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The ultrasound-assisted extraction technique was used for extracting
polysaccharides of Tricholoma matsutake (PTM) in this work. The effects of
different parameters, i.e., solid-to-liquid ratio, ultrasonic power, extraction time,
and extraction temperature on the PTM yield were optimized using a rotatable,
orthogonal central composite design. In the derived optimal conditions, the
PTM vyield was 16.97 + 0.06%, which corresponded well with the regression
model predicted value of 16.85%. The extracted PTM was purified, and the
structural characteristics and antioxidant activities were investigated. The PTM
was found to be composed mainly of fructose, mannose, glucose, and galactose
with a molar molecular ratio of 1:2.25:9.35:5, and an average molecular weight
of 90,100 Da. High antioxidant effects of PTM were seen in the tests of DPPH,
hydroxyl, and ABTS radical scavenging, along with a moderate superoxide
radical scavenging rate.

KEYWORDS

Tricholoma matsutake, polysaccharides, ultrasound-assisted extraction, structural
characteristics, antioxidant activity

1 Introduction

Tricholoma matsutake, also known as the Matsutake, Synth, or Taiwan Mushroom, belongs
to the Basidiomycotina subdivision within the Basidiomycota phylum. It is an ectomycorrhizal
fungus that grows on pine and oak trees. Since ancient times, it has been used extensively in
conventional foods and folk medicines (Li et al., 2021). It has increasingly attracted research
on its nutritional values and biological applications as an anticancer and antioxidant agent in
recent years (You et al., 2013; Ren et al., 2014). Polysaccharides as one of its key compounds,
have been long used as a natural food additive as a stabilizer, thickener, water retention agent,
and so on (Yin etal., 2011). Moreover, they also exhibit numerous pharmacological advantages,
such as improved steroid-induced avascular necrosis of the femoral head in rats (Cui et al.,
2019); increased immune response and expression of interleukin in lymphocytes (Hu H. et al,,
2018; Hu J. L. et al., 2018); and inhibition of cervical cancer cell proliferation and an increased
rate of apoptosis (Yang et al., 2018). Therefore, these polysaccharides can be regarded as
natural and safe compounds for applications in foods and medicine. However, investigation
of the optimal conditions for extraction of the polysaccharides of Tricholoma matsutake is still
quite limited.
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There are several conventional methods (Zheng et al., 2016) for
the extraction of polysaccharides, such as maceration (Medlej et al.,
2020), hot water extraction (Zhao et al., 2019), cold water extraction
(Zhou et al., 2020), microwave-assisted extraction (Yuan et al., 2019),
and ultrasound-assisted extraction (UAE) (Hu H. et al., 2018; Hu
J. L.etal, 2018). Among these techniques, UAE has the advantages of
shorter extraction times, low energy requirement, simplified
manipulation, and high extraction yield. Therefore, it is an effective
and sensible method for further improving PTM extraction. A
rotatable, orthogonal central composite design (CCD) is suitable for
multi-factor and multi-level experiments; it can obtain a regression
model with the same number of items with fewer processing
combinations (Quinlan et al., 2015). Compared with the Box-
Behnken experiment, the rotatable, orthogonal CCD can better fit the
required surface with a simpler calculation process and higher
efficiency (Zheng et al., 2016; Quinlan et al., 2015). To the best of our
knowledge, there have been no reports on the optimal UAE conditions
for PTM with a CCD.

In light of this, during the extraction processes, the effects of
multiple variables should be considered. Furthermore, although there
are numerous studies on PTM, they are relatively scattered, and little
is known about the ultrasonic-assisted extraction process,
monosaccharide composition, molecular weight, structural
characteristics, and bioactive properties of PTM. Therefore, this work
aimed to study the ultrasonic extraction of polysaccharides from
Tricholoma matsutake. Based on single-factor experiments and the
response surface methodology, the extraction method was optimized.
Structural characterization and antioxidant activities were also
studied. It focuses on the analysis of the structure and antioxidant

activity of PTM.

2 Materials and methods

2.1 Materials

Tricholoma matsutake was purchased from Xiaojin County
(Ngawa Tibetan and Qiang Au-tonomous Prefecture Sichuan, China).
DEAE-52 cellulose, Sephadex G-100, and dextran standards were
from Sigma-Aldrich (United States). All chemicals and reagents used
in this work were of analytical grade.

2.2 PTM preparation

The T. matsutake samples were dried at 50°C for to constant weight
and ground with a multi-function crusher (HK-043, Anhui Xuzhong
Intelligent Technology Co., Ltd., China) to obtain fine powders sieved
through a size 40 mesh. The powder (20 g) was mixed with purified water
in a 500 mL beaker. The PTM was extracted by using an ultrasonic cell
disruptor (VCX500, 20 Hz, Sonics, United States) with adjustable power,
time, and temperature. The extraction was performed for a variety of
liquid-to-solid ratios (1:10, 1:15, 1:20, 1:25, and 1:30w/v), extraction
times (20, 30, 40, 50 and 60 min), ultrasonic power (80, 100, 125, 150, and
175W), and extraction temperatures (40°C, 50°C, 60°C, 70°C, and
80°C). Each group of experiments was repeated thrice, and the
polysaccharide content of the solution was determined after filtering. The
solutions were then transferred to a rotary evaporator (SY5000, Shanghai
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Yarong Biochemical Instrument Factory, China) and their volumes were
reduced to one-third of the original volume at 0.08 Pa. The solutions were
mixed with 4 times the volume of anhydrous ethanol and kept overnight
at 4°C. The precipitate was obtained through centrifugation (6,000 RPM,
10min) and dissolved into a 5% aqueous solution. The protein was then
separated five times using the Sevag method (Zeng et al., 2019). The
supernatant was dialyzed with dialysis bags (cut-offt MW 14000 Da) in
deionized water for 3days to remove molecular impurities from the
solution, followed by freeze-drying to obtain PTM.

2.3 PTM extraction yield determination

The PTM content was determined by the DNS (dinitrosalicylic
acid) method (Saqib and Whitney, 2011), with glucose as the standard,
using the enzyme mark instrument (ELx808, Molecular Devices,
United States). Using a test tube with only purified water as a blank
control, the absorbance values of each test tube were measured at a
wavelength of 470 nm. A standard curve was drawn for the glucose
content (transverse coordinate) vs. absorbance values (longitudinal
coordinate). The PTM concentration was calculated from the standard
curve. Finally, the percentage of PTM yield was computed from

Equation 1.

PTM content (mg /)x V (mL) x100%
0

weight of raw material (mg) 1)

PTM extraction yield (%) =

2.4 Single-factor experiments

The T. matsutake solutions were treated with ultrasonic waves, and
the effect of the solid-to-liquid ratio, extraction time, ultrasonic power,
and extraction temperature, on the PTM yield were evaluated
separately by changing only one factor at a time while keeping the
other three constant.

2.5 Orthogonal CCD

To optimize the UAE conditions for PTM, based on the single-
factor experiments, a five-level orthogonal CCD was constructed with
four factors, ie., (A) solid-to-liquid ratio, (B) extraction time, (C)
ultrasonic power, and (D) extraction temperature (Table 1; each
condition assigned a value between —2 and 2). The PTM extraction yield
served as the dependent variable. The orthogonal CCD consisted of 30
experimental points and was carried out three times in parallel in a
random order (Table 2). The prediction model was obtained by stepwise
regression. The effects of the four factors on the PTM yield and their
interactions were analyzed by the response surface (Design Expert 8.06).

2.6 Molecular weight detection of PTM

The concentration of the dextran solution was 3 mgemL™, the
pump pressure was 3.5bar, and the flow rate was 2.5mLemin~". The
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TABLE 1 Factors and levels of response surface design.

10.3389/fsufs.2024.1433565

Levels of A: Ratio of rawmaterial to B: Ultrasonictime C: Power (w) = D: Ultrasonictemperature (°C)
code extractionsolvent (g mL™) (min)

-1 15 30 100 50

0 20 40 125 60

1 25 50 150 70

2 30 60 175 80

elution volume of each glucan solution was recorded as V,. dextran
2000 was treated in the same way, and the volume of blue glucan 2000
eluent was recorded as V. V, was the volume of Sephadex G-100. The
K values of the different glucan solutions were then calculated from
Equation 2.

_Ve_VO

K=
ViV

2

2.7 HPLC analysis for PTM
monosaccharides composition

Five mg of polysaccharide was dissolved in 2mL of 2M TFA and
incubated at 100°C under sealed conditions for 2h. The 5mL
methanol was added to the hydrolysate and concentrated by a rotary
evaporator, and the processes were repeated three times to remove the
excess TFA. Finally, the mixture was centrifuged at 15,000 rpm for
10 min and the supernatant was obtained.

The monosaccharide hydrolysate was analyzed by HPLC with an
Agilent Amino column (4.6 X 25cm) and a refractive index detector
(RID) detector. Mobile phases A and B (v/v, 17:83) consisted of
acetonitrile and phosphate solution, respectively. The flow rate was
1 mL/min, the temperature of the column was 35°C and the injection
volume was 20 puL.

2.8 Fourier-transform infrared
spectroscopy of PTM

Dried PTM was ground with KBr powder and then pressed into
1 mm pellets for spectroscopy measurements (Qian et al., 2009). The
crude PTM was verified by the KBr pressed-disk method with an
FT-IR spectrometer (IRPrestige—21, Shimadzu, Japan) in the wave
number range 4,000-400cm™" (An et al,, 2020). Each sample was
measured thrice.

2.9 SEM analysis of PTM

For SEM analysis, purified PTM was placed overnight in a
solution containing 3% glutaraldehyde (CsHO,), 0.1M sodium
cacodylate [(CH;),AsO,Na] at a pH of 7.4, and 5mM calcium chloride
(CaCl,), at 23°C. The sample was stained for 1 h at 23°C in 1% osmium
tetroxide (OsO,) and 1% K;Fe(CN); in a cacodylate buffer and washed
with double distilled water. The sample was dehydrated through
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10 min incubations in a graded series: two incubations each in 30, 50,
and 70% acetone, and four incubations in 90 and 100% acetone. The
coverslips were dried to the critical point and sputter-coated with 4 nm
of gold particles. Images were collected using a LEO1550 scanning
electron microscope at 2.5kV using an in-lens detector (Qian
et al., 2009).

2.10 PTM antioxidant activity assay

The DPPH radical scavenging activity of PTM was measured
according to a previously reported method (Xu et al., 2019). TwomL
of PTM solution was mixed with 2.5mL of DPPH. The mixture was
incubated for 30 min at 25°C and the absorbance of the solution at
517nm was recorded and compared with that of ascorbic acid
(vitamin C) and double distilled water.

The superoxide anion radical (O,e”) scavenging activity of
PTM was determined by using a previously reported method
(Chen et al, 2021). PTM solutions (0.5mL of different
concentrations) were mixed with 0.5mL of 25 mmol/L pyrogallol
and 2mL of 50 mmol/L Tris-HCI at 25°C for 5min. The reaction
was stopped by the addition of hydrochloric acid. The absorbance
was recorded at 560nm and vitamin C was used as a
positive control.

The hydroxyl radical (OHe) scavenging activity of PTM was
determined by a previously reported method (Devanthéry et al,
2020). A PTM solution of 1 mL was mixed with 1 mL of hydrogen
peroxide (H,O,; 9mmol/L), 1mL of salicylic acid-ethanol
(C,H¢O;+ C,H;OH; 9 mmol/L), and 1 mL of ferrous sulfate (FeSO,;
9mmol/L) solutions. The mixture was incubated for 6 min at 25°C,
and the absorbance of the solution at 510nm was recorded and
compared with that of vitamin C and double distilled water.

The ABTS radical scavenging activity of PTM was determined by
a previously reported method (Wu et al, 2020). Different
concentrations of PTM were mixed with 3 mL ABTS solution. The
mixture was incubated for 6 min at 25°C, and the absorbance of the
solution at 510 nm was recorded and compared with that of vitamin
C and double distilled water.

The scavenging activities above were determined from Equation 3.

_Ve_VO

K=
ViV

(©)

The K value was set as the ordinate and log[M] was plotted on the
abscissa as a standard curve, where M is the standard molecular
weight of glucan. The molecular weight of PTM was determined in the
same way.
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TABLE 2 Central composite design and extraction yield.

A: Material - liquidratio D: Ultrasonictemperature

B: Ultrasonictime (min) C: Power (W) Extraction yield

Experiment

‘le3s nx

SW21SAS POO4 91gRUIRISNS Ul SI913U0I

0

610 uISI13UO0L

(gmL™) (°C)
1 -1 1 1 -1 16.31
2 1 1 1 -1 15.61
3 -1 -1 1 -1 15.56
4 -1 1 -1 -1 15.55
5 -2 0 0 0 17.03
6 0 0 0 0 16.23
7 0 0 2 0 1541
8 1 -1 1 -1 15.05
9 0 0 -2 0 14.81
10 1 -1 -1 -1 15.15
11 0 0 0 0 16.19
12 1 1 -1 1 15.6
13 -1 1 1 1 16.64
14 -1 -1 -1 -1 15.04
15 -1 1 -1 -1 15.4
16 0 0 0 0 16.14
17 0 0 0 0 16.4
18 0 0 0 -2 15.15
19 1 1 -1 -1 15.75
20 1 -1 1 1 15.04
21 0 0 0 2 15.67
22 -1 -1 1 1 16.46
23 0 0 0 0 16.27
24 1 -1 -1 1 15.38
25 -1 -1 -1 1 15.62
26 0 2 0 0 16.41
27 2 0 0 0 15.61
28 0 -2 0 0 1541
29 0 0 0 0 16.11
30 1 1 1 1 15.5

S9GeeT 202 SINsy/6855°0T
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2.11 Statistical analysis

The experimental design and RSM analysis were performed
by Design Expert 8.06. All experiments were carried out thrice.
The results were analyzed by SPSS19.0 software and reported as
mean * standard deviation of the three replicates. Models with p
< 0.05 were considered to be statistically significant.

3 Results and discussion
3.1 Single-factor experiments

For an extraction time of 40 min, extraction power of 80 W, and
extraction temperature of 40°C, the effect of the solid-to-liquid ratio
on the PTM yield was studied (Figure 1A). When the ratio was
increased from 1:10 to 1:15, the PTM vyield increased from 16.32 to
16.64% and gradually decreased to 15.49% with a further increase in
the ratio. At an appropriate solid-to-liquid ratio, polysaccharides are
known to dissolve quickly under the action of ultrasonic waves
(Ferarsa et al., 2018; Pandey et al., 2018). However, with a decrease in
this ratio, the viscosity of the solution increased, making the
dissolution of PTM slightly slower and more difficult. At the same
time, for a relatively large ratio, the PTM in the solution would
be diluted, reducing the extraction yield. To improve the PTM yield
and reduce the solvent and ex-traction time simultaneously, the
optimal solid-to-liquid ratio was chosen as 1:15.

10.3389/fsufs.2024.1433565

For a solid-to-liquid ratio of 1:15, ultrasonic extraction power of
80'W, and extraction temperature of 40°C, the effect of extraction time
on the PTM yield was studied (Figure 1B). When the extraction time
was increased from 20 to 40 min, the PTM yield increased from 15.12
to 16.79%. However, the yield of polysaccharides decreases with a
further increase of the ultrasound treatment time. Excessive
ultrasound treatment May lead to the destruction of the
PTM. Therefore, the optimal extraction time was chosen as 40 min.

For a solid-to-liquid ratio of 1:15, extraction time of 40 min, and
extraction temperature of 40°C, the effect of the ultrasonic power on the
PTM yield was studied (Figure 1C). When the ultrasonic power was
increased from 80 to 150 W, the PTM yield increased from 15.23 to
16.31%; it decreased to 15.60% upon further increase of ultrasonic
power. This effect occurred due to the strong ultrasonic cavitation, rapid
breaking of smaller bubbles, and accelerated collision and diffusion of
the reactants and products under high ultrasonic power (Ferreira et al,,
2015). When the PTM concentration reached a certain threshold, a
further increase in the ultrasonic power led to PTM degradation and a
decrease in solution viscosity. This caused a reduction in the PTM yield.
Therefore, the optimal ultrasonic power was chosen as 150 W.

For a solid-to-liquid ratio of 1:15, ultrasonic power of 150 W, and
extraction time of 40 min, the effect of the extraction temperature on
the PTM yield was studied (Figure 1D). When the extraction
temperature was increased from 40°C to 60°C, the PTM yield
increased from 15.32 to 16.54% and then decreased with further
increase of the temperature. The increase in temperature will lead to
the destruction and decomposition of polysaccharide structures,

A B
17.51 18.04
17.04 17.54
- 16.5 4 ; 17.04
2 °
> =
‘S 16.0 4 ‘g 16.54
3 3
©
.;.:. 15.54 g 16.0
w w
15.0 4 15.54
145 T T T T T 15.0 T T T T T
1:10 1:15 1:20 1:25 1:30 20 30 40 50 60
Ratio of material to liquid Extraction time (min)
C D
17.04 17.01
—_ ~16.51
93 16.54 S
z S 16.0-
> 16.0 >
[ = c
2 £ 1554
o o
£ 1551 g
o i 15.04
15.04
14.54
14.54— p T T Y T 14.0 r r T : r
80 100 120 140 160 180 20 20 a0 70 80
Ultrasonic power (W) Extraction temperature (°C)
FIGURE 1
The influences of the solid-liquid ratio (A), extraction time (B), ultrasonic power (C), and temperature (D) on the yield of PTM.
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resulting in a decrease in their molecular weight and thus affecting the ~ extraction can improve the yield of PTM compared with traditional
yield of polysaccharides. Therefore, the optimal extraction temperature ~ hot-water extraction and cold-water extraction (Yin et al., 2014). In
was chosen as 60°C. addition, excessive extraction temperature and ultrasonic power will

The extraction rate of polysaccharides is affected by extraction  affect the molecular weight of polysaccharides, that is, the detailed
method, temperature, time, and solid-liquid ratio. Ultrasonic-assisted  structure of polysaccharides, thus affecting the biological activity of

TABLE 3 Analysis of variance of regression model.

Source Square sum Free degree Mean square F value p-value Significance
Model 8.68 10 0.87 7631 <0.0001 ok
X 1.87 1 1.87 164.77 <0.0001 o
X, 1.24 1 1.24 108.70 <0.0001 o
X, 047 1 0.47 41.07 <0.0001 o
X, 0.48 1 0.48 41.85 <0.0001 o
XXy 0.76 1 0.76 66.49 <0.0001 i
XX, 0.36 1 0.36 32,05 <0.0001 o
XX, 0.057 1 0.057 5.00 0.0376 i
X2 0.22 1 0.22 19.68 0.0003 o
X2 2.34 1 2.34 205.88 <0.0001 ok
X/ 1.29 1 1.29 113.02 <0.0001 o
Residual 0.22 19 0.011

Lack of fit 0.15 13 0.012 1.06 0.5025

Cor Total 0.066 6 0.011

Sum 8.90 29

*##p<0.01, *p<0.05.

A
i
ﬁ } 1703 é -
I1‘B1
B
% " 703 i )
1 ]
’ IMB" .
C
¥ |
3 |

I1703
1481

FIGURE 2

Response surface and contour plots. (A) Extraction time and solid-liquid ratio, (B) ultrasonic power and solid-liquid ratio, (C) extraction temperature
and solid-liquid ratio, (D) ultrasonic power and extraction time, (E) extraction temperature and extraction time, (F) extraction temperature and
ultrasonic power.
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polysaccharides, so it is necessary to optimize the extraction
conditions of polysaccharides.

3.2 Response surface analysis

The testing conditions for the response surface design are listed in
Table 1, and the different condition combinations and their PTM
extraction yields are listed in Table 2. By multiple regression fitting
and stepwise regression analysis of the data in Table 3, the regression
model was defined as.

Y =16.24-0.28A +0.23B+0.14C+0.14D - 0.22AC
—0.16AD -0.062BD - 0.089B2 - 0.29C2 - 0.21D2 (4)

where A, B, C, D, and Y are the coded variables for the solid-to-
liquid ratio, extraction time, ultrasonic power, extraction temperature,
and PTM vyield, respectively. The correlation coeflicient reflected the
real relationship between the factors and their response values. The R?
value of 0.9757 for this model showed that the experimental value of
the PTM extraction yield was in good agreement with the predicted
value. The p-value of the model was <0.001, implying the statistical
significance of the multivariate quadratic model (regression) equation
(Equation 4) and the reliability of the test. The p-value of the lack of
fit term was 0.5025, indicating only a small proportion of abnormal
error between the equation and the actual fit. Therefore, the model
equation reflected the real experimental process. The model was then
used to analyze and predict the changes in the PTM vyield under
different extraction conditions. The primary factors A, B, C, and D
had significant effects on the PTM yield (p<0.01). The quadratic
terms AB, BC, and CD were eliminated through the stepwise analysis
process as the interactions of AB (Figure 2A), BC (Figure 2D), and CD
(Figure 2F) were small and had negligible effects on the PTM yield. In
contrast, AC (Figure 2B), AD (Figure 2C), and BD (Figure 2E) had
significant effects on the PTM yield. The trend of the response values
was used to determine the significance of the interaction between
every two variables; an ellipse and steep slope indicated significant
interactions unlike a circle and gentle slope. Through the response
surface diagram, it could be seen that the interaction between AC and
AD was stronger than that of BD.

Through the model analysis, the optimum extraction conditions
were obtained as follows: solid-to-liquid ratio of 1:15, extraction time
of 50 min, ultrasonic power of 135.75W, and extraction temperature
of 65.5°C. In these conditions, the PTM vyield reached 16.85%.
Considering the feasibility of the operation, the ultrasonic power and
extraction temperature were adjusted to 135 W and 65°C, respectively.
In these conditions, three parallel experiments were carried out to
verify the prediction model, and the PTM yield was found to
be 16.97 £0.006%. The results showed that the model could predict
the PTM vyield well.

3.3 Molecular weight of the PTM

The standard curve equation was Y=6.0117-5.7109X
(R*=0.9901). The relative molecular weight of the PTM was
90,100 Da. The size of molecular weight is related to the activity
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of polysaccharides; however, this does not imply that the activity
is proportional to the molecular weight (Ferreira et al., 2015). It
is also necessary to analyze the biological activity of
polysaccharides by combining the characteristics of
monosaccharide composition and glycoside linkage. The
molecular weight is closely related to the solubility and bioactivity

of polysaccharides.

3.4 HPLC analysis for PTM
monosaccharides composition

The commonly found monosaccharides and polysaccharides are
shown in Figure 3A. The PTM were heteropolysaccharides
composed of fructose, mannose, glucose, and galactose with a
molar ratio of 1:2.25:9.35:5 (Figure 3B). The main chain of PTM
May be composed of glucose and galactose, while fructose and
mannose May be the constituent units of PTM branch chains. A
similar result was obtained by Chen et al. (2017) and Wang et al.
(2022) on similar polysaccharides. Some scholars have argued that
the activity of polysaccharides depends on their composition.
Polysaccharides with high glucose content have been reported to

A
5001
4004
3 4 5
; 2 " 7
E 3004
[}
[ =4
(%)
©
Q
S 200
n
Q
<
100 t
T T T T T 1
0 5 10 15 20 25 30
Time (min)
B 3
500
6
400+
S
E 3004
2 5
(%]
8 7
S 200 1
n
Q
<
100
0-
T T T T T 1
0 5 10 15 20 25 30
Time (min)
FIGURE 3
HPLC of monosaccharide standard (A) and PTM (B). 1: fructose; 2:
rhamnose; 3: arabinose; 4: xylose; 5: mannose; 6: glucose; 7:
galactose.
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have strong immune activity, whereas those with a greater variety
of monosaccharides have been shown to have high antioxidant
activity (Li et al., 2019). However, these trends are not common to
all studies and the specific relationships for PTM remain to
be determined. PTM contains glucose and galactose, and the two
monosaccharides can be separated by HPLC compared to
GC. However, the overlapping spectra of glucose, galactose,
mannose, and arabinose in 1H NMR quantification of
monosaccharides affect the integrated quantitative analysis.
Therefore, the monosaccharides composition in PTM was simply
and effectively analyzed by HPLC using an amino column.

3.5 FT-IR analysis of PTM

The structural features of the PTM were further analyzed by
FT-IR spectra (Figure 4). The polysaccharides had typical
absorption peaks in the range of 4,000 cm™" to 400 cm™. A strong
! which was the
stretching vibration peak of O-H in the sugar molecule. The peak

at 2,939 cm™! belonged to C-H stretching of CH, and CH; groups.
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FIGURE 4
FT-IR spectrum of PTM.
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Bands at both 1,740cm™ and 1,500cm™' were observed,
corresponding to symmetric and asymmetric stretching,
respectively, of C=0 (Chen et al., 2017). The absorption peak
near 1,200 cm™ to 800 cm™ was the characteristic absorption
peak of the carbohydrate (Xie et al., 2020).

3.6 SEM analysis of PTM

SEM images of PTM (Figure 5) showed flake-like, irregular
structures. Under 5,000x magnification, we observed large spacings
irregular shapes, and various forms of fragmented stacking. The
particle size was ~10 pm, with rod-shaped, flake-shaped, and spherical
components, with a smooth surface and a small internal gap. The
surface of the PTM was smooth with an intermolecular gap, possibly
due to molecular repulsion.

3.7 In vitro antioxidant activities of PTM

Antioxidants scavenge DPPH radicals by donating electrons or
hydrogen atoms to the DPPH to form stable DPPH-H compounds.
This results in a noticeable change in the color of the mixture from
purple to yellow, along with a decrease in absorbance (Ullah et al.,
2017). For PTM, a maximum scavenging rate of 64.91% was achieved
for a concentration of 1.8mg/mL, compared with 99.6% for the
vitamin C control (Figure 6A). Although the scavenging activity of
PTM was slightly weaker than that of vitamin C, it works well in high
concentrations. Thus, PTM has an appreciable scavenging capacity for
DPPH radicals.

There is a certain quantity of superoxide radicals, which are relatively
weak oxidizers in the human body. These radicals are harmless before any
chemical change, but superoxide radicals can interact with other
molecules to generate secondary ROS such as reactive oxygen species
(ROS) H,0, and OH radicals, resulting in oxidation damage to lipids,
proteins, and DNA (Dondurmacioglu et al., 2017). PTM was found to
exhibit superoxide radical scavenging in a concentration-dependent
manner (Figure 6B). The scavenging effect increased to 71.33% when the
PTM concentration was increased to 1.8mg/mL. Thus, PTM has a
significant capacity to scavenge superoxide radicals.

5.00kV 9.5mm x2.50k SE

FIGURE 5
SEM of PTM at 2500 times (A) and 5,000 times (B) magnification.
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FIGURE 6
Antioxidant activities of PTM. (A) DPPH radical scavenging activity, (B) superoxide anion scavenging activity; (C) hydroxyl radical scavenging activity;
and (D) ABTS radical scavenging activity.

Hydroxyl radicals are another representative ROS and are
found in a variety of cell species. Because these radicals can easily
inflict severe damage to cells or tissues (Chimi et al., 1991), their
removal from the body is extremely important. Hydroxyl radical
scavenging by PTM was measured based on the principle at
Fenton reaction (Figure 6C). The scavenging rate increased with
PTM concentration, reaching 60.99% at a concentration of 1.8 mg/
mL. The potential antioxidant mechanism might be due to the
capture of essential radical ions by PTM and termination of the
radical chain reaction.

ABTS radical scavenging assay is commonly used to determine the
total antioxidant activity of polysaccharides in natural products (Zhang
et al, 2017). ABTS radical scavenging by PTM enhanced with the
increase of PTM concentration (Figure 6D), reaching 76.79% at the
concentration 1.8 mg/mL. The PTM antioxidant effects determined from
the ABTS assay were positively correlated with those obtained from the
DPPH radical assay, although the scavenging power of PTM was higher
in the former assay. One can speculate that the ABTS assay might
be more suitable than the DPPH assay for evaluating highly water-
soluble polysaccharides.

4 Conclusion

In this study, we investigated a UAE technique for polysaccharide
extraction from T. matsutake. Firstly, we assessed the four main factors

Frontiers in Sustainable Food Systems

significantly affecting PTM extraction yield—solid-to-liquid ratio,
ultrasonic power, extraction time, and extraction temperature—
through single-factor experiments. Then, an orthogonal, rotatable
CCD was used to optimize the PTM extraction. The second-order
regression equation provides a satisfactory prediction of the
experimental data. The optimal conditions were chosen as follows:
solid-to-liquid ratio of 1:15, extraction time 50 min, ultrasonic power
of 135W, and extraction temperature 65°C. In these conditions, the
PTM extraction yield was 16.97%, which corresponded well with the
predicted yield value of 16.85%. The extracted PTM showed high
hydroxyl radical, ABTS and DPPH scavenging activity in vitro and
PTM could be applied as a novel natural antioxidant drug. Further
work is being conducted on the physicochemical characteristics,
structural characteristics, and biological functions of PTM.
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