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Abstract—The aim of this paper is to describe the inclusion properties and the factors affecting the complexation selectivity and
stabilization of catechin (CA) into B-cyclodextrin (B-CD) and two of its derivatives, namely Heptakis 2,6-di-O-methyl-B-cyclodex-
trin (DM-B-CD) and 2 hydroxypropyl-B-cyclodextrin (HP-B-CD). Analysis of the proton shift change using the continuous varia-
tion method confirm the formation of a 1:1 stoichiometric complex for catechin and the different CDs in aqueous medium. The
formations constant obtained by diffusion-ordered spectroscopy (DOSY) techniques indicated the following trend upon complex
formation: B-CD > HP-B-CD > DM-B-CD. The detailed spatial configuration is proposed based on 2D NMR methods. These
results are further interpreted using molecular modeling studies. The latter results are in good agreement with the experimental data.
The models confirm that when CA-B-CD is formed, the catechol moiety in the complex is oriented toward the primary rim; however
when CD is derivatized to HP-B-CD and DM-B-CD this ring is oriented toward the secondary rim.

1. Introduction

Catechins are phenolic compounds extracted from
plants and present in natural food and drinks, such as
green tea' or red wine? (Fig. 1). The role of such mole-
cules in the prevention of cancer and cardiovascular dis-
eases has received a great deal of attention.>* Catechins
are scavengers of reactive oxygen species, and their
resulting anti-oxidant properties are of great interest in
dietetics and cosmetology. Furthermore, their antiviral
and cancer inhibiting properties could have pharmaceu-
tical applications.’ However, catechin powders are bit-
ter, brown, and easily get oxidized, and hence difficult
to use as a natural food additive or medicine.

Cyclodextrins are cyclic oligosaccharides composed of
glucopyranose units and can be represented as a trun-
cated cone structure with a hydrophobic cavity. Their
most popular feature is the marked difference of polarity
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Figure 1. Molecular structures of B-cyclodextrin, 2-hydroxypropyl-B-
cyclodextrin, and Heptakis-2,6-O-di-methyl-B-cyclodextrin (a). Molec-
ular structure of (+)catechin (b).

between the internal and external surfaces: the inner
part is made apolar by the glycosidic oxygens and
methine protons, whereas the external surface is polar
by virtue of the presence of secondary and primary
hydroxyls on the large and small rims, respectively, thus
allowing their solubilization in water. These unique
properties predispose them to form inclusion complexes,
as the displacement of included water molecules by apo-
lar substrates represents a thermodynamically favored
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process.’® In the pharmaceutical, cosmetics, and food
industries, cyclodextrins have been used primarily as
complexing agents to increase the water solubility of
various compounds, such as drugs, vitamins, and food
colorants.” It was demonstrated that complexation can
considerably increase the stability and bioavailability
of the guest molecules. We have recently reported the
enhancement in solubility of flavonoid (quercetin and
morin) through phase solubility experiments in different
cyclodextrins.®*

This work describes the result obtained from nuclear
magnetic resonance (NMR) studies on the inclusion
properties of CA into B-cyclodextrin and two deriva-
tized cyclodextrins, Heptakis-2,6-di-O-B-cyclodextrin
(DM-B-CD) and 2-hydroxypropyl-B-cyclodextrin (HP-
B-CD). We observed the possible factors that affect the
complexation selectivity and stabilization. The forma-
tions constant are obtained by diffusion-ordered spec-
troscopy (DOSY) techniques, while the detailed spatial
configuration is proposed by 2D NMR. We also carried
out molecular modeling studies to build three-dimen-
sional models of substituted and native B-CD upon
complexation with CA in order to provide a more de-
tailed description of the interactions so as to rationalize
the experimental results.

2. Results and discussion
2.1. '"H NMR studies

'"H NMR data for CA dissolved in D,O show well-
resolved signals in two distinct spectral regions: two
double of doublet corresponding to methylene protons,
H-4, and a multiplet centered at 4.16 ppm due to the
methine nuclei H-3, which are J-coupled to the adjacent
methylene protons H-4 and to the methine H-2 (how-
ever the signal of the latter is not being observed because
it is superimposed with the water signal at 4.7 ppm). In
the high frequency region, the two-spin system and the
three-spin system of ring A and B, respectively, are
clearly detected (Fig. 2).

The formation of inclusion complexes can be proved
from the changes of chemical shifts of CA or CDs in
"H NMR spectra. Figure 3 illustrates that most of the
aromatic protons of CA are influenced owing to the
presence of CDs. Table 1 lists the detailed variation of
the aromatic chemical shifts of CA before and after
forming inclusion complexes with CDs. Upfield shifts
are observed for all the aromatic protons of the
A- and B-rings. However, the major induced shielding
is observed for all the B-ring protons on both CA-f-
CD and CA-DM-B-CD complexes. But it is worth to
mention that the H-8 A-ring proton in the DM-B-CD
complex shows outstanding upfield chemical shifts in
comparison with the other complex. The broadening
of the proton signals of CA in the presence of CD
suggests that the B-ring, the C-ring, and the A-ring are
included in the cavity and hence the motions of these
protons are restricted indicating that CA molecule fitted
tightly.!°

The H-3 and H-5 protons of the glucose units are facing
to the interior of the CD cavity, whereas H-6 protons
are located at the rim with the primary alcohols. H-2
and H-4 are at the opposite entrance of the cavity.
Upfield shifts of the interior proton signals of CDs are
indicative that aromatic guest molecules are located
close to the protons for which a shift is observed. This
displacement is due to the anisotropic magnetic effect in-
duced by the presence of the aromatic group of the guest
molecule. The analysis of the variations undergone by
CDs protons as a consequence of the presence of CA
strongly suggests complexation involving inclusion into
the cavity of the host, as the external protons H-1,
H-2, and H-4 were slightly affected, whereas the H-3,
H-5, and H-6 protons were significantly shifted (data
not shown).

One important NMR application is the association con-
stant determination (K,) for host—guest complexes using
"H chemical shift information.!" Recently there has been
a growing interest in the use of pulsed field gradient
methods to provide information on K, via the molecular
self-diffusion coefficient.'>!'3 The diffusion coefficient (D)
depends on the size of the molecule:

kT
~ 6myr

()

where k is the Boltzmann constant, 7" is the absolute
temperature, 1 is the dynamic viscosity, and r is the
radius of the molecule.

Determination of association constants using DOSY
provides an additional NMR based method and an
alternative of the classical chemical shifts titration meth-
od, particularly convenient for evidence of binding be-
tween differently sized species.!* The association
constant K, for a complex of n molecule host and m
molecule guest, for example,

nH +mG < C[H,G,)] (2)
Could be deduced from Eq. 2:

K, =

H]'G]" ~

where [G]y and [H], are the total concentration of the
guest and host, respectively, and [G], [H], and [C] the
equilibrium concentrations of the free host (H), of
the free guest (G), and of the complex (C). Usually the
stoichiometry, that is, the values of n and m, was deter-
mined first, for example, from Job plots. The association
constant is determined using Eq. 4 if the mole fraction yy,
of the bound species is known.

o Xb
Ko = )], ~ w5 )

The diffusion coefficient observed (D) in the NMR
experiment (fast-exchange condition) is the weighted
average of the diffusion coefficient of bound (Dpounag)
and free (Dgee) guest:

Dops = XDbound + (1 - X)Dfree (5)
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Figure 2. "H NMR spectra of (+)catechin in D,O.
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Figure 3. "H NMR spectra: (a) CA without CDs; (b—d) inclusion complexes with B-CD, HP-B-CD, and DM-B-CD.

Table 1. The chemical shifts () of CA, B-CD-, HP-B-CD-, and DM-§-
CD-CA complexes and their complexation shifts (Ad)

d(ppm)

H-2/ H-5' H-6' H-6 H-8
CA (free) 6.87 6.85 6.79 6.03 5.94
CA-B-CD 6.75 6.76 6.67 6.02 5.88
AS* 0.12 0.09 0.11 0.01 0.06
CA-HP-B-CD 6.79 6.84 6.73 5.96 5.88
AS* 0.08 0.01 0.05 0.06 0.06
CA-DM-B-CD 6.73 6.79 6.67 5.99 5.63
AS* 0.14 0.06 0.12 0.03 0.31

a4 Ao = 5(free) - 5(cumplex)-

Therefore, the fraction of bound guest can be deter-
mined by
Dpee — D
I = ( free obs) (6)
(Dfree - Dbound)

It is noteworthy that it is possible to obtain directly the
molar fraction of the bound guest by employing Eq. 6
and, hence, by using Eq. 4, the association constant by
single point determinations.

The rationale behind the extraction of the bound frac-
tion from diffusion NMR measurements is simple. The
host and guest have their own diffusion coefficients in
the free state that reflect their molecular weight and
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shape. Whereas the guest molecules are significantly
smaller than cyclodextrin, furthermore the diffusion
coefficients of the bound guests were taken to be equal
to the diffusion coefficient of CD, it is assumed that,
for binding of a small guest molecule to a large host
molecule, the diffusion coefficient of the host is not
greatly perturbed and the diffusion coefficient of the
host—guest complex can be assumed to be the same as
that of the non-complexed host molecule.'” In the case
of a weak or negligible association, the diffusion coeffi-
cients of the host and the guest will remain unchanged.
For any other case, assuming fast exchange on the
NMR time scale, the observed (measured) diffusion
coefficients (D,ps) are a weighted average of the free
and bound diffusion coefficients (Dgee and Dyound,
respectively) and can, therefore, be used to calculate
the bound fraction yy,, as shown in Eq. 6, in the same
way that chemical shifts are used. The precise determi-
nation of the association constant implies that the stoi-
chiometry of the interaction process is unambiguously
determined. Determination of the stoichiometry of the
complexes was performed using the continuous varia-
tion method (Job’s method). The continuous variation
analysis was applied using the H-2' proton signal of
CA. The stoichiometry of the three complexes was
found to be the same for all three CD utilized, as shown
in Figure 4, where there is a turning point at r = 0.5,
which leads to a consistent conclusion that the molar ra-
tio between CA and the CDs utilized is 1:1.

In 2D DOSY spectra (Fig. 5) the F2 dimension shows
chemical shift and F1 dimension represents self-diffusion
coefficient (D). Therefore, groups belonging to a same
molecule will appear in almost the same F1 row. By
using Eq. 6 and the diffusion coefficients of the free com-
pounds reported in Table 2, we calculated a molar frac-
tion of bound CA equal to 0.85 for the CA-B-CD
complex, which corresponded to an association constant
of 21,800 M~ with a complexation stoichiometry of 1:1.
The same procedure applied to HP- and DM-B-CD
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Figure 4. Continuous variation plot of CA-B-CD, CA- HP-B-CD, and
CA- DM-B-CD, showing the observed chemical shifts of H-2’ of CA as
a function of mole fraction.
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Figure 5. Representative DOSY spectra of CA-HP-B-CD.

Table 2. Diffusion coefficients of cyclodextrins (Dpoung), CA in a
complex form (D,ps), in the free state (Dgee) and association constants
(K,) at 298 K

Dbound Dfree Dobs I<u
(m?/s) (m?/s) (m?/s) M™h

CA-B-CD 2420 % 1071° 4.04x 1071 2.63x1071° 21,800
CA-HP-B-CD 2.125x 107" 4.04x107'° 2.51x 107! 13,580
CA-DM-B-CD 2278 x 1071 4.04x1071° 2.66x1071° 3500

gave, by single point determinations, association con-
stants of 13,580 and 3500 M ™', respectively (Table 2).

Further information about the inclusion mode of CA in
the several CDs included in this study can be directly in-
ferred from the 1D NMR spectra. The induced shielding
of all the B-ring protons of CA suggests that this ring is
inserted in the CD cavity. More direct indications con-
cerning the geometry of the inclusion complexes can
be derived from the evidence of spatial proximities be-
tween protons of CDs and CA. Figure 6 shows a partial
contour plot of 2D-ROESY spectra of the inclusion
complex of CA and B-CD. There are several intermolec-
ular cross-peaks between H-2', H-6', and H-5’ (less in-
tense) of CA with H-5 of B-CD, with additional
relation between H-2’ of CA and H-3 of p-CD. How-
ever, no cross-peaks appear between the protons of the
A- and C-ring and the protons of B-CD. This might
indicate that the B-ring is deeply inserted into the cavity
by the larger rim of the truncated cone. To attribute
unambiguously the protons H-3, H-5, and H-6 of the
cyclodextrin region, a HSQC spectrum of CA-HP--
CD system was performed in the same conditions as
those used for the ROESY spectrum. The ROESY spec-
trum of the CA-HP-B-CD complex (Fig. 7) shows
correlations between H-2' of CA and H-3 and H-5 (less
intense) of the CD. Also we observed an interaction
between H-6 of the A-ring with H-5 of HP-B-CD.
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Figure 6. Partial contour plot of the two-dimensional ROESY
spectrum of (+)catechin in presence of B-CD complex in D,O
(3 mM, 1:1 molar ratio).
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Figure 7. Partial contour plot of the two-dimensional ROESY
spectrum of (+)catechin in presence of HP B-CD complex in D,O
(3 mM, 1:1 molar ratio).

CA-DM-B-CD complex (Fig. 8) showed the same corre-
lations between the internal H-3 and H-5 protons as
those obtained with the HP-B-CD. The analysis of the
dipolar interactions generated by the internal protons
of the three cyclodextrins not only confirmed some fea-
tures already evidenced by the analysis of the complex-
ation shifts, but also revealed some additional aspects.
As a matter of fact, H-5 protons of B-CD produced
remarkable crosspeak on catechin B-ring which could
suggest that CA is deeply inserted into the cavity and
the A-ring is oriented toward the secondary hydroxl
group of the B-CD, which is in agreement with the result

H-6"

T T T
6.9 6.8 6.7 6.6 ppm

Figure 8. Partial contour plot of the two-dimensional ROESY
spectrum of (+)catechin in presence of DM B-CD complex in D,O
(3 mM, 1:1 molar ratio).

reported by Ishizu'® and Kriz'¢. Figure 7 shows a con-
tour plot of a section of the ROESY spectrum of CA
and HP-B-CD complexes. The bidimensional spectrum
shows several intermolecular cross-peaks which clearly
suggest that the protons of the B-ring are on the second-
ary face and the A-ring is on the primary face of HP-f3-
CD. So, it seems that there are two models between CA
and CDs.

In order to rationalize the NMR experimental results
described above, we carried out molecular modeling
studies of the complexes. These studies revealed that a
preferred final relative orientation for all the complexes
study occurs in spite of the different initial configura-
tions arbitrarily imposed. The minimum energy com-
plexes obtained for the three CDs under studied are
shown in Figures 9-11. It is interesting to note that
although no fixed distances were imposed during the
docking calculations, the results are in very good agree-
ment with the distances obtained by 2D ROESY spec-
tra. All these complexes were further refined using a
semiempirical methodology such as PM3. Noticeable
differences between the B-CD and its derivatized forms
can be observed, being the orientation of the ligand once
inside of the host molecule the most relevant. A detailed
description of the principal topological aspects of these
complexes is discussed below.

In the case of CA-B-CD complex, the conformation ob-
tained by molecular modeling was in agreement with the
ROESY results. The complex has the B-ring of CA ori-
ented toward the primary rim, while both A and C rings
remain oriented to the secondary rim, in such a way that
the plane formed by the A-ring is placed in a 45° angle
with respect to the plane formed by the glycosidic oxy-
gens of the B-CD subunits (Fig. 12). On the other hand,
it is possible to observe from Figure 9 that the A-ring of
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Figure 9. Inclusion complex between CA and B-CD obtained from
molecular docking studies. The B-ring of CA is found inside the B-CD
cavity, where the H-2’ remains nearer to H-5 than H-3.

Figure 10. Inclusion complex between CA and DM-B-CD obtained
from molecular docking studies. The A- and C-rings are almost
completely inserted on the interior of the CD, while the B-ring is
mainly exposed to the outside.

CA protrudes outside of the B-CD, leaning closer to the
secondary rim, where the H-8 of this ring remains at a
reasonable distance from H-3, while the H-6 points com-
pletely out of the B-CD.

The theoretical results obtained from the CA-DM-B-CD
complex indicate that the B-ring of CA is oriented to the
secondary rim, resulting in a complex where the CA is
located in opposite direction with respect to the previous
CA-B-CD complex (Fig. 10). From the ROESY spec-
trum of DM-B-CD we infer that the H-2' of CA is closer
to H-3 than H-5 of the DM-B-CD and by molecular
modeling the distances are 2.7 and 3.7 A, respectively.
The A-ring of the CA is oriented in an angle near to
45° (315° if we take as a 0° reference angle the same of
the B-CD-CA complex) with respect to the plane formed
by the glycoside oxygen of the glucopyranoses. It is
worth to mention that in this complex, both the

Figure 11. Inclusion complex between CA and HP-B-CD obtained
from molecular docking studies. The A- and C-rings are almost
completely inserted on the interior of the CD, while the B-ring is
mainly exposed to the outside.

Secondary Rim

Figure 12. Plane formed by the glycosidic oxygen of the -cyclodextrin
unit.

A- and C-rings are almost completely inserted on the
interior of the DM-B-CD, while the B-ring is mainly ex-
posed to the outside. This is in agreement with the ob-
served differences in the cross peak of the 2D-ROESY
spectra for H-2' of the CA with H-3 and H-5 for the
B-CD and DM-B-CD. This evidence could indicate that
the B-ring of CA in the DM-B-CD is not as deep as
compared to B-CD. The large shielding observed in
the "H NMR spectra for the H-8 of the A-ring of CA-
DM-B-CD might be due to its close proximity to two
methylenic protons (C-6) and to two H-5 of different
glucopyranose subunits according to our model results.

When the ROESY spectrum of CA-HP-B-CD is com-
pared with that of CA-DM-B-CD complex, it can be ob-
served that the H-2’ of the B-ring from the CA is closer
to H-3 than to H-5 of the HP-B-CD. The H-5" and the
H-6' of B-ring of CA remain in the proximity of other
H-3 of HP-B-CD (Fig. 11). The B-ring of the CA re-
mains oriented to the secondary rim, again with an angle
of 45° (315°) with respect to the plane formed by the gly-
cosidic oxygens of the HP-B-CD. In this complex, just
like in the previously described case, the B-ring of the
CA is mainly located outside of the host. As a conse-
quence of this, the model shows that both A- and C-
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rings are completely inside of the hydrophobic core of
the HP-B-CD, leaving the H-6 and H-8 of the A-ring
near to H-3 and H-5 of the subunits of HP-B-CD.

The NMR experiment confirmed that CA formed 1:1
inclusion complexes with -, DM-B- and HP-B-CD in
aqueous medium. The formation constants obtained
by diffusion-ordered spectroscopy (DOSY) techniques
indicated the following trend upon complex formation:
B-CD > HP-B-CD > DM-B-CD; which indicates that
the substituents on B-CD hinder the inclusion of CA
into the CD cavity playing an important role in the for-
mation of the inclusion complexes. By means of experi-
mental and theoretical methods, the present work
unambiguously determined the geometrical inclusion
parameters of CA on the different CDs. Besides the
ROESY experiments showed that the inclusion of CA
in B-CD has a different trend when it is compared with
HP- and DM-B-CD. These results were corroborated
by molecular modeling calculations.

3. Experimental
3.1. Materials

The (+)catechin, pB-cyclodextrin, 2-hydroxypropyl-p-
cyclodextrin (HP-B-CD)[M.S. = 1], and Heptakis(2,6-di-
O-methyl) B-cyclodextrin (DM-B-CD) were purchased
from Sigma—Aldrich Inc. St. Louis, MO.

3.2. Measurements

All NMR experiments have been performed on a Bruker
AVANCE DRX300 spectrometer equipped with a pulse
gradient unit capable of producing magnetic field pulse
gradients in the z-direction of 53.5 G cm™'. The spectra
have been acquired in an inversed probe-head at 298 K
in 5Smm tubes. All chemical shifts were relative to the
DOH signal at 4.70 ppm. The NMR measurements have
been done with standard BRUKER pulse sequences.
Intermolecular proximity has been derived from 2D
ROESY experiments. The measuring conditions for the
2D spectra were: spectral width 3000 Hz; data size
16 K/8 K; relaxation delay 2 s, and 32 scans with a mixing
time of 400 ms. Phase sensitive spectra were acquired
using TPPI scheme. DOSY experiments have been per-
formed using bipolar longitudinal eddy current delay
(BPPLED—bipolar pulsed field gradient longitudinal
eddy delay) pulse sequence.'” The duration of the mag-
netic field pulse gradients was 3 ms with 5 ms eddy current
delay and spoil gradients of 1 ms with 17:13% ratio. The
pulse gradients have been incremented from 2% to 95%
of the maximum gradient strength in a linear ramp.

3.3. Preparation of (+)catechin-CDs complex

Inclusion complexes were obtained by mixing appropri-
ate amounts of CA and CDs in D,O with a molar ratio
of 1:1. The resulting mixture was equilibrated in a Julab-
o thermostatic shaking water bath for 24 h at 30 °C after
which the equilibrium was reached.

The Job’s plots'® (i.e., continuous variation method)
were determined from "H NMR data obtained in unbuf-
fered D,O. The total molar concentration (i.e., the com-
bined concentration of CA and CDs) was kept constant
(3 mM), but the mole fraction of catechin (i.e., [CA}/
([CA] + [CD])) varied from 0.1 to 0.9.

3.4. Molecular modeling

In silico build-up of B-CD, DM-B-CD, and HP-B-CD
was carried out using the Builder module of the InsightIl
program'® by adding to B-CD 14 methyl in position 2
and 6 (DM-B-CD) and 7 hydroxypropyl groups
(HP-B-CD). The obtained models were subjected to
optimization using a protocol of 300 steps of conjugate
gradients to avoid steric hindrance and clashes that can
appear in the building process. The CA was built using
Gaussview and then it was optimized using a semiempir-
ical method such as PM3 as implemented in Gaussian98
package of programs.?’

Autodock3.0.5?! with Lamarkian Genetic Algorithm
(LGA) was used to generate the starting complexes.
The parameters used for the global search were an initial
population of 50 individuals, with a maximal number of
energy evaluations of 1,500,000 and a maximal number
of generations of 50,000 as an end criterion. An elitism
value of 1 was used, and a probability of mutation
and crossing-over of 0.02 and 0.08 was used, respec-
tively. From the best solutions obtained according to
these parameters, some of them defined by the user as
the best probabilities in our case 0.06 were further re-
fined by a local search method such as pseudo Solis
and Wets ‘PSW’.

Autodock defines the conformational space implement-
ing grids all over the space of the possible solutions.
With the aim of testing the ability of Autodock to con-
verge into solutions that are inside of the f-CD, a grid of
80 A by side and 0.3 A spacing between each point was
set up in such a way that it covered both the external
surface and the internal cavity of the f-CD.

The following procedure was employed on the B-CD
docking simulations: 250 runs were done for each
B-CD. At the end of each run, the solutions were sepa-
rated into clusters according to their lowest RMSD
and the best score value based on a free empiric energy
function. Cluster solutions whose average score was not
over 1kcalmol™' with respect to the best energy
obtained in the respective run were selected. Then, the
solution that represents most of the complexes obtained
in the run was compared with the NMR experimental
data, assuring that this solution is able to represent it
accurately. The selected final complexes were optimized
using the semiempirical PM3 method as a refining
procedure with Gaussian98.
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