecting an enhancement of binding and solubility of
flavonols with an increase in substitution and hydrophi-
licity of the CDs. DM-f-CD and HP-S-CD possesses a
deeper cavity than native $-CD. Therefore, the solubiliza-
tion efficiency of these modified CDs improved than that of
f-CD. And furthermore, binding mode of complex can be
altered. The hydrophobicity of DM-f-CD is greater than
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Fig. 2 Phase solubility diagram of flavonol-CD complexes in water

at 30 °C: O galangin, < kaempferol, A quercetin, [J myricetin, filled
key HP-$-CD, open key DM-f-CD

Table 1 Stability constant (K¢) of flavonol-CD complexes

Flavonols Kc

DM--CD M™") HP-5-CD M™")
Galangin 12,079 7,674
Kaempferol 12,952 12,456
Quercetin 7,024 10,395
Myricetin 4,287 5,494

that of HP--CD because there are fewer hydroxyls in DM-
f-CD than in HP-f-CD. Therefore, the stability constant of
CDs is different according to the character of guest.

'"H-NMR studies

The formation of inclusion complexes can be proved from
the changes of chemical shift of guest or CDs in "H-NMR
spectra. Such chemical shift changes may provide valuable
insight into the molecular conformation of the inclusion
complexes. In the present study, owing to the extremely
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poor aqueous solubility of flavonols, DMSO was used as a
cosolvent, in order to obtain the optimum solubility of both
species. The spectra of cyclodextrins are not presented here
because of the relatively impure chemical nature and poor
spectral resolution of the modified cyclodextrins. There-
fore, the present study has only considered the aromatic
proton chemical shifts of flavonols. Table 2 lists the vari-
ation of the aromatic chemical shifts of flavonols. There are
some different aspects between stability constant in purely
aqueous solvent system (Table 1) and the degree of
chemical shift changes in DMSO-d6/D,0O environments.
This might be due to the effects of DMSO on the com-
plexes. DMSO can form the inclusion complex with f-
cyclodextrin [14] and also act as a competitive guest on the
formation of an inclusion complex between cyclodextrin
and guest [15]. Furthermore, Zheng et al. show that 20% v/v
DMSO drastically lowered the K values of complexes

Table 2 Change of "H-chemical shifts of flavonols in the presence
and absence of CDs in 50% DMSO-ds in D,O

A = 5(frcc)_5(complcx) (Ppm)

H-8 H-6 H2  H6 HS5, HA4
H-3
DM-f- Galangin  0.139 0.108  0.004° 0014 0.017
CD  Kaempferol 0.137 0.099  0.024° 0.018
Quercetin ~ 0.124 0.102  0.015 0.021 0.016
Myricetin ~ 0.127 0.107  0.014*
HP-- Galangin  0.023 0.029 —0.010° 0.010  0.006
CD  Kaempferol 0.014 0.022 —0.001 0.020
Quercetin ~ 0.010 0.020 0.001 0.011 0.010
Myricetin ~ 0.019 0.022  0.003"

% AS of H-2' and H-6'

Fig. 3 Inclusion complexes of
kaempferol with DM--CD
(left) and HP-p-CD (right)
obtained from molecular
docking studies. Two
representative structures of each
inclusion complex are
superimposed on the basis of
CDs. The letters indicate the
ring of kaempferol of each
complex. Left and right side of
complexes are secondary rim
and primary rim of CDs,
respectively
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about 20-fold [16]. The effect of DMSO is more severe in
HP-$-CD complex than in DM-S-CD. The degree of
chemical shift is reduced largely in HP--CD complex
(Table 2). However, the reducing the binding strength of
the complex in water will not significantly alter the basic
model of interaction [16—18]. Upfield shifts are observed
for most of the aromatic protons of the A- and B-ring of
flavonol. The major induced shielding is observed for
A-ring proton on both DM-f-CD and HP-$-CD. However,
it is interesting to note that the B-ring proton shows similar
degree of chemical shift changes in comparison with
A-ring proton in the case of HP--CD complexes.

Molecular modeling studies

Based on the results of NMR, it can be inferred that the
A-ring of flavonols exhibit significant interaction with the
DM-f-CD cavity. In the case of HP--CD complex, B-ring
as well as A-ring of flavonols shows significant interaction
with the HP-f-CD cavity. To further investigate the mode of
interaction of complexes, a molecular modeling study was
performed [10]. Ten lowest scored conformations were
selected from each Monte Carlo docking simulation of
complexes to use conformational analysis. There are sig-
nificant different in binding mode between DM-f-CD and
HP--CD (Fig. 3). In the case of flavonol-DM-f-CD com-
plexes, the complexes have the B-ring of flavonols oriented
toward the secondary rim, while both A- and C-rings remain
oriented to the primary rim and inserted on the cavity of CD
in all conformations of complexes. This binding mode is well
supported the NMR result of DM-f-CD complex (Table 2).
However, there are two main binding modes in flavonol-HP-
f-CD complexes. One is similar binding mode with DM-f3-
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CD complexes, in which the B-ring of flavonols oriented
toward the secondary rim of HP-3-CD. The other is different
complex where the flavonols are located in opposite direc-
tion with respect to the previous complex. The B-ring of
flavonols is oriented toward primary rim of CD. These results
are also in good agreement with the experimental data of HP-
f-CD complexes (Table 2). Not only A-ring, but also B-ring
of flavonols shows significant interaction with HP-f-CDs.
This difference of binding mode may affect the efficiency of
inclusion complex formation between two different modi-
fied CDs.

Recently, it is reported a study on the interaction of
flavonol-CD complexes [8, 16]. Bergonzi et al. suggested
that the interaction of B-ring of quercetin and kaempferol
with the -CD was the most favored [8]. Zheng et al. also
suggested similar model of the quercetin—-CD complex
using NMR and molecular dynamic simulations, which the
B-ring is more closely associated with the S-CD cavity
compared to the A-ring [16]. Similar binding mode has
been also reported for (+)-catechin with f-CD [19]. (4)-
Catechin is flavan-3-ol type of flavonoid and has basically
the same structure of quercetin except the carbonyl oxygen
at C4 and unsaturated bond at C2—C3. However, in the case
of DM-S-CD and HP-$-CD, A-ring is inserted on the
cavity of CD and B-ring is oriented toward the secondary
rim [16], which is in agreement with our results. These
results are reflecting the clearly different binding mode
between native CD and modified CD with flavonoids.

Through the inclusion complex with two modified f-
CDs the aqueous solubility of four flavonols is improved
and these modified $-CDs are more efficient than native
CDs [8]. And furthermore, solubility of flavonols is
affected by the OH groups in B-ring and the kind of
modified CDs. Thus, modified f-CD may be useful in
improving the dissolution and the bioavailability of these
flavonols in pharmaceutical formulations. The NMR anal-
ysis and molecular modeling showed that flavonols interact
with each modified CD through different binding modes.
The B-ring of flavonols oriented toward secondary rim is
favored in DM-f-CD complex. However, in the case of
HP-f-CD complex, the opposite directed interaction which
the B-ring of flavonols was oriented toward primary rim is
also found.
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