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Background: This research is among the few that has been conducted on the feasibility of subcritical www.phcog.com

water extraction (SWE) as a rapid and efficient extraction tool for polysaccharides. Objective: The DOI:

aim of the study was to extractand optimize the parameter conditions of SWE of polysaccharides 10.4103/0973-1296.111262
from Grifola frondosa using response surface methodology. Materials and Methods: In the study,
SWEwas applied to extractbioactive compounds from G. frondosa. A preliminary analysis was
made on the physical properties and content determination of extracts using SWE and hot water
extraction (HWE). Analysis of the sample residues and antioxidant activities of the polysaccharides
extracted by SWE and HWE were then evaluated. Results: The optimal extraction conditions include:
extraction temperature of 210°C, extraction time of 43.65 min and the ratio of water to raw material
of 26.15:1. Under these optimal conditions, the experimental yield of the polysaccharides (25.1
+ 0.3%) corresponded with the mean value predicted by the model and two times more than the
mean value obtained by the traditional HWE. The antioxidant activities of polysaccharides extracted
by SWE were generally higher than those extracted by HWE.From the study, the SWE technology
could be a time-saving, high yield, and bioactive technique for production of polysaccharides.
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INTRODUCTION

subcritical water substantially increases with temperature,
which can catalyze chemical reactions such as hydrolysis
and degradation without any additional catalyst.’! Under
the SWE condition, the cellular structure of plant tissues

The subcritical water extraction (SWE) technique is one
of the approaches used for the isolation of valuable

components from plants. In applying SWE technique
the critical temperature and pressure of water are 374°C
and 22.1 MPa, respectively.! SWE technology uses water
at temperatures between 100°C and 374°C with some
amount of pressure (above 5 Mpa and below 22 Mpa)
in order to maintain water in its liquid state.! Compared
with supercritical fluid extraction, the required equipments
for the SWE are relatively simpler and not much higher
pressure is required. As the temperature increases to 250°C,
the dielectric constant of water also reduces from 80 to
27, which is much similar to the dielectric constant of
ethanol at ambient temperature.” The ion product of the

Address for correspondence:

Dr. Xiangyang Wu, School of Environment, Jiangsu University,
301 Xuefu Rd., Zhenjiang, Jiangsu, China.

E-mail: wuxy@ujs.edu.cn

120

can be broken and consequently result in releasing several
chemical compounds to the extra-cellular medium that are
dissolved in hot water.! SWE technology is considered
to be time-saving, results in high yield, and has no toxic
solvent residues for production of plant polysaccharides
when compared with the traditional methods.

Grifola frondosa (edible mushroom), which belongs to
the polyporaceae family, is a basidiomycete fungus.
Polysaccharides from G. frondosa (PGF) has recently attracted
considerable attention for its various physiological activities
including antioxidant,P antitumor," antiatherosclerotic,
antifatigue effects,”'” and immunostimulating activities.!'"
Different methods are established for the extraction of
polysaccharides from different plant, including traditional

hot water extraction (HWE),"*" microwave-assisted
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extraction,™ ultrasonic extraction,"*!! andenzyme-assisted
extraction.”® In recent years, many papers have been
published on the applicability of SWE for the extraction of
bioactive compounds from plants. Examples of such studies
include,essential oils from Bunium persicum Boiss*" extraction
of phenolic compounds from potato peel,? and extraction
of flavonol quercetin from onion skin.?”Nevertheless, little
research has been conducted on the feasibility of SWE as
a rapid and efficient extraction tool for polysaccharides.

The traditional one-factor-at-a-time approach in which one
factor varies at a time while all others are kept constant, has
several drawbacks including its more laborious and time-
consuming nature. Response surface methodology (RSM)
is an effective statistical and mathematical technique used
to optimize the conditions in food and pharmaceutical
research. It can determine interaction between the variables
and reduce number of experimental trials, which evaluate
multiple parameters and their interactions.

The main objective of this study was to optimize the
parameter conditions of the SWE of polysaccharides from
G. frondosa and analyze the effects of extraction parameters
on the yields of polysaccharides with RSM. A preliminary
analysis was made on physical properties and content
determination of extracts by SWE and HWE. Analysis of the
sample residues and antioxidant activities of polysaccharides
extracted by SWE and HWE were carried out.

MATERIALS AND METHODS

Materials and reagents

Fruit bodies of G. frondosa identified by Dr. Guanghua
Mao were provided by FangGe Pharmaceutical Co., Ltd.
(Zhejiang Province). The fruit bodies were oven-dried at
60°C for 24 h and then crushed into powdered form (200
um) with a mill. All solvents and chemicals used were of
analytical grade and obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Deionized water was
used in this experiment as the extraction solvent.

Apparatus of subcritical water extraction

The experiment was carried out with a laboratory-
built apparatus in accordance with recommended
methoddescribed by He ¢ /" In the typical
experimental instance, the sample was loaded on to a
Polytetrafluoroethylene (PTFE) reactor (inner volume,
100 mL), with stainless steel jacket in an oven. On top of
the reactor was a pressure sensor and a channel connected
with nitrogen cylinder.

Extraction of polysaccharides
Subcritical water extraction

The oven for the experiment was heated to the designed
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temperature before the extraction was started. Nitrogen was
flushed to remove the air in the reaction chamber until the
reactor pressure exceeded 5 MPa. The reactor was carried
out within a given time period and had to subsequently be
changed according to the extraction temperature. Each of
the extraction process with temperatures of 100°C, 120°C,
and 130°C were allowed for 2 min of given time while
temperatures of 150°C and 180°C extraction processes
wete allowed for 3 min each. The temperatures of 200°C,
210°C, and 230°C extraction processes were allowed for
4 min each. After the extraction, the reactor was cooled
with tap water to temperature below 30°C. The sample
was extracted with subcritical water two times. After
filtering and centrifuging to remove the water-insoluble
fractions, the supernatants were concentrated with a rotary
evaporator at a reduced pressure, then precipitated by
EtOH (5:1, v/v) at 4°C for 12 h and further centrifuged
at 5000’¢ for 10 min. The precipitate was lyophilized to
obtain polysaccharide extracts.

Traditional hot water extraction

The traditional HWE was carried out in a water bath using
reported method™ with some little modification. With this
method, 10 g of dried powdered G. frondosa was extracted
with 200 mL of boiling water for 3 h. After repeating the
extraction process for three times, the extract was filtered.
The process used in the SWE was then applied.

Experimental design and statistical analysis

A five level and three variable central composite design
(CCD) was applied in order to optimize the best
combination of extraction variables for the response.
Three independent variables (extraction temperature
(X)), reaction time (X)), and ratio of water to raw material
(X)), and a set of 20 experiments were employed [Table
1a]. The optimization was conducted for yields of
polysaccharides as the responses Y. As shown in Table 1b,
it exhibited the ranges of the independent variables and
experimental design levels. Three factors (X, X, and X))
were categorized into three levels with codes +1, 0, and
-1 for high, intermediate, and low values, respectively. The
relationship between the coded values and actual values
were determined by the equation below:

X = (X~ X)/AX 1

where x; is the coded value of the independent variable; X
is the actual value of the variable; X is the actual value at
the center point; and AX is the step change in the variable
Xi. The quadratic equation for the variables is given below:

Y=A+ }3: AX, + iAﬁXf + 22: ﬁ: AXX, 2

i=1 i=1 i=1 j=1+1
where Y is predicted response, A is constant, A, is the
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Table 1a: Experimental design for optimization of subcritical water extraction of polysaccharide from

Grifola frondosa

No Coded levels

Response

Extraction temperature(°C)

Extraction time (min)

Solid-liquid ratio (mL/g) Polysaccharide Yield (%)

X X, X,

1 -1 -1 1 7.81

2 -1 1 1 10.7
3 1 -1 1 14.86
4 -1 1 -1 10.06
5 0 0 0 18.01
6 -1 -1 -1 7.5

7 0 0 0 16.55
8 1 1 1 23.37
9 0 0 0 18.41
10 0 -1.68 0 8.07
1 0 0 0 17.53
12 0 1.68 0 15.84
13 0 0 0 18.01
14 0 0 1.68 11.96
15 0 0 -1.68 9.59
16 0 0 0 17.92
17 1.68 0 0 28.07
18 1 1 -1 20.87
19 -1.68 0 0 10.59
20 1 -1 -1 13.87

Table 1b: Uncoded and coded levels of
independent variables used in the RSM design

Coded- X, X, X,

:lea‘;i::Ies Extraction Reaction Liquid-solid
temperature (°C) time (min) ratio (mL/g)

1.68 230.4 55.2 33.4:1

1 210 45 30:1

0 180 30 25:1

-1 150 15 20:1

-1.68 129.6 4.8 16.6:1

AX 30 15 5

coefficients of the linear, A is the squared coefficient, Aij
is the interaction coefficient. X and )(] are the independent
variables, respectively.

A software Design-Expert 7.1.3 Trial (State-Ease, Inc.,
Minneapolis MN, USA) was used to obtain the coefficients
of the quadratic polynomial model. The significances of all
the terms in the polynomial were determined statistically by
computing the F-value at a probability (P). When the P-values
are less than 0.05, it is considered statistically significant.

Total polysaccharide and total protein determination
The phenol—sulfuric acid method was employed for the
measurement of total polysaccharide using glucose as the
standard.””! Protein concentration was determined using
the Bradford assay method,” and bovine serum albumin
(BSA) used as a standard to construct the calibration curve.
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Viscosity determination

The viscosities of the polysaccharide extracts using SWE
and HWE were measured with a rotational viscometer
(DigitaINDJ-1B, Shanghai). For each sample, the runtime
was recorded five times at a control temperature of 25°C.

FT-IR spectrometer

Fourier transform infrared (FT-IR) of polysaccharides
extracted using SWE and HWE were carried out using
potassium bromide (KBr) pellet method on a FTIR
(Nicolet Avatar-370, USA), in the range of 400 - 4000/ cm.

Analysis of the sample and residues by SEM and
optical microscope

The shape and surface characters of the sample residues
were recorded on the scanning electron microscope (JSM-
7001F, JEOL, Ltd, Japan). The cellular structure of plant
tissues was observed byoptical microscope NikonECLIPSE
'TS100/10, Japan).

Assay of antioxidant activity of PGF in vitro
Reducing power

Reducing power was determined using reported method™!
with some little modification. An aliquot of each sample
was mixed with sodium phosphate buffer (0.2 M, pH 6.6) to
2.5 mL. Afterwards, 2.5 mL of 1% (w/v) K,Fe(CN), solution
was added and the mixture incubated in a water bath at
a temperature of 50°C for 20 min. After adding 2.5 mL
of 10% trichloroacetic acid, the supernatant (2.5 mL) was
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then taken out and combined with 2.5 mL of H,O and
0.5 mL of 0.1% ferric chloride, followed by the absorbance
analysis at 700 nm. The IC,  value is the concentration at the
absorbance of 0.5 and ascorbic acid used for comparison.

DPPH radicals scavenging assay

1, 1-diphenyl-2- picrylhydrazyl (DPPH) radical-
scavenging activity was determined using reported
method with little modification. An aliquot
(2.0 mL) of each sample (with required dilution) was added
to 2.0 mL of ethanolic DPPH solution. After 30 min of
incubation at normal room temperature in the dark, the
absorbance was read against a blank at 517 nm. Sample
concentration with 50% inhibition (IC, ) was determined
from the graph plotted with inhibition percentage against
extract concentration. Ascorbic acid was used for the
comparison. The DPPH radical scavenging effect was
calculated using the following equation:

Scacenging effect (Yo) = [1 — (A = A)/A ] X 100% 3

Statistical Analysis
Data were presented as mean £ SD (standard deviation)
of triplicate determinations. Statistical calculations were

carried out using SPSS version 16.0 (SPSS Inc., Chicago,
USA). One-way analysis of variance (ANOVA) was used to
determine the statistic differences. P < 0.05 was considered
as significantly different.

RESULTS AND DISCUSSION

The effect of extraction temperature on polysaccharide
yield

As shown in Figure 1a, the extraction temperature displayed
a positive linear effect on the yield of the polysaccharides.
The extraction parameters used in this case include
extraction time of 30 min with the ratio of water to sample
of 20:1. Owing to gelatinization of polysaccharides at a
temperature of 230°C, the maximum temperature expected
was 230°C. The extraction yield of PGF significantly
increased from 6.9% to 32.8%, as the temperature
increased from 100°C to 230°C. The increased yield of the
polysaccharides was likely due to the rising temperature of
the water and high pressure which could reduce its surface
tension and increase the diffusion rate from the solid phase
to the liquid phase.”” SWE could also improve cell wall
damage and decompose cell wall material.*
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Figure 1: Effects of different (a) extraction temperatures (b) extraction time and (c) ratios of water to raw material on extraction yield of

polysaccharides
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The effect of extraction time on polysaccharide yield
Extraction time was another important factor that could
influence the extraction yield of PGF. Research had
shown that a long extraction time favored the production
of polysaccharides.” Different extraction time was set
in the range of 5-60 min in this study. Other extraction
parameters included extraction temperature of 180°C and
the ratio of water to sample of 20:1. Figure 1b indicates that
the polysaccharides yield significantly increased from 7.4%
to 17.9%, with the increasing of the extraction time from
5 to 40 min. However, with the continuous increase in the
reaction time, the extraction yields of PGF decteased. This
might be due to the partial nature in which the polysacchatides
were hydrolyzed.P!! The results indicated that 40 min was
considered to be the optimal parameter in this experiment.

The effect of ratio of water to sample on polysaccharide
yield

The effect of the ratio of water to sample on the yield
of polysaccharide was investigated [Figure 1c]. With
the ratio of water to sample, which was increased from
10:1 to 35:1, other experimental conditions including
extraction temperature of 180°C and extraction time of
30 min were held constant. When the ratio of water to
sample was increased from 10:1 to 25:1, the extraction
yield correspondingly increased from 10.1% to 15.5%
and reached the maximum as a result of the increasing in
the driving force of the increasing solvent molecules.”>*)
The yield of PGF indicated a descending tendency
subsequently. Thus, the ratio of the water to the sample
(25:1) was considered to be optimal in this experiment.

Statistical analysis and the model fitting

The design matrix and the corresponding results of
RSM experiments to determine the effects of the three
independent variables including extraction temperature
(X)), extraction time (X)), and ratio of water to sample (X))
are shown in Table lc. By employing multiple regression
analysis on the experimental data, the predicted response
Y for the yield of polysaccharides could be obtained using
the following second-order polynomial equation:
Y=17.10 + 4.84X +2.81X +0.82X + 1.55X X
+0.42X X + 025X X, + 1.18X7 — 1.80X7 — 2.01X° 4

The statistical significance of the regression equation
was checked using P values in Table 1c. It could be seen
from the equation that the linear coefficients (X, X, X)),
the quadratic term coefficients (X, X, X)) and the
cross product coefficient (X, X X)) were significant, with
small P values (P < 0.05). The results indicated that the
extraction temperature, time and ratio of water to sample
were all significantly correlated with the yield of PGE The
ANOVA for the response surface quadratic polynomial
model was carried out by software Design-Expert and is
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Table 1c: Regression coefficients of the second-
order polynomial model for the response
variables

Factor Estimated coefficients
Constant 17.74
Linear

Extraction temperature (X,, °C) +4.85%**
Extraction time (X,, min) +2.49***
Liquid—solid (X,, mL/g) +0.62***
Interactions

Extraction temperature (X,, °C) +0.53*
Extraction time (X,, min) —2.08***
Liquid—solid (X,, mL/g) —2.50***
Quadratic

X, x X, +1.26***
X, x X, +0.32
X, X X, +0.23

* P<0.05, **P<0.001

Table 1d: Analysis on variance (ANOVA) of RSM
for subcritical water extraction

Source S§2 DF® MSe Fvalue P value
Model 577.36 9 64.15 165.69 <0.0001
Residual 3.87 10 0.39

Lack of it 178 5 0.36 0.85 0.5662
Pure error 2.09 5 0.42

Total 581.23 19

R? 0.9933 Adj-R? 0.9873

CV% 415 PRESS 16.83

2SS, Sum of Squares; "DF, Degrees of Freedom; °MS, Mean Squares.

presented in Table 1d. The model had been found to be
significant with Prob >F-value less than 0.05. The value
of the determination coefficient (R?) determined from the
quadratic regression model was 0.9933, which indicated that
99.33% of the variability in the response could be explained
by the model. The value of the adjusted determined
coefficient (RAdi2 = 0.9873) indicated a high degree of
correlation between the observed and predicted values. A
very low value (4.15) coefficient of variation (CV) clearly
indicated a high degree of precision and a good deal of
reliability for the experimental values. Further, the results
of the error analysis indicated that the lack of fitness
was Insignificant (P = 0.5662),indicating that the model
equation was adequate to predict the extraction yield of the
polysaccharides within the range of experimental variables.
The P-value was used as a tool to check the significance
of each coefficient. This in turn might indicate the pattern
of the interaction between the variables. The smaller
the value of P, the more significant is the corresponding
coefficient.Values of “Prob >F less than 0.05 indicate
that the model terms are significant. In this case X, X,
X, X, X, X, X, were significant model terms. While
the other coefficients were not significant (P > 0.05).
To determine the optimal levels of the variables for the
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polysaccharides yield, the response surfaces and contour
plots were determined using Eq. (4).

Optimization for extraction of polysaccharide yield

The fitted three-dimensional response surface plots and
two-dimensional contour plots indicated in Figure 2 for
the model were generated by the Stat-Ease Design-Expert
(Cabit Information Technology Co., LTD) software, which
was used to study the effects of parameters and their
interactions on polysaccharide yield. These plots indicated

effects of two factors on the response at a time, while the
other factor was kept at zero level.

Figures 2a and b shows the 3-D plot and the contour plot
at varying extraction temperature and time at constant ratio
of water to raw material of 1:25. It can be seen from the
figures that there was significant interaction between the
extraction temperature and time. When the extraction time
(X,) was kept constant, there occured a linear increase in
the yield of the polysaccharide with increasing extraction
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Figure 2: Response surface (a, ¢, e) and contour plots (b, d, f) for the effect of extraction temperature (X;), extraction time(X,) and ratio of water

to raw material (X,) on the polysaccharides yield
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temperature (X)). Figures 2c and d shows that the extraction
temperature (X) and the ratio of water to raw material (X)
as extraction time (X)) constantly kept at 30 min. When the
extraction temperature (X|) was kept constant, the yield
increased initially and then decreased with increasing ratio
of water to sample (X)). Figures 2e and f indicates that the
effects of extraction time and ratio of raw material to water
on the polysaccharide yield at a constant catalyst temperature
of 180°C. Temperatute was the most influential factor for
the mutual interactions that could induce cell wall materials
solubilization through biodegradation. It can also enhance the
opening up of the cell walls in order to facilitate the release
of polysaccharide. However, the extraction time and the ratio
of water to raw material were also significant. The optimal
condition obtained by RSM at a three-variable and five-level
CCD included extraction tempetature of 210°C, extraction
time of 43.65 min, and ratio of water to raw material of
26.15:1. The predicted yield of the polysaccharides was
recorded as 25.0%. Additional experiment was carried out
to validate the optimization result. The mean value of 25.1 +
0.3% (7= 3) obtained from the real experiments demonstrated
the validity of the RSM model. The correlation between the
real and the predicted results, which was not significant
(P> 0.05) confirmed that the response model was adequate
to reflect the expected optimization.

Comparison of SWE with HWE

The physical properties and content determination of the
polysaccharides extracted from G. frondosa extracted using
SWE and HWE are shown in Figure 3. It could be seen that
higher yield was given by the SWE technique (yield twice the
value obtained by HWE). The content of polysaccharides
by SWE was also higher than that by HWE. However, the
content of the protein by SWE (8.13/100 g) was much lower
than that by HWE (21.13/100 g). Cacace ¢f a/P" and Ho
et alP reported that there were possible continuous increases
in protein and carbohydrate levels in extracts obtained by
SWE as the extraction temperature increased over the range of

100-160°C. However, the proteincontent decreased during the
SWE in this study. The reason might be that Maillard reaction
(the reaction of reducing sugars with amino acids decomposed
from protein) happened with the increase in temperature
and time.[** In addition, the time used for SCW extraction
(43.8 min) was less than that of conventional extraction
(9 h). The viscosities of PGF extracted by SWE and HWE,
whichwere determined as 3.45 and 3.40 mPas (2 mg/mL),
were not appreciable different. It was an indication that the
molecular weights of polysaccharides were scarcely affected

by SWE.

Figure 4 exhibit the typical signals of polysaccharides in
the range of 4000—400/cmand indicated that the spectra’s
of PGF by HWE [Figure 4a] and SWE [Figure 4b] were
similar. The spectra were dominated by a broad band at
about 3400/cm which might be due to the results of the
stretching vibration modes of the OH groups. The bands in
the region of 2925/cm were assigned to the CH stretching
of the CH, groups. The band of 1650/cmwas possibly
the characteristic of the C = O stretching vibration of

Yislds

& Polysaccharide content Protein content Viscosity
%

©6) (%) (mPas)

Figure 3: The physical properties and content determination of
polysaccharide extracts by SWE and HWE
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Figure 4: FTIR spectra of the polysaccharides of hot water extraction (a) subcritical water extraction (b)
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the carboxylic acid of the glucuronic acid in the starting
polysaccharide. The three bandsfound in between 1200 and
1000/ cm might be due to the characteristics absorption of
the groups of saccharide ring.

Surface properties of residues by SEM

The scanning electron micrographs of the residues
untreated and the residues after extraction with HWE
and SWE are shown in Figure 4. The structure of treated
material changed significantly when compared with the
raw material, which showed more compact structure. As
shown in Figure 5, the materials treated by SWE had the
largest ‘pores’ and a lot of debris in the surface. Meanwhile,
it indicated that SWE changed the inner structure of
the materials, in which various components contained
were effectively removed and contributed to the higher
extraction efficiency of polysaccharides. The reason might
be that decomposition and conversion from cellulose to
unknown structural substances seemed to be enhanced
with the increase in temperature and high pressure.’”*

Antioxidant activity

The reducing capacity is a significant reflection of the
antioxidant activity in assessing potential antioxidants.
Antioxidant compounds cause the reduction of ferric

(Fe™) form to the ferrous (Fe**) form as a results of their
reductive capabilities. Reduction can be determined by
measuring the formation of Perl’s Prussian blue at 700 nm.
As shown in Figure 6a, subcritical water and hot water
extracts showed an increased ferric reducing power with
the increasing concentration as standard antioxidants.
The antioxidant activity of polysaccharides by SWE was
higher than that by HWE, which might be as a result of
the antioxidant components that were produced during
SWE.I" The IC,  was calculated and indicated in Table 2.
From the table, IC,_ values of the absorbance of PGF by
SWE and HWE were 78.98 £ 24.36 ug/mL and 104.15 £
27.58 ug/ml., respectively. The lower the IC, value, the
greater the free radical-scavenging activity.

The DPPH free radical, which is a stable radical with
a maximum absorption at 517 nm, has been widely
applied to evaluate the total antioxidative activity
in natural compounds.As shown in Figure 6b, the
scavenging abilities of the polysaccharides by SWE
and HWE increased with increasing concentration of
the extract samples. IC, values of the DPPH radical-
scavenging activity of PGI' by SWE and HWE were
674.68 £ 36.83 pg/mlL and 881.44 + 43.47 pg/mlL,
respectively [Table 2]. According to our previous study,”!

B N m b - -
Figure 5: Scanning electron microscopy images of Grifola frondosa powders. The residues untreated (a) the residues obtained by hot water
extraction (b) and the residues obtained by subcritical water extraction (c)
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Table 2: IC values in antioxidant properties of
polysaccharide extracts

Samples

IC,, (ng/ml)
Reducing power
104.15 + 27.582

DPPH
881.44 +43.47°

Hot water extract
Subcritical water extract  674.68 + 36.83° 78.98 + 24.36°
Vitamin C 12.15+£0.32¢ 1.76 £ 0.14¢

abcValues (mean + SD, n = 3) in the same column followed by a different letter are
significantly different (P< 0.05)

the IC, value of the DPPH radical-scavenging activity of
polysaccharides obtained from G. frondosa by enzymolysis
was 883.86 + 26.39 pg/mlL, which was similar to HWE,
but higher than that of SWE in this study. As in the case of
reducing power, the DPPH radical-scavenging activity of
polysaccharides by SWE was stronger than that by HWE.

CONCLUSION

In this study, the response surface methodology was
used and proved to be useful for the optimization of the
polysaccharides extraction from G. frondosa. Compared with
the HWE, SWE technique employed for the extraction
of PGF was time-saving, energy-saving, and more high-
yielding. The antioxidant activities of polysaccharides
extracted by SWE were higher than those by HWE.
It is therefore recommended that further purification,
characterization, and the action of the active polysaccharide
extracts in G. frondosa should be studied.
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