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a  b  s  t  r  a  c  t

Ultrasonic-assisted  extraction  (UAE)  of  polysaccharides  from  white  button  mushroom  (Agaricus  bisporus)
was  studied.  The  four  parameters,  ultrasonic  power,  extraction  temperature,  extraction  time,  and  the
ratio  of water  volume  to  raw  material  weight  (W/M  ratio),  were  optimized  using  the  central  composite
design  (CCD)  with  a quadratic  regression  model  built  by  using  response  surface  methodology  (RSM).

◦

eywords:
garicus bisporus
olysaccharide
xtraction

The  optimal  extraction  conditions  found  were:  ultrasonic  power  230  W,  extraction  temperature  70 C,
extraction  time  62  min,  and W/M  ratio 30  ml/g,  where  the  highest  A.  bisporus  polysaccharides  (ABPS)
yield  of 6.02%  was  achieved.  From  HPGPC  analysis,  the  molecular  weight  of ABPS  was 158  kDa.  Chemical
and  spectroscopic  studies  illustrated  ABPS  was  only  composed  of  Glc  with  �-type  glycosidic  bond.  In
addition,  the  antioxidative  activity  of  ABPS  was  investigated  by  measuring  its  scavenging  ability  on  DPPH

 resu
ntioxidant activity and hydroxyl  in  vitro.  The

. Introduction

Mushrooms have been used as food for centuries because they
ave rich and balanced nutrients with low lipid content, and have
ood flavor and texture (Chiang, Yen, & Mau, 2006; Liu, Zhou,
eng, & Ouyang, 2004). Extensive studies have focused on bioac-
ive compounds derived from various mushrooms (Breene, 1990;
ubost, Ou, & Beelman, 2007; Guo, Savelkoul, Kwakkel, Williams,

 Verstegen, 2003; Hartman, 1998; Kasuga, Aoyagi, & Sugahara,
995). Agaricus bisporus, commonly known as the white button
ushroom (WBM), is one of the most economically important edi-

le mushrooms. It has high contents of polyphenols, ergothioneine,
elenium, and polysaccharides (Mayolo-Deloisa, Trejo-Hernandez,

 Rito-Palomares, 2009; Vetter & Lelley, 2004). Recently, Jeong et al.
2010) demonstrated immune modulating and antitumor proper-
ies of A. bisporus. Studies on the use of A. bisporus as a dietary
upplement for animal feed has shown it has growth-promoting
nd tissue antioxidant-protective activity (Dalloul & Lillehoj, 2006;
iannenas et al., 2010).
Polysaccharides extracted from wild plants, animals, and fungi
re often identified as biological response modifiers due to their
ntioxidative, anti-viral and anti-complementary activities (Li,

∗ Corresponding author. Tel.: +86 591 83739118; fax: +86 591 83739118.
E-mail address: zbdfst@hotmail.com (B. Zheng).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.12.042
lts  indicated  that  ABPS  has  good  antioxidant  activity.
© 2011 Elsevier Ltd. All rights reserved.

Ding, & Ding, 2007; Sun, Liu, & Kennedy, 2010). Polysaccharides
with antioxidant activity have been reported in mushrooms. The
most commonly studied groups of mushroom are the Ganoder-
mataceae, Ganoderma sp. such as Reishi, Ganoderma lucidum (Chen,
Shen, & Chen, 2009; Jia et al., 2009; Liu et al., 2010), G. atrum (Chen,
Xie, Nie, Li, & Wang, 2008), G. tsugae (Tseng, Yang, & Mau, 2008),
as well as Lentinula edodes (Wu & Hansen, 2008; Yu, LiHua, Qian,
& Yan, 2009). Other species, such as Cordyceps militaris (Dong &
Yao, 2008; Yu et al., 2007), Flammulina velutipes (Bao, Ochiai, &
Ohshima, 2010), Russula virescens (Sun, Li, & Liu, 2010) and Lenti-
nus sp. (Thetsrimuang, Khammuang, & Sarnthima, 2011) have also
been reported to contain antioxidative polysaccharides. Commer-
cially available pharmaceutical mushroom polysaccharides come
mainly from L. edodes and G. lucidum. However, little is known in
respect with the extraction of polysaccharides from A. bisporus.

Hot-water extraction has been widely used to extract plant
polysaccharides (Lai & Yang, 2007; Zhu et al., 2009). However,
the requirement for high temperatures and extended extraction
times has disadvantages (Wang, Cheng, Mao, Fan, & Wu,  2009).
Development of an economical and efficient extraction technique
for mushroom polysaccharides is of an urgent necessity. Various
recently developed novel techniques for the extraction of bioac-

tive substances from plants, include supercritical fluid extraction
(Turner, King, & Mathiasson, 2001), microwave-assisted extraction
(Wang et al., 2010) and ultrasonic-assisted extraction (Lai, Wen,
Li, Wu,  & Li, 2010; Ying, Han, & Li, 2011). Compared with the

dx.doi.org/10.1016/j.carbpol.2011.12.042
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:zbdfst@hotmail.com
dx.doi.org/10.1016/j.carbpol.2011.12.042
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rst two methods, ultrasonic-assisted extraction has the advan-
age of accelerating the extraction process, causing less damage to
he structural and molecular properties of plant materials (Vilkhu,

awson, Simons, & Bates, 2008), and can be done at low tempera-
ures (Xu, Zhang, & Hu, 2000). For these reasons ultrasonic methods
or assisting the extraction of polysaccharides from plant material
re widely used today (Chen et al., 2010; Hromadkova, Ebringerova,

 Valachovic, 2002; Pan et al., 2010).
In this work, the extraction variables (ultrasonic power, extrac-

ion temperature, extraction time and W/M ratio) were optimized
y employing response surface methodology (RSM) for maximum
olysaccharides yield. The chemical composition and preliminary
tructural characterization of the polysaccharides were studied.
he polysaccharides were further investigated for their antioxi-
ant activities by DPPH radical assay and studying their hydroxyl
adicals.

. Materials and methods

.1. Dried A. bisporus preparation

A. bisporus was purchased in a local commercial market in the
ushroom producing area of Fuzhou, Fujian Province, China. All

amples were processed as follows: rinse for 15 min  under running
ap water and oven dry for ca. three days of oven-dry at 70–80 ◦C,
rind with a mill (FW-80, Taisite Co., Tianjin, China) and seal in
ir-tight plastic bags stored under dry and dark conditions until
sed.

.2. Extraction of polysaccharides

The ultrasonic-assisted extraction of polysaccharides from dried
. bisporus was performed using an ultrasonic clearer (KQ-400KDV,
unshan, Zhejiang, China) with thermostatic temperature control.
ive grams of dried A. bisporus powders were extracted with dis-
illed water in a 250-ml beaker held in the ultrasonic clearer and
xtracted experimentally at a variety of selected ultrasonic pow-
rs at different temperatures, and for different lengths of time.
fter filtration to remove debris fragments, the filtrate was  con-
entrated using a speed vacuum concentrator (BUCHI 409, Buchi
orp., New Castle, DE, USA). The protein was removed as described
reviously (Matthaei, Jones, Martin, & Nirenberg, 1962), and the
olution was then precipitated with a threefold of volume of 95%
v/v) ethanol overnight at 4 ◦C. The resulting precipitate was col-
ected by centrifugation at 4 ◦C at 4500 rpm for 20 min  (PM180R,
LC International, Milan, Italy), washed with distilled water, cen-

rifuged, then dried by freeze-drying (MCFD5505, SIM, Newark, DE,
SA). The ABPS were weighted with a balance (AUY 220, Shimadzu,

apan). The percentage polysaccharides yield (%) is calculated as
ollows:

ield (%,  w/w) = Weight of dried crude extraction
Weight of A. bisporus powder

× 100 (1)

.3. Optimization of ultrasonic-assisted treatment

The optimal conditions for ultrasonic-assisted extraction were
etermined by response surface methodology (RSM), with the stan-
ard of five-levels, four-factors central composite design (CCD).
able 1 shows the range and center point values of the four inde-
endent variables based on the results of the above experiments.
he CCD in the experimental design consisted of 30 treatments

ncluding 24 factorial points, and eight axial points (  ̨ = 2) and
ix replicates of the central point. The ultrasonic power (W,  X1),
xtraction temperature (◦C, X2), extraction time (min, X3), and
/M ratio (ml/g, X4) were chosen as the independent variables,
mers 88 (2012) 522– 529 523

and the extraction yield of polysaccharides (%, Y) was chosen as
the response (Table 2). Experimental runs were randomized to
minimize the effects of unexpected variability in the observed
responses.

2.4. Control experiment

The traditional hot water extraction (HWE) was carried out in
a water bath (HH-6 Guohua Wiring Company, Shanghai, China) at
the optimal extraction condition: extraction temperature of 95 ◦C,
extraction time of 125 min, and W/M ratio of 30:1 based on the pre-
liminary three-factor and three-level designed orthogonal optimal
experiment.

Microwave-assisted extraction (MAE) was  carried out in a ME1-
3 L microwave extraction apparatus (Wuxi Pulaima Instrument Co.,
Ltd., Jiangsu, China) with a power of 360 W,  extraction temperature
of 75 ◦C, extraction time of 30 min, and W/M ratio of 30:1 based on
the preliminary optimal experiment.

2.5. Isolation and purification of ABPS

DEAE-cellulose-52 column (1.6 cm × 30 cm)  was applied to
purify the ABPS. The column was first eluted with distilled water
followed by 0.3 M and the 0.6 M NaCl. The only main peak was  fur-
ther fractionated on a Sephadex G-100 column (1.6 cm × 30 cm)
eluted with 0.1 M NaCl to yield single fraction. The total car-
bohydrate was determined by phenol–sulfuric acid colorimetric
method.

2.6. Analysis of carbohydrate composition

The molecular weight of ABPS was determined by gel-
permeation chromatography (GPC), in combination with a
high-performance liquid chromatography (HPLC) instrument (LC-
2010A, Shimadzu, Tokyo, Japan) equipped with an Ultrahydrogel
linear column (10 �m,  7.8 mm × 300 mm,  Waters, USA) and
a refractive index (RI) detector (RID-10A, Shimadzu, Tokyo,
Japan). The column was  eluted with 0.05 mol/l NaCl at a
flow rate of 0.8 ml/min. The HPLC system was  precalibrated
with T-series Dextran standards (T-10, T-40, T-70, and T-
500).

The ABPS sample (2 mg)  was hydrolyzed in 2 ml of 2 M trifluo-
roacetic acid (TFA) at 100 ◦C for 8 h. The chemical composition of
ABPS was measured by a HPLC system (LC-2010A, Shimadzu, Tokyo,
Japan) with a refractive index (RI) detector and ZORBAX Carbohy-
drate Analysis Columns (5 �m,  4.6 mm × 250 mm,  Agilent, USA) at
25 ◦C. The column was  eluted with acetonitrile and water (85:15,
V/V) at a flow rate of 1.0 ml/min.

2.7. FT-IR and NMR spectroscopy

Infrared spectra of ABPS were measured with a FT-IR spec-
trophotometer (Thermo Nicolet, AVATAR360, USA) equipped with
EZ Omnic 6.1a software. The sample was ground with KBr powder
and then pressed into 1 mm pellets for FTIR measurement in the
frequency range of 4000–400 cm−1. Thirty-two scans were run in
each spectrum at a resolution of 4 cm−1.

1H NMR  and 13C NMR  spectra were obtained on NMR  spectrom-
eter (AVANCE III 400, Bruker, Germany) at 25 ◦C. Polysaccharides

sample (30 mg)  was dissolved in D2O and lyophilized three times.
The deuterium-exchanged ABPS, dissolved in D2O again, were
detected on NMR  spectrometer using tetra-methyl silane (TMS) as
an internal standard.
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Table 1
The levels of variables employed in the present study for the construction of Central Composition Design (CCD).

Variables Levels

2 −1 0 1 2

Ultrasonic power X1, W 160 200 240 280 320
Extraction temperature X , ◦C 60 65 70 75 80

40 

25
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Extraction time X3, min 20 

W/M  ratio X4, ml/g 20

.8. Antioxidant activity of polysaccharides

.8.1. Assay of DPPH radical scavenging activity
The free radical scavenging activity of ABPS was determined by

sing a modified protocol based on (Yang, Zhao, Shi, Yang, & Jiang,
008). Briefly, different volumes of the ABPS solution (1 mg/ml)
ere added to 2 ml  DPPH solution (800 mM in dehydrated alco-
ol) and the final reaction volume was made up to 4 ml  with 70%
thanol. After shaking vigorously, the mixture was incubated at
oom temperature in the dark for 20 min. The absorbance was  mea-
ured at 517 nm against a blank (distilled water instead of the ABPS
olution). The same procedure was repeated with the synthetic
ntioxidant, butylated hydroxytoluene (BHT), as a positive control.
ower absorbance of the reaction mixture indicates higher free-
adical scavenging activity. The capability to scavenge the DPPH
adical was calculated by the following equation:

cavenging ability (%) = A0 − A1
A0

× 100% (2)

0 and A1 are the absorbance of control (without sample) and sam-
le, respectively.
.8.2. Assay of hydroxyl radicals scavenging activity
The hydroxyl radicals scavenging activity of ABPS was mea-

ured using a previous method with modification (Sun, Li, et al.,

able 2
xperimental design and result of factors chosen for the trials of CCD.

No. x1 x2 x3

1 −1 −1 −1 

2  1 −1 −1 

3  −1 1 −1 

4  1 1 −1 

5  −1 −1 1 

6  1 −1 1 

7  −1 1 1 

8  1 1 1 

9  −1 −1 −1 

10  1 −1 −1 

11  −1 1 −1 

12  1 1 −1 

13 −1  −1 1 

14  1 −1 1 

15  −1 1 1 

16  1 1 1 

17  −2 0 0 

18 2 0 0  

19  0 −2 0 

20  0 2 0 

21  0 0 −2 

22  0 0 2 

23  0 0 0 

24  0 0 0 

25  0 0 0 

26  0 0 0 

27  0 0 0 

28 0  0 0 

29  0 0 0 

30 0  0 0 
60 80 100
30 35 40

2010). In brief, the reaction mixture contained 1 ml  of brilliant
green (0.435 mM),  1.0 ml  of EDTA–ferrous ion solution (9 mM),
1.0 ml  of H2O2 (8.8 mM)  and different volumes of the ABPS solu-
tion (1 mg/ml). The final reaction volume was  made up to 4 ml  with
distilled water. After incubation at room temperature for 20 min,
the absorbance of the mixture was measured at 624 nm against a
blank (distilled water instead of the ABPS solution). The same pro-
cedure was  repeated with vitamin C (Vc), as a positive control. The
hydroxyl radical-scavenging activity was expressed as following:

Scavenging ability (%) = A0 − A1
A0

× 100% (3)

A0 and A1 are the absorbance of control (without sample) and sam-
ple, respectively.

2.9. Statistical analysis

Means ± SD had been used in the implementation of results
and statistical analysis was performed using the software Design-

Expert® 7.0.0 (Stat-Ease Inc., Minneapolis, MN,  USA). Data were
then analyzed by analysis of variance (P < 0.05) and the means
separated by Duncan’s multiple range tests. All analyses were per-
formed in triplicate.

x4 Yield of polysaccharide (%)

Experimental Predicted

−1 4.43 4.25
−1 3.58 3.67
−1 3.87 4.03
−1 4.17 4.12
−1 4.27 4.37
−1 3.72 3.54
−1 4.75 4.54
−1 4.25 4.39

1 4.50 4.58
1 3.79 3.83
1 3.86 3.87
1 3.68 3.80
1 4.81 4.69
1 3.63 3.70
1 4.26 4.39
1 4.06 4.07
0 4.36 4.40
0 3.60 3.50
0 4.50 4.57
0 4.85 4.72
0 3.91 3.80
0 4.13 4.18

−2 3.80 3.87
2 4.00 3.87
0 5.96 5.88
0 5.92 5.88
0 5.96 5.88
0 5.75 5.88
0 5.87 5.88
0 5.83 5.88



te Poly

3

3

t
s
t
o
m
6
d
a
w
e

Y

w
v
t

g
(
i
o
t
b
u
w
a

s
f
a
m
t
a
t
c
(
2
a
(

3

r
c
t
t
p
k

e
i
p
s
s
a

Y. Tian et al. / Carbohydra

. Results and discussion

.1. Fitting to model

Four variables, including X1 (ultrasonic power), X2 (extrac-
ion temperature), X3 (extraction time) and X4 (W/M ratio) were
elected and separately optimized using CCD design. Table 2 shows
he complete design matrix together with the response values
btained. The yield of ABPS ranged from 3.58 to 5.96%, and reached
aximum with the W/M ratio of 30 ml/g at 240 W,  70 ◦C, and a

0 min  treatment time. Trials No. 24-30 in Table 2 were used to
etermine the experimental error. By applying multiple regression
nalysis on the experimental data, the response and test variables
ere found to correlate by the following second-order polynomial

quation:

 = 5.85 − 0.22x1 − 0.036x2 + 0.096x3 − 0.0021x4

+ 0.17x1x2 − 0.0062x1x3 − 0.0042x1x4 + 0.10x2x3

− 0.12x2x4 − 0.00062x3x4 − 0.48x1x1 − 0.31x2x2

− 0.47x3x3 − 0.50x4x4 (4)

here Y is the yield of ABPS (%), and x1, x2, x3, and x4 are the coded
ariables for ultrasonic power, extraction temperature, extraction
ime and W/M ratio, respectively.

Table 3 summarized the results of the analysis of variance,
oodness-of-fit and the adequacy of the mode. The R-value for Eq.
4) was 0.9910, which was relatively high (close to unity), indicat-
ng a close agreement between experimental and predicted values
f the ABPS yield. The R2

adj is the correlation measure for testing
he goodness-of-fit of the regression equation. The higher it is the
etter degree of correlation between the actual and predicted val-
es (Zhong & Wang, 2010). The value R2

adj for Eq. (4) was  0.9652,
hich indicates that 96.52% of the total variation in the yield was

ttributed to the experimental variables studied.
The adequacy of the model was further justified through analy-

is of variance (ANOVA). Table 3 lists the ANOVA quadratic model
or the yield of ABPS. From the analysis, the F-value of 252.08
nd P-value < 0.0001 indicates the response surface quadratic
odel was significant. The significance of each coefficient was

ested using the P-value in Table 4. The corresponding vari-
bles become more significant as the F-value becomes larger and
he P-value becomes smaller. Also, the P-value can be used to
heck the interaction strength between each independent variable
Muralidhar, Chirumamilla, Ramachandran, Marchant, & Nigam,
001). In this case, the independent variables (x1 and x3), the inter-
ction terms (x1x2, x2x3, and x2x4), and all two quadratic terms
x2

1, x2
2, x2

3, and x2
4) significantly affected the yield of ABPS.

.2. Analysis of response surface

Based on the above data (Eq. (4))  using RSM, tri-dimensional
esponse surface plots and two-dimensional contour plots were
onstructed to visualize the relationship between responses and
he levels of the processing variables and the interactions between
wo variables. The tri-dimensional surface plots were obtained by
lotting the response on the Z-axis against any two  variables while
eeping other variables at their optimal level.

Figs. 1a and 2a a show the effects of ultrasonic power (X1) and
xtraction temperature (X2) are shown in. The yield of ABPS initially
ncreases with an increase in ultrasonic power and extraction tem-

erature. With the treatment time set at 62.4 min  and the W/M ratio
et at 30 ml/g, the highest ABSP yield should be found with an ultra-
onic power and extraction temperature range of 203.3–243.9 W
nd 65.5–72.6 ◦C, respectively.
mers 88 (2012) 522– 529 525

Figs. 1b and 2b shows effects of ultrasonic power (X1) and extrac-
tion time (X2) on the yield of ABPS. With the extraction temperature
set at 70.1 ◦C and the W/M ratio at 30.0 ml/g, the optimal ABPS yield
should be found with an ultrasonic power range of 222.2–244.8 W
with extraction time between 52.7 and 74.0 min.

Figs. 1c and 2c show the effects of ultrasonic power (X1) and W/M
ratio (X4) on the yield of ABPS. With the extraction temperature
and extraction time set at 70.1 ◦C and 62.4 min, respectively, the
optimal ABPS yield should be found with an ultrasonic power of
210.9–253.8 W and the W/M ratio of 27.5–32.9 ml/g.

Figs. 1d and 2d show the effects of extraction temperature (X2)
and extraction time (X3) on the yield of ABPS. With the ultra-
sonic power set at 230.5 W and the W/M ratio at 30.0 ml/g, the
highest ABPS should be found with an extraction temperature of
66.4–71.9 ◦C and an extraction time of 55.4–64.8 min.

Figs. 1e and 2e show the effects of extraction temperature (X2)
and W/M ratio (X4) on the yield of ABPS. With an ultrasonic power at
230.5 W and an extraction time of 62.4 min, the optimal ABPS yield
should be found with the extraction temperature of 67.7–74.4 ◦C
and a W/M ratio of 30.0–31.3 ml/g.

Figs. 1f and 2f show the effects of extraction time (X3) and W/M
ratio (X4) on the yield of ABPS are shown in. With the ultrasonic
power at 230.5 W and an extraction temperature of 70.1 ◦C, the
highest ABPS yield should be found with an extraction time of
56.1–68.8 min  and a W/M ratio of 27.4–32.7 ml/g.

3.3. Experimental validation of the optimized condition

The optimal values of the four studied variables obtained from
the model using the Design-Expert software were an ultrasonic
power, an extraction temperature, an extraction time and a W/M
ratio of 230.5 W,  70.1 ◦C, 62.4 min, and 30.0 ml/g, respectively. The
model predicted a maximum ABPS yield of 5.91% under the opti-
mal  conditions. The optimal conditions were determined using the
simplex method and the maximum desirability for the extraction
yield of ABPS to verify the predictive capacity of the model. A mean
value of 6.02 ± 0.07% (N = 5) was obtained from laboratory experi-
ments. This proves the response model constructed was  adequate
in predicting optimal conditions achievable in laboratory settings.

3.4. Comparison of UAE, HWE, and MAE

In the control experiment, the yield of ABPS obtained by HWE
and MAE  were 2.36 ± 0.05 and 4.71 ± 0.11%, respectively. Clearly,
the application of UAE positively affected the ABPS yield. Under
the optimal conditions of UAE, the ABPS yield increased by 155.08%
by 27.81% when compared to HWE  and MEA, respectively. When
compared with HWE, UAE gave higher yields of ABPS with a shorter
extraction time and at lower temperatures. In addition, compared
with MAE, UAE had a larger ABPS yield and used less power and
a lower extraction temperature. Comparisons of the structure and
bioactivities between and among these three methods need to be
studied further to promote the commercial application of UAE for
use in the field of bioactive compounds.

3.5. Chemical composition and preliminary structural
characterization of ABPS

HPGPC has often been employed to determine the molecular
weight of polysaccharides. The molecular weight of ABPS was esti-
mated to be 158 kDa. The HPGPC profile also demonstrated ABPS
had a single and symmetrically sharp peak indicating ABPS is a

homogeneous polysaccharide. HPLC analysis showed ABPS was
only composed of one kind of monosaccharides: d-glucose.

IR spectra of ABPS showed absorption bands at 3391, 2931,
2361, 1624, 1406, 1080, 936, and 881 cm−1 (Fig. 3). A broad band
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Fig. 1. Tri-dimensional response surface contour plots showing the experimental factors and their mutual interactions on ABPS extraction: (a) Y = f(X1,  X2, 42.4, 35.3); (b)
Y  = f(X1, 70.1, X3, 30.0); (c) Y = f(X1, 70.1, 62.4, X4); (d) Y = f(230.4, X2, X3, 30.0); (e) Y = f(230.4, X2, 62.4, X4); (f) Y = f(230.4, 70.1, X3, X4). Y, yield for ABPS (%); X1, ultrasonic power
(W);  X2, extraction temperature (◦C); X3, extraction time (min); X4, W/M ratio (ml/g).

Fig. 2. Two-dimensional contour plots showing the experimental factors and their mutual interactions on ABPS extraction: (a) Y = f(X1, X2, 42.4, 35.3); (b) Y = f(X1, 70.1, X3,

30.0); (c) Y = f(X1, 70.1, 62.4, X4); (d) Y = f(230.4, X2, X3, 30.0); (e) Y = f(230.4, X2, 62.4, X4); (f) Y = f(230.4, 70.1, X3, X4). Y, yield for ABPS (%); X1, ultrasonic power (W); X2,
extraction temperature (◦C); X3, extraction time (min); X4, W/M ratio (ml/g).
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Table 3
Analysis of variance (ANOVA) testing the fitness of the regression equation.

Source Sum of squares df Mean square F-value P-value

Model 18.13756 14 1.29554 58.47913 <0.0001
Residual 0.332308 15 0.022154
Lack of fit 0.298425 10 0.029843 4.403714 0.0577
Pure  error 0.033883 5 0.006777
Cor  total 18.46987 29

R = 0.9910, R2 = 0.9820, R2
adj

= 0.9652.
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Fig. 3. FT-IR spectroscopy of ABPS.

entered at 3391 cm−1 assigned to hydrogen-bonded hydroxyl
roups (Wang, Zhang, Di, Liu, & Wu,  2011). The band at around
931 cm−1 was a C H stretching vibration (Zhang, Ye, & Wang,
010). The peak at 2361 cm−1 was a C H transiting angle. The
bsorptions at 1624 cm−1 were assigned to the stretching vibra-
ions of the CHO and C O bonds. The broad absorption bands with
trong intensities at 1406 cm−1 could be assigned to deforming
ibrations of C H bond (Wang, 2011). There was only one peak
1100 and 1010 cm−1) of ABPS, which indicated the existence of
yranose (Ying et al., 2011). The weak absorption bands at 936 and
81 cm−1 were related to the C H deforming vibrations in �-pyran
ing. These results indicated that ABPS possesses typical absorption
eak of polysaccharides.

NMR  spectroscopy, an important non-destructive tool, was  used

o investigate the fine structure of polysaccharides, including iden-
ification of monosaccharide composition, elucidation of �- or
-anomeric configurations, establishment of linkage patterns and
equences of the sugar units in the polysaccharides (Li, Fan, & Ding,

able 4
esting of the significance of the regression coefficients associated with different experim

Factor Coefficient estimate df Standard error 

Intercept 5.881667 1 0.060764 

x1 −0.22458 1 0.030382 

x2 0.03625 1 0.030382 

x3 0.09625 1 0.030382 

x4 −0.00208 1 0.030382 

x1x2 0.169375 1 0.03721 

x1x3 −0.06187 1 0.03721 

x1x4 −0.04187 1 0.03721 

x2x3 0.100625 1 0.03721 

x2x4 −0.11938 1 0.03721 

x3x4 −0.00062 1 0.03721 

x1x1 −0.4824 1 0.02842 

x2x2 −0.30865 1 0.02842 

x3x3 −0.4724 1 0.02842 

x4x4 −0.5024 1 0.02842 
2011). Fig. 4 shows all the NMR  chemical shifts of ABPS. In the
1H NMR  spectra of ABPS, chemical shifts from 3.520 to 3.752 ppm
were designated as the protons of carbons C-2 to C-6 on glycosidic
ring (Wu,  Sun, & Pan, 2006). Based on the result of monosac-
charide analysis, the signal in the 1H NMR  of ABPS at ı 3.643, ı
3.520, ı 3.563 and ı 3.427 were attributable to the C-5, C-4, C-3,
and C-2, individually (Ma,  Qiao, & Xiang, 2011) and the peak at ı
63.16 ppm in the 13C spectra of ABPS could be assigned to C-6 of �-
d-glucose (Hromadkova et al., 2002). Of the two  types of anomeric
protons, signals in the 1H NMR  spectra derived from �-anomeric
appear in less than 5 ppm (Cui, 2005). Combined with the results
of IR data, the signals in the NMR  spectra indicated ABPS had �-
glycopyranosidic linkages. Further research should be focused on
the detailed linkage by methylation analysis.

3.6. Antioxidant activity of ABPS

3.6.1. DPPH scavenging activity of ABPS
DPPH, a stable free radical discovered by Goldschmidt and Renn

(Ionita, 2005), has been commonly used as a tool for determining
the free-radical scavenging ability of the polysaccharides (Lai et al.,
2010; Qiao et al., 2009; Xu et al., 2009). The change of concentra-
tion of ABPS was monitored to evaluate the antioxidant ability of
ABPS through the DPPH scavenging activity test. Fig. 5 presents the
results. BHT was used as a positive control as previously reported by
Xie et al. (2010).  As shown in Fig. 5, ABPS exhibited a concentration-
dependent antiradical activity by inhibiting DPPH free radicals. The
DPPH scavenging effect increased by increasing the concentration
of ABPS up to 250 �g/ml. Compared with BHT, ABPS showed a
higher degree of free radical-scavenging activity under the same
conditions. At 250 �g/ml concentration, ABPS was observed to pos-
sess significantly (P < 0.01) higher (86.1%) free radical-scavenging
activity when compared to BHT (83%), suggesting that ABPS has
stronger DPPH radical-scavenging activity.
3.6.2. Hydroxyl radical scavenging activity of ABPS
Hydroxyl radicals are the most reactive among reactive oxy-

gen species (ROS) and can be generated in biological cells through

ental factors.

95% CI low 95% CI high F-value P-value

5.75215 6.011183 – –
−0.28934 −0.15983 54.64071 <0.0001
−0.02851 0.101008 1.423565 0.2513

0.031492 0.161008 10.03605 0.0064
−0.06684 0.062675 0.004702 0.9462

0.090063 0.248687 20.71899 0.0004
−0.14119 0.017437 2.765034 0.1171
−0.12119 0.037437 1.266426 0.2781

0.021313 0.179937 7.312768 0.0163
−0.19869 −0.04006 10.29193 0.0059
−0.07994 0.078687 0.000282 0.9868
−0.54297 −0.42182 288.1113 <0.0001
−0.36922 −0.24807 117.9435 <0.0001
−0.53297 −0.41182 276.2901 <0.0001
−0.56297 −0.44182 312.4966 <0.0001
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Fig. 4. 1H NMR  (a) and 13C NMR  (b) spectra of ABPS.

Fig. 5. Free radical-scavenging activity of ABPS and BTH at different concentrations.
Data are shown as mean ± SD (n = 3).
Fig. 6. Hydroxyl radical-scavenging activity of ABPS and Vc at different concentra-
tions. Data are shown as mean ± SD (n = 3).

the Fenton reaction (Yuan et al., 2010). Moreover, hydroxyl radi-
cals can also induce significant damage to adjacent biomolecules
among the oxygen radicals (Bin, 2010). So removing hydroxyl rad-
icals is important for antioxidant defense in living cell systems.
Fig. 6 shows an analysis of the hydroxyl radical-scavenging activ-
ities of ABPS with Vc as positive control (Luo et al., 2010). This
shows ABPS exhibited scavenging activity towards hydroxyl rad-
icals in a concentration-dependent manner and the scavenging
effect increased based on the concentration of ABPS. The antiox-
idant activity of ABPS was  detected to be higher than that of Vc
at each concentration point. When the concentration was  below
80 �g/ml, ABPS was observed to possess obviously higher free
radical-scavenging activity than that of Vc, suggesting ABPS has
a noticeable effect on its hydroxyl radical scavenging activity.

4. Conclusion

Ultrasonic technology was  found an effective method for
ABPS extraction, as evidenced by the improved yield reached by
the optimal extraction conditions identified by response surface
methodology (RSM). The highest ABPS was found to be 6.02% (w/w)
with 230 watts of ultrasonic power at 70 ◦C for 62 min with the W/M
ratio at 30 ml/g. The experimental values identified under these
conditions were closely correlated to the predicted values. Com-
pared with HTW and MAE, UAE was the best method of extracting
ABPS. One fraction of polysaccharides was obtained through purifi-
cation of ABPS by using DEAE-Cellulose-52 column and Sepharose
G-100 column chromatography. The molecular weight of ABPS was
estimated to be 158 kDa and it consisted of only D-glucose. In addi-
tion, the free-radical scavenging capacity of the ABPS extracted in
the present study was analyzed and discovered.
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