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Abstract The interaction between puerarin and β-cyclodextrin (CD) has been studied in

D2O, H2O/acetone-d6, acetone-d6 and DMSO-d6 solutions by
1
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 β-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-d6/H2O 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.

β-cyclodextrin (β-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 β-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 β-CD-immobilized materials for

puerarin separation has been investigated [17–19]. Investigating the interaction between

β-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 β-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 β-CD. Thus, the aim of the present study was

to characterize the inclusion complex formed between puerarin and β-CD using NMR

spectroscopy of hydroxy protons to investigate if hydrogen bonding interactions between

β-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 β-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

β-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 β-CD and puerarin were

dissolved in D2O. 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
1
H/

13
C/

15
N/

31
P QNP probe equipped with z-gradient. For experiments in
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D2O, the chemical shifts were referenced relative to the DOH signal at δH 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 t2 and 256 in t1 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)2CO/85% H2O 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
1
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-d5 signal to δH 2.204 ppm. The

temperature coefficients (dδ/dT) for the hydroxy protons were obtained from
1
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 D2O. 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 (Nexp = 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 β-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 β-CD.

3.2 Complexation in D2O

Only one set of NMR signals was observed for the complex between puerarin and β-CD

(1:1) indicating a rapid exchange between free and bound forms on the NMR timescale.

Chemical shifts The addition of puerarin to a β-CD solution resulted in the shielding of H-

3 and H-5 positioned on the inner surface of β-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. r is the molar fraction of β-CD in the puerarin/β-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 β-CD. In the presence of β-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 β-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

β-CD. Medium ROEs are found between H-5 of puerarin and H-3 of β-CD, while weak

ROEs exist between H-5 of puerarin and H-5 of β-CD as well as between H-6 of puerarin

and H-3 of β-CD. No cross-peak was found between H-6 of puerarin and H-5 of β-CD.

These ROEs show that the B and C rings of puerarin are in the cavity of β-CDs and indicate

that puerarin penetrates the β-CD cavity from the wide rim.

Table 1
1
H NMR chemical shifts (δ, ppm) for CH protons of β-CD alone, and their complexation-induced

shifts (CIS) when in complex with puerarin (30
◦
C, D2O)

H-1 H-2 H-3 H-4 H-5 H-6

δ 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
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Table 2
1
H NMR chemical shifts (δ, ppm) for CH protons of puerarin alone and their complexation-induced

shifts (CIS) when in complex with β-CDs (30
◦
C, D2O)

D2O H-2 H-5 H-6 H-2
′
6
′

H-3
′
5
′

H-1
′′

H-2
′′

H-3
′′

H-4
′′

H-5
′′

H-6
′′

δ 8.209 8.061 7.085 7.364 6.957 5.145 4.264 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 β-CD

and puerarin. The diffusion coefficients of free puerarin and β-CD are 4.38 and 2.87 ·
10

−10
m

2
s
−1

, respectively. In presence of β-CD, puerarin showed a decrease in diffusion

rate with a diffusion coefficient of 3.39 · 10
−10

m
2

s
−1

, indicating the formation of a

complex (Fig. 3). The reference HDO diffusion coefficient of 2.15 · 10
−9

m
2

s
−1

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:

Dobs = χ Dbound + (1 − χ) Dfree. (1)

Fig. 2 Part of the ROESY spectrum of the 1:1 β-CD/puerarin complex in D2O, 200 ms, 30
◦
C
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Fig. 3 DOSY spectrum of puerarin/β-CD (1:1) in D2O and at 30
◦
C

Dobs is the observed diffusion coefficients while Dfree and Dbound 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 χ of the bound

guest χb:

K = χb/ (1 − χb)
(
[H]0 − χb [G]0

)
. (2)

[H]0 and [G]0 are the total concentration of the host and guest, respectively. An association

constant K of 2,000 ± 500 M
−1

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 β-CD due to the large uncertainty introduced by the single-

point approximation method. This method has, however, been shown to yield values for the

β-CD/epicatechin and β-CD/epigallocatechin gallate complexes similar to those obtained

with other methods [33].

3.3 Complexation in 85% H2O/15% (CD)3CO

To investigate if the complex formed between β-CD and puerarin was stabilized by

hydrophilic interactions such as hydrogen bonds [34], the exchangeable hydroxy protons

have been also studied by
1
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 H2O and acetone-d6 [35].

Thus, the chemical shifts (δ), temperature coefficients (dδ/dT),
3 JCH,OH coupling con-

stants and ROEs signals between β-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
1
H NMR spectra showing the region for aromatic and hydroxy proton signals of a 1:1 β-CD/puerarin

complex in 85% H2O/15% acetone-d6 at −8
◦
C; a puerarin alone; b β-CD alone; c 1:1 β-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

|dδ/dT| > 11 ppb/
◦
C are fully hydrated, whereas hydroxy protons with |dδ/dT| < 11 ppb/

◦
C

Table 3
1
H NMR Chemical shift (δ, ppm), CIS (ppm) and temperature coefficients (dδ/dT, ppb/

◦
C) for OH

of β-CD at -8
◦
C in 85% H2O / 15% acetone-d6

OH-2 OH-3 OH-6

δ 6.424 6.742 6.097

CIS −0.040 −0.041 −0.019

JCH,OH 7.4 <3 <3

dδ/dT −12.5 −15.4 −14.2

dδ/dT (Puerarin) −7.7 −9 −13.4
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Table 4
1
H NMR Chemical shift (δ, ppm), CIS (ppm) and temperature coefficients (dδ/dT, ppb/

◦
C) for

hydroxy protons of puerarin at −8
◦
C in 85% H2O / 15% acetone-d6

OH-2
′′

OH-3
′′ a

OH-4
′′ a

OH-6
′′

δ 6.559 6.621 6.621 6.338

CIS 0.008 0.012 0.012 0.021

dδ/dT −12.4 −13.6 −13.6 b

dδ/dT (β-CD) −12.1 −13.7 −13.7 b

a
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,

|dδ/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 β-CD and puerarin alone The assignment of the hydroxy proton

signals in β-CD was obtained from DQF-COSY spectra. The chemical shifts, vicinal

coupling constants and temperature coefficients (dδ/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

Fig. 5 Part of the ROESY spectrum of the 1:1 β-CD/puerarin complex in 85% H2O/15% acetone-d6,

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 β-CDs and puerarin in the complex Comparison of the chemical shifts

of the hydroxy proton signals of β-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 β-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
3 JCH,OH values of OH-2, OH-3 and OH-6 of β-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

D2O 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% H2O/15% (CD)3CO showed ROEs in

Fig. 6
1
H NMR spectra of puerarin in acetone and acetone/H2O solutions; a puerarin in 80% acetone-

d6/20% H2O; b puerarin in 90% acetone-d6/10% H2O; c puerarin in 100% acetone-d6
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good agreement with those observed in D2O solution (Fig. 5). This, together with similar

chemical shifts of the CH protons in D2O and in 85% H2O/15% (CD)3CO solutions, indicate

that the presence of acetone-d6 does not change the formation and the structure of the

complex. No ROE involving hydroxy protons of β-CD or of the sugar part of puerarin

Fig. 7
1
H NMR spectra of puerarin in DMSO-d6 at different temperatures; a 60

◦
C; b 50

◦
C; c 40

◦
C; d 30

◦
C;

e 25
◦
C; f puerarin in the presence of β-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-6

′
from the C ring showed only one set of resonances if compared to puerarin alone.

3.4 NMR study in acetone-d6 and DMSO-d6 solutions

In an attempt to identify the hydroxy protons of the aromatic rings, NMR spectra of puerarin

in acetone-d6 and DMSO-d6 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% H2O 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% H2O, the OH-7

signal disappeared due to a rapid exchange process.

In the
1
H NMR spectrum in DMSO-d6 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 β-CD and no intermolecular ROEs

between proton of puerarin and β-CD were observed, suggesting that complex formation

dos not occur in DMSO solution (Fig. 8).

Fig. 8 Structure of puerarin

and β-CD
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4 Discussion

MD simulation in water solvent [26] showed that two different types of inclusion complex

of β-CD/puerarin could be formed, the difference in the two types of complexes being the

orientation of puerarin inside the cavity of β-CD. In one complex, the C-ring of puerarin is

inside the cavity of β-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 β-CD and puerarin together as well as in forming a

stable complex. It has also been proposed that the retention mechanism between β-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 β-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 β-CD indicate that no strong hydrogen bond between the hydroxyl groups

of β-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 β-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-d6 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 H2O/acetone solutions at low temperature, the exchange rate of

the phenolic protons slows considerably, and signal doubling is observed for some protons.
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