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In  the  present  study,  an  efficient  procedure  for ultrasound-assisted  compound  enzymatic  extraction  of
polysaccharides  from  blackcurrant  fruits  was investigated  using  response  surface  methodology  (RSM).
The  Box–Behnken  design  was  applied  to optimize  the  effects  of enzyme  concentration  (X1),  pH (X2)
and  ultrasonic  time  (X3). The  statistical  analysis  indicated  that the independent  variables  (X1) and  the
quadratic  terms  (X2

1 and  X2
3 ) had  significant  effects  on  the  yield  of  blackcurrant  polysaccharides  (BCP).

The  optimal  conditions  were:  enzyme  concentration  1.575%,  pH 5.3,  and  ultrasonic  time  25.6  min.  The
experimental  yield  of  BCP was  14.28  ±  0.06%,  which  was  closely  matched  with  the  predicted  yield
of  14.31%.  After  preliminary  purification,  BCP  I was obtained  and  characterized  by  GC, HPLC,  and  IR.
BCP  I comprised  rhamnose,  arabinose,  xylose,  mannose,  glucose,  and  galactose  in  a molar  ratio  of
1.818:1.362:0.377:0.501:1.581:1.722  and  its molecular  weight  was  8146  kDa.  BCP  I showed  notable
�-amylase  inhibitory  activity.

©  2014  Elsevier  Ltd. All  rights  reserved.
lackcurrant polysaccharides
ltrasound-assisted compound enzymatic
xtraction
esponse surface methodology
ptimization
haracterization

-Amylase inhibitory activity

. Introduction

Polysaccharides are polymeric carbohydrate structures, formed
f repeating units joined together by glycosidic bonds (Shao, Deng,
hen, Fang, & Zhao, 2011). In recent years, polysaccharides from
ruits and vegetables have become a focus for research attention,
ecause such isolated polysaccharides have been found to play
n important biomedical role due to their antioxidant (Guo et al.,
010), immunostimulatory (Sun & Liu, 2009) and antitumor (Zhou,
ong, Feng, & Tan, 2011) effects.

The blackcurrant (Ribes nigrum L.), originating from North-
rn Asia and Europe, is a small berry which is rich in many
ealth-beneficial substances, such as polysaccharides, organic

cids, different vitamins, flavonoids, and anthocyanins (McDougall,
ordon, Brennan, & Stewart, 2005). Blackcurrants have been used

or centuries in Chinese folk medicine with diuretic, diaphoretic,

∗ Corresponding author. Tel.: +86 451 55190417; fax: +86 451 55190243.
E-mail address: xu-yaqin@163.com (Y. Xu).

ttp://dx.doi.org/10.1016/j.carbpol.2014.10.032
144-8617/© 2014 Elsevier Ltd. All rights reserved.
and febrifuge effects. Furthermore, they are also well known as
base-materials for the production of wines, juices, and jams in
China and Europe (Matsumoto et al., 2005). Blackcurrant has
received considerable attention because of its nutritional and
health protective values. Various beneficial effects of blackcurrant
polysaccharides have been demonstrated including immunostim-
ulatory, antitumor, antioxidant and anti-inflammatory activities
(Tabart et al., 2012; Takata, Yamamoto, Yanai, Konno, & Okubo,
2005).

Ultrasonic-assisted extraction (UAE) is a fully reproducible food
process, completed in a shorter time with high reproducibility,
reduced processing cost, simplified manipulation and work-up
when compared to conventional extraction techniques (Sun, Liu,
Chen, Ye, & Yu, 2011). It is reported that extraction efficiency
is greatly enhanced by ultrasonic treatments. Extraction by UAE
was, with regards polysaccharides, non-destructive, and benefitted

from a shorter extraction time. Enzyme-assisted extraction (EAE),
which is considered as a mild, efficient, environmentally friendly
method, has been proved to be effective in improving the yield
of the target component (Li, Smith, & Hossain, 2006). Enzymes can

dx.doi.org/10.1016/j.carbpol.2014.10.032
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.10.032&domain=pdf
mailto:xu-yaqin@163.com
dx.doi.org/10.1016/j.carbpol.2014.10.032
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ffectively catalyze the degradation of cell walls, helping the release
f polysaccharides contained within.

UAE and EAE have advantages over conventional extrac-
ion techniques and are widely used in the extraction of
olysaccharides. Moreover, previous studies have shown that
ltrasound-assisted enzymatic extraction (UAEE) has been used to

solate polysaccharides from Lycium barbarum (Liu et al., 2014),
orn silk (Chen et al., 2014), and so on. However, little atten-
ion is devoted to extracting polysaccharides by the method
f ultrasound-assisted compound enzymatic extraction (UACEE)
hich would probably be more effective (Chen, Li, Liu, Yang, & Li,

012). To the best of our knowledge, this method has not been
eported in extraction of BCP previously.

RSM is a collection of statistical and mathematical techniques
hat have been successfully used for developing, improving, and
ptimizing biochemical processes in recent years (Zhu, Nie, Liang,

 Wang, 2013). RSM is an effective tool for optimizing process,
hen many factors and interactions affect desired response (Box

 Wilson, 1951).
In the present study, the ultrasound-assisted compound enzy-

atic extraction (UACEE) of BCP was first investigated. RSM was
esigned to systematically analyze the effects of extraction param-
ters (enzyme concentration, pH, and ultrasonic time) on the yield
f BCP. The preliminary characterization of BCP I was  estimated by
C, HPLC and IR. In addition, the �-amylase inhibitory activity of
CP I was tested to determine its anti-hyperglycemic activity.

. Materials and methods

.1. Materials

Blackcurrant fruits were collected at the horticulture station
f Northeast Agricultural University in Harbin (Harbin, China)
nd identified there by Prof. Yu. The fruits, at their fully mature
tage, were washed and stored at −20 ◦C until used for further
nalysis. Before extraction, the fruits were gently defrosted and
rushed in a JJ-2 tissue homogenization machine (Changzhou Guo-
ua Electric Appliance Co., Ltd., Jiangsu Province, China). Pectinase
1000 U/mg) was obtained from Shanghai Jinsui Biotechnology Co.,
td. (Shanghai, China). Papain (500 U/mg) was purchased from Bei-
ing Obo Star Biotechnology Co., Ltd. (Beijing, China). All other
hemicals and solvents were of analytical grade.
.2. Extraction of polysaccharides

The blackcurrant fruits (5.00 g) and certain concentration (1–2%)
f enzymes (pectinase, papain, compound enzyme comprised the

able 1
ox–Behnken design and response values for the yield of BCP.

Number X1 (enzyme concentration, %) X2 (pH) 

1 −1 (1.0) 0 (4.5) 

2  0 (1.5) 0 (4.5) 

3  0 (1.5) 1 (5.5) 

4  −1 (1.0) 1 (5.5) 

5  1 (2.0) −1 (3.5) 

6  1 (2.0) 1 (5.5) 

7  0 (1.5) 0 (4.5) 

8  0 (1.5) 0 (4.5) 

9  1 (2.0) 0 (4.5) 

10  0 (1.5) 0 (4.5) 

11  −1 (1.0) −1 (3.5) 

12  0 (1.5) 0 (4.5) 

13  0 (1.5) −1 (3.5) 

14  0 (1.5) 1 (5.5) 

15  0 (1.5) −1 (3.5) 

16  −1 (1.0) 0 (4.5) 

17  1 (2.0) 0 (4.5) 
ers 117 (2015) 895–902

papain and pectinase which ratio was 2:1) were put into a 500 mL
beaker, then aqueous solutions at different pH (3.5–5.5) were added
at different liquid to solid ratios (10:1–50:1 mL/g). The polysaccha-
rides were extracted at 40 ◦C over various periods (15–55 min) in
an ultrasonic cell disintegrator (JY92-2D, Ningbo Xinzhi Biological
Technology Co., Ltd., Ningbo, China). After the extraction process,
the extract was  centrifuged at 3500 rpm for 20 min and the super-
natant was filtered through a 0.45 �m microporous membrane
(Shanghai Wanzi Shiye Co., Ltd., Shanghai, China) under vacuum.
The filtrate was  dissolved in deionized water, then set aside in a
100 mL  flask for determining the yield of polysaccharides. The yield
of total polysaccharide was measured by the phenol-sulfuric acid
method using d-glucose as a standard. The percentage polysaccha-
ride yield (%) was  calculated as follows:

Y(%) = c × v
w

× 100% (1)

where c is the concentration of polysaccharide solution, v is the
volume of polysaccharide solution, and w is the dried sample mass.

2.3. Single-factor experiments of UACEE

When blackcurrant fruits were processed simultaneously by
ultrasonic wave and enzymes, the effects of concentration and ratio
of compound enzymes, pH, liquid to solid ratio, and ultrasonic time
were studied by a single-factor design as follows: one factor was
changed while the other factors were kept constant in each exper-
iment. The effect of each factor was evaluated by determining the
yield of BCP.

2.4. Experimental design of RSM

2.4.1. Optimization of UACEE by RSM
Box–Behnken design (BBD) with three independent variables

was used for the optimization of the extraction of BCP. Experiments
were established based on a BBD with three factors at three lev-
els and each independent variable was  coded at three levels: −1,
0, and +1. Three parameters including concentration of compound
enzymes (%), pH, and ultrasonic time (min) were chosen as key
variables based on the results of single-factor experiments and des-
ignated as X1, X2, and X3, respectively. Extraction yield (Y) was taken
as the response of the design experiments. Table 1 lists the ranges
of independent variables and their levels. The coding of the vari-

ables was  undertaken using Eq. (2) (Prakash Maran & Manikandan,
2012):

Xi = xi − x0

�x
(i = 1, 2, 3) (2)

X3 (ultrasonic time, min) Yield of BCP (%)

−1 (15) 11.42
0 (25) 14.15
1 (35) 13.06
0 (25) 13.01
0 (25) 12.75
0 (25) 13.69
0 (25) 14.22
0 (25) 14.52
1 (35) 12.43
0 (25) 14.09
0 (25) 12.30
0 (25) 14.06
1 (35) 13.18

−1 (15) 12.82
−1 (15) 12.97

1 (35) 11.83
−1 (15) 12.18
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here Xi and xi are the dimensionless and actual values of the inde-
endent variable i, respectively, x0 is the actual value in the center
f the domain, and �x  is the increment of xi corresponding to a
ariation of one unit of Xi.

The response function (Y) was partitioned into linear, quadratic,
nd interactive components:

 = ˇ0 +
3∑

i=1

ˇiXi +
3∑

i=1

ˇiiX
2
i +

2∑

i=1

3∑

i=1

ˇijXiXj (3)

here Y is the dependent variable, ˇ0 is the constant coefficient, ˇi
s the linear coefficient (main effect), ˇii is the quadratic coefficient,
nd ˇij is the two-factor interaction coefficient.

.4.2. Total percentage contributions of process variables
According to the regression coefficients obtained from an anal-

sis of variance (ANOVA), the total percentage contribution (Pi)
rom each individual process variable was calculated. The following
quation was used to find out the Pi for individual process variables
s the reference (Khataee, Fathinia, Aber, & Zarei, 2010)

i = ˇi∑
ˇ2

i

(i /= 0) (4)

here ˇi is the regression coefficient of each individual process
ariable.

.4.3. Verification of the predicted optimized conditions
Triplicate experiments were performed under optimal condi-

ions to determine the validity of the developed mathematical
odel. The average value of the experiments was compared to the

redicted value of the developed model to ascertain the accuracy
nd suitability of the optimized conditions.

.5. Isolation and structural characterization of BCP I

.5.1. Extraction and purification of BCP I under optimal
onditions

The BCP obtained under optimal conditions was  precipitated
ith EtOH to a final concentration of 80% (v/v) and lyophilized. The

rude polysaccharide solution (4 mg/mL) was loaded into a column
2.0 cm × 30 cm)  with macroporous resin (D4006). Then, the col-
mn  was eluted with deionized water at a flow rate of 1.00 mL/min.
he obtained elute (1 mL/tube) was collected automatically and the
olysaccharides in each tube were measured by phenol-sulfuric
cid method. The collected fraction was freeze-dried after being
ialyzed (3500 Da). The fraction was designated as BCP I for fur-
her structural characterization and bioactivity assay. The content
f uronic acid was determined according to the carbazole-sulfuric
cid method by using d-galacturonic acid as the standard (Kintner &
uren, 1982). The protein content was determined by the method
sing Coomassie Brilliant Blue G-250 and bovine serum albumin
as used as the standard (Lott, Stephan, & Pritchard, 1983).

.5.2. Determination of molecular weight
The molecular weight of BCP I was determined by high perfor-

ance liquid chromatography (HPLC, LC-10AVP, Shimadzu Corpo-
ation, Japan), which was performed on a waters ultra-hydrogel
inear column (7.8 mm × 30 cm)  and detected by evaporative light
cattering detector (ELSD) at 35 ◦C. The pressure was held constant
t 1.4 MPa. Sample BCP I was dissolved in distilled water (2 mg/mL)

nd passed through a 0.45 �m filter, applied to the gel-filtration col-
mn, and eluted with distilled water at a flow rate of 1.0 mL/min.
tandard dextrans with different molecular weights (T-70, T-110,
-500, T-2000) were passed through the column, and a standard
ers 117 (2015) 895–902 897

curve was plotted according to the retention time and the loga-
rithm of their respective molecular weights. The molecular weight
of BCP I was calculated by comparison to the standard curve.

2.5.3. Analysis of monosaccharide composition
The monosaccharide compositions were analyzed by gas chro-

matography (GC, GC-2010, Shimadzu Corporation, Japan). Briefly,
polysaccharides sample BCP I (30 mg)  was  dissolved in 2.0 mL  of
2 mol/mL trifluoroacetic acid solution (TFA) and incubated for 3 h at
120 ◦C. After removing the residual TFA with ethanol under reduced
pressure, the hydrolyzates and six standard sugars (xylose, galac-
tose, mannose, glucose, arabinose, and rhamnose) were acetylated
following a published protocol (Zhu et al., 2014). Each derivative
was then analyzed by GC equipped with a flame ionization detector
(FID) and an RTX-1701 silica capillary column. The column temper-
ature increased from 180 ◦C to 220 ◦C at 5 ◦C/min and was  held at
220 ◦C for 5 min, then elevated to 280 ◦C at 10 ◦C/min and finally
held at 280 ◦C for 20 min. The temperature of detector and injector
were set to 280 ◦C. High-purity nitrogen gas (N2) was  used as the
carrier.

2.5.4. UV and IR spectroscopy
The UV spectrum of BCP I was  recorded with a double beam UV

spectrophotometer (TU-1901, Beijing Purkinje General Instrument
Co., Ltd., Beijing, China). The IR spectrum of the BCP I was deter-
mined by using a Fourier transform infrared spectrophotometer
(FTS135, BID-BAD Co., USA). The sample was  ground with spectro-
scopic grade potassium bromide (KBr) powder and then pressed
into 1 mm pellets for FT-IR determination over the wave number
range 4000–400 cm−1.

2.6. Determination of ˛-amylase inhibitory activity

The �-amylase inhibitory activity was  measured according to
Chen et al. (2013) with slight modification. One milliliter of 2 mg/mL
soluble starch solution was added to 1 mL  of BCP I solution at differ-
ent concentrations (0.2, 0.4, 0.6, 0.80, 1.0, 2.0, 3.0, and 4.0 mg/mL)
and mixed with 1 mL  of 0.6 mg/mL  �-amylase solution at 37 ◦C for
20 min. The reaction was stopped by the addition of 5.0 mL  of DNS
reagent. Then the mixture was incubated in a boiling water bath for
5 min, and cooled to room temperature. The absorbance was mea-
sured at 540 nm.  Acarbose used as a positive control group. The
�-amylase inhibitory activity was  calculated as follows:

IR = A2 − (Ax − A3)
A2 − A1

× 100% (5)

where A2, A1, Ax, and A3 are defined as the absorbance of 100%
enzyme activity (only that solvent with the enzyme), 0% enzyme
activity (only that solvent without the enzyme), a test sample (with
the enzyme), and a blank (a test sample without the enzyme),
respectively.

3. Results and discussion

3.1. Single-factor tests of UACCE

3.1.1. Effect of different ratios of papain to pectinase on
extraction yield of BCP

Extractions were carried out at different ratios of papain to pecti-
nase while the other extraction variables were set as follows: liquid
to solid ratio 10:1 (mL/g), pH 5.5, enzyme concentration 2%, ultra-

sonic time 25 min, and ultrasonic power 400 W.  As shown in Fig. 1A,
the yield of BCP increased with increasing ratio of papain to pecti-
nase and reached its maximum yield (13.61 ± 0.15%) when the ratio
of papain to pectinase was 2:1. As the ratio of papain to pectinase
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ig. 1. Effects of different extraction parameters on the extraction yield of BCP (A
iquid-to-solid ratio; E: time).

ontinued increasing, the yield of BCP decreased a little and there-
fter remained constant. However, the ratio of papain to pectinase
ad no significant influence (P > 0.05) on the yield of BCP. Therefore,
nzyme ratio will not be considered when selecting factors in RSM.

.1.2. Effect of different concentrations of compound enzymes on
xtraction yield of BCP

The effect of different concentrations of compound enzymes on
he yield of BCP is shown in Fig. 1B for ratio of papain to pectinase
f 2:1 (all other conditions fixed, as described above). The yield of
CP increased with increasing enzyme concentration until value of
.5% was reached after which it began to decrease: the maximum
xtraction yield was 14.12 ± 0.12%. Hence, 1.5% was selected as the
enter point for further experiment.

.1.3. Effect of different pH on extraction yield of BCP
The pH can affect enzyme activity since different enzymes have

heir own optimal pH (Yin, You, & Jiang, 2011). Extractions were
arried out under different pH conditions at ratio of papain to
ectinase of 2:1, enzyme concentration 1.5%, and all other extrac-

ion parameters constant. The effect of pH on the yield of BCP is
hown in Fig. 1C: the yield of BCP increased with increasing pH,
nd the highest yield (14.18 ± 0.001%) was obtained when the pH
as 4.5. Thereafter the yield began to decrease because enzyme was
o of compound enzymes (papain:pectinase); B: enzyme concentration; C: pH; D:

sensitive to pH. Therefore, pH 4.5 was  considered to be optimal in
the present experiment.

3.1.4. Effect of different liquid to solid ratios on extraction yield of
BCP

The effect of different liquid to solid ratios on the extraction
yield of BCP is shown in Fig. 1D, when the other three factors
(ratio of papain to pectinase, enzyme concentration, and pH) were
fixed at 2:1, 1.5%, and 4.5, respectively. The extraction yields of BCP
increased from 13.48 ± 0.01% to 14.17 ± 0.03% as the ratios of liquid
to solid increased from 20:1 to 35:1, then began to drop due to the
reduction of substrate concentration: 35:1 (mL/g) was chosen as
the optimal ratio. However, the effects of different ratios of liquid
to solid on the extraction yield of BCP were not significant (P > 0.05)
and therefore this factor was ignored in future experiments.

3.1.5. Effect of different ultrasonic time on extraction yield of BCP
Extraction time is another factor influencing the extraction effi-

ciency and selectivity of the fluid (Ye & Jiang, 2011). The yield of
BCP extracted over different time from 15 to 55 min  is shown in
Fig. 1E, when the other factors were as follows: ratio of papain to

pectinase 2:1, ultrasonic power 400 W,  enzyme concentration 1.5%,
and pH 4.5. The results indicated that the maximum yield of BCP
(14.23 ± 0.014%) was reached when ultrasonic time was 25 min,
which began to decrease due to the degradation of polysaccharides
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Table  2
Results of ANOVA of regression model for the extraction yield of BCP.

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

Model 12.62 9 1.40 16.10 0.0007**

X1 0.78 1 0.78 8.90 0.0204*

X2 0.24 1 0.24 2.73 0.1422
X3 0.15 1 0.15 1.77 0.2253
X1X2 0.013 1 0.013 0.15 0.7083
X1X3 0.0064 1 0.0064 0.073 0.7941
X2X3 0.00023 1 0.00023 0.0026 0.9609
X2

1 5.63 1 5.63 64.67 <0.0001**

X2
2 0.055 1 0.055 0.63 0.4540

X2
3 4.97 1 4.97 57.57 0.0001**

Residual 0.61 7 0.087
Lack of fit 0.47 3 0.016 4.61 0.0896
Pure error 0.14 4 0.034
Cor total 13.23 16

C.V.% 2.25
R2 0.9539
adj-R2 0.8947
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Fig. 2. Diagnostic plots for the model adequacy. (A: plot of predicted and actual
* P < 0.05 significant.
** P < 0.01 extremely significant.

ver longer ultrasonic time. Thus, the favored extraction time was
5 min.

According to the results of single-factor study, concentration of
ompound enzymes, pH, and ultrasonic time were adopted for RSM
xperiments.

.2. Optimization of UACEE procedure by RSM

.2.1. Statistical analysis and model fitting
The extraction yields of BCP under different conditions are listed

n Table 1. The mathematical model describing the extraction yield
f BCP (Y) as a function of the test independent variables over their
elected ranges was given by Eq. (6):

 = 14.208 + 0.31125X1 − 1.1565X2
1 − 1.0865X2

3 (6)

The results from the second-order response surface model in
he form ANOVA are shown in Table 2. The statistical signifi-
ances of the model equation were evaluated by F-test ANOVA.
he significance of each coefficient was determined by F-values
nd P-values which demonstrated that the corresponding variables
ould be more significant if their F-value increased and their P-

alue decreased. Thus, the F-value (F = 16.10) and P-value (P < 0.001)
mplied that the model was significant. Significance of the model

as also determined by lack-of-fit test. The lack-of-fit F-value of
.61 and the associated P-value of 0.0896 were insignificant which
eant that the model was sufficiently accurate for predicting the

elevant response.
The goodness-of-fit of the model was also checked by multiple

orrelation coefficient (R2) and adjusted determination coefficient
R2

adj). The quadratic regression model showed that R2 and R2
adj were

.9539 and 0.8947, which indicated that 95.39% of the variations
ould be illustrated by the fitted model and 89.47% of the total
ariations were explained by the model. If there are many terms
n the models and the sample size is not large enough, R2

adj may

e noticeably smaller than R2 (Yetilmezsoy, Demirel, & Vanderbei,
009).

A relatively low value of C.V. (the coefficient of variation) indi-
ates a better reliability of the experimental values (Li, Wang, Wang,

alid, & Zhang, 2012). In this study, the low C.V.% (2.25) indicated a
igh degree of precision in, and good reliability of, the experimental

alues.

It can be seen from Table 2 that the linear coefficients (X1) and a
uadratic term coefficient (X2

1 , X2
3 ) were significant, with very small

-values (P < 0.05). The other term coefficients were not significant
values; B: the normal% probability plot; C: plot of internally studentized residuals
versus experimental runs).

(P > 0.05). Therefore, X1, X2
1 , and X2

3 were important factors in the
UACEE process of BCP.

3.2.2. Diagnostics of model adequacy
Model adequacy checking is performed to determine whether

or not the approximating model would give poor or mislead-
ing results (Prakash Maran, Manikandan, Thirugnanasambandham,
Vigna Nivetha, & Dinesh, 2013). Fig. 2A shows the relationship
between the predicted and actual values which were used to eval-

uate the suitability of the model. The data lay reasonably close to
a straight line, which indicated adequate agreement between real,
and predicted, data.
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ig. 3. Detailed schematic diagram showing the percentage contributions of indi-
idual process variables.

Fig. 2B shows that the normal percentage probability plot of
esiduals for the response was normally distributed which could
onfirm that the data were normally distributed. The data also lay
easonably close to a straight line and showed no deviation in vari-
nce.

Fig. 2C was used to analyze the experimental data to ascertain
he most satisfactory fit of the developed models by construc-
ing internally studentized residuals versus experimental runs. The
esult showed that all data points lay within acceptable limits.

All of the plots (Fig. 2) were satisfactory, so it was  concluded that
he empirical model was adequate with regards its description of
he BCP extraction yield by response surface method.

.2.3. Percentage contribution of process variables
The percentage contributions (Pi) for each individual process

ariables can help to visualize their principal effect on the extrac-
ion of polysaccharide and impart more significant information for
nterpretation of the results. Fig. 3 shows the percentage contrib-
tions of process variables to the response in which the quadratic
ffect of concentration of compound enzymes and ultrasonic time
X2

1 , X2
3 ; 49.76%, 44.12%) produced the main effect on extraction

f polysaccharide from blackcurrant. Hence, Pi proved that, the
uadratic independent variables had a direct relationship with the
ependent variable.

.2.4. Interpretation of response surface model
The three-dimensional response surface provided a visual inter-

retation of interactions between two tested variables as well as the
elationships between responses and experimental levels of each
ariable. It was also used to locate the optimum conditions.

As shown in Fig. 4A, the extraction yield of BCP was given as
 function of enzyme concentration (X1) and pH (X2) when the
xtraction time was fixed at 25 min. When pH (X2) was kept at
ower levels, the yield initially increased and then decreased with
ncreasing enzyme concentration (X1) thereafter. Examination of
he plots in Fig. 4A showed that there were optimal concentration
evels (1.55–1.60%) for BCP. This was due to the quadratic effect of
nzyme concentration (X1) as supported by the results in Table 2
Bachir bey, Meziant, Benchikh, & Louaileche, 2014). Although the
uadratic effect of enzyme concentration (X1) on the yield of BCP
as significant, it had a negative effect on polysaccharide yield for

ts negative cross-product coefficient. The singular effect of enzyme
oncentration on polysaccharide yield was significant and positive
n its experimental range, as it had a positively valued coefficient.

Fig. 4B shows the mutual interactions between enzyme concen-
ration (X1) and ultrasonic time (X3) on the yield of BCP for fixed

H 4.5. When the enzyme concentration (X1) was kept at a lower

evel, the yield initially increased and then decreased with increas-
ng ultrasonic time (X3). This phenomenon could be explained
hat, the cells will be completely cracked in the earlier period of
Fig. 4. Response surface plots showing the effect of enzyme concentration (X1), pH
(X2) and ultrasonic time (X3) on the yield of BCP.

extraction. However, longer extraction time with ultrasound treat-
ment might induce the degradation of polysaccharide (Liu et al.,
2014) and decreased the yield. The results are in agreement with
Prakash Maran et al. (2013). Examination of the plots in Fig. 4B
also showed that there was optimal ultrasonic time (25–26 min) for
BCP yield. Ultrasonic time (X3) demonstrated quadratic effects on
the extraction yields but it had a negative effect on polysaccharide
yield.

Fig. 4C shows the relationship between the yield of BCP and
two variables, pH (X2) and ultrasonic time (X3), for a fixed enzyme
concentration of 1.5%. The variations of yields were insignificant
with increased pH (X2) and the mutual interaction between pH and
ultrasonic time was  also not significant (P > 0.05).

According to Fig. 4, the investigated extraction parameters for
obtaining the maximum extraction yield of BCP were respectively

calculated by the software Design Expert and the optimal UACEE
conditions of BCP were as follows: enzyme concentration 1.575%,
pH 5.3, and ultrasonic time 25.6 min. The predicted value of the
maximum response was  14.31%.
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.2.5. Verification of predictive model
The optimum conditions obtained by RSM were used to validate

he predictive model of BCP extraction: because the optimal values
f enzyme concentration, pH, and ultrasonic time were difficult
o control during actual extraction experiments, they were carried
ut with slight modifications and enzyme concentration 1.6%, pH
.3, and ultrasonic time 26 min  were used. Under these conditions,
he experimental yield of BCP was 14.28 ± 0.06%, which closely
greed with the predicted value (14.31%). The results showed that
here was no significant difference between experimental and pre-
icted values, suggesting that the response model was adequate
or reflecting the expected optimization and that the model could
dentify operating conditions for selective extraction of BCP.

.3. Isolation and structural characterization of BCP I

.3.1. Preliminary purification of BCP I
The content of uronic acid in BCP I was determined to be 4.36%.

he yields of protein in BCP and BCP I were 5.01 and 0.07 �g/mL,
espectively, illustrating that the rate of protein removal reached
8.6%. BCP I had no absorption at 260, 280, or 520 nm in the UV
pectrum, indicating the absence of protein, nucleic acid, and pig-
ent, respectively. Macroporous resin D4006 showed a significant

urifying effect with regards the removal of protein and pigment.

.3.2. Molecular weight and composition of polysaccharides
The HPLC system was used to determine the molecular

eight of BCP I. The equation of the standard curve was:
g Mw = −1.8063t + 19.703 (where Mw represents the molecular

eight and t the retention time) with a correlation coefficient of
.9975. The results showed that the retention time for BCP I was
.08 min. According to the aforementioned regression equation, the
eight-average molecular weight of BCP I was 8146 kDa.

The monosaccharide composition of BCP I was analyzed by
C. The monosaccharide composition was identified by compar-

ng the retention time against standards. Composition analysis
ndicated that the BCP I was composed of rhamnose, arabi-
ose, xylose, mannose, glucose, and galactose in a molar ratio of
.818:1.362:0.377:0.501:1.581:1.722, respectively.

.3.3. IR spectra analysis of BCP I
The IR spectrum was shown in Fig. 5. The bands around 3301

nd 2937 cm−1 were attributed to the OH stretching, and C H
tretching, vibrations, respectively. The peak at around 1259 cm−1

as asymmetrical carbonyl stretching. Two stretching peaks at
bout 1737 and 1614 cm−1 suggested the presence of C O and
OO−. In addition, the absorption at around 1421 cm−1 in the IR

pectrum indicated the presence of uronic acids. Two  stretching
eaks at about 1098 and 1017 cm−1 suggested the presence of

 O bonds (Yang et al., 2014). Moreover, the characteristic absorp-
ion bands at 894.25 and 956.65 cm−1 indicated that both �- and
Concentration (mg/mL)

Fig. 6. Inhibition effects of BCP I and acarbose on �-amylase activity.

�-configurations of sugar units existed in BCP I. The spectra of BCP
I and the polysaccharide from Nephelium lappaceum L. fruit peel
(Prakash Maran & Priya, 2014) were rather similar. Overall, these
results showed that BCP I exhibited the typical absorption peaks of
a polysaccharide.

3.4. The inhibition effect of ˛-amylase activities by BCP I

The �-amylase inhibitors could retard the starch digestion rate
of food and restrain the increase of post-meal blood sugar. Thus,
�-amylase inhibitors have been research hotspot as oral hypo-
glycemic agents for diabetics (Wang, Yang, & Wei, 2010).

As shown in Fig. 6, BCP I and acarbose exhibited cer-
tain inhibitory effects. As the concentration (in the range of
0–4 mg/mL) increased, the inhibition effects increased accordingly.
The inhibitory effect of BCP I was  26.44 ± 0.12% at a concentration
of 4 mg/mL, which was  weaker than the positive control arcabose.
This might have been due to the different structure and molecu-
lar weight of arcabose compared to BCP I. It is reported that the
unsaturated cyclohexene ring and the glycosidic nitrogen linkage
were essential structural features for inhibition of arcabose for �-
amylase (Kim et al., 1999). However, BCP I might have different
structural features. Besides, the molecular weight of BCP I was
relatively large compared to that of arcabose which might affect
its combination with the active sites of �-amylase and the fur-
ther formation of enzyme–inhibitor complexes (Bompard-Gilles,
Rousseau, Rougé, & Payan, 1996).

4. Conclusion

Based on the single-factor experiments, RSM was  used to esti-

mate and optimize the experimental variables including enzyme
concentration, pH, and ultrasonic time. Under a modified condition
(enzyme concentration 1.6%, pH 5.3, and ultrasonic time 26 min),
the experimental yield of BCP was  14.28 ± 0.06%, which closely
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atched the predicted value (14.31%). Model summary statistics
howed that, the developed model was adequate and precise when
ompared with experimental data. The BCP I was composed of
hamnose, arabinose, xylose, mannose, glucose, and galactose in a
olar ratio of 1.818:1.362:0.377:0.501:1.581:1.722 and its molec-

lar weight was 8146 kDa. The �-amylase inhibition effect of BCP
 reached 26.44 ± 0.12% at a concentration of 4.0 mg/mL. Further
tudies on the precise chemical structures and biological functions
f BCP I are underway.
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