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Abstract The interaction between puerarin and 3-cyclodextrin (CD) has been studied in
D,0, H,0/acetone-ds, acetone-ds and DMSO-dy solutions by 'H NMR spectroscopy. The
NMR data obtained from hydroxy protons indicate that the formation of the inclusion
complex between the two molecules is not stabilized by strong hydrogen bond interactions.
The sugar part of puerarin as well as the A ring are outside the 3-CD cavity while the
B and C rings are located inside the cavity and the interaction is mainly stabilized by
hydrophobic interactions. In DMSO at 30°C and in acetone-ds/H,O at temperature below
—5°C, doubling of some signals indicated that, in these solvent systems, free rotation of the
C-glycosyl bond was restricted due to the steric hindrance between the phenolic hydroxy
group at C-7 and the bulky sugar moiety at C-8. In acetone, fast exchange of phenolic
protons on the NMR timescale was observed, showing the effect of the solvent on the
hindered rotation.
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1 Introduction

Traditional Chinese medicines have been extensively used to prevent and cure many
diseases in China owing to low toxicity and rare complications. Puerarin (7,4-
dihydroxyisoflavone-8-glucopyranoside) is one of the major isoflavonoid compounds iso-
lated from the root of Pueraria lobata (Willd.) Ohwi. It exhibits a great variety of biological
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and pharmacological activities such as antihypertension, anti-arteriosclerosis, dilating coro-
nary arteries, decreasing myocardial oxygen consumption, and improving microcirculation
in both animals and humans suffering from cardiovascular disease [1-5]. Due to these many
biological activities, it is of importance to identify selective chromatographic methods that
are able to purify puerarin from crude extracts.

[-cyclodextrin (3-CD) is a cyclic oligosaccharide [6-9] having a truncated cone
structure with a hydrophilic external surface and a hydrophobic central cavity. This unique
structure allows the formation of inclusion complexes with a large variety of molecules
and to discriminate between various types of guest molecules by selectively incorporating
such molecules through size and polarity considerations [10, 11]. Thus, CDs are widely
used as drug carrier systems [6], in separation technology [12—14] and other areas [15, 16].
Several driving forces have been proposed for the inclusion of 3-CD with guest molecules,
such as hydrogen bonding, hydrophobic interactions and the release of high energy
water molecules from the cavity. Recently, the use of [3-CD-immobilized materials for
puerarin separation has been investigated [17-19]. Investigating the interaction between
[3-CD and puerarin is of significance for the design of chromatographic media and the
improvement of separating efficiency. Several different methods are used for the study of
the guest—host interactions, including nuclear magnetic resonance (NMR) spectroscopy,
calorimetry, capillary electrophoresis and potentiometry [20—24]. Among these methods,
NMR is widely used, since several NMR parameters such as proton chemical shifts, nuclear
Overhauser effects and diffusion coefficients will be affected in a characteristic manner
upon interaction.

We have recently studied the formation of an inclusion complex between puerarin
and 3-CD using proton NMR chemical shifts and ROESY experiments [25] and the
existence of a hydrogen bonding interaction was proposed from a molecular dynamic study
[26]. However, no direct experimental proofs are yet available to demonstrate hydrogen
bonding interaction between puerarin and (3-CD. Thus, the aim of the present study was
to characterize the inclusion complex formed between puerarin and (3-CD using NMR
spectroscopy of hydroxy protons to investigate if hydrogen bonding interactions between
3-CD and puerarin participate in the stabilization of the complex.

2 Experimental

Materials Puerarin was purchased from the National Institute for the Control of Phar-
maceutical and Biological Products, China, and (3-cyclodextrin from Sigma—Aldrich Inc.,
China.

Sample preparation The samples of CD complexes were prepared to have 7.5 mM
concentrations and a 1:1 molar ratio for both host and guest molecule. NMR spectra of
3-CD and of puerarin alone were recorded at the same concentrations as those used to
study the complexes.

For determination of stoichiometry, equimolar amounts of (3-CD and puerarin were
dissolved in D,O. These solutions were distributed among nine NMR tubes, with the molar
fraction of CD increasing from 0.1 to 0.9 in the resulting solutions, together with the molar
fraction of puerarin decreasing from 0.9 to 0.1, at a constant total concentration of 7.5 mM.

NMR All NMR experiments were performed on a Bruker DRX 400 spectrometer us-
ing a 5-mm 'H/"*C/'>N/!'P QNP probe equipped with z-gradient. For experiments in
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D,0, the chemical shifts were referenced relative to the DOH signal at §5 4.70 ppm.
Two-dimensional COSY, TOCSY and ROESY NMR spectra were acquired using standard
pulse sequences from the Bruker library. A spectral width of 3,188 Hz with 2 K data points
in , and 256 in #; were used. The relaxation delay between successive pulse cycles was
1.5 s for COSY and TOCSY and 2 s for ROESY. Mixing times of 80 and 200 ms were used
for TOCSY and ROESY, respectively.

Experiments in 15% (CD3),CO/85% H,O To minimize the absorption of impurities
from the glassware, the NMR tubes were soaked for 24 h in 50 mM sodium phosphate
buffer at pH 7 [27]. One- and two-dimensional 'H NMR spectra were acquired using the
WATERGATE pulse sequence [28] for water suppression, and the calibration of proton
chemical shifts was done by setting the residual acetone-ds signal to 85 2.204 ppm. The
temperature coefficients (d8/dT) for the hydroxy protons were obtained from 'H NMR
spectra recorded between —8°C and 10°C in 5°C steps.

DOSY experiments Data acquisition and analysis were performed using the Bruker
TOPSPIN software (version 1.3). The DOSY experiments were performed at 30°C using the
ledbpgp2s pulse sequence from the Bruker library, with stimulated echo, longitudinal eddy
current compensation, bipolar gradient pulses, and two spoil gradients using 16 different
gradient values varying from 2% to 95% of the maximum gradient strength. One hundred
milliseconds diffusion time was chosen for samples in D,O. The gradient length was
set to 2.2 ms. Processing was achieved using 4096 points in the F2 dimension and 256
points in F1. An exponential window function with 1 Hz line broadening was applied in
the F2 dimension prior to Fourier transformation. After baseline correction, the diffusion
dimension was processed with the DOSY processing program (Bruker TOPSPIN software
2.0). A logarithmic scaling was applied along the diffusion axis, and a noise sensitivity
factor of 2 and line width factor of 1 were used. The fitting of the diffusion dimension in
the 2D-DOSY spectra was obtained using a single exponential fit (N, = 1). The DOSY
experiment was carried out twice and for two different sample preparations.

3 Results

3.1 Stoichiometry of the complex

The stoichiometry of the complex was determined using the continuous variation method
(Job’s method) [29]. The complexation-induced shifts of H-3 and H-5 of 3-CD and H-2 of
puerarin are shown on the Job plots in Fig. 1, where the apex at 0.5 indicates the principal
formation of a 1:1 complex between puerarin and (3-CD.

3.2 Complexation in D,O

Only one set of NMR signals was observed for the complex between puerarin and (3-CD
(1:1) indicating a rapid exchange between free and bound forms on the NMR timescale.

Chemical shifts The addition of puerarin to a 3-CD solution resulted in the shielding of H-
3 and H-5 positioned on the inner surface of 3-CD, as well as of H-6 located on the cavity
rim at the narrow end of the molecule (Table 1). Even H-1, H-2 and H-4 located on the
outer surface of the torus experienced a small upfield shift. The shielding is due to the ring
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Fig. 1 Job plots. 7 is the molar fraction of 3-CD in the puerarin/{3-CD mixture

current effect of the aromatic systems in puerarin and indicates that puerarin is entering the
CD cavity. The upfield shift of the H-5 proton is the most prominent (—0.11 ppm) followed
by H-3 (—0.09 ppm) and by H-6 (0.06 ppm). Table 2 shows that the protons on puerarin
were also affected by the addition of 3-CD. In the presence of 3-CD, H-2 and H-2,6' were
shielded, while H-5 and H-6 were deshielded, suggesting that the B and C rings of puerarin
entered into the cavity of 3-CD.

ROESY The 2D ROESY spectrum of the complex (Fig. 2) showed cross-peaks corre-
sponding to strong ROEs between H-2, H-2",6" and H-3",5 of puerarin and H-5 and H-3 of
3-CD. Medium ROEs are found between H-5 of puerarin and H-3 of (3-CD, while weak
ROEs exist between H-5 of puerarin and H-5 of 3-CD as well as between H-6 of puerarin
and H-3 of 3-CD. No cross-peak was found between H-6 of puerarin and H-5 of 3-CD.
These ROEs show that the B and C rings of puerarin are in the cavity of 3-CDs and indicate
that puerarin penetrates the 3-CD cavity from the wide rim.

Table 1 'H NMR chemical shifts (8, ppm) for CH protons of 3-CD alone, and their complexation-induced
shifts (CIS) when in complex with puerarin (30°C, D,0)

H-1 H-2 H-3 H-4 H-5 H-6
8 5.042 3.621 3.935 3.555 3.824 3.849
CIS —0.024 —0.025 —0.095 —0.011 —0.107 —0.057

@ Springer



NMR studies on puerarin and its interaction with beta-cyclodextrin 391

Table2 'H NMR chemical shifts (8§, ppm) for CH protons of puerarin alone and their complexation-induced
shifts (CIS) when in complex with 3-CDs (30°C, D,0)

D,O H-2 H-5 H-6 H-2’6¢’ H-35 H-1” H-2” H-3” H4" H-5" H-6
8 8.209 8.061 7.085 7.364 6.957 5.145 4264 3.621 3.621 3.621 3.894

3.793
CIS —-0.069 0.079 0.030 —-0.043 —0.008 —0.005 0.018 a a a 0.015

a not determined due to spectral overlap

DOSY DOSY unequivocally confirmed the formation of a stable complex between 3-CD
and puerarin. The diffusion coefficients of free puerarin and (3-CD are 4.38 and 2.87 -
10719 m? 5! respectively. In presence of 3-CD, puerarin showed a decrease in diffusion
rate with a diffusion coefficient of 3.39 - 107! m? s~!, indicating the formation of a
complex (Fig. 3). The reference HDO diffusion coefficient of 2.15 - 107 m? s~! was
in good agreement with published data [30]. Taking into account that the studied system
is under fast equilibrium on the NMR timescale, the observed diffusion coefficient is the
weighted average of those of the free and bound molecules, due to the fast exchange of free
and bound species on the NMR timescale:

Dyps = XDbound + (1 - X)Dfree' (1)
1-2,p
H-2’6’, P H-3'5, P
H-5,P M H-6, P
ML A ppm
3.4
s F3.5
F3.6

g“ 37

i i b

F39

H-6, p-CD

F4.0

T T T T T T T T T T T T T T 4.1
83 82 81 80 79 78 77 716 15 74 13 12 11 70 69 ppm

Fig. 2 Part of the ROESY spectrum of the 1:1 3-CD/puerarin complex in D0, 200 ms, 30°C
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Fig. 3 DOSY spectrum of puerarin/3-CD (1:1) in D, O and at 30°C

Dy,s is the observed diffusion coefficients while Dgee and Dyguq are the diffusion
coefficients of free and bound puerarin, respectively. The association constant K was
determined using Eq. 2, with the assumption of a known mole fraction x of the bound
guest xp:

K=o/ (1= xv) ([Hlo — xv [Glo) - 2

[H]o and [G]y are the total concentration of the host and guest, respectively. An association
constant K of 2,000 + 500 M~! was obtained using single-point procedure [31, 32] in
which it is assumed that the diffusion coefficient of the host—guest complex is the same as
that of the host molecule. The K value should only be taken as an indication of the relative
affinity of the puerarin for 3-CD due to the large uncertainty introduced by the single-
point approximation method. This method has, however, been shown to yield values for the
3-CD/epicatechin and 3-CD/epigallocatechin gallate complexes similar to those obtained
with other methods [33].

3.3 Complexation in 85% H,0/15% (CD)3;CO

To investigate if the complex formed between (3-CD and puerarin was stabilized by
hydrophilic interactions such as hydrogen bonds [34], the exchangeable hydroxy protons
have been also studied by '"H NMR (Fig. 4). To be able to observe hydroxy protons by
NMR, their rate of exchange with water has to be reduced. To achieve this, hydroxy protons
are usually studied at low temperature in a solvent mixture of H,O and acetone-dg [35].
Thus, the chemical shifts (8), temperature coefficients (d8/dT), 3Jen.on coupling con-
stants and ROEs signals between (3-CD and puerarin were measured to monitor hydration
and hydrogen bonding interactions. Protons involved in hydrogen bonding are usually
deshielded; however, in strongly hydrated systems such as carbohydrates, we have shown
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Fig. 4 'H NMR spectra showing the region for aromatic and hydroxy proton signals of a 1:1 3-CD/puerarin
complex in 85% HyO/15% acetone-ds at —8°C; a puerarin alone; b 3-CD alone; ¢ 1:1 (3-CD/puerarin

complex

that an upfield shift will indicate reduced hydration due to steric hindrance or hydrogen
bonding with, for example, ring oxygens, whereas a downfield shift will show proximity to
other hydroxyl groups [36]. The chemical shift of a hydroxy proton involved in a hydrogen
bond or with reduced hydration is less affected by temperature changes due to decreased
interaction with the solvent. Thus, hydroxy protons with large temperature coefficients
|d8/dT| > 11 ppb/°C are fully hydrated, whereas hydroxy protons with |d§/dT| < 11 ppb/°C

Table 3 'H NMR Chemical shift (8, ppm), CIS (ppm) and temperature coefficients (d8/dT, ppb/°C) for OH

of 3-CD at -8°C in 85% H,O / 15% acetone-ds

OH-2 OH-3 OH-6
8 6.424 6.742 6.097
CIS —0.040 —0.041 —0.019
JeH,0H 7.4 <3 <3
dsldT —12.5 —15.4 —14.2
ds/dT (Puerarin) -7.7 -9 —13.4
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Table 4 'H NMR Chemical shift (5, ppm), CIS (ppm) and temperature coefficients (d8/dT, ppb/°C) for
hydroxy protons of puerarin at —8°C in 85% H,O / 15% acetone-ds

OH-2" OH-3"2 OH-4"2 OH-6"
8 6.559 6.621 6.621 6.338
CIS 0.008 0.012 0.012 0.021
ds/dT —12.4 —13.6 —13.6 b
dé/dT (B-CD) —12.1 —13.7 —-13.7 b

3 the OH-3" and OH-4" signals were overlapping over the all range of temperature
b could not be determined

are only partially hydrated. For strong hydrogen bonding or strong reduced hydration,
|d§/dT) values of less than 5 ppb/°C have been measured [35, 37, 38]. Coupling constants
that do not represent conformational averaging (ca. 5 Hz) can also be indicative of hydrogen
bond interaction.

Hydroxy protons in [3-CD and puerarin alone The assignment of the hydroxy proton
signals in 3-CD was obtained from DQF-COSY spectra. The chemical shifts, vicinal
coupling constants and temperature coefficients (d8/dT; Table 3) are in good agreement
with previously reported values [34]. Although there are six hydroxy protons in puerarin,
only four hydroxy proton signals were observed in the NMR spectra. These protons were

OH-3, B-CD

ppm

F3.3
3.4
F35
J F3.6

@ U(’] F3.7

3.8

H-6, B-CD

\ \
I v 3.9

e T

F4.0

F4.1

F4.2

T T T T T T T T T T T T T 43
84 82 80 78 76 74 72 70 68 66 64 62 6.0 ppm

Fig. 5 Part of the ROESY spectrum of the 1:1 3-CD/puerarin complex in 85% H,0/15% acetone-ds,
200 ms, —8°C
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assigned from DQF-COSY and TOCSY to the hydroxy protons of the sugar portion of the
molecule (Table 4). No signals were observed for the hydroxy protons OH-7 and OH-4/
from the aromatic rings A and C. Attempts to observe these signals were made by changing
the sample pH from 6.2 to 3.5 but were not successful. It should be noted that at temperature
below —5°C, two sets of resonances were observed for H-2, H-5, and H-6 as well as for H-
2//H-6' in ratio 0.56:1 (vide infra).

Hydroxy protons in 3-CDs and puerarin in the complex Comparison of the chemical shifts
of the hydroxy proton signals of 3-CD alone and in the complex shows that upon formation
of the complex, OH-2 and OH-3 are shielded by 0.040 and 0.041 ppm, respectively, while
OH-6 is upfield shifted by 0.017 ppm. In 3-CD alone, OH-2 and OH-3 had temperature
coefficient of —12.5 and —15.4 ppb/°C, respectively, while in the complex, these values
decreased to —7.7 and —9.0 ppb/°C. Thus, upon inclusion of puerarin, water is excluded
from the CD cavity, and the hydration of OH-2 and OH-3 is reduced [39]. The smaller
chemical shift change and the higher temperature coefficient of OH-6 indicate more contact
with water. No changes in the 3JCH,0H values of OH-2, OH-3 and OH-6 of [3-CD were
observed upon complex formation. As for puerarin alone, it was not possible to observe the
hydroxy proton signals OH-7 and OH-4' of the aromatic rings of puerarin in the complex.
There were no major changes in the chemical shifts and temperature coefficients of the
hydroxy protons of the sugar moiety of puerarin, supporting the NMR data obtained in
D, 0 that showed that the sugar part of the molecule was not inside the CD cavity. The
2D ROESY spectra of the 1:1 complex in 85% H,0/15% (CD);CO showed ROEs in

a

9.7 96 95 94 93 92 9.1 90 89 ppm J

J
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9.7 96 95 94 93 92 9.1 90 89 ppm
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OH-4’
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Fig. 6 '"H NMR spectra of puerarin in acetone and acetone/H,O solutions; a puerarin in 80% acetone-
de/20% HO; b puerarin in 90% acetone-ds/10% H,O; ¢ puerarin in 100% acetone-dg
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good agreement with those observed in D,O solution (Fig. 5). This, together with similar
chemical shifts of the CH protons in D,O and in 85% H,0/15% (CD);CO solutions, indicate
that the presence of acetone-ds does not change the formation and the structure of the
complex. No ROE involving hydroxy protons of 3-CD or of the sugar part of puerarin

H-2
H-2'6 H-3’5
OH-4
H-5 H-6
a OH-7
J
J L

WMM

c 111110109 10810.710.6 105 10.410310210.1 10.0 9.9 9.8 ppm

e T

d 111110109 10810.710.6 105 10.410310210.1 10.0 99 9.8 ppm

I i SN

e 111110109 103107106 105 104 10310210.1 10.0 99 9.8 ppm
L JL )& J L “\ J

f 111110109 108 10.710.6 10.5 104 10310.210.1 10.0 99 9.8 ppm
J \ M JL
T T T T T T T T T 1
11.0 10.5 10.0 9.5 9.0 8.5 8.0 1.5 7.0 ppm

Fig. 7 'HNMR spectra of puerarin in DMSO-dp at different temperatures; a 60°C; b 50°C; ¢ 40°C; d 30°C;
e 25°C; f puerarin in the presence of 3-CD at 25°C
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was observed. At temperature below —5°C, two sets of resonances in a 1:0.5 ratio were
observed for H-5 and H-6 on the A ring of puerarin, but H-2 from the B ring and H-2'/H-¢
from the C ring showed only one set of resonances if compared to puerarin alone.

3.4 NMR study in acetone-ds and DMSO-dg solutions

In an attempt to identify the hydroxy protons of the aromatic rings, NMR spectra of puerarin
in acetone-dg and DMSO-dg solutions were also obtained. In acetone at 30°C, the two
resonances at 9.041 and 8.421 ppm downfield from the CH aromatic signals of puerarin
(Fig. 6) were assigned to the hydroxy protons OH-4" and OH-7. In the ROESY spectrum
(data not shown), ROEs was observed between the most downfield signal and H-6 and
between the most upfield signal and H-3'/5". OH-4’ appeared as a sharp signal while OH-7
was broad. The addition of 5% H,O resulted in the disappearance of the OH-4’ signal and
in the broadening and downfield shift of OH-7 (Fig. 6) due to exchange with water and
hydrogen bond interaction with water, respectively. After addition of 20% H,O, the OH-7
signal disappeared due to a rapid exchange process.

In the '"H NMR spectrum in DMSO-dj at 25°C, the OH-4’ signal appeared as a sharp
resonance as observed in acetone, while two sets of signals were seen for OH-7. The
NMR spectra at various temperatures are shown in Fig. 7. These two signals in a 1:1 ratio
reveal two conformational isomers created by rotational hindrance at the glucosyl-flavone
linkage. The equilibrium between the two rotamers was supported by observations of strong
exchange cross-peaks between the two signals in the ROESY spectrum. Coalescence of the
two signals was observed upon increasing the temperature to 40°C. It should be noted that
no changes in proton chemical shifts of puerarin and 3-CD and no intermolecular ROEs
between proton of puerarin and 3-CD were observed, suggesting that complex formation
dos not occur in DMSO solution (Fig. 8).

Fig. 8 Structure of puerarin
and 3-CD

H-2
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4 Discussion

MD simulation in water solvent [26] showed that two different types of inclusion complex
of 3-CD/puerarin could be formed, the difference in the two types of complexes being the
orientation of puerarin inside the cavity of 3-CD. In one complex, the C-ring of puerarin is
inside the cavity of 3-CD with the G unit close to the secondary rim, whereas, in the other
type of complex, the G unit was closed to the primary ring. Hydrogen bonds were found
to play an important role in bridging 3-CD and puerarin together as well as in forming a
stable complex. It has also been proposed that the retention mechanism between (3-CD and
puerarin involves not only hydrophobic interactions but also hydrogen bond interactions
[40].

Our study shows that upon inclusion of puerarin, water is excluded from the CD cavity
and the hydration of OH-2 and OH-3 of 3-CD is reduced. Even if OH-7 and OH-4' on
the aromatic rings on puerarin could not be observed, the NMR data on the hydroxy
protons of (3-CD indicate that no strong hydrogen bond between the hydroxyl groups
of 3-CD and those of puerarin stabilize the structure of the complex. This is different
from what we have previously observed in a study on the interaction between 3-CD and
epigallocatechin gallate, where the NMR data obtained from the hydroxy protons suggested
that intermolecular hydrogen bonding in addition to hydrophobic interaction stabilized the
complex [38].

The presence of rotamers leading to signal doubling has been observed for flavones
containing an 8-C-hexosyl substituent [41—43]. Interaction between the flavone B-ring and
the 8-C-hexosyl substituent leading to restricted rotation around the sugar C-aglycon bond
has been suggested to give rise to a mixture of two NMR-distinguishable rotamers. Thus,
the 8-C-monoglucosides of apigenin and luteonin exhibited signal duplication in their NMR
spectra recorded in DMSO-ds while the corresponding spectra of the 6-C-glucosides of
apigenin and luteonin in which the C-glycosyl residues were relatively distant from the
flavone B-rings did not show rotameric conformers. The present study shows also the effect
of the solvent on the hindered rotation. Thus in acetone, the fast exchange of phenolic
protons on the NMR timescale gives an average chemical shift spectrum. In DMSO at
room temperature and in H,O/acetone solutions at low temperature, the exchange rate of
the phenolic protons slows considerably, and signal doubling is observed for some protons.

Acknowledgements The authors would like to thank Professor Lennart Kenne for inviting Rui Zhao to
perform this study in his research group and Professor Jan-Christer Janson for valuable technical assistance.
This research was financially supported by the National High Technology Research and Development
Program of China (2006AA020203), the National Nature Science Foundation of China (20576013), the State
Key Development Program for Basic Research of China (2007CB714304), the Natural Science Foundation
of Beijing, China (2071002).

References

1. Song, X., Chen, P., Chai, X.: Effects of puerarin on blood pressure and plasma renin activity in
spontaneously hypertensive rats. Acta Pharmacol. Sin. 9, 55-58 (1988)

2. Li, Y., Yang, Y.: Clinical treatment by puerarin in patients with senile ischemic cerebrovascular disease.
Chin. Pharm. J. 32, 776777 (1997)

3. Liu, Q., Lu, Z., Wang, L.: Restrictive effect of puerarin on myocardial infarct area in dogs and its possible
mechanism. J. Tongji Med. Univ. 20, 43—45 (2000)

4. Han, J., Wang, W., Wang, L., Liu, S., Kang, T.: Effect of puerarin and daidzein on proliferating vascular
smooth muscle cells. Chin. J. Chin. Mater. Med. 29, 437-440 (2004)

@ Springer



NMR studies on puerarin and its interaction with beta-cyclodextrin 399

10.
11.

13.
14.
15.

. Hedges, A.R.: Industrial applications of cyclodextrins. Chem. Rev. 98, 2035-2044 (1998)
17.

19.

20.

21.
22.

23.

24.

25.

26.
217.
28.
29.

30.

31.

32.

. Wu, Z., Liu, Y., Zhu, Y., Yan, H.: Studies on lowering IOP effect of puerarin eyedrops. J. Chin. Pharm.

Univ. 29, 387-389 (1998)

. Uekama, K., Hirayama, F., Irie, T.: Cyclodextrin drug carrier systems. Chem. Rev. 98, 2045-2076

(1998)

. Li, S., Purdy, W.C.: Cyclodextrins and their applications in analytical chemistry. Chem. Rev. 92, 1457—

1470 (1992)

. Saenger, W., Jacob, J., Gessler, K., Steiner, T., Hoffmann, D., Sanbe, H., Koizumi, K., Smith, S.M.,

Takaha, T.: Structures of the common cyclodextrins and their larger analogues—Beyond the doughnut.
Chem. Rev. 98, 1787-1802 (1998)

. Ribeiro, A.C.F., Esteso, M.A., Lobo, V.M.M., Valente, A.J.M., Simoes, S.M.N., Sobral, A.J.F.N., Ramos,

L., Burrows, H.D., Amado, A.M., Amorim da Costa, A.M.: Interactions of copper (I1I) chloride with 8-
cyclodextrin in aqueous solutions. J. Carbohydr. Chem. 25, 173—185 (2006)

Szejtli, J.: Cyclodextrins and Their Inclusion Complexes. Akademiai Kiado, Budapest (1982)

Ali, S.M., Asmat, F., Maheshwari, A.: NMR spectroscopy of inclusion complex of d-(-)-chloramphenicol
with (3-cyclodextrin in aqueous solution. Il Farmaco 59, 835-838 (2004)

. Armstrong, D.W., Alak, A., Bui, K., DeMond, W., Ward, T., Riehl T.E., Hinze, W.L.: Facile separation

of enantiomers, geometrical isomers, and routine compounds on stable cyclodextrin LC bonded phases.
J. Incl. Phenom. 2, 533545 (1984)

Smolkova-Keulemansova, E., Feltl L., Krysl S.: Chromatographic study of the inclusion properties of
cyclodextrins: study of inclusion from the gaseous phase. J. Incl. Phenom. 3, 183-196 (1985).

Easton, C.J., Lincoln, S.F.: Chiral discrimination by modified cyclodextrins. Chem. Soc. Rev. 25, 163—
170 (1996)

Takahashi, K.: Organic reactions mediated by cyclodextrins. Chem. Rev. 98, 2013-2034 (1998)

He, X., Tan, T., Xu, B., Janson, J.-C.: Separation and purification of puerarin using {3-cyclodextrin-
coupled agarose gel media. J. Chromatogr. A. 1022, 77-82 (2004)

. He, X., Tan, T., Janson, J.-C.: Purification of the isoflavonoid puerarin by adsorption chromatography

on cross-linked 12% agarose. J. Chromatogr. A. 1057, 95-100 (2004)

Li, R., Zhao, R., Zhang, H., Li, C., Feng, D., Qin, P., Tan, T.: A novel medium poly(vinyl acetate-
triallyl isocyanurate-divinylbenzene) coupled with oligo-f3-cyclodextrin for the isolation of puerarin
from pueraria flavones. Chromatographia 72, 47-54 (2010)

Connors, K.A.: Binding Constants: The Measurement of Molecular Complex Stability. Wiley, New York
(1987)

Connors, K.A.: The stability of cyclodextrin complexes in solution. Chem Rev. 97, 1325-1357 (1997)
Schneider, H., Yatsimirsky, A.: Principles and Methods in Supramolecular Chemistry. Wiley, Chichester
(2000)

Paduano, L., Sartorio, R., Vitagliano, V., Castronuovo, G.: Calorimetric and diffusional behaviour
of the system «-cyclodextrin-L-phenylalanine in aqueous solution. Thermochim. Acta. 162, 155-161
(1990)

Buckton, G., Beezer, A.E.: The application of microcalorimetry in the field of physical pharmacy. Int. J.
Pharm. 72, 181-191 (1991)

Yang, L., Zhang, H., Tan, T., ur Rahman, A.: Thermodynamic and NMR investigations on the adsorption
mechanism of puerarin with oligo--cyclodextrin-coupled polystyrene-based matrix. J. Chem. Technol.
Biotechnol. 84, 611-617 (2009)

Zhang, H., Feng, W., Li, C., Tan, T.: Investigation of the inclusions of puerarin and daidzin with (3-
cyclodextrin by molecular dynamics simulation. J. Phys. Chem. 114, 4876-4883 (2010)

Adams, B., Lerner, L.E.: Effect of stereochemistry on hydroxyl proton chemical shifts and coupling
constants in carbohydrates. Magn. Reson. Chem. 32, 225-230 (1994)

Piotto, M., Saudek, V., Sklenar, V.: Gradient-tailored excitation for single-quantum NMR spectroscopy
of aqueous solutions. J. Biomol. NMR 2, 661-665 (1992)

Fielding, L.: Determination of association constants (K,) from solution NMR data. Tetrahedron 56,
6151-6170 (2000)

Bakkour, Y., Vermeersch, G., Morcellet, M., Boschin, F., Martel, B., Azaroual, N.: Formation of cy-
clodextrin inclusion complexes with doxycyclin-hyclate: NMR investigation of their characterization
and stability. J. Incl. Phenom. Macrocycl. Chem. 54, 109-114 (2006)

Stauffer, D.A., Barrans, R.E., Dougherty, D.A.: Concerning the thermodynamics of molecular recog-
nition in aqueous and organic media. Evidence for significant heat capacity effects. J. Org. Chem. 55,
2762-2767 (1990)

Cameron, K.S., Fielding, L.: NMR diffusion spectroscopy as a measure of host-guest complex associa-
tion constants and as a probe of complex size. J. Org. Chem. 66, 6891-6895 (2001)

@ Springer



400

R. Zhao et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Xu, J., Tan, T., Kenne, L., Sandstrom, C.: The use of diffusion-ordered spectroscopy and complexation
agents to analyze mixture of catechins. New J. Chem. 33, 1057-1063 (2009)

Bekiroglu, S., Kenne, L., Sandstrom, C.: 1H NMR studies of maltose, maltoheptaose, «-, 8-, and y-
cyclodextrins, and complexes in aqueous solutions with hydroxy protons as structural probes. J. Org.
Chem. 68, 1671-1678 (2003)

Bendeby, B., Kenne, L., Sandstrom, C.: 1H-NMR studies of the inclusion complexes between
a-cyclodextrin and adamantane derivatives using both exchangeable hydroxy protons and non-
exchangeable aliphatic protons. J. Incl. Phenom. Mol. Recognit. Chem. 50, 173181 (2004).

Bekiroglu, S., Sandstrom, A., Kenne, L., Sandstrom, C.: Ab initio and NMR studies on the effect of
hydration on the chemical shift of hydroxy protons in carbohydrates and water/methanol/ethers as model
systems. Org. Biomol. Chem. 2, 200-205 (2004)

Sandstrom, C., Baumann, H., Kenne L.: The use of chemical shifts of hydroxy protons of oligosaccha-
rides as conformational probes for NMR studies in aqueous solution. Evidence for persistent hydrogen
bond interaction in branched trisaccharides. J. Chem. Soc., Perkin Trans. 2, 2385-2393 (1998)

Xu, J., Tan T., Janson, J.-C., Kenne, L., Sandstrém, C.: NMR Studies on the interaction between (-)-
epigallocatechin gallate and cyclodextrins, free and bonded to silica gels. Carbohydr. Res. 342, 843-850
(2007)

Poppe, L., van Halbeek, H.: Nuclear magnetic resonance of hydroxyl and amido protons of oligosaccha-
rides in aqueous solution: evidence for a strong intramolecular hydrogen bond in sialic acid residues. J.
Am. Chem. Soc. 113, 363-365 (1991)

Yang, L., Zhu, Y., Tan, T., Janson, J.-C.: Coupling oligo-3-cyclodextrin on polyacrylate beads media for
separation of puerarin. Process Biochem. 42, 1075-1083 (2007)

Norbzk, R., Brandt, K., Kondo, T.: Identification of flavone C-glycosides including a new flavonoid
chromophore from barley leaves (Hordeum vulgare L.) by improved NMR techniques. J. Agric. Food
Chem. 48, 1703—1707 (2000)

Caristi, C., Bellocco, E., Panzera, V., Toscano, G., Vadala, R., Lezzi, U.: Flavonoids detection by HPLC-
DAD-MS-MS in lemon juices from Sicilian cultivars. J. Agric. Food Chem. 51, 3528-3534 (2003)
Rayyan, S., Fossen, T., Nateland, H.S., Andersen, @.M.: Isolation and identification of flavonoids,
including flavone rotamers, from the herbal drug ‘crataegi folium cum flore’ (hawthorn). Phytochem.
Anal. 16, 334-341 (2005)

@ Springer



	NMR studies on puerarin and its interaction with beta-cyclodextrin
	Abstract
	Introduction
	Experimental
	Results
	Stoichiometry of the complex
	Complexation in D2O
	Complexation in 85% H2O/15% (CD)3CO
	NMR study in acetone-d6 and DMSO-d6 solutions

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


