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a  b  s  t  r  a  c  t

Single  factor  experiment  and  response  surface  methodology  were  conducted  to  optimize  the  production
conditions  for polysaccharide  with  higher  antitumor  activity  from  mushroom  fermentation  broth.  Based
on the results  of  single  factor  experiments,  a central  composite  design  was  applied  to  the  following  opti-
mization  and  second-order  polynomial  regression  models  were  established.  As  the  yield  and  antitumor
eywords:
ushroom

olysaccharides
ntitumor activity
esponse surface methodology

activity  of  the polysaccharides  were  considered  with  equal  weight,  the  optimal  conditions  were  that
ethanol  concentration  and  pH of  the broth  was  adjusted  to  85.00%  and  7.70  respectively,  then  precipi-
tated  at  12 ◦C  for 1  h  and  dried  the  precipitates  at 40 ◦C.  The  verification  experiments  completed  under
the  optimal  conditions  gave  the  polysaccharides  yield  of 9.843  ± 0.217  g/l,  and  the  cancer  cell growth
inhibitory  rate  of 83.69 ±  0.167%  by the  polysaccharides,  which  were  in  close  agreement  with  values
predicted  by  the  models  (RSD  < 5%).
. Introduction

In the 1960s, mushroom polysaccharides were proved to have
ntitumor activity for the first time (Brander, Clarke, & Stock,
958). It caused a wide public concern to antitumor activity of
olysaccharides derived from medicinal mushroom. Afterwards,
cientists isolated polysaccharides with antitumor activity from
inds of edible and medicinal mushroom successively (Chihara,
amuro, Maeda, Arai, & Fukuoka, 1970; Cun et al., 1994; Ma,
izuno, Ito, 1991; Miyazaki & Nishijima, 1981). It pushed research

bout polysaccharides from medicinal mushroom to modern sci-
ntific frontier. Both submerged culture and fruit body were the
ain sources to obtain polysaccharides from medicinal mush-

oom. In traditional conditions, crude polysaccharides were usually
roduced by adding fourfold of the volume of 95% ethanol (v/v),
recipitated at 4 ◦C overnight, centrifuged at 4000–10,000 rpm and
reeze-dried (Oh, Cho, Nam, Choi, & Yun, 2007; Sun et al., 2009;
ang, Gao, Han, & Tan, 2005). Usually the yield of the polysac-
harides rises with the final ethanol concentration and does not

hange after the ethanol concentration reaches a certain value
Sandford, Watson, & Knutson, 1978; Whistler & Lauterbach, 1958).
owever, effects of the final ethanol concentration to antitumor

∗ Corresponding author at: West Culture Road 2, School of Ocean, Harbin Institute
f  Technology at Weihai, Weihai 264209, China. Tel.: +86 631 5687230;
ax: +86 631 5687230.
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144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.11.042
© 2011 Elsevier Ltd. All rights reserved.

activity of polysaccharides were investigated rarely. Precipitation
at 4 ◦C for overnight and lyophilization, which were widely applied
for preparation of polysaccharides were high energy and time-
consuming and not suitable for low-cost production in industrial
scale. Therefore, it is necessary to investigate the effects of pre-
cipitation temperature, precipitation time and dry temperature on
the yield and antitumor activity of polysaccharides. Furthermore,
in acidic or alkaline environments, some polysaccharides were dif-
ficult to get because of degradation, selecting an appropriate pH
range was important to the yield and antitumor activity of polysac-
charides.

Response surface methodology (RSM) is an effective method
widely applied to optimization (Gan, Abdul Manaf, & Latiff, 2010;
Wu,  Cui, Tang, & Gu, 2007), especially the central composite
design (CCD), being used for investigating effects of the factors
and their interaction terms to response values and give a pre-
cise description about the relationships between independent
and dependent variables (Guo et al., 2009; Sun, Liu, & Kennedy,
2010).

In order to establish a simple and economic procedure for
producing mushroom polysaccharide with higher yield and anti-
tumor activity, single factor experiment and response surface
methodology were conducted to optimize the production con-
ditions for extra-cellular polysaccharide (EPS) from fermentation

broth of Hypsizigus marmoreus. The results would provide a theo-
retical and practical basis for large-scale production of medicinal
polysaccharides with higher yield and antitumor activity, and low
input.

dx.doi.org/10.1016/j.carbpol.2011.11.042
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:psyan6@hotmail.com
dx.doi.org/10.1016/j.carbpol.2011.11.042
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Table 1
Factorial levels and results of RSM.

No. Coded factors Experimental
factors

Yield (g/l) Growth inhibitory
rates (%)

x1· · ·x2 X1· · ·X2 y1
a· · ·Y1

m y2
b· · ·Y2

n

1 0.00 0.00 80.00 7.30 8.299 8.51 81.53 84.97
2 1.00  −1.00 85.00 5.80 9.490 9.17 70.68 67.46
3  1.414 0.00 87.07 7.30 9.597 10.01 80.36 82.51
4 0.00  −1.414 80.00 5.18 7.529 7.62 58.48 62.00
5  0.00 0.00 80.00 7.30 8.974 8.51 86.73 84.97
6  1.00 1.00 85.00 8.80 10.329 10.01 78.05 77.10
7  0.00 1.414 80.00 9.42 8.320 8.42 61.09 61.41
8 −1.00  −1.00 75.00 5.80 5.414 5.55 79.22 76.33
9 0.00  0.00 80.00 7.30 8.359 8.51 87.40 84.97

10  −1.00 1.00 75.00 8.80 5.695 5.83 66.49 65.86
11  0.00 0.00 80.00 7.30 8.666 8.51 84.92 84.97
12  0.00 0.00 80.00 7.30 8.254 8.51 84.25 84.97
13  −1.414 0.00 72.93 7.30 4.727 4.50 79.12 80.82

a Means measured yield.
b Means measured growth inhibitory rates.

m Means predicted yield.
570 B.-z. Zhang et al. / Carbohydr

. Materials and methods

.1. Materials

The fungus H. marmoreus JB06 was screened and preserved in
ur Lab. It was initially cultured on PDA medium (fresh potato
0%, glucose 2% and agar 1.5%) in a Petri dish at 25 ◦C for 10
ays. Ten agar plugs, 10 mm in diameter with young mycelia were
unched out by a puncher from the marginal culture and inoc-
lated into 250 ml  Erlenmeyer flasks containing 100 ml  of seed
ulture medium including 3.5% of glucose, 11% of potato, 1.75% of
east extract, 1.75% of beef extract, 0.1% of KH2PO4 and 0.05% of
gSO4, and then cultivated on a rotary shaker at 150 rpm, 25 ◦C for

 days. The fermentation experiments were performed in 500 ml
asks containing 300 ml  of fermentation culture medium includ-

ng soya peptone 2.5%, glucose 2.346%, sweet potatoes power 1.0%,
orn power 0.688%, flour 1.0%, soy power 1.0%, CaCO3 0.088%,
H2PO4 0.172%, pH 7.0 and was inoculated with 15% (v/v) of the
eed medium culture on above rotary shaker at 25 ◦C for 8 days.
ive batches of the fermentation were carried out at different time
hen necessary. The broth from the first batch was used for single

actor experiments and the second was used for RSM investigation.
inally, the other three batches were used for the verification exper-
ments. Human gastric cancer cells SGC-7901 were purchased from
ell Resource Center; Shanghai Institutes for Biological Sciences of
hinese Academy of Sciences. All chemicals used in the study were
f analytical grade.

.2. Routine procedures for preparation of crude polysaccharides

The fermentation cultures were separated by centrifugation
t 4500 rpm for 20 min, and the aqueous broth with pH 5.3 was
btained. Fourfold of the volume of 95% ethanol (v/v) was added
o the broth and the mixture was maintained overnight at 4 ◦C
o precipitate the polysaccharide. The precipitates were collected
y centrifugation and rewashed twice with anhydrous ethanol.
fter lyophilizing the weight was measured and the yield of crude
olysaccharides was calculated as the weight of precipitates from
.0 L fermentation broth.

.3. Antitumor activity of the polysaccharides

The crude polysaccharides were dissolved in phosphate buffer
olution (PBS) and carbohydrate content in the supernatant was
etermined by phenol sulfuric method using glucose as a stan-
ard (Dubois, Gilles, Hamilton, Rebers, & Smith, 1956). The growth

nhibitory rates of the crude polysaccharides to human gastric
ancer cells were evaluated in vitro by MTT  assay (Chen et al.,
006). Absorbance at 570 nm was detected by a spectrophotome-
er (Thermo Multiskan MK3; Thermo.). 5-Fluorouracil (5-Fu) was
reated as positive control (pc) and PBS was taken as negative con-
rol (nc). The growth inhibitory rate (IR%) was calculated according
o the equation below:

R (%) = Anc − Aexp

Anc
× 100 (1)

here Anc is the absorbance of negative control group and Aexp is
he absorbance of experimental group.

.4. Optimization by single factor experiments

Five single factors were optimized respectively, including the

nal ethanol concentration of the broth (50%, 60%, 70%, 80% or 90%),
he final pH value of the broth (1.3, 3.3, 5.3, 7.3, 9.3 or 11.3), precip-
tation temperature (4, 12, 20, 28 or 36 ◦C), precipitation time (1, 2,
, 12 or 24 h) and precipitates-dried temperature (lyophilizing at
n Means predicted growth inhibitory rates.

−40 ◦C, dry at 40, 60, 80 or 100 ◦C). The procedures for polysaccha-
ride production were the same as in Section 2.2,  but substituted
by a tested single factor wherever necessary. Influences of these
factors to yield and antitumor activity of the polysaccharides were
analyzed by SPSS 16.0.

2.5. Optimization by response surface methodology

The final ethanol concentration (X1) and pH of the broth (X2)
were further optimized by RSM as they showed significant influ-
ences on yield and antitumor activity of prepared polysaccharide.
CCD was employed in the regard; the range and center point values
of the two independent variables were based on the results from
single factor experiments. CCD in the experimental design consists
of eight factorial points and five replicates of the central point. Yield
and growth inhibitory rate of the crude polysaccharides were taken
as the response values for the combination of final ethanol concen-
tration and pH of the broth given in Table 1. Experimental runs were
randomized to estimate a pure error sum of squares in the observed
responses. The precipitation temperature, precipitation time, and
precipitates-dried temperature were set at 12 ◦C for 1 h and 40 ◦C
respectively in the procedures of polysaccharide production.

2.6. Statistical analysis

The second-order polynomial regression model was expressed
by the following quadratic equation:

Yk = Ak0 + AkiXi + AkiiX
2
i + AkijXiXj (2)

in which Yk is the dependent variable, Ak0 is the center point of
the system, Aki, Akii, and Akij are the coefficients estimated by the
model for the linear, quadratic and interactive terms. Xi, X2

i
and XiXj

are the linear, quadratic, and interaction terms of the independent
variables, respectively. The model was expressed as surface and
contour plots to explain the relationship of each independent vari-
able and the response (Triveni, Shamala, & Rastogi, 2001). Analysis
of the experimental data and calculation of predicted data were

carried out using Design-Expert 7.0 software. Finally, three veri-
fication experiments were conducted to verify the validity of the
statistical experimental strategies.
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ig. 1. Effects of ethanol concentration on yield and antitumor activity of crude
olysaccharides (Y, yield; IR, inhibitory rate).

. Results

.1. Optimization by single factor experiments

.1.1. Effects of final ethanol concentration on yield and activity
f the polysaccharides

The effects of different ethanol concentration on yield and
ctivity of polysaccharides are shown in Fig. 1. With increasing
f final ethanol concentration, the yield of crude polysaccharides
ncreased. The yield of polysaccharides obtained in 80% ethanol
oncentration was significantly higher than that obtained with
thanol concentration of 50–70%, but not significantly different
rom that obtained with ethanol concentration of 90% (p = 0.129).
he highest growth inhibitory rate obtained at ethanol concen-
ration of 80% was of 81.59% which was significantly higher
han those obtained from other ethanol concentrations (p < 0.05).
herefore, the final ethanol concentration held near 80% was
ood for producing more polysaccharides with higher antitumor
ctivity.

.1.2. Effects of pH on yield and activity of the polysaccharides
The effects of pH of broth on yield and activity of the polysaccha-

ides are shown in Fig. 2. The cancer cell growth inhibitory rate was

he highest for polysaccharide obtained from broth with pH 7.3, and
ignificantly different from those obtained from broth with other
H values except of pH 5.3 (p = 0.072 > 0.05). It indicated that antitu-
or  activity of the polysaccharide would decrease as the conditions
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ig. 2. Effects of pH on yield and antitumor activity of crude polysaccharides (Y,
ield; IR, inhibitory rate).

 Precipitates-dried temperature(ºC)

Fig. 3. Effects of precipitation time, precipitation temperature and precipitates-

dried on yield and antitumor activity of crude polysaccharides (Y, yield; IR, inhibitory
rate).

for producing polysaccharide change to acidic or alkaline. The yield
of the polysaccharides obtained from broth with pH 7.3 was not
significantly different from that obtained from broth with pH 9.3,
but significantly different from those obtained from the other pH
values. Therefore, neutral environment was good for production of
polysaccharides with higher antitumor activity.

3.1.3. Effects of precipitation time on yield and activity of the
polysaccharides

The results of precipitation time affecting the yield and antitu-
mor  activity of the polysaccharides are shown in Fig. 3a. The yield
and activity of the polysaccharides did not vary significantly with
increase of precipitation time (p > 0.05). It indicated that precipita-

tion time was the minor factor affecting yield and antitumor activity
of the polysaccharides. For improving production efficiency, precip-
itation time could be held for 1 h.
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Table 2
Analysis of variance for the yield of polysaccharides.

Source Sum of squares df Mean square F value p-Value
Prob > F

Model 34.04 5 6.81 55.50 <0.0001
x1 30.41 1 30.41 247.93 <0.0001a

x2 0.63 1 0.63 5.11 0.0583
x1x2 0.078 1 0.078 0.63 0.4518
X2

1 2.74 1 2.74 22.30 0.0022a

X2
2 0.42 1 0.42 3.42 0.1069

Residual 0.86 7 0.12
Lack of fit 0.49 3 0.16 1.74 0.2964
Pure error 0.37 4 0.093
Cor total 34.90 12

Finally, when the yield and antitumor activity of the polysaccharide
were considered with equal weight, the model predicted that the
optimal production conditions were final ethanol concentration of
85.00% and pH of 7.70. Under the optimal conditions, the yield and

Table 3
Analysis of variance for antitumor activity of polysaccharides.

Source Sum of squares df Mean square F value p-Value
Prob > F

Model 1045.17 5 209.03 23.85 0.0003a

x1 2.84 1 2.84 0.32 0.5867
x2 0.35 1 0.35 0.040 0.8480
x1x2 101.08 1 101.08 11.53 0.0115a

X2
1 18.96 1 18.96 2.16 0.1848

X2
2 940.77 1 940.77 107.34 <0.0001a

Residual 61.35 7 8.76
Lack of fit 40.03 3 13.34 2.50 0.1982
572 B.-z. Zhang et al. / Carbohydr

.1.4. Effects of precipitation temperature on yield and activity of
he polysaccharides

The effects of precipitation temperature on yield and activity of
he polysaccharides are shown in Fig. 3b. With precipitation tem-
erature increase, the yield of polysaccharides decreased slowly.
he highest polysaccharide yield was obtained from precipita-
ion temperature at 4 ◦C, but there was no significant difference
etween precipitating at 4 ◦C and 12 ◦C. The polysaccharide with
ighest growth inhibitory rate was precipitated at 12 ◦C, but again
o significant difference between precipitating at 4 ◦C and 12 ◦C
p = 0.106) and significantly different from those precipitated at
ther temperatures. These results indicated that low tempera-
ure was good for preparation of polysaccharides, but ice cold was
ot necessary, 12 ◦C was the appropriate temperature for obtain-

ng more polysaccharides with higher antitumor activity and low
nergy input.

.1.5. Effects of precipitates-dried temperature on yield and
ctivity of the polysaccharides

The effects of precipitates-dried temperature on yield and activ-
ty of the polysaccharides are shown in Fig. 3c. The yield of the crude
olysaccharides decreased a little bit with increase of dry temper-
ture. The cancer cell growth inhibitory rate of polysaccharide also
ecreased with increase of the dry temperature. But there was  no
ignificant difference between the activity of polysaccharides dried
t −40 and 40 ◦C (p = 0.109). These results indicated that drying
t low temperature was favored to keep higher antitumor activ-
ty of the polysaccharides, but there was no significant difference
etween the effects of drying at 40 ◦C and lyophilizing. Therefore,
rying at 40 ◦C was chosen for polysaccharide production because
f its lower energy consumption and low cost for equipments.

.2. Optimization by response surface methodology

.2.1. Optimization by RSM
RSM is an economic and reasonable design that integrates test

nalysis and mathematical modeling, and widely applied in the
ptimization research work to investigate the effects of various
ariables (Liu, Weng, & Zhang, 2003). When the yield and growth
nhibitory effect on anticancer cell in vitro of the polysaccharides

ere taken as the response values, a central composite design with
wo factors of the final ethanol concentration (X1) and pH of the
roth (X2) at five levels were considered. The process variables,
redicted and measured results are shown in Table 1. The yield and
ancer cell growth inhibitory rates of the polysaccharides ranged
rom 4.50 to 10.01 g/l and 61.09% to 87.40%, respectively.

According to multiple regression analysis of the experimental
ata, the independent variables and the dependent variables were
elated by the following second-order polynomial equations:

q. 1 : Y1 = − 179.532 + 4.267X1 + 0.292X2 + 0.019X1X2

− 0.025X2
1 − 0.109X2

2 (3)

q. 2 : Y2 = − 230.195 + 5.792X1 + 21.702X2 + 0.67X1X2

− 0.066X2
1 − 5.168X2

2 (4)

he relationships between the dependent and independent vari-
bles were represented by Eq. 1 and 2. The adjusted determination
oefficients (R2

Adj) were measured for testing the goodness-of-fit

f the regression equations. The values of (R2
Adj) for the two equa-
ions were 0.9754 and 0.9446 as shown in Tables 2 and 3, and it
ndicated a high degree of correlation between the experimental
nd predicted values. The p-values of the lack of fit for the two
quations were 0.2964 and 0.1982, both of which were higher
R2
Adj

0.9754

a Means significance (p-value of Prob > F less than 0.05).

than 0.05, indicated a high degree of precision and reliability of
the experimental values. For the model of yield, the linear and
quadratic effects of final ethanol concentration were significant
(p-value < 0.05), and the linear effects of pH were marginally signifi-
cant (0.05 < p-value < 0.10). With increase of ethanol concentration
in range of the experiments, the yield increased accordingly; but
the coefficients of quadratic term of ethanol concentration were
negative, it means that the yield would reach a maximum value
with increase of ethanol concentration. For the model of growth
inhibitory rates, the coefficients of the quadratic term of pH and
interaction term of ethanol concentration and pH were significant
(p-value < 0.05). In model 2, the linear effect of pH was  not sig-
nificant, and coefficients of the quadratic term were negative and
significant, it means that there was an appropriate pH range to keep
an ideal growth inhibitory activity of the polysaccharides.

Three-dimensional response surface plots were constructed by
Design-Expert 7.0 software to estimate the effects of the factors
and their interactions on the yield and antitumor activity of the
polysaccharides. As presented in Figs. 4 and 5, with increase of
the two factors, the yield of the polysaccharides increased even
faster on the effects of the ethanol concentration. The optimum
production condition for the highest yield of the polysaccharides
was predicted as the final ethanol concentration was of 85% and pH
was of 8.58. As a result, the yield of the polysaccharides was pre-
dicted as 10.01 g/l. The elliptical contours in Fig. 5 showed that the
growth inhibitory rate rose up with pH ranged from 5.18 to 7.3, and
declined with pH ranged from 7.3 to 9.42. The optimal conditions
predicted for the highest antitumor activity of the polysaccharides
were final ethanol concentration of 81.23% and pH of 7.37. As a
result, the highest growth inhibitory rate was predicted as 85.04%.
Pure error 21.32 4 5.33
Cor total 1106.52 12
R2

Adj
0.9446

a Means significance (p-value of Prob > F less than 0.05).
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ig. 4. Response surface contour of the model for yield of crude polysaccharides.

rowth inhibitory rate of the polysaccharides were predicted as
.93 g/l and 84.37%.

.2.2. Verification experiments
In order to validate the suitability of the model equations

or predicting optimum response values, a group of verification
xperiments were carried out using broth from three batches of
ermentation under the optimum conditions predicted respec-
ively for highest yield, highest antitumor activity and both for
ield and antitumor activity. Under the optimal production con-
itions for highest yield of polysaccharide, the measured yield
as 9.923 ± 0.236 g/l, which was very close to the predicted yield

f 10.01 g/l. Under the optimal production conditions for high-
st antitumor activity, the measured cancer cell growth inhibitory
ate was 87.13 ± 0.194%, which was very close to the predicted
nhibitory rate of 85.04%. Under the optimal production conditions
oth for highest yield and antitumor activity of polysaccharide,
he measured yield and cancer cell growth inhibitory rate were
.843 ± 0.217 g/l and 83.69 ± 0.167% respectively, which were also
ery close to the predicted yield of 9.93 g/l and inhibitory rate of
4.37%. The significant difference at 5% level was not found between
he predicted and measured values. The results indicated that the
ptimized conditions were suitable for high yield production of
olysaccharide with higher antitumor activity, and the established
odel equations could accurately predict the yield and antitumor
ctivity of produced polysaccharide.

ig. 5. Response surface contour of the model for antitumor activity of crude
olysaccharides.
lymers 87 (2012) 2569– 2575 2573

4. Discussion

Single factor experiments showed that final ethanol concentra-
tion and pH of the broth were the main factors influencing yield of
the polysaccharides. In most case, it is generally to add 4–5 volumes
of ethanol and keep the final ethanol concentration between 76%
and 83.3% for precipitation of polysaccharides (Li, Yuan, & Rashid,
2009; Schepetkin et al., 2008). That was  in agreement with the
result of our single factor experiments about the suitable ethanol
concentration. Furthermore, as ethanol concentration and pH of
broth were optimized by RSM, the second-order polynomial regres-
sion models were established. The regression models indicated that
the highest yield of polysaccharides could be got as the ethanol
concentration was  controlled at 85% and pH as 8.58. When the
yield and antitumor activity of the polysaccharides were consid-
ered with equal weight, the optimum ethanol concentration was
also predicted to 85% and pH as 7.70. Furthermore, the contour in
Fig. 4 showed that the yield of polysaccharides rose up with ethanol
concentration increase ranging from 80% to 85%. These results indi-
cated that keeping the ethanol concentration as 85% was more
suitable to get the highest yield of the polysaccharides.

Investigation about pH of broth indicated that neutral envi-
ronment was favorable to keep higher antitumor activity of the
polysaccharides. Furthermore, the yield of polysaccharides rose up
with increase of pH value of the broth. Polysaccharides were easy
to degrade in acidic environment, the glycosidic bonds disconnect
and the polysaccharide molecules break into lots of micromolecule
or oligosaccharides. This is the main reason that low pH is not in
favorable to higher yield and antitumor activity of the polysac-
charides. In general, distilled water or alkali solution was used for
extraction of medicinal fungal polysaccharides (Kim, Park, Nam,
Lee, & Lee, 2003; Kim, Choi, Lee, & Park, 2004; Leung, Fung, & Choy,
1997). However, our results suggested that the antitumor activities
of the polysaccharides prepared from alkaline environment were
significantly lower than that prepared in neutral environment.
This might attribute to that addition of sodium hydroxide increas-
ing the hydrophobic interactions not only between polysaccharide
molecules but also between polysaccharides and impurities. There-
fore, lots of the impurities co-precipitated with polysaccharides
during preparation procedure. Perhaps, the hydrophobic interac-
tion between polysaccharides and impurities affects antitumor
activity of the polysaccharides.

During conventional preparation procedure, polysaccharide is
usually precipitated overnight (Chen, Xie, Nie, Li, & Wang, 2008;
Yang, Gao, Han, & Xu, et al., 2005) and rarely precipitated for 4 h
(Pang et al., 2007). Long precipitation time would prolong the pro-
duction cycle and is not suitable for greater production efficiency.
Our results indicate that precipitation time from 1 to 24 h has little
influence on the yield and antitumor activity of the polysaccha-
rides. Precipitation for 1 h is enough to obtain the highest yield and
antitumor activity of the polysaccharides.

In most of procedures, polysaccharide is usually precipitated
at 4 ◦C, and dried through lyophilizing (Qin, Huang, & Xu, 2002;
Xie, Schepetkin, & Quinn, 2007). The single factor experiments
suggested that there was  no significant difference for yield and
antitumor activity of the polysaccharides precipitated at 4 ◦C and
12 ◦C. Therefore, precipitation at ice-cold environment is not irre-
placeable. Similarly, there was no significant difference for yield
and antitumor activity of the polysaccharides dried at 40 ◦C and
lyophilized, all of which favor to obtain more polysaccharides with
higher antitumor activity. For these reasons, precipitating at 4 ◦C
overnight and lyophilizing could be replaced by precipitating at

12 ◦C for 1 h and dry at 40 ◦C which were less time and energy
consuming.

Based on the less time and energy consumption production con-
ditions, ethanol concentration and pH value of the broth which
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ere found to have significant influence on the yield of polysac-
harides were optimized by RSM. According to RSM analysis, the
econd-order polynomial regression models were established to
redict the optimal polysaccharide production conditions. As the
nal ethanol concentration was predicted as 85.00% and pH as 8.58,

t was suitable to get the highest yield of the polysaccharides with
0.01 g/l. When the final ethanol concentration was predicted as
1.23% and pH as 7.37, it was more suitable to obtain the crude
olysaccharides with highest antitumor inhibitory rate (85.04%).
onsideration of the yield and antitumor activity with equal weight,
he optimal final ethanol concentration and pH of the broth were
redicted as 85.00% and 7.70. The verification experimental val-
es conducted under each optimal condition as above were all in
lose agreement with values predicted by the models. According to
he models, the yield of the polysaccharides increased rapidly with
ncrease of ethanol concentration and the coefficients of quadratic
erm of ethanol concentration was negative; those means that the
ield will reach a maximum value with increase of the ethanol con-
entration. It was in close agreement with the results that the yield
f the polysaccharides had a tendency to keep constant when the
thanol concentration increased from 80% to 90% in the single fac-
or experiments. The second-order polynomial regression model
nally predicted that the optimum ethanol concentration was  85%
nd it was not only good for highest yield but also favorable to
he higher antitumor activity of the polysaccharides. In contrast,
H of the broth showed larger effects to antitumor activity of the
olysaccharides. In model 2, the coefficient of its linear term was
ot significant, but that of the quadratic term was  negative and
ignificant. It means that there is an appropriate pH range to keep
n ideal antitumor activity. This result was in agreement with the
ingle factor experiments. The polynomial regression model finally
redicted that the optimal pH was 7.70 when yield and antitumor
ctivity of the polysaccharides were considered with equal weight.

. Conclusion

In this study, the effects of precipitation time, precipitation tem-
erature and dry temperature on the yield and antitumor activity
f the polysaccharides were investigated for the first time. Sin-
le factor experiments indicated that the conventional operation
uch as precipitation at 4 ◦C overnight and lyophilizing could be
nstead by precipitating at 12 ◦C for 1 h and dry at 40 ◦C which were
ess time and energy consumption. Furthermore, based on the less
ime and energy consumption conditions, RSM was  employed to
ptimize the production conditions of polysaccharide with higher
ield and antitumor activity. Our novel production procedure is
hat ethanol concentration and pH of the broth are adjusted to
5.00% and 7.70 respectively, then precipitated at 12 ◦C for 1 h
nd dried the precipitates at 40 ◦C. Under these optimal pro-
uction conditions, the measured yield and cancer cell growth

nhibitory rate of the polysaccharides were 9.843 ± 0.217 g/l and
3.69 ± 0.167% respectively, which were more higher than the yield
f 7.637 ± 0.049 g/l and inhibitory rate of 78.32 ± 0.657% of the
olysaccharides produced under the traditional production condi-
ions described in Section 1. Compared with traditional production
rocedure, although more ethanol needed, the novel production
rocedure is not only more efficient to obtain polysaccharides with
igher yield and antitumor activity, but also less time and energy
onsuming. It affords a theoretical foundation for low-cost pro-
uction of polysaccharides in industrial scale. Further purification
nd characterization of the polysaccharides are on the march to

nvestigate the function and structure of polysaccharide from fer-

entation broth of medicinal mushroom. And the relationships
etween the function and structure of the polysaccharides are also
ecessary to establish and to expand their application.
lymers 87 (2012) 2569– 2575
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