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ed enzymatic extraction of
Sparassis crispa polysaccharides possessing
protective ability against H2O2-induced oxidative
damage in mouse hippocampal HT22 cells†
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Sparassis crispa polysaccharides have recently attracted considerable attention due to their excellent

bioactivities. However, their extraction procedure is often tedious, time-consuming, and environmentally

unfriendly; it even causes damage to their structures and reduces their bioactivities, all of which hinder

their further development to some extent. Therefore, the ultrasonic-assisted enzymatic extraction (UAEE)

technology was optimized to extract polysaccharides from Sparassis crispa (SCP) by the response

surface methodology. The yields, physicochemical properties, and antioxidant activities of SCPs obtained

from UAEE and conventional hot water extraction (HWE) were evaluated. According to the optimal

parameters, the yield of SCPs extracted by UAEE reached up to 14.63%, which increased by 68.54%

compared with that obtained from the conventional hot water extraction (HWE) method. Additionally,

the UAEE methods affected the contents of the polysaccharides, molecular weights, and the molar

percentage of the constituent monosaccharides of SCPs. SEM analysis indicated that the microstructures

of the two SCPs were notably different. Antioxidant assays showed that both SCPs possessed good

antioxidant activities against DPPH, ABTSc+, and hydroxyl radicals in vitro. Additionally, the SCPs extracted

by UAEE attenuated the HT22 cell neurotoxicity induced by H2O2 by the means of ameliorating cell

viability, reducing extracellular LDH release, and decreasing the levels of intracellular ROS. These results

provide scientific basis for the further investigation of SCPs as potential neuroprotective agents.
1. Introduction

Sparassis crispa (S. crispa), belonging to the family of Spar-
assidaceae, is also known as cauliower mushroom.1 It is widely
distributed in the Pacic Northwest, eastern Asia, and Australia
and has been very popular among consumers because of its
unique taste and nutritional values.2,3 In recent years, S. crispa
extracts have attracted more attention for their medicinal
properties, such as antitumor,4 hematopoietic,5 anti-inam-
matory,3 and hypocholesterolemic6 effects.

Modern research has demonstrated that the therapeutic
effects of S. crispa can be attributed to its bioactive substances,
including sesquiterpenoids, benzoate derivatives, phthalides,
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and polysaccharides.7–10 Among these compounds, poly-
saccharides have been found to be valuable functional compo-
nents, which is mainly due to their bioactivities. For instance,
the oral administration of polysaccharides obtained from S.
crispa (SCP) can suppress angiogenic and metastatic neoplasm
in vivo.11 Hida et al. found that treatment with SCPs may
modulate cytokine production in the spleen of mice through its
stimulation of the Peyer's patches.12 The oral administration of
polysaccharides extracted from cultured S. crispa showed
obvious antitumor activity against the solid form of Sarcoma
180 in ICR mice with strong vascular dilation and hemorrhage
reactions.4 However, previous studies mainly focused on the
bioactivities of polysaccharides obtained from S. crispa and paid
little attention to their extraction method, which greatly inu-
ences the yield, chemical structure, and bioactivity of the poly-
saccharides.13 Therefore, an efficient extraction method for S.
crispa polysaccharides is required.

Conventionally, the extraction methods of polysaccharides,
such as immersion, heating or boiling, and reuxing, oen
require a long time, waste too much solvents, require a high
temperature, decrease the yield of polysaccharides, and even
lead to the loss of some pharmacological activities.14 To
This journal is © The Royal Society of Chemistry 2020
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overcome these problems, various new technologies for poly-
saccharide extraction have been successfully developed, such as
supercritical uid extraction (SFE), infrared-assisted extraction
(IAE), microwave-assisted extraction (MAE), ultrasonic-assisted
extraction (UAE), and enzyme-assisted extraction (EAE).13,15

Among these technologies, UAE has received great attention
because of its high efficiency. The acoustic cavitation in UAE
can destroy cell walls, reduce particle sizes, and enhance the
contact between solvents and active compounds.16 Moreover,
compared with the traditional extraction methods, UAE has
other advantages such as lower cost, lower temperature, and
increase in the extraction yield with stable biological proper-
ties.17 Besides, the EAE method is considered as an efficient and
effective approach for polysaccharide extraction as some
specic enzymes (cellulase and proteases) can break the plant
cell wall, hydrolyze the cytoderm, and then easily release the
intracellular polysaccharides.18,19 Recently, many studies have
reported that a combination of UAE and enzymatic treatment
could improve the polysaccharide extraction from plants. To
date, ultrasonic-assisted enzymatic extraction (UAEE) has been
performed to efficiently extract polysaccharides from Atratylodes
macrocephala,20 Lycium barbarum,19 dragon fruit peel,18 and
dandelion leaves.21 Liao et al. compared two polysaccharide
extraction methods, namely, UAEE and EAE from Corbicula
uminea, and found that the yield obtained from the UAEE
method applied for 32 min was higher than that of the EAE
method applied for 4 h; besides, the polysaccharides extracted
by UAEE had lower molecular weights and higher superoxide
radical scavenging activity.22 Wang et al. obtained higher poly-
saccharides yield (14.05%) from dandelion leaves by using
UAEE compared with EAE (9.84%) and UAE (8.84%) under the
same enzyme concentration and extraction time.21 However,
there are few reports on UAEE for polysaccharide extraction
from S. crispa.

Several polysaccharides have been reported to possess neu-
roprotective effects in vitro, possibly due to their good antioxi-
dant activities, such as polysaccharides obtained from Lonicera
japonica Thunb.,23 Lycium barbarum L.,24 and Amanita caesarea.25

In addition, a recent study reported that polysaccharides from
S. crispa exhibited protective effects against glutamate-induced
toxicity in differentiated PC12 cells,26 indicating that S. crispa
polysaccharides are potential agents for intervention of neuro-
degenerative diseases. In this study, UAEE procedure was
applied to efficiently obtain the SCPs and the extraction
conditions were optimized by using response surface method
(RSM). Subsequently, mouse hippocampal HT22 cell oxidative
stress model was used to evaluate the potential neuroprotective
benets.

2. Materials and methods
2.1 Materials and reagents

Dried S. crispa powder was provided by Shanghai Hexian
Mushroom Biotechnology Co., Ltd. The cellulase enzyme
(15 000 U g�1) was purchased from Sinopharm Chemical
Reagent Co., Ltd. 1,1-Diphenyl-2-picrylhydrazyl (DPPH), 20-azi-
nobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS), ascorbic
This journal is © The Royal Society of Chemistry 2020
acid (Vc), 20,70-dichlorouorescein diacetate (DCFH-DA), and
(�)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(Trolox) were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Dulbecco's modied essential medium (DEME), fetal
bovine serum (FBS), Penicillin G, and streptomycin were
purchased from Gibco (Grand Island, NY, USA). Cell Counting
kit-8 (CCK8 kit) and LDH cytotoxicity assay kits were purchased
from Beyotime Biotechnology (Shanghai, China). All other
chemical reagents used in this study were of analytical grade.
2.2 Ultrasonic-assisted enzymatic extraction (UAEE) of the
polysaccharides

The powder of S. crispa (30 g) was twice extracted with 95%
ethanol at 60 �C for 6 h each time to remove the alcohol-soluble
substances, such as pigments, lipids, and oligosaccharides by
using a Soxhlet set. Aer being air dried at 60 �C for 12 h, the
defatted powder (1 g) was mixed with distilled water at a given
solid–liquid ratio (range from 1 : 10 g mL�1 to 1 : 50 g mL�1)
and xed pH of 5 in a ask.19,21 Then, the mixtures were con-
ducted at the designed time (range from 10 min to 50 min),
ultrasonication power (range from 180 W to 420 W), and
cellulase concentration (range from 0.4% to 1.2%) in an ultra-
sonic cleaner (KQ-600KDB, Kunshan Ultrasound Instruments
Co., Ltd., Kunshan, China) at 55 �C.18 Aer extraction by the
UAEE procedure, the mixtures were centrifuged at 5000 rpm for
10 min to obtain the supernatant. Aerwards, the residues were
re-suspended with distilled water and centrifugation was
repeated thrice, as mentioned above, to recover the residual
polysaccharides. Then, the incorporated supernatant was
concentrated by using a rotary evaporator and precipitated with
four volumes of 80% (v/v) ethanol at 4 �C overnight. The
precipitate was collected by centrifugation at 5000 rpm for
10 min, and washed by anhydrous ethanol and acetone. Then,
the crude S. crispa polysaccharides (SCP) were obtained aer the
freeze-drying process. The extraction yield of SCPs (%) was
calculated with the following equation:

Y% ¼ m1

m
� 100% (1)

wherem1 (g) represents the weight of dried SCPs andm (g) is the
pretreated sample weight.
2.3 Experimental design and modeling

Based on the preliminary single-factor experiments, response
surface methodology (RSM) was adopted to further evaluate the
effects of independent variables (ultrasonication time X1,
ultrasonication power X2, solid–liquid ratio X3, and cellulase
concentration X4) on the yield of SCP. A four-factor, three-level
Box–Behnken Design (BBD) was used to optimize the
combined effects (shown in Table 1). The response value in each
trial was an average of the triplicates.

To predict the optimal parameters of UAEE of SCP, the data
obtained from BBD were tted to a second-order polynomial
model for establishing the relationship between the indepen-
dent variables and the responses. The equation was expressed
as follows:
RSC Adv., 2020, 10, 22164–22175 | 22165
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Table 1 Box-Behnken (BBD) design of four variables and response
values

Factors Units Symbols

Level of factors

�1 0 1

Ultrasonication time min X1 30 40 50
Ultrasonication power W X2 240 300 360
Solid–liquid ratio g mL�1 X3 1 : 35 1 : 40 1 : 45
Cellulase concentration % X4 0.6 0.8 1.0

Run X1 X2 X3 X4

Yield of SCPs (%)

Actual Predicted

1 �1 �1 0 0 10.22 10.31
2 0 1 0 �1 11.86 11.73
3 0 1 0 1 13.43 13.53
4 �1 0 1 0 11.97 11.98
5 1 0 1 0 12.57 12.68
6 0 0 �1 1 13.46 13.51
7 0 �1 0 �1 13.27 13.12
8 0 0 0 0 14.75 14.72
9 1 0 �1 0 13.15 13.08
10 �1 0 0 �1 11.08 11.10
11 �1 1 0 0 12.09 12.25
12 1 0 0 �1 12.45 12.49
13 �1 0 0 1 11.85 11.74
14 0 �1 1 0 13.49 13.44
15 0 1 �1 0 13.79 13.77
16 0 0 0 0 14.65 14.72
17 0 �1 �1 0 12.37 12.42
18 0 0 �1 �1 12.80 12.96
19 0 0 1 1 13.09 13.05
20 1 �1 0 0 13.05 13.02
21 0 �1 0 1 11.67 11.75
22 1 1 0 0 11.45 11.47
23 �1 0 �1 0 12.01 11.85
24 0 1 1 0 12.59 12.48
25 0 0 0 0 14.85 14.72
26 0 0 0 0 14.65 14.72
27 0 0 0 0 14.72 14.72
28 0 0 1 �1 13.08 13.15
29 1 0 0 1 12.37 12.29
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Y ¼ A0 þ
X4

i¼1

AiXi þ
X4

i¼1

AiiX
2
i þ

X3

i¼1

X4

j¼iþ1

AijXiXj (2)

Y represents the response variables, A0, Ai, Aii, and Aij are the
regression coefficients for the intercept, linear, quadratic, and
interactive coefficients, respectively. Xi and Xj are the indepen-
dent variables.

2.4 Conventional hot water extraction (HWE) of the SCPs

The hot water extraction of SCPs was performed by the method
described by Chen with a slight modication.27 In brief, the
dried S. crispa powder was pretreated with 95% ethanol as
mentioned above in the UAEE method. Then, the defatted
powder was extracted with distilled water (1 : 40, w/v) at 90 �C
for 6 h. Aer centrifuging at 5000 rpm for 10 min, the extract
was concentrated, precipitated with ethanol, and lyophilized
following the same procedures in section 2.2.
22166 | RSC Adv., 2020, 10, 22164–22175
2.5 Characterization of the physicochemical properties of
the SCPs

2.5.1 Determination of the chemical composition. The
phenol–sulfuric acidmethod,28Coomassie brilliant bluemethod,29

and m-hydroxydiphenyl method30 were applied to estimate the
contents of sugar, protein, and uronic acid, respectively.

2.5.2 Monosaccharide composition analysis. The mono-
saccharide composition of SCPs was evaluated according to
a previous method31 with slight modication. Briey, SCPs (2
mg) were hydrolyzed with 2 M triuoroacetic acid (2 mL) at
110 �C for 3 h in a sealed ampoule bottle. Subsequently, the
hydrolysates were co-distilled with methanol under reduced
pressure to fully remove TFA. Finally, the residues were re-
dissolved in deionized water and then ltered by a 0.22 mm
nylon membrane. The ltrates were detected using HPAEC-PAD
(Thermo Scientic) and determined by comparing the retention
time with those of the standards, including glucose, galactose,
fucose, mannose, and fructose.

2.5.3 Molecular weight analysis. The molecular weight
(Mw) of the SCPs was determined using high performance gel
permeation chromatography (HPGPC) on a HPLC instrument
(Waters 1525, USA) with a Ultrahydrogel™ Linear tandem
column (300 mm � 7.8 mm, Waters, USA) and refractive index
detector (Waters 2410, USA). The column was eluted with 0.1 M
NaNO3 at a ow rate of 0.8 mL min�1 and maintained at
a temperature of 35 �C. Dextran standards (2700, 9750, 135 030,
300 600, and 2 000 000 Da) were used for the calibration curve.

2.5.4 Scanning electron microscopy (SEM). The lyophilized
SCPs were mounted on a metal stub and coated with gold using
an ion sputter coater (E-1010, Hitachi, Japan). Then, all the
specimens were observed by a scanning electron microscope
(NPE-218, Nova NanoSEM, USA) under high vacuum at an
accelerating voltage of 10.0 kV and the images were photo-
graphed at 3000� magnication.

2.6 In vitro antioxidant activity

2.6.1 DPPH radical scavenging activity. The ability of SCPs
to scavenge 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals was
measured using a previous method13 with a slight modication.
The SCP sample was dissolved in distilled water into a series of
concentrations (0.0625–5 mg mL�1). 3 mL sample and 1 mL
freshly prepared DPPH solution (0.2 mM in ethanol) were mixed
and vortexed vigorously. The mixture was incubated at room
temperature for 30 min in the dark. Then, the absorbance of
sample was determined at 517 nm using an ultraviolet-visible
spectrophotometer. Vitamin C was used as the positive
control. The DPPH radical scavenging ability (%) was calculated
using the following formula:

DPPH radicals scavenging activity ð%Þ

¼
�
1� Ai � Aj

A0

�
� 100% (3)

where A0 is the absorbance of the blank (ethanol instead of the
sample), Ai is the absorbance of the polysaccharide sample, and
Aj is the absorbance of the sample control (ethanol instead of
DPPH solution).
This journal is © The Royal Society of Chemistry 2020
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2.6.2 ABTSc+ radical-scavenging activity. The ABTSc+

radical-scavenging activity of the SCPs was determined as
described by Hajji et al.32 The ABTSc+ stock solution was
prepared by mixing equal volumes of ABTS solution (7.00 mM)
and potassium persulphate (2.45 mM). The mixture was incu-
bated for 16 h at 25 �C in dark. To obtain the reaction solution,
the ABTSc+ stock solution was diluted with PBS (pH 7.4) to an
absorbance of 0.700 (�0.02) at 734 nm. Then, the reaction
solution was added to the SCP sample at given concentrations
(0–5.0 mg mL�1) and the mixture was incubated at 25 �C for
6 min in dark. The absorbance at 734 nm was read by a micro-
plate reader (ELx800, BioTek, USA). Vitamin C was used as the
positive control. The ABTSc+ radical scavenging ability was
calculated according to the following equation:

ABTS
�þ

radicals scavenging activity ð%Þ

¼
�
1� Ai � Aj

A0

�
� 100% (4)

where A0 is the absorbance of the blank (distilled water instead
of the sample), Ai is the absorbance of the polysaccharide
sample, and Aj is the absorbance of the sample control (PBS
instead of the reaction solution).

2.6.3 Hydroxyl radical scavenging activity. The hydroxyl
radical-scavenging activity of the SCPs was detected by an
improved Fenton-type reaction.33 Briey, 1 mL sample of
different concentrations (0–5.0 mg mL�1) was mixed with 1 mL
FeSO4 (9 mM), 1 mL H2O2 (9 mM), and 1 mL salicylic acid (9
mM). Then, the mixtures were reacted at 37 �C for 30 min.
Finally, the absorbance of the mixture was recorded at 562 nm.
Vitamin C was used as the positive control. The radical scav-
enging ability of HOc was calculated as follows:

Hydroxyl radicial scavenging activity ð%Þ

¼
�
1� Ai � Aj

A0

�
� 100% (5)

where A0 is the absorbance of the blank (distilled water instead
of the sample), Ai is the absorbance of the polysaccharide
sample, and Aj is the absorbance of the sample control (distilled
water instead of H2O2).

2.7 Neuroprotective assay

2.7.1 Cell culture. The immortalized mouse hippocampal
cell line HT22 was obtained from Shanghai Zeye Company. The
cells were cultured in Dulbecco's modied Eagle medium
(DMEM) with 10% FBS, 100 U mL�1 penicillin, 100 g mL�1

streptomycin and incubated at 37 �C in a humidied incubator
supplied with 5% CO2.

2.7.2 Assessment of the neuroprotective effects. The
protective effect of the SCPs against H2O2-induced HT22 cell
neurotoxicity was assessed by using the CCK8 kit according to
the manufacturer's instructions. Briey, the HT22 cells were
seeded in a 96-well plate at a density of 5 � 103 cells per well.
Aer 24 h incubation at 37 �C, different concentrations of the
SCP solution (0–200 mg mL�1) or the positive control Trolox (50
mM) were added for 12 h. Then, 400 mMH2O2 was added and co-
cultured for another 12 h. Subsequently, 10 mL CCK-8 solutions
This journal is © The Royal Society of Chemistry 2020
was added into each well and incubated for 2 h at 37 �C. The
absorbance at 450 nm was measured with a micro-plate reader
(BioTek instruments, USA). The HT22 cells incubated with
DMEM were regarded as the negative control, while the cells
treated with only H2O2 served as the model group.

2.7.3 Determination of lactate dehydrogenase (LDH).
Lactate dehydrogenase (LDH) was determined by a colorimetric
assay following the manufacturer's protocol. Briey, the HT22
cells were plated in 96-well plates for 24 h. Aer experimental
treatment, the medium was removed and the cells were reacted
with 2,4-dinitrophenylhydrazine for 1 h. For analysis, the
supernatant was collected and centrifuged at 800 rpm. The
absorbance was measured at the wavelength of 490 nm by using
a micro-plate reader.

2.7.4 Intracellular ROS measurement. The HT22 cells were
seeded into 24-well plates and pretreated with different
concentrations of the SCPs for 12 h, then co-incubated with
H2O2 (400 mM) for 12 h. The redox status of the HT22 cells was
measured by using DCFH-DA for 20 min at 37 �C in dark. Aer
treatment, all the cells were washed with PBS three times and
the uorescence intensity was determined using a microplate
reader with excitation at 488 nm and emission at 525 nm.
2.8 Statistical analysis

All the experiments were carried out in triplicate. The data were
analyzed by Duncan's multiple tests, and compared with anal-
ysis of variance (ANOVA). All the values were expressed as the
mean � standard deviation (SD) with P < 0.05 indicating the
statistical signicance. Statistical analyses were conducted with
SPSS ver.17.0, professional edition.
3. Results and discussion
3.1 Single factor experimental analysis

3.1.1 Ultrasonication time. In the present experiment, the
effect of ultrasonication time on the yield of the polysaccharides
is shown in Fig. 1A. The ultrasonication time was set at various
extraction times (10, 20, 30, 40, and 50 min), and the other
extraction parameters were set as follow: ultrasonication power,
300W; solid–liquid ratio, 1 : 40 gmL�1; cellulase concentration,
0.8%. As shown in Fig. 1A, the yield of the SCPs continued to
increase in the range of 10 to 40 min, reached the critical point
at 40 min, and then the curve began to decline. Generally
speaking, there should be a positive correlation between the
yield of the polysaccharides and extraction time to a certain
extent.20 But longer irradiation time may cause degradation and
consequently a decreased extraction yield.21 Therefore, 40 min
was selected as the suitable extraction time for RSM design.

3.1.2 Ultrasonication power. The change in the yield of the
SCPs with different ultrasonication power ranging from 180 to
420 W is shown in Fig. 1B, while the other parameters were set
to the following conditions: ultrasonication time, 40 min; solid–
liquid ratio, 1 : 40 g mL�1; cellulase concentration, 0.8%. The
result revealed that the maximum yield of the SCPs was
observed when the ultrasonication power was 300 W and then,
a higher ultrasonication power decreased the yield. It has been
RSC Adv., 2020, 10, 22164–22175 | 22167
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Fig. 1 Effects of ultrasonication time (A), ultrasonication power (B), solid–liquid ratio (C), and cellulase concentration (D) on the extraction yield
of the SCPs (%).
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demonstrated that cavitation intensity controlled by ultra-
sonication power assists in the release of the entrapped poly-
saccharides from the matrix.22 But a very high ultrasonication
power generates abundant microscopic bubbles, which subse-
quently inhibit the cavitation.34 Thus, 300 W was selected as the
optimal ultrasonication power.

3.1.3 Solid–liquid ratio. The extraction yield is inuenced
by the water to raw material ratio; different raw materials have
different ratios. In this study, the ratios of water to material
were set to 1 : 10, 1 : 20, 1 : 30, 1 : 40, and 1 : 50 g mL�1 to
evaluate the effect of the ratio on the SCPs' extraction yield.
Other parameters were set as follows: ultrasonication time,
40 min; ultrasonication power, 300 W; cellulase concentration,
0.8%. Fig. 1C reveals that the SCPs' yield increased continuously
with increasing solid–liquid ratio until the peak value of 1 : 40 g
mL�1. However, a further increase in the water to material ratio
resulted in a decrease in the SCPs' yield, which might be due to
the higher water to material ratio, possibly leading to a lower
density and viscosity, thereby increasing the dilution of the
extracts in the solvent.35 Therefore, 1 : 40 gmL�1 was selected as
the optimal ratio for RSM experiments.

3.1.4 Cellulase concentration. It has been shown that the
primary structure of a puried polysaccharide obtained from S.
crispa is a 6-branched 1,3-beta-glucan.7,36 On the other hand,
22168 | RSC Adv., 2020, 10, 22164–22175
cellulase is enzyme that hydrolyzes the b-1,4 linkages in cellu-
lose, which is the main component of plant cell walls. Previous
studies have found that the use of cellulase can be an efficient
means for polysaccharide extraction.18,21 As shown in Fig. 1D,
different cellulase concentrations (0.4%, 0.6%, 0.8%, 1.0%, and
1.2%) were adopted in the extraction procedure. Other param-
eters were set as follows: ultrasonication time, 40 min; ultra-
sonication power, 300 W; solid–liquid ratio, 1 : 40 g mL�1. The
results indicated that the yield increased signicantly until the
enzyme volume was 0.8%, aer which the yield began to
decrease slightly, which is in accordance with the previous
study.20 Therefore, the cellulase concentration of 0.8% was
selected as the optimal enzyme concentration for the following
RSM experiment.
3.2 Optimization of the procedure by RSM

3.2.1 Statistical analysis and model tting. Based on the
single-factor tests, there were a total number of 29 runs for
optimizing the four individual variables. The four autonomous
variables including ultrasonication time (X1), ultrasonication
power (X2), solid–liquid ratio (X3), and cellulase concentration
(X4) are exhibited in Table 1. The yields of the SCPs range from
10.22% to 14.75% and the experimental results were analyzed
This journal is © The Royal Society of Chemistry 2020
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by multiple regression analysis. The yield of SCPs was described
by the following second-order polynomial eqn (6):

Y ¼ 14:72þ 0:48X1 þ 0:096X2 � 0:066X3 þ 0:11X4 � 0:87X1X2

�0:13X1X3 � 0:21X1X4 � 0:58X2X3 þ 0:79X2X4

�0:16X3X4 � 1:79X1
2 � 1:17X2

2 � 0:53X3
2 � 1:03X4

2

(6)

where X1, X2, X3, and X4 are the ultrasonication time, ultra-
sonication power, solid–liquid ratio, and cellulase concentra-
tion, respectively. Y represents the predicted yield of SCP.

Analysis of variance (ANOVA) for the tted quadratic poly-
nomial model is summarized in Table 2. The P-value was
regarded as an index for verifying the signicance of each
coefficient, wherein a smaller P-value indicates a more signi-
cant corresponding coefficient.37 As shown in Table 2, the
higher F-value (160.69) and lower P-value (P < 0.0001) suggested
that the regression model was of highly statistical signicance.
Moreover, the linear coefficients (X1, X3, and X4), the quadratic
term coefficients (X1

2, X2
2, X3

2, and X4
2), as well as the cross-

product coefficients (X1X2, X1X4, X2X3, X2X4, and X3X4) were
signicant terms with small P-values (P < 0.05). The other terms
coefficients were not signicant (P > 0.05). The lack of t P-value
was 0.1481, indicating that the lack of t was not signicant
relative to the pure error. It means that the equation is adequate
to predict the variations.38 The value of R2 reects the propor-
tion of variation in the response attributed to the model rather
than to random error.20 The determination coefficient (R2 ¼
0.9938) and the adjusted determination coefficient (Radj

2 ¼
0.9876) demonstrated that the actual values were found to t
Table 2 ANOVA for response surface quadratic model for the yield of S

Source Sum of squares df Mean

Model 37.97 14 2.71
X1 2.81 1 2.81
X2 0.11 1 0.11
X3 0.053 1 0.053
X4 0.15 1 0.15
X1X2 3.02 1 3.02
X1X3 0.073 1 0.073
X1X4 0.18 1 0.18
X2X3 1.34 1 1.34
X2X4 2.51 1 2.51
X3X4 0.10 1 0.10
X1

2 20.90 1 20.90
X2

2 8.83 1 8.83
X3

2 1.83 1 1.83
X4

2 6.82 1 6.82
Residual 0.24 14 0.017
Lack of t 0.21 10 0.021
Pure error 0.028 4 6.88 �
Core total 38.20 28
R2 0.9938
Adj-R2 0.9876
Pred-R2 0.9674
Adeq precision 47.20
C.V.% 1.01

a P < 0.01. b P < 0.05.

This journal is © The Royal Society of Chemistry 2020
the predicted values well. Moreover, the coefficient of variation
(C.V.) was 1.01%, which clearly revealed that the experimental
values were dependable and precise. Moreover, the diagnostics
of model adequacy also implied that the response surface
model could precisely evaluate the relevance between the pre-
dicted value and the actual data (Fig. S1†).

3.2.2 Response surface analysis. To describe the interac-
tion between the dependent variables, three-dimensional (3D)
response surfaces were constructed and the results are shown in
Fig. 2 (contour plots shown in Fig. S2†). In this experiment, the
two independent variables were exhibited by 3D surface plot
whereas other variables were xed at 0 level. As shown in
Fig. 2A, the yield of the SCPs increased when the ultrasonication
power increased from 240 W to 302.78 W and the extraction
time increased from 30 min to 41.24 min, respectively. On
extending these ranges, the SCPs' yield declined by several
degrees. Likewise, the effect of interactions between the other
two variables on the yield of the SCPs are also illustrated (Fig. 2B
and F). By analyzing the result above by the Design-Expert
soware, the optimum values of the variables were obtained
under the following optimal conditions: ultrasonication time of
41.24 min, ultrasonication power of 302.78 W, solid–liquid ratio
of 1 : 38.86 g mL�1, and cellulase concentration of 0.81%.

To further examine the suitability of the model, practical
extraction parameters were set as follows: ultrasonication time
was 41 min, ultrasonication power was 300W, solid–liquid ratio
was 1 : 39 g mL�1, and cellulase concentration was 0.81%.
Under these conditions, the actual yield of the SCPs was ob-
tained to be 14.63 � 0.57% (n ¼ 3), which was close to the
CPs

square F value Probe > F Signicance

160.69 <0.0001 a

166.21 <0.0001 a

6.62 0.0221 b

3.14 0.0983
8.63 0.0108 b

178.97 <0.0001 a

4.30 0.0570
10.70 0.0056 a

79.65 <0.0001 a

148.72 <0.0001 a

6.13 0.0267 b

1238.14 <0.0001 a

522.94 <0.0001 a

108.18 <0.0001 a

404.32 <0.0001 a

3.03 0.1481
10�3
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Fig. 2 Response surface plots showing the effects of ultrasonication time (X1), ultrasonication power (X2), solid–liquid ratio (X3), and cellulase
concentration (X4) on the extraction yield of the SCPs (%).

Table 3 Extraction yield and chemical composition of the SCPs
extracted by UAEE and HWEa

Parameters SCP-HWE SCP-UAEE

Extraction yields (%) 8.68 � 0.32% 14.63 � 0.57%
Total polysaccharides (%) 79.98 � 2.34 83.25 � 2.85
Total uronic acids (%) N.D. N.D.
Proteins (%) 4.77 � 0.12 3.13 � 0.09

a N.D.: not detectable or lower than the limit of quantication.

Table 4 Molecular weights and monosaccharide constitutions of
SCPs

SCP-HWE SCP-UAEE
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predicted value (14.76%). These results demonstrated that the
response model was suitable and valid for the UAEE procedure
of SCP.
Mw � 104 (Da)
Fraction 1 194.5 156.7
Fraction 2 2.111 —
Fraction 3 0.1753 0.7662

Monosaccharide (molar percentages, %)
Glucose (Glc) 75.18 66.96
Galactose (Gal) 19.29 23.57
Fucose (Fuc) 4.32 6.92
Mannose (Manmbn) 1.21 2.55
3.3 Comparison of the SCPs extracted by UAEE and HWE

The comparison of UAEE and HWE was mainly conducted
based on the yield of SCPs, chemical and sugar composition,
molecular weight (Mw), and effects of the two extraction
procedures on the microstructures with SEM.

3.3.1 Extraction yield and chemical composition. Accord-
ing to the extraction conditions of UAEE and HWE, the yield of
the SCPs was 14.63 � 0.57% and 8.68 � 0.32% (shown in
22170 | RSC Adv., 2020, 10, 22164–22175
Table 3), respectively. Compared with the HWE procedure, the
yield of UAEE increased by about 68.54%, while the extraction
time and extraction temperature greatly reduced from 360 min
to 41 min, and from 90 �C to 55 �C, respectively. As listed in
Table 3, UAEE was better than HWE, which was characterized by
the higher polysaccharide content (83.25 � 2.85% vs. 79.98 �
2.34%) and lower protein content (3.13 � 0.09% vs. 4.77 �
0.12%). These results might be attributed to the acoustic cavi-
tation of ultrasound and specic hydrolysis of cellulose, both of
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The scanning electron microstructures of SCPs extracted by HWE (A) and UAEE (B).
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which improve the extraction efficiency of biological
polysaccharide.

3.3.2 Molecular weight and monosaccharide analysis of
the SCPs. Generally, the bioactivities of polysaccharides are
related to their molecular weight (Mw) and monosaccharide
composition.39 Therefore, the effects of the two extraction
methods on the Mw and constituent monosaccharides of SCPs
are compared in Table 4 and Fig. S3 (see in the ESI†). As shown
in Table 4, the three polysaccharide fractions (fraction 1, frac-
tion 2, and fraction 3) were detected in SCP-HWE with Mw of
1.945 � 106 Da, 2.111 � 104 Da, and 1.753 � 103 Da, respec-
tively. However, only two fractions (fraction1 and fraction 3) in
Fig. 4 Antioxidant activity of SCPs extracted by UAEE and HWE. DPPH r
hydroxyl radical scavenging activity (C).

This journal is © The Royal Society of Chemistry 2020
SCP-UAEE were determined to be 1.567 � 106 Da and 7.662 �
103 Da, respectively. Fraction 1 (high Mw) and fraction 3 (lower
Mw) were the dominant peaks, which were much different from
that of the polysaccharides (Mw 7.5 � 104 Da) isolated from S.
crispa.26 In addition, an obvious degradation of fraction 1 was
detected in the HPGPC chromatograms of SCP-UAEE. Indeed,
the Mw of fraction 2 in SCP-UAEE could not be precisely
measured due to the relatively poor column efficiency and the
co-elution of numerous molecules with different Mw from
15 min to 20 min. The results indicated that the UAEE method
could degrade and convert higher Mw fraction into lower Mw
fractions.
adical scavenging activity (A), ABTS radical scavenging activity (B), and

RSC Adv., 2020, 10, 22164–22175 | 22171
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Fig. 5 Neuroprotective effects of the SCPs on the cytotoxicity (A), viability in H2O2-induced HT22 cells (B), LDH release levels (C), and intra-
cellular ROS accumulation (D). Different letters in each testing parameter represent the statistical significance among the groups (p < 0.05), n¼ 5.
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Furthermore, the monosaccharide constituents of SCPs are
depicted in Table 4 and Fig. S3 (in the ESI†). The results showed
that the constituent monosaccharides of SCP-HWE and SCP-
UAEE were similar, which were determined as Glc, Gal, Fuc,
and Man with molar percentages of 75.18 : 19.29 : 4.32 : 1.21
and 66.96 : 23.57 : 6.92 : 2.55, respectively. The major compo-
sitional monosaccharide (Glc) in SCPs was similar as that in
some previous studies.36,40 Interestingly, Gal, Fuc, andMan were
rst reported in the present study, which might be attributed to
the environment, varieties, climate, growing methods, etc.
These results suggest that the extraction methods had little
effect on the types of monosaccharide composition, while they
can signicantly affect the molar percentage. Similar results
were also reported before in the other plant polysaccharide with
different extraction methods.35,39

3.3.3 Microstructural analysis of the SCPs. The micro-
structures of the SCPs powder were investigated by using SEM
analysis and the images are exhibited in Fig. 3. The results
showed that the SCPs extracted by HWE possessed a larger
lamelliform morphology with some small holes and exhibited
a smooth and dense appearance. However, the polysaccharides
extracted by UAEE contained plenty of powders and loose
22172 | RSC Adv., 2020, 10, 22164–22175
surfaces with some bubble-like holes and interspaces.
Compared to conventional extraction by hot water, ultrasound-
assisted or enzymatic-assisted extraction had a drastic effect on
the cell walls of the tissues in breaking down the cell structure,41

which may explain the high extraction efficiency by UAEE. Also,
similar results were reported by Wu42 and Yin.38 Besides, the
SCPs obtained from the two different extraction methods
possessed similar typical absorption peaks, which indicated
that the UAEE procedure had no effect on the polysaccharide
functional groups (shown in Fig. S3†).
3.4 Antioxidant activity assays

In this study, the antioxidant activity of the SCPs was deter-
mined by using three complementary tests, namely DPPH
radical scavenging activity, ABTSc+ radical-scavenging activity,
and hydroxyl radical scavenging activity.

As shown in Fig. 4A, as the concentration of SCPs increased
from 0.0625 to 5.0 mg mL�1, the DPPH radical scavenging
activity of SCP-UAEE and SCP-HWE gradually increased in
a concentration-dependent manner and reached 88.99% and
80.62% at 5.0 mg mL�1, respectively. In addition, the DPPH
radical scavenging activities of UAEE at different concentrations
This journal is © The Royal Society of Chemistry 2020
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were always higher than those of HWE, even if the activities of
both were lower than those of Vc. Also, the antioxidant activity
of the SCPs was higher than that of the polysaccharides
extracted from different natural sources, such as bamboo
shoots,14 cassia seed,35 and Inonotus hispidus,43 which suggested
that the SCPs possessed remarkable antioxidant activity.

Similar to the DPPH results, the SCPs extracted by two
different methods exhibited remarkable radical scavenging
effect against ABTSc+ and the ability was positively correlated
with the increasing concentration of the SCPs (0.0625–5.0 mg
mL�1). At the concentration of 5.0 mg mL�1, the ABTSc+ radical
scavenging effect of SCP-UAEE, SCP-HWE, and Vc reached
84.02%, 80.70%, and 97.48%, respectively (Fig. 4B). Further-
more, SCP-UAEE and SCP-HWE also showed signicant scav-
enging effects against hydroxyl radicals in a dose-dependent
manner (Fig. 4C). Similarly, the scavenging activities towards
the hydroxyl radicals of SCP-UAEE and SCP-HWE reached
75.48% and 63.55% at the concentration of 5.0 mg mL�1,
respectively. Compared to the capacity of Vc (95.02%), the SCPs
showed a relatively weak but signicant potential of scavenging
ability of hydroxyl radicals.

Many factors affect the antioxidant capacity of polysaccharides,
including their monosaccharide compositions, structural cong-
urations, molecular weights, and chain conformation.14,44 Gener-
ally, polysaccharides with lower molecular weights and higher
contents of uronic acid have been found to possess stronger
antioxidant capacity. In the present study, SCP-UAEE exhibited
a better antioxidant activity than SCP-HWE in the three test
systems, which was consistent with the degradation of molecular
weight of the polysaccharide extracted by UAEE. Similar results
were also conrmed in the previous study.45
3.5 Neuroprotective activity towards HT22 cells

Hydrogen peroxide (H2O2) is an endogenous source of hydroxyl
free radicals commonly produced in cells. It can easily cross the
cytomembrane and generate powerful radicals including singlet
oxygen and hydroxyl radical. Thus, H2O2 is normally regarded
as an inducer of oxidatively-damaged cells.46 A large number of
studies have demonstrated that H2O2 can cause toxicity in
various cells,47–49 including neurons. Emerging evidences have
demonstrated that oxidative stress is one of critical causes for
the progression of neurodegenerative diseases. Some plant
polysaccharides, as excellent natural antioxidants, have
exhibited potential protective effects on ROS-induced apoptosis
in various neurodegenerative diseases.50 Herein, the HT22 cell
model was employed to explore the protective effects of the
SCPs on H2O2-induced oxidative impairment.

To determine the cytotoxic and neuroprotective effects of the
SCPs on the HT22 cells, cell viability and release of lactate dehy-
drogenase were validated by the CCK8 assay and LDH assay,
respectively. Water-soluble tetrazolium salt-8 (WST-8) is
a compound similar to MTT and can be reduced by dehydroge-
nases in themitochondria to produce orange-yellow formazan.51 In
addition, WST-8 does not require further treatment as it produces
a highly water-soluble formazan dye during the assay, making the
CCK8 method more sensitive than the MTT assay.52 As shown in
This journal is © The Royal Society of Chemistry 2020
Fig. 5A, the results indicated that SCPs (10–200 mg mL�1, for 24 h)
had no signicant cytotoxicity. Aer 12 h of incubation with 400
mM H2O2, the cell viability decreased to 49.97% when compared
with that of the untreated cells (P < 0.05, Fig. 5B). However,
pretreatment with different concentrations of the SCPs for 12 h
prior to H2O2 obviously reversed the death of HT22s cell in a dose-
dependent manner (P < 0.05). On the other hand, the positive
control (50 mM Trolox) herein also obviously protected the HT22
cells against H2O2-induced oxidative stress. These results indicated
that the SCPs signicantly increased the viability of HT22 cells
exposed to H2O2.

LDH is a cytoplasmic enzyme that quickly releases into the cell
culture media if the cell integrity is injured by oxidative stress.53 To
some extent, LDH is another key indicator of cytotoxicity and the
increased LDH activity in the surrounding environment is associ-
ated with cell necrosis.54 In this study, aer the cells were exposed
to H2O2 damage, LDH release in H2O2-treated cells was markedly
higher than that in the control cells (P < 0.05). The pretreatment of
the SCPs or Trolox signicantly decreased the LDH levels when
compared with the negative control group (P < 0.05) (Fig. 5C). The
present studies correspond with the results reported by Hu et al.,
which revealed that the protein-rich extract from Bombyx batryti-
catus exhibited protective effects against H2O2-induced oxidative
damage in PC12 cells.55 Similar results were also observed in the in
vitro model in the case of different natural polysaccharides, such
as Cantharellus cibarius,56 Cantharellus cibarius,54 andHemp seed.57

As a byproduct of oxidative phosphorylation, the over-
production of ROS may lead to breakage of the cell structure
and damage the mitochondria.25 Oxidative stress is one of
causative factors for neuronal cell death in neurodegenerative
disease.58,59 Some natural polysaccharides, namely, Apios amer-
icana Medik owers,48 Sphallerocarpus gracilis50 as well as
Morchella importuna,60 were veried as potent ROS scavengers in
H2O2-induced neuroprotective cell models. In consideration of
the superior antioxidant activities of the SCPs in vitro, we
further evaluated whether the antioxidant of the SCPs was due
to the modulation of intracellular ROS levels. As illustrated in
Fig. 5D, the intracellular ROS levels stimulated by H2O2 were
signicantly inhibited by the SCPs in the concentration range of
50–200 mg mL�1 and Trolox in the concentration range of 50 mM
in the HT22 cells, compared with that of the negative control
group (P < 0.05).

These results indicated a signicant neuroprotective effect of
the SCPs on the HT22 cells against H2O2-induced cytotoxicity,
which might be associated with its strong antioxidant activities.

4. Conclusion

Ultrasonic-assisted enzymatic extraction was optimized to
extract the SCPs by RSM. The results showed that the optimal
conditions were: ultrasonication time of 41 min, ultra-
sonication power of 300 W, with solid–liquid ratio of 1 : 39 g
mL�1, and cellulase concentration of 0.81%. The yield of the
SCPs with UAEE extraction yield was up to 14.63%, which has
increased by about 68.54% compared with that of the conven-
tional HWE extraction method. The results also showed that the
extraction methods signicantly affected the contents of
RSC Adv., 2020, 10, 22164–22175 | 22173
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polysaccharides, molecular weights and molar percentage of
the constituent monosaccharides of SCPs. The SEM analysis
illustrated that the microstructures of the two SCPs were
notably different, which was likely due to a drastic effect on the
cell walls, causing them to break down the cell structure by
UAEE extraction. In addition, the two SCPs exhibited strong
antioxidant activity against DPPH, ABTS, and hydroxyl radicals
in vitro. It was also noted that the SCPs extracted by UAEE
possessed the potential to protect the HT22 cells against H2O2-
induced oxidative damage, and effectively ameliorate the cell
viability, reduce extracellular LDH release, as well as decrease
the levels of intracellular ROS in the injured cells. To conclude,
these results proved that SCPs could be considered as a useful
source of natural antioxidants and neuroprotective agents in
functional foods. Therefore, further research on purication,
structural characterization, and biological properties could be
conducted.
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