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ABSTRACT: Few data are available about the effects of complexation of polyphenols with polysaccharide on their bioavailability.
The complex of tea polyphenols (TP) with oat β-glucan was characterized by ultraviolet�visible spectrometry, Fourier transform
infrared spectrometry, differential scanning calorimetry, atomic force microscopy, and solid-state 13C NMR spectroscopy. The
results indicated that the bonds which governed the interaction between TP and oat β-glucan were strong hydrogen bonds. The in
vitro antioxidant activity of TP,β-glucan, their complex, and physical mixture was assessed using four systems, namely, DPPH•, OH•,
and O2

•� scavenging activities and reducing power. The complexation and blending of TP and β-glucan exhibited different impacts
on the index of in vitro and in vivo antioxidant capacities. In the concentration range of 0.5�2.5 mg mL�1, the complex had highest
O2

•� scavenging activity, whereas the highest OH• scavenging activity was found with the physical mixture. For antioxidant testing
in vivo, there was no significant difference between the complex and the physical mixture in terms of glutathione peroxidase activity
and levels of malondialdehyde and total antioxidant capacity in serums. However, the complex exhibited much higher activities of
superoxide dismutase and glutathione peroxidase in livers than the physical mixture. The present study provided a deeper
understanding of the influence of molecular interaction between TP and oat β-glucan on their antioxidant activities.
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’ INTRODUCTION

Interactions of polyphenols with other constituents of the
food matrix are likely to interfere with the metabolism of poly-
phenols and should be taken into account in bioavailability studies.1

Indeed, interactions of polyphenols with protein and digestive
enzymes are well-known to reduce protein digestibility and can
be expected to alter polyphenols' bioavailability.2,3 However, few
data are available in the literatures about the effects of complexa-
tion of polyphenols with polysaccharide on their bioavailability.

Polyphenols bind to polysaccharides, leading to the formation
of polyphenol�polysaccharide complexes, which can significantly
improve organoleptic properties,4 influence their extractability,5,6

disrupt polyphenol�protein interactions,7,8 provide controlled
release of polyphenols in the human body for more efficient
nutraceutical usage, and influence recovery of polyphenols from
plant crude extracts.9�12 Furthermore, the existence of non-
covalent interaction between proanthocyanidins and apple cell
wall material in aqueous solutions has been investigated.13�16 Later
work by Le Bourvellec et al.5 found that apple polyphenols mainly
bound to pectins.

Tea polyphenols (TP) are a large and diverse class of com-
pounds extracted from tea.17 The potential for consumption of
TP to prevent or ameliorate chronic disease is currently the sub-
ject of considerable scientific investigation.18�21 Although a number
of mechanisms have been proposed for the beneficial effects of
TP in different models of chronic disease, the radical scavenging
and antioxidant properties of TP are frequently cited as impor-
tant contributions.18�23 However, wide application of TP as
antioxidant has been limited because many factors affecting anti-
oxidant activity are as yet unknown. Particularly, food matrix

interactions may play a part in determining polyphenol antiox-
idant activities.24 Much of the evidence supporting that the
antioxidant activities of TP were greatly affected by their inter-
actions with other constituents of the food matrix was derived
from assays of antioxidant activities of the complexation of poly-
phenols with proteins in vitro.25�27 Evidence that antioxidant
activities of TP are directly or indirectly affected by their
interactions with polysaccharides is more limited.

Oat β-glucan is a nonstarch polysaccharide composed of β-(1f
4)-linked glucose units separated every two to three units by
β-(1 f 3)-linked glucose. This water-solution dietary fiber has
received much attention because of its potential functionalities
such as increasing immunity, anticancer activity, and lowering of
blood cholesterol, lipids, and blood glucose.28�30 In Oriental
countries, tea and β-glucan-rich cereals, such as barley and oat,
are extensively consumed together in a specific diet. However, there
are, so far, few reports on the complexation of TP with β-glucan.

In our recent work we have reported that oat β-glucan plays a
major role in regulating the free concentration of TP in aqueous
solution.31 However, the influence of molecular interactions
between TP and oat β-glucan on their biological activities is still
unknown. On the basis of the above considerations the aims of
the present study were to prepare the complex of TP with oat
β-glucan and investigate its characterization by ultraviolet�
visible spectrometry (UV), Fourier transform infrared spectro-
metry (FT-IR), differential scanning calorimetry (DSC), atomic
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force microscopy (AFM), and solid-state 13C nuclear magnetic
resonance (NMR) spectroscopy. Moreover, we investigated the
in vitro and in vivo antioxidant activities of TP, β-glucan, their
complex, and the physical mixture of TP and β-glucan by using
different assay systems.

’MATERIALS AND METHODS

Tea Polyphenols. TP samples were obtained from Changsha
Active Ingredients Inc. (Changsha, China), with TP content up to
98.38%. HPLC analysis indicated that it contained (�)-catechin (C,
0.07%), (�)-epigallocatechin (EGC, 0.89%), (�)-epicatechin (EC, 0.34%),
(�)-epigallocatechin gallate (EGCG, 74.51%), (�)-gallocatechin gal-
late (GCG, 4.93%), and (�)-epicatechin gallate (ECG, 17.64%).
Oat β-Glucan. Oat β-glucan was bought from Zhengzhou Lion

Biological Technology Co. Ltd. (Zhengzhou, China) with a β-glucan
content of 77%. The value for the weight-average molecular weight was
9.1 � 105. For details of the procedures, see ref 31.
Pretreatment of Oat β-Glucan. Oat β-glucan (10 mg) was

heated at 80 �C with magnetic stirring in 15 mL of distilled water for
2 h until complete solubilization. The solution was centrifuged at 2500g
for 10 min, and then the supernatant was left to decolorize via actived
carbon, followed by the removal of protein by Sevag method.32 The
retained solution was successively dialyzed against running tap water for
24 h and distilled water for 24 h in dialysis bag (Union Carbide) with size
exclusion of 1.4 kDa for globular molecules. Then it was precipitated
with ethanol (1:5, v/v) and the precipitate collected by centrifugation at
2500g for 10 min. After being dried with an Alpha 2-4 LD Plus vacuum
freeze-dryer (Christ, Germany) at �40 �C for 12 h, the obtained oat
β-glucan was used for all subsequent in vitro and in vivo experiments.
Influence of the Concentration ofNaCl and Ethanol on the

Adsorption Capacity of TP into Oat β-Glucan. Adsorption
experiments were conducted under the optimum condition of tempera-
ture of 40 �C, pH 5.56, phosphate-buffered saline (PBS) buffer con-
centration of 0.13 M, 6 mL of 0.5 mg mL�1 oat β-glucan, and 2 mL
0.5 mg mL�1 TP solution.31 For details of the procedures, see ref 31.
Measurement of TP Concentration. To determine the TP

concentration of the complex of TP with oat β-glucan, the spectro-
photometric method described by Li et al.33 was used. One milliliter of
TP was transferred into a 25 mL volumetric flask to react with 5 mL of
dyeing solution (1.000 g of ferrous sulfate and 5.000 g of potassium
sodium tartrate tetrahydrate dissolved in 1000 mL of distilled water),
4 mL of distilled water, and 15 mL of buffer (0.067 M potassium phos-
phate, pH 7.5). Several minutes was required for color development.
Absorbance readings were made at 540 nm by a Shimadzu UV�visible
2450 spectrophotometer, using a blank solution prepared with distilled
water replacing TP.
Preparation of the Complex and Physical Mixture of Oat

β-Glucan and TP. Pretreated oatβ-glucan (300mg) andTP (100mg)
were totally dissolved in 8 mL of PBS buffer and applied into a dialysis
bag. It was dialyzed against 30 mL of PBS buffer for 16 h in a capped
50 mL plastic tube for the formation of the complex under the optimum
adsorption conditions. For details of the procedures, see ref 31. Then,
the solution inside the dialysis bag was successively dialyzed against tap
water for 24 h and distilled water for 24 h in a dialysis bag for the removal
of phosphate ion. After vacuum freeze-drying of the solution inside the
dialysis bag, the dried light-yellow powder was collected as the complex
of TPwith oatβ-glucan. To determine theworking curve ofUV absorbance
(A) � TP concentration (C), the absorbance of the standard TP
aqueous solution with different known concentrations was measured.
A fitted regression equation, A = 0.00977 + 8.09C, was obtained with
R2 = 0.999. Then the content of TP in the complex of TP with oat
β-glucan was 19.8 μg mg�1.

Physical mixtures of TP and oat β-glucan at the samemolar rate as the
complex were prepared by mixing accurately weighed amounts until a
fully homogeneous mixture was obtained. All physical mixtures were
stored in a desiccator until further evaluation.
Physicochemical Characterization. UV Spectrometry. Samples

were dissolved in distilled water with magnetic stirring until complete
solubilization. UV spectroscopy was recorded using a UV-2450 spectro-
photometer (Shimadzu, Japan) in the range 200�400 nm.

FT-IR Spectrometry. FT-IR spectra of samples were obtained using a
Spectrum 100 FT-IR spectrophotometer (Perkin-Elmer, USA) in the
range 4000�350 cm�1 by the KBr method.

Differential Scanning Calorimetry. DSC measurements were carried
out with a thermal analyzer (Netzsch DSC 200 PC, Bavaria, Germany).
About 6 mg of the dried, ground samples was placed in an aluminum
sample pan. The sample was heated to 150 �C and held for 2 min to
eliminate the previous heat history and was subsequently cooled to
50 �C at 10 �C min�1. Then, the samples were heated again from 50 to
275 �C at a heating rate of 10 �C min�1 in a nitrogen atmosphere, and
the DSC curves were recorded using a sealed empty pan as reference.

Atomic Force Microscopy. The samples were mixed with doubly
distilled water to a final concentration of 0.4 mg mL�1. A small volume
of these solutions was sprayed onto freshly cleaved mica disks and
allowed to dry in air before imaging. Images were obtained using an AFM
(Veeco, USA) in contact mode with silicon nitride levers.

Solid-State 13C NMR Experiments. All of the solid-state NMR experi-
ments were carried out at B0 = 9.4 T on a Bruker AVANCE III 400 WB
spectrometer. The corresponding 13C resonance frequencies were 100.6
MHz. Samples were packed in a 7 mm ZrO2 rotor and spun at the magic
angle (54.7�), and the spin rate was 7 kHz. 13C CP/MAS NMR spectra
were recorded with a contact time of 1.2 ms and a recycle delay of 2 s.
The 13C chemical shift was externally referenced to the high-field resonance
of hexamethylbenzene at 17.17 ppm as a secondary reference.
Determination of Antioxidant Activities in Vitro. Reducing

Power Assay. The reducing power of samples was determined according
to the method described by Xu et al.34 with a few modifications. Briefly,
2.5 mL of reaction mixture, containing sample (the complex, 0.5�4.5
mgmL�1; physical mixture, 0.5�4.5 mgmL�1; oat β-glucan, 0.49�4.41
mg mL�1; or TP 0.01�0.09, mg mL�1) in phosphate buffer (0.2 M, pH
6.6), was incubated with 2.5 mL of potassium ferricyanide (1%, w/v) at
50 �C for 20 min. The reaction was terminated by 2.5 mL of TCA
solution (10%, w/v). Then 5 mL of distilled water and 1 mL of ferric
chloride (0.1%, w/v) were added to the reaction mixture. The absor-
bance was measured at 700 nm with distilled water as blank.

1,1-Diphenyl-2-picrylhydrazyl (DPPH) Radical Scavenging Assay. The
DPPH (Wako Pure Chemical Industries, Tokyo, Japan) radical scaven-
ging activity was measured by using the method reported by Qiao et al.35

with minor modification. A 2 mL sample solution was mixed with 2 mL
of 0.2 mMDPPH• in ethanol. Then, themixture was shaken and allowed
to stand at room temperature in the dark for 30 min. The absorbance of
the mixture was measured at 517 nm using a spectrophotometer. DPPH
radical scavenging activity was calculated by the equation

DPPH radical scavenging activity ð%Þ ¼ ½A0 � ðA1 � A2Þ�=A0 � 100%

ð1Þ

where A0 is the absorbance of the control (water instead of the sample
solution), A1 is the absorbance of the sample, and A2 is the absorbance
of the sample under identical condition as A1 with ethanol instead of
DPPH• solution.

Hydroxyl Radical Scavenging Assay. The scavenging activities of
hydroxyl free radicals were assayed according to a modified Fenton re-
action protocol.36 The assay system consisted of 1.4 mL of 0.02 mM
crystal purple (Kelong Chemical Reagent Co., Chengdu, China) solu-
tion, 1.0 mL of 5 mMFe2+ solution, 1 mL of Tris-HCl (pH 5.5), 1 mL of
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2.5 mMH2O2, and 2 mL of the aqueous solution of tested samples. The
final volume of 10 mL was achieved by adding distilled water. The con-
centrations of the sample solutions were 0.5�4.5 mg mL�1 for the com-
plex and physical mixture, 0.49�4.41 mg mL�1 for oat β-glucan, and
0.01�0.09 mg mL�1 for TP. The scavenging activities of hydroxyl free
radical were evaluated by the formula

hydroxyl radical scavenging rate ð%Þ
¼ ½ðA2 � A1Þ=ðA0 � A1Þ� � 100% ð2Þ

where A0 was the absorbance of the negative control (without Fe
2+ and

H2O2) at 580 nm,A1 was the absorbance of the positive control (without
test compound), and A2 was the absorbance in the presence of the test
compound.

Superoxide Radical Scavenging Assay. Superoxide radical scavenging
capacities of samples were examined by a pyrogallol autoxidation system
with minor modification.37 Briefly, 9 mL of Tris-HCl buffer solution
(50 mM, pH 8.2) was incubated in a water bath at 25 �C for 20 min, and
then 40 μL of pyrogallol solution (45 mM, prepared in 10 mM HCl),
which was also preincubated at 25 �C, was added. The mixture was
incubated at 25 �C for 3min, and then a volume of 50 μL of ascorbic acid
was dripped into the mixture to terminate the reaction. The absorbance
at 420 nmmarked as A0 was measured 5 min later, and this A0 indicated
the speed of pyrogallol autoxidation. The A1 autoxidation speed was
obtained using the above method and with the addition of 2 mL of
various concentrations of test compounds into the Tris-HCl buffer
solution. A blank control of reagent was obtained as A2. The scavenging
activity was calculated according to the following formula:

superoxide radical scavenging rate ð%Þ
¼ ½1� ðA1 � A2Þ=A0� � 100% ð3Þ

Determination of Antioxidant Activities in Vivo. The animal
study was approved by the Chongqing Experimental Animal Committee
(Chongqing, China). The assay of antioxidant activities in vivo was
carried out according to the reported method with some modifica-
tions.38 Sixty Kunming mice (half male and half female, 8 weeks old),
grade of specific pathogen free with body weight (BW) of 20( 2 g, were
used in this study. The mice were housed under conditions of 25( 1 �C,
50 ( 10% humidity, and 12:12 light/dark cycle (light on at 8:00 a.m.),
with free access to water and a standard diet. After adapting to their
environment for 1 week, these mice were randomly divided into six
groups with 10 mice each (5 males and 5 females separately). Mice in
groupC (normal control group) were treated with 0.9% sodium chloride
(NaCl, 25 mL/kg BW) per day by hypodermic injection and gastric
gavage. Mice in group MC (model control group) were treated with 9%
D-galactose (Sigma Chemical Co., St. Louis, MO) (D-Gal, 25 mL/kg
BW) by hypodermic injection and 0.9%NaCl (25mL/kg BW) by gastric
gavage per day. Mice in groups TP, BG, C-TP-BG, and M-TP-BG were
treated with 9% D-Gal (25 mL/kg BW) by hypodermic injection and
received fixed doses of TP (5.94 mg/kg BW/day), β-glucan (294.06
mg/kg BW/day), their complex (300 mg/kg BW/day), and physical
mixture (300 mg/kg BW/day), respectively, by gastric gavage, once a day
for 15 consecutive days.

After overnight fasting following the last drug administration, the
mice were weighed and killed by decapitation. Blood samples were
harvested immediately in centrifuge tubes. After 1 h, the blood samples
were centrifuged at 4000g for 10 min to afford the sera required. The
liver was excised, weighed, and homogenized immediately in ice-cold
0.9% NaCl solution (0.1 g tissue/mL solution). The suspension was
centrifuged as mentioned above, and the supernatant was collected for
further analysis. All above treatments were done at 4 �C. Activities of
superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px), level
of malondialdehyde (MDA), and total antioxidant capacity (TAOC)

were measured by using commercial reagent kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the instruction
manuals.
Statistical Analysis. Analysis of variance (ANOVA) accompanied

with least-significant difference (LSD) test (SPSS, version 15) was con-
ducted to identify the significant difference. Differences with p < 0.05
were significant statistically.

’RESULTS AND DISCUSSION

Effects of the Concentration of NaCl and Ethanol on the
Adsorption Capacity of TP into Oat β-Glucan. The influence
of physicochemical parameters such as pH, PBS buffer concen-
tration, and temperature have been investigated.31 To further
confirm involvement of hydrophobic interaction and hydrogen
bond during complex formation, Qe (adsorption capacity) was
determined with varying ionic strength and ethanol concentra-
tion.13,39 Generally, hydrophobic interactions between organic
molecules increased with ionic strength.40 As shown in Figure 1,
the complexation of TP and β-glucan decreased with increasing
ionic strength, which suggested that hydrophobic interactions
had little sense on the interaction between TP and β-glucan. The
amount of TP bound also decreased with increased ethanol
concentration (Figure 1). Ethanol exhibited not only proton-
donor but also proton-acceptor properties, creating the possibi-
lity for formation of a hydrogen bond with TP at theOH group of
the ring.39 Meanwhile, the presence of ethanol during complexa-
tion exerted dramatic effects on the substrates. First, ethanol
caused conformational changes of β-glucan by promoting for-
mation of intramolecular hydrogen bonds,41 to result in a decrease
in the number of free hydroxyl groups of β-glucan available for
complexation. Second, TP could form stronger polar and apolar
interactions with ethanol than with water, which retarded the
transfer of TP from solution onto β-glucan to form the complex.
This was supported by the fact that aqueous ethanol was more
effective than water in the extraction of TP.42 Le Bourvellec et al.13

investigated the influence of ionic strength and the presence of

Figure 1. Effects of the concentration of NaCl and ethanol on the
adsorption capacity of tea polyphenols (TP) into oat β-glucan under the
optimized conditions of temperature, 40 �C; pH 5.56; phosphate-
buffered saline (PBS) buffer concentration, 0.13 M; 6 mL 0.5 mg mL�1

oat β-glucan; and 2 mL 0.5 mgmL�1 TP solution. Each value represents
the mean( SD (n = 3).Qe represents the adsorption capacity of TP into
oat β-glucan (μg mg�1).
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ethanol on the adsorption capacity of procyanidins in apple cell
wall material and found similar results.
Physicochemical Characterization of the Complex TPwith

β-Glucan. UV Absorption Spectrum. In the spectrum of TP in
water solution (Figure 2a), two λmax value were found at 273 nm
(λ1, π�π* transition of the phenolic group) and 228 nm (λ2,
π�π* transition of the phenyl ring). The typical peak reported
for TP at 273 nmwas identified in the spectra of both the physical
mixture (Figure 2c) and TP (Figure 2a). The spectra are related
to the π�π* transitions within the aromatic ring of TP mole-
cules.43 In comparison with TP absorption spectra, the band at
273 nm totally disappeared in the spectrum of the complex
(Figure 2d), which can be explained by the extension of the
conjugated system with the complexation. Li et al.44 reported an
inclusion complex of phenolic compounds with β-cyclodextrin
and found similar results by UV�visible absorption spectrometry.
FT-IR Analysis. The FT-IR spectrum of TP (Figure 3a) con-

sisted of the prominent absorption bands of the hydroxyl group

(3414 cm�1) and of an aromatic nucleus (1618, 1520, 1453,
1241 cm�1). However, the bands at 1520 and 1453 cm�1 totally
disappeared in the spectrum of the complex (Figure 3d). These
peaks were found to overlap with the peaks in a broad band
ranging from 1600 to 1450 cm�1. This indicated interaction be-
tween the hydroxyl groups of polyphenols and the oxygen atoms
of the cross-linking ether bonds of β-glucan.45 Furthermore, some
small characteristic absorption peaks of TP between 1000 and
1500 cm�1 were almostmasked by that of oat β-glucan. The basic
characteristics of oat β-glucan (Figure 3b) were at 3400 cm�1

(strong and wide O�H stretch), 2934 cm�1 (C�H stretch), and
1056 cm�1 (C�O stretch). Correspondingly, the FT-IR spec-
trum of the complex of TP with oat β-glucan showed the typical
signals of glucose polysaccharides.46,47 A decrease in intensity of
the main band at 3413 cm�1 in the FT-IR spectrum of the
complex of TPwithβ-glucan was due to a decrease in the number
of free hydroxyl groups, indicating formation of hydrogen bonding
between polyphenol hydroxyl groups and the hydroxyl groups
of β-glucan. Additionally, the FT-IR spectrum of the physical
mixture (Figure 3c) did not differ significantly from those of the
single components.
DSC Analysis.DSC is a method that confirms the formation of

a complex in the solid state.48 In the present work DSC was
applied to the analysis of TP, oat β-glucan, their complex, and the
physical mixture of TP and oat β-glucan. All obtained thermo-
grams presented a broad endothermic peak around 100 �C
(Figure 4), which was attributed to the elimination of water
from the subjects. Clearly, the central temperatures correspond-
ing to the peaks of β-glucan and the physical mixture were 105
and 110 �C, respectively (Figure 4b,c). They were much higher
than that (88 �C) of TP and the complex (Figure 4a,d). The
difference in these temperature data reflected the difference in
water-holding (aw) properties of the subjects. For TP and the
physical mixture, an extra broad endothermic peak was located
approximately at the melting points of monomers of TP.49 How-
ever, this peak disappeared in the thermogram of the complex,
which suggested the formation of the complex between TP and
β-glucan. Furthermore, this observation indicated that TP was
not present in the complex as its original aggregating form.

Figure 2. Ultraviolet�visible (UV) spectra of tea polyphenols (TP)
(a), oat β-glucan (b), the physical mixture (c) of TP and β-glucan, and
the complex (d) of TP with β-glucan. λ1 = 273 nm; λ2 = 228 nm.

Figure 3. Fourier transform infrared spectrometry of tea polyphenols
(TP) (a), oat β-glucan (b), the physical mixture (c) of TP and β-glucan,
and the complex (d) of TP with β-glucan.

Figure 4. Differential scanning calorimetry curves of tea polyphenols
(TP) (a), oat β-glucan (b), the physical mixture (c) of TP and β-glucan,
and the complex (d) of TP with β-glucan.
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AFM Analysis. Figure 5a shows the small spherical particles of
aggregation or entanglement of oat β-glucan molecules, which
ranged in size from about 50 to 200 nm in diameter. It was not
possible to determine precisely the size of these particles from the
particle diameter due to the inevitable broadening effects of the
tip probe,50 which added on a constant value of 10 nm to the size
of each particle. However, the height of the particle is unaffected
by probe width.51 Therefore, the height is a more accurate reflec-
tion of the particle diameter. Heights varied from about 2 to
10 nm. To get higher resolution AFM images, β-glucan solution
was dropped onto the surface of mica. The conformation of
β-glucan may change when it is adsorbed onto the mica surface,
so β-glucan conformation observed by AFM does not always re-
flect the real conformation in solution. Figure 5b,c shows that the
AFM image of the complex was markedly different from that of
physical mixture, which consisted of a conglomerate of irregular
structural features. Previous research confirmed the behavior of
self-assembly of β-glucan.50 The difference in images of β-glucan
and the complex indicated that the complexation of TP damaged
the spherical aggregates of β-glucan. The complexation of TP
onto β-glucan resulted in regular, continuous, and partly homo-
geneous units for oat β-glucan, indicating the interference of
TP on the self-assembly of β-glucan. Combined with the results
from DSC, it was concluded that the complexation of TP and
β-glucan brought out significant changes in the present state of
the substrates.
Solid-State 13C NMR Spectroscopy. Solid-state 13C CP/MAS

NMR is an ideal technique for investigating static interactions,
because these interactions could cause additional peaks to appear
in the solid-state NMR spectrum as a result of the changes to the
conformation of carbon atoms in both the complexed molecules
and the surrounding host matrix.52 For the dry oat β-glucan
sample, the spectrum (Figure 6a) contained a number of broad
peaks of which only those assignable to C1 and C6 carbons were
differentiated clearly. The two shoulder peaks at 103.2 and 62.5
ppm were assigned to C1 and C6 carbons, respectively. Similar
results have been reported by Morgan et al.50 The two peaks at
155.5 and 143.7 ppm in the spectrum of the physical mixture
(Figure 6c), due to the carbons in the aromatic rings of TP
molecules,53 are relatively more intense compared to the peaks in
the spectrumof the complex (Figure 6b). Evidently the complexation

process causes slight shifts for all signals, indicating that TP
was complexed onto the oat β-glucan molecules. Additionally,
the interaction does not cause a major change in the con-
formation of oat β-glucan molecules. Similarly, Bowles et al.52

used 13C CP/MAS NMR to examine bile acid and Congo red
absorption to barley β-glucan. Gunness et al.54 observed chemi-
cal shift changes for many bile salt resonances in the presence of
barley β-glucan.
The above results confirmed the formation of the complex of

TP and oat β-glucan. As known to all, this kind of complexation
always resulted in changes of the bioactivities of its substrates. To
clarify this action model for the complexation of TP and oat
β-glucan, the in vivo and in vitro antioxidant capacities were

Figure 5. Atomic force microscopy images of oat β-glucan (a), the complex (b) of tea polyphenols with β-glucan, and the physical mixture (c) of tea
polyphenols and β-glucan. The size of images is 1 μm � 1 μm.

Figure 6. Solid-state 13CNMR spectra of oat β-glucan (a), the complex
(b) of tea polyphenols with β-glucan, and the physical mixture (c) of tea
polyphenols and β-glucan.
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comparatively investigated with TP and oat β-glucan, their com-
plex, and physical mixture.
Antioxidant Activities in Vitro. Reducing Power. As evi-

denced in Figure 7, the reducing power of the complex and
physical mixture was significantly lower than the sum of its two
components (p < 0.05). This fact reflected that there was no
synergistic effect between TP and β-glucan in terms of reducing
power. When the complex and physical mixture were compared,
the reducing power of the complex was significantly higher than
that of the physical mixture when their concentration was lower
than 1.5 mg mL�1. However, the reducing power of the physical
mixture was higher than that of the complex when the concen-
tration was beyond 1.5 mg mL�1.

DPPH Radical Scavenging Activities. The synergistic effect
on scavenging DPPH radical was obtained when TP at low
concentration (<0.05 mg mL�1) was used in combination with
β-glucan (p < 0.05) (Figure 8). Combination of TP at the con-
centration of 0.07 mg mL�1 with β-glucan exerted slightly
synergistic or additive effects (p g 0.05). However, the use of
TP at high level (0.09 mg mL�1) in combination with β-glucan
exhibited the negative synergistic (antagonistic) effect on scaven-
ging DPPH radical. Additionally, the physical mixture of TP and
β-glucan showed stronger scavenging activity than the complex
of TP with β-glucan (p < 0.05).
Hydroxyl Radical Scavenging Activities. Among the oxygen

radicals, the hydroxyl radical (OH•) is themost reactive and severely
damages adjacent biomolecules. The combination of TP and
β-glucan showed no synergistic effects (Figure 9). However, the
hydroxyl radical scavenging activity of the combination of TP
with β-glucan approached the sum of hydroxyl free radical scaven-
ging activity of TP and β-glucan when both were at low level, and
the difference was not significant (pg 0.05), thus indicating that
the combination of TP and β-glucan had at least an additive effect
on scavenging hydroxyl free radical. Again, the data revealed no
significant differences between the complex and physical mixture
(p g 0.05). The complex of TP with β-glucan exhibited strong
ability to quench hydroxyl radical, which was similar to the physical
mixture of TP and β-glucan.
Superoxide Radical Scavenging Activities. Although super-

oxide (O2
•�) is a relatively weak oxidant, it could magnify the

cellular damage because it produces other kinds of free radicals
and oxidizing agents.34,55 To compare the O2

•� scavenging capacity
of the substrates and complex, it was clearly to find a synergistic
effect with concentration lower than 2.5 mg mL�1, but an anta-
gonistic effect with concentration beyond 3.5mgmL�1 (Figure 10).
This was a direct result from the different patterns of dose�
activity of the substrates and complex. As implied in Figure 10,
when concentration was lower than 2.5 mg mL�1, the total O2

•�

scavenging capacity of the substrates was dominated by β-glucan;
however, it changed into TP when the concentration was beyond

Figure 7. Reducing power of the physical mixture and complex of oat
β-glucan and TP compared to the sum of reducing power determined in
experiments with single samples. Values are given as the means of three
independent experiments, and error bars represent the SD. Different
lower case letters indicate significant difference (p < 0.05). B, oat
β-glucan; TP, tea polyphenols. The number after each sample abbrevia-
tion is the concentration of the sample (mg mL�1). High absorbance
indicates high reducing power.

Figure 8. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical scavenging
activity of the physical mixture and complex of oat β-glucan and TP
compared to the sum of DPPH radical scavenging activities determined
in experiments with single samples. Values are given as the mean of three
independent experiments, and error bars represent the SD. Different
lower case letters indicate significant difference (p <0.05). B, oat
β-gluca; TP, tea polyphenols. The number after each sample abbrevia-
tion is the concentration of the sample (mg mL�1).

Figure 9. Hydroxyl free radical (OH•) scavenging activity of the
complex of oat β-glucan and TP compared to the sum of hydroxyl free
radical scavenging activities determined in experiments with single
samples. Values are given as themean of three independent experiments,
and error bars represent the SD. Different lower case letters indicate
significant difference (p < 0.05). B, oat β-glucan; TP, tea polyphenols.
The number after each sample abbreviation is the concentration of the
sample (mg mL�1).
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2.5 mg mL�1. The synergistic effect in the lower concentration
claimed that associatedTPhad a higher capacity inO2

•� scavenging
than its free form. Similar results were observed for so-called anti-
oxidant dietary fiber.56 On the contrary, the complexation of TP
by β-glucan damaged reasonably the O2

•� scavenging capacity of
TP, which resulted in the above-mentioned antagonistic effect.
Similarly, Saluk-Juszczak et al.57 reported that the polyphenolic�
polysaccharide conjugates from selected tested medicinal plants
were not found to be more effective antioxidants than the solu-
tion of pure polyphenol. Additionally, decreased antioxidant capa-
city was observed for flavonoids when they were bound by food
proteins.26

Antioxidant Activities in Vivo. The injection of D-Gal into
mice induced a senescent phenotype.58 The aging model shows
neurological impairment, decreased activity of antioxidant en-
zymes, and compromised immune responses.
Effects of test compounds on activities of SOD and GSH-Px

and levels of MDA and TAOC in sera in aging mice are shown in
Table 1. Apparently, a significant increase inMDA and significant
decreases (p < 0.05) of antioxidant enzyme activities (SOD and
GSH-Px) and TAOC were observed in sera between the treat-
ments of group C (normal control group) and groupMC (model

control group). This implied the aging activity of D-Gal. The
physical mixture of TP and β-glucan treatment inhibited sig-
nificantly (p < 0.05) the formation of MDA and raised the
activities of antioxidant enzymes and the level of TAOC in mice
sera. As shown in Table 1, the physical mixture of TP and β-glucan
treatment, compared to the complex of TP and β-glucan treat-
ment, significantly increased SOD activity in the serum, but
showed no significant difference for activities of GSH-Px and
levels of MDA and TAOC in sera. However, only the complex of
TP with β-glucan treatment completely returned the MDA level
in mice serum to normal (p g 0.05 versu group C).
The activities of antioxidant enzymes and lipid peroxidation

levels in livers are given in Table 2. The activities of SOD and
GSH-Px were significantly (p < 0.05) greater in group C-TP-BG
when compared to group M-TP-BG. There was no significant
difference between group C-TP-BG and group M-TP-BG (p >
0.05) in terms of the levels of TAOC. However, liver MDA levels
in groupM-TP-BG were decreased and returned to levels greater
than those of group C-TP-BG.
Correlation of Structure and Dose to Antioxidant Activ-

ities. To clarify the influence of molecular interactions on the
antioxidant activities of TP, it is critical that we better understand
how they interact, whether antagonistic, additive, or synergistic.59,60

In previous studies, Sun-Waterhouse et al.61,62 found that dietary
fibers were shown to affect the antioxidant activities of quercetin.
Similarly, it was reported26 that interactions between TP and
proteins found in milk diminished total antioxidant capacity in
vitro. In our present study, the complex of TP with oat β-glucan
exhibited high antioxidant activities in vitro and in vivo tests.
However, these antioxidant effects are not consistent and may
depend on the structure and dose. Thus, the relatively lowDPPH
radical scavenging effect of the complex of TP with β-glucan
compared with that of physical mixture may relate to the struc-
ture of the complex as well as to the dose provided. Several phenolic
compounds, such as luteolin,63 quercetin,64 morin,65 and coumaric
acids,66 which could form intermolecular hydrogen bonds rather
than intramolecular hydrogen bonds after complexation, have
been reported to improve antioxidant activities upon the forma-
tion of complexes.
The major antioxidant enzymes, including SOD and GSH-Px,

are the first line of defense against oxidative injury and act co-
operatively at different sites in the metabolic pathway of free
radicals.67 MDA, the main product of lipid peroxidation, is an
indicator of lipid peroxidation. A lower MDA level suggests that
there is less lipid peroxidation and weaker oxidant stress.68 In the
present study, therefore, we measured antioxidant status and

Figure 10. Superoxide anion radical (O2
•�) scavenging activity of

complex of oat β-glucan and TP compared to the sum of superoxide
anion radical scavenging activities determined in experiments with single
samples. Values are given as themean of three independent experiments,
and error bars represent the SD. Different lower case letters indicate
significant difference (p < 0.05). B, oat β-glucan; TP, tea polyphenols.
The number after each sample abbreviation is the concentration of the
sample (mg mL�1).

Table 1. Effects of Tea Polyphenols (TP), Oat β-Glucan, Their Complex, and Physical Mixture of TP and Oat β-Glucan on the
Activities of SOD and GSH-Px and Levels of MDA and TAOC in Sera in Aging Micea

groupb SOD (U/mL) GSH-Px (U/mL) MDA (nmol/mL) TAOC (U/mL)

C 385.73( 27.19 b 536.25 ( 29.20 a 11.28( 0.57 d 26.72 ( 1.01 b

MC 223.32( 14.33 d 294.38( 24.45 d 14.62( 0.70 a 16.24( 0.50 d

BG 320.07( 23.89 c 369.38( 48.08 c 13.08( 1.07 bc 18.50( 1.10 c

TP 343.94( 13.30 c 341.25( 14.22 c 13.59( 0.70 ab 19.12( 0.68 c

M-TP-BG 481.35( 41.21 a 474.38( 47.16 b 12.82( 1.57 bc 28.78( 1.49 a

C-TP-BG 416.98( 29.55 b 465.00( 27.81 b 12.05( 0.70 cd 27.75( 1.29 ab
aThe data are presented as the mean( SD (n = 10) and evaluated by one-way ANOVA followed by LSD test. Different letters (a�d) in same column
donate significant difference (p < 0.05). bGroup C, normal control group; group MC, model control group. Groups TP, BG, C-TP-BG, and M-TP-BG
received a fixed dose of TP (5.94 mg/kg BW/day), β-glucan (294.06 mg/kg BW/day), their complex (300 mg/kg BW/day), and physical mixture
(300 mg/kg BW/day), respectively, once a day for 15 consecutive days.
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lipid peroxidation in D-Gal-induced aging mice. Except for SOD
activity, there was no significant difference between the groups of
the complex and the physical mixture in terms of GSH-Px activity
and levels of MDA and TAOC in serums. However, the complex
exhibited much higher activities of SOD and GSH-Px in livers
than the physical mixture. The results obtained in vivo indicated
that administration of the complex of TP with β-glucan could over-
come oxidant injury induced by D-Gal. The mechanisms involved
have not yet been established, but the mechanism of action could be
related to the molecular interaction between TP and β-glucan.
Furthermore, different mechanisms of association between

polyphenols and various polysaccharides were suggested. In the
case of cellulosic supports, polyphenol retention would be primarily
a surface phenomenon due to hydrophobic interaction.8,69 On
the other hand, dextran gels were able to encapsulate polyphe-
nols inside their pores via hydrogen bonds between the hydroxyl
groups of polyphenols and the oxygen atoms of the cross-linking
ether bonds, thus encapsulating polyphenols,31,70,71 as in the
apolar cavity of cyclodextrin.12 Therefore, the bonds that gov-
erned the interaction between TP and oat β-glucan were energy
bonds of the type strong hydrogen bond.
Additionally, it has been suggested that the radical scavenging

ability of polysaccharides was related to the number of active
hydroxyl groups in the molecules.72 Tsiapali et al.73 found that
polyelectrolytes, such as glucan phosphate or sulfate, may have
increased scavenging activity. In the present study, the addition
of phenolic hydroxyl groups probably increased radical scaven-
ging activities as a result of increasing electron density of
electron-donating substituents on the surface of β-glucan. How-
ever, compared with DPPH radical scavenging ability of the
physical mixture, the low activity of the complex of TP with
β-glucanmay be associated with the formation of strong intramo-
lecular hydrogen bonds, leading to inhibition of the reactivity of
hydroxyl in the polymer chains.
In conclusion, the molecular interaction between TP and

β-glucan is of importance from a nutritional viewpoint. This study
confirmed that a new complex formed in solution with TP and
β-glucan mainly by hydrogen bonds. Importantly, the complexa-
tion of TP and β-glucan exerted significant impact on in vivo and
in vitro antioxidant capacities of its substrates. This study pro-
vided experimental evidence for the formation of polyphenol�
polysaccharide complexes in a model solution. These findings are
crucial in interpreting the effects of food matrix on the bioavail-
ability of polyphenols and provide a new strategy to improve
bioactivities and sensory properties of foods rich in polyphenols
and polysaccharides.
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