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Abstract

The present study aimed to evaluate the polysaccharides extracted from Toona sinensis seeds using ultrasound-assisted deep
eutectic solvent (DES). The extracted polysaccharides (TSRP) were purified and studied for their hypoglycemic and anti-
oxidant activities. The purified polysaccharides (TSRPs-1) were hydrolyzed and derivatized to study their monosaccharide
composition. The optimum extraction conditions were DES (choline chloride to oxalic acid) at a molar ratio of 1.473:1,
ultrasound time of 50.643 min, and a material-to-liquid ratio of 1:31.838 g/mL. The ultrasound-assisted DES extraction
was more effective (56.1%) as compared to the water extraction (35.89%). The inhibition of a-glucosidase by TSRPs-1 was
42.77% at a concentration of 0.8 mg/mL. At 3.2 mg/mL, TSRPs-1 inhibited a-amylase by 34.38%. The clearance of DPPH
by TSRPs-1 was 24.36% at 3.2 mg/mL. The ICs, for ABTS-* clearance by TSRPs-1 was 0.233 mg/mL. It was shown that
the monosaccharides of TSRPs-1 were composed of Man, Rha, GIcA, GalA, Glc, Gal, Xyl, and Ara in a molar ratio of 1:56
3.13:41.81:51.20:21.81:2244.58:3.73:1130.48. In this paper, the process of extracting TSRP with ultrasound-assisted DES
was investigated and optimized. TSRPs-1 possesses certain hypoglycemic and antioxidant activities. Therefore, this paper
can provide an experimental basis for the establishment of an industrialized production process of polysaccharides and the

study of their biological activities.

Keywords Seeds of Toona sinensis polysaccharide - Ultrasonic-assisted extraction - Response surface optimization -
Biological activity - Deep eutectic solvent - Monosaccharide composition

Introduction

Seed of Toona sinensis (A. Juss.) Roem. (TSR), known as
the fruit of the Chinese Toona sinensis, is distributed widely
in China [1]. It mainly contains flavones, polysaccharides,
phenol, volatile oil, and terpenoids [2]. Due to the effect of
anti-diarrhea, antibacterial activity, and relieving rheumatic
pains, it has served as a medicinal material for almost a thou-
sand years [3]. Toona sinensis (A. Juss.) Roem. polysaccha-
ride (TSRP) is an important active substance in its active
ingredient. Polysaccharides are glycoside-bonded sugar
chains and are composed of at least 10 monosaccharides,
widely used in medicine, food, and health care products due

< Yao Wen
wenyaol69@163.com

School of Pharmacy, Guangdong Pharmaceutical University,
Guangzhou 510006, China

to their significant beneficial effect on the body [4]. How to
improve the extraction rate of TSRP has a crucial influence
in the research field of extraction of plant polysaccharide.

Deep eutectic solvent (DES) refers to a two-component
or three-component low co-melting mixture composed of a
hydrogen bond acceptor (such as quaternary ammonium salt)
and a hydrogen bond donor (such as amide, carboxylic acid,
and polyol), whose melt point is significantly lower than the
melting point of the pure substance of each component [5].
It is a non-toxic, cheap, simple to prepare, and biodegradable
green solvent that can be used to extract chemical compo-
nents from different plants [6]. The viscosity and diffusion
of DES systems affect the dissolution ability of polysaccha-
rides, so water and the molar ratio of the component were
adjusted to improve the solubility of polysaccharides [7]. At
present, there are few studies on extraction using DES, but
none of them focus on TSRP.

Polysaccharide extraction methods include enzyme
extraction, solvent extraction, ultrasonic extraction, and
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microwave extraction. However, ultrasonic extraction
combined with solvent extraction is common because
ultrasonic machine produces powerful energy, effect, and
cavitation to make the molecular thermal movement and
penetration strong. This method has the advantages of
short time-consuming, simple operation, and high extrac-
tion rate [8]. The response surface test is a method to opti-
mize the extraction process.

In summary, the search for drugs and natural products
with hypoglycemic and antioxidant activities are two hot
research topics in the field of medicine. The polysaccha-
rides of TSR have these two biological activities and are
highly valuable for application and development. There-
fore, the purpose of this study was to explore the optimal
extraction conditions of TSRP with DESs through a sin-
gle-factor experiment and response surface optimization
experiment. Also, it aimed to study the antioxidant activity
and hypoglycemic activity of TSRP in vitro and determine
the monosaccharide composition of the polysaccharide,
to provide a basis for the improvement and optimization
of industrial extraction, healthcare, and food applications
of TSRP.

Materials and methods
Materials and reagents

Toona sinensis was obtained from Guangdong Pharma-
ceutical University. n-butyl alcohol, glycol, malonic acid,
glycerol, 1,4-butanediol, oxalic acid, acetyl propionic acid,
urea, and citric acid were from Tianjin Zhiyuan Chemical
Reagent Co., Ltd. (Tianjin China). Phenol reagents and
concentrated sulfuric acid were obtained from Guangzhou
Reagent Factory (Guangzhou, China). SephadexG-75 and
DEAE-Sepharose were obtained from Lanxiao Technol-
ogy and New Materials Co., Ltd. (Xian, China). Acarbose
and p-nitrophenyl-a-p-glucopyranoside (PNPG) were pur-
chased from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Alpha-glucosidase, ABTS (2,2-diazo-
di-3-ethylbenzothiazolin-6-sulfonic acid), p-(+)-anhydrous
glucose, rhamnose, p-(+)-galacturonic acid, p-galactose,
and p-glucuronic acid were obtained from Yuanye Bio-
technology Co., Ltd. (Shanghai, China). a-amylase, DPPH
(1,1-diphenyl-3-nitrophenylhydrazine), and PMP (1-phenyl-
3-methyl-5-pyrazolone) were purchased from Maclin Bio-
chemical Technology Co., Ltd. (Shanghai, China). DNS
reagent was bought from Feijing Biotechnology Co., Ltd.
(Fuzhou, China). L-Arabinose, b-mannose, D-( +)-xylose,
and L-(—)-fucose were provided by Desi Biotechnology
Co. Ltd. (Chengdu, China). All other chemicals and solvents
were of analytical grade.
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Determination of the polysaccharide extraction rate
of TSRP

According to the previous method [9], the extraction pro-
cess was carried out. 0.5 g of TSR powder was weighed
in precision, and the extraction solvent was added with
the corresponding material-to-liquid ratio. TSRP was
extracted in an ultrasonic cleaner at the appropriate tem-
perature and power conditions. After centrifugation, the
filtrate was taken and concentrated. The TSRP precipitated
by mixing with 95% ethanol till the alcohol meter was 80%
and placed at room temperature for 12 h. The deposit was
taken, dissolved in water, and mixed with Sevag regent
(polysaccharide solution: 1,4-butanol:dichloromethane =
25:1:4). After centrifugation at 4000 r/min for 5 min, the
precipitation was abandoned and the crude TSRP solution
was acquired. Then, 100 puL of crude TSRP solution was
transferred and 0.1 mL of 5% phenol solution and 0.5 mL
of concentrated sulfuric acid solution, were added, shaking
and waiting for 15 min. The absorbance was measured at
492 nm. According to the standard curve, the polysac-
charide extraction rate was calculated according to the
following formula:

Extractionrate(%) = C X N X V/(W x 1000), (1)

where C is the mass concentration (mg/mL), N is the dilu-
tion multiple, V is the solvent volume (mL), and W is the
mass of materials (g).

Screening test of DESs

The DES was prepared following the reported method
[10]. Choline chloride (ChCl) was selected as the hydrogen
bond receptor and mixed with 8 different hydrogen bond
donors (ethylene glycol, malonic acid, glycerol, 1,4-butan-
ediol, oxalic acid, urea, acetyl propionic acid, and citric
acid) respectively at certain molar ratio (ChCl:ethylene
glycol=1:2, ChCl:malonic acid=1:1, ChCl:glycerol = 1:2,
ChCl:1,2-butanediol = 1:4, ChCl:oxalic acid =2:1,
ChCl:acetyl propionic acid=1:2, ChCl:urea=1:2 and
ChCl:citric acid=1:1). In 80 °C water bath, the material
mixture were stirred to make a uniform transparent liquid
mixture. After cooling to room temperature, the best DES
with the highest extraction rate was chosen through the pro-
cess of extracting the polysaccharides.

General water extraction method

0.5 g of TSR powder was accurately weighed, dissolved with
10 mL of distilled water, and ultrasonic for 40 min. The
color was developed by the phenol—sulfuric acid method
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to determine the extraction rate. This experiment was per-
formed in parallel three times.

Single-factor test

The material-to-liquid ratio, ultrasonic time, and molar ratio
of DES were selected as the factors of extraction of TSRP.
According to the experimental method of 2.2, the extrac-
tion process was carried out. The molar ratio included 1:1,
1.5:1, 2:1, 2.5:1, and 3:1. The ultrasonic time included 10,
30, 50, 70, 90 min. The material-to-liquid ratio included
10, 20, 30,40, and 50 mL/g. The best condition was fixed in
subsequent experiments.

Effect of molar ratio of choline chloride:oxalic acid

Weighed 0.5 g of several portions of T. sinensis powder,
added the material-to-liquid ratio of 1:20 g/mL according to
the experimental method of 2.2, choline chloride:oxalic acid
was designated as 1:1 to 3:1, and the adjusted ultrasonic time
was set at 40 min. According to the experimental method of
2.2, the extraction process was carried out. The extract was
transferred to a centrifuge tube and centrifuged to obtain the
crude extract, which was then subjected to a color develop-
ment reaction. The absorbance values at 490 nm were meas-
ured with a microplate reader, and TS's total polysaccharides
extraction rate was calculated.

Effects of ultrasonic time

Weighed 0.5 g of several portions of T. sinensis powder,
according to the experimental method of 2.2, added the
material-to-liquid ratio 1:20 g/mL, the ultrasonication time
was designated as 10 min to 90 min, and the molar ratio of
choline chloride:oxalic acid was the optimal value selected
from the above experiments. And pipetted the extract into
a centrifuge tube for centrifugation to obtain the crude
extract, then performed the color development reaction and
measured the absorbance value at 490 nm with a microplate
reader. The rate of extraction of all polysaccharides from
TS was calculated.

Effects of material-to-liquid ratio

Precisely weigh 0.5 g of several portions of 7. sinensis
powder, according to the experimental method of 2.2, the
material-to-liquid ratio of 1:10 g/mL to 1:50 g/mL was
selected, and the ultrasonic time and the molar ratio of cho-
line chloride:oxalic acid were the best values selected in the
above experiments. The extracts were transferred to centri-
fuge tubes for centrifugation respectively to obtain crude
extracts. Then the color development reaction was carried
out, and the absorbance values were measured at 490 nm

with a microplate reader to calculate the total polysaccha-
rides extraction rate of TS.

Response surface experimental design

According to the results of 2.2.3, three influencing fac-
tors, the molar ratio of DES (A), ultrasonic time (B), and
material-to-liquid ratio (C) were selected as the response
variables, and the extraction rate of TSRP (Y) was taken
as the response value. The level of the selected factors is
shown in Table 1.

Determination and verification of the best process
conditions

Under the optimal conditions obtained by the response sur-
face optimization, the extraction was conducted to determine
the best extraction yield. And the DES extraction was com-
pared with water extraction.

Isolation and purification of crude polysaccharides

The purification was conducted, as described by the previ-
ous paper [11]. After concentrating the crude extract with
a rotary meter, the concentrated solution was placed on an
evaporation dish, and placed in a water bath for 60 °C heat-
ing and drying until constant weight. The sample solution
of crude TSRP was prepared into 25 mg/mL and 10 mL of
it was added into the DEAE-Sepharose Fast Flow chroma-
tography column. With distilled water and gradient sodium
chloride as elution agent, 8 mL of eluate per tube was col-
lected at 1.8 mL/min, 50 tubes by water, and 80 tubes by
salt washing. The elution curve was developed by the phe-
nol-sulfuric acid method, and the eluate for the peak was
collected and combined.

The eluate was concentrated, and put into a dialysis bag
(retention amount is 3500 Da), with running water to dialy-
sis for 24 h, and then concentrated and dried to acquire the
material TSRPs. TSRPs were dissolved with distilled water
to make a 10 mg / mL sample solution, and 5 mL of the solu-
tion was filtrated on the column in Sephadex G-75 column.
Using distilled water as eluent, a flowing rate of 0.8 mL/min,

Table 1 Response surface factors and levels

Levels Factor
The molar ratio Ultrasound time  Material-to-
of DES (min) liquid ratio
(mL/g)
-1 1 30 20
0 1.5 50 30
+1 2 70 40
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8 mL of eluate was collected in each tube, and collected 50
tubes. The elution curve was developed by the phenol—sul-
furic acid method, and the eluate for the peak was collected
and combined.

Purity calculation

The eluate was collected by Sephadex G-75, concentrated,
and dried to make a material sample (named TPS-1), which
was weighted and dissolved with distilled water to obtain
test liquid for the determination of purity. The color was
developed by the phenol-sulfuric acid method, and purity
was calculated according to the following formula:

Purity(%) = ¢ X v X 100%, 2)
m

where c is polysaccharide concentration (mg/mL), V is the
solution volume (mL) and m is the mass of the sample (mg).

Glucose-lowering activity test
a-Glucosidase inhibitory activity assay

To determine the inhibitory activity of a-glucosidase, the
experimental protocol [12] was slightly changed. Briefly,
40 pL of sample solution (3200, 600, 800, 400, 200, 100,
50, 25, 12.5, 6.25, 3.125, and 1.5625 pg/mL) and 40 pL
of a-glucosidase solution were mixed in 96-well plates and
incubated at 37 °C for 10 min. After that, 20 pL of PNG
solution was added and reacted at 37 °C for 30 min, and 100
pL of Na,COj; solution was added to terminate the reaction.
Acarbose as a positive control, the absorbance at 405 nm
was measured three times in parallel, and a-glucosidase inhi-
bition was calculated using the following equation:

a — glucosidaseinhibitionrate(%) = [1 — (A; — A,)/Ay] X 100%,

3
where A, is the absorbance of the blank, A, is the absorb-
ance of the sample and A, is the background absorbance of
the sample.

a-Amylase inhibition activity assay

The scheme was designed to refer to the reported method
[13]. Briefly, 40 pL of sample solution (3200, 600, 800, 400,
200, 100, 50, 25, 12.5, 6.25, 3.125, and 1.5625 pg/mL) was
mixed with 40 pL of a-amylase solution, and incubated at
37 °C for 10 min. Then, 20 pL of 1% starch solution was
added and incubated at 37 °C for 10 min. DNS reagent was
added and bathed in 100 °C to stop the reaction. Finally, the
reaction liquid was diluted with 1 mL of distilled water and
the absorbance was determined at 540 nm. Acarbose was a
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positive control. a-Amylase inhibition was calculated using
the following equation:

a-Amylase inhibition rate (%) = [1 — (4; — A,)/Ay] X 100%,

“
where AO is the absorbance of the blank, A1 is the absorb-
ance of the sample and A2 is the background absorbance of
the sample.

Antioxidant activity test
DPPH radical scavenging activity measurement

The method to determine the scavenging activity of TPS-1
was described by the reported method [14]. Briefly, 150 pg
of sample solution (3200, 600, 800, 400, 200, 100, 50, 25,
12.5, 6.25,3.125, and 1.5625 pg/mL) was mixed with 50 pg
of DPPH-ethanol solution and reacted in the dark for 30 min,
with Vc as positive control and distilled water as blank con-
trol. The absorbance was measured at 517 nm. The DPPH
clearance rate is calculated as the formula described below:

DPPH clearance (%) = [1 — (A; — A,)/A)] X 100%,  (5)

where A, is the absorbance of the blank, A, is the absorb-
ance of the sample and A, is the background absorbance of
the sample.

ABTS™* radical scavenging activity measurement

The method was adjusted by the reported method [15]. Forty
microliters of sample solution (3200, 600, 800, 400, 200,
100, 50, 25, 12.5, 6.25, 3.125, and 1.5625 pg/mL) and 160
pL of ABTS-* working solution were mixed and then reacted
in the dark. VitC is a positive control, three times in parallel,
the absorbance was measured at 734 nm, and ABTS-* clear-
ance was calculated by the following formula:

ABTS *clearance (%) = [1 — (A, — A,)/A] X 100%,  (6)

where A, is the absorbance of the blank, A, is the absorb-
ance of the sample and A, is the background absorbance of
the sample.

The analysis of the monosaccharides component
of TSRP-1

Derivatization of mixed monosaccharides

The method of derivatization was slightly modified from
the previous method [16]. All the monosaccharides (glu-
cose, mannose, arabinose, xylose, fucose, glucuronic
acid, rhamnose, and galactose) were weighed precisely to
make the monosaccharide control solution (2 mM). From



Optimization of ultrasound-assisted deep eutectic solvent extraction, characterization,... 3259

every kind of control solution, 50 pL of it was taken, and
mixed with 450 pL of 0.3 M NaOH solution and 450 pL
of 0.5 M PMP-methanol solution, bathing in water at 70
°C. After cooling, 460 pL of HCI (0.3 M) to neutralize.
1 mL of chloroform was added and extracted three times
to remove the extra PMP. The water layer was taken and
filtered through a filter membrane (0.45 pm). And the
mixed monosaccharides sample was obtained.

PMP derivatization of TSRP-1

5 mg of TSRP-1 was weighed precisely and combined
with 2 mL of TFA (2 M) in a reacting tube of 10 mL,
sealed, and bathed in the oil at 120 °C for 6 h to hydrolyze
the polysaccharide into monosaccharides. The hydroly-
sis products were transferred into a 50 mL round-bottom
flask, added 6 mL of methanol, and concentrated to dry
at 65 °C with decompression. The above process was
repeated three times to remove the TFA. Then 1 mL of
deionized water was added to dissolve. 100 pL of the
hydrolysis sample was taken into a 5 mL centrifuge tube
for the derivatization, according to the method in 2.12.1.
In this experiment, HPLC was employed to analyze
the component of polysaccharide, with the use of a C
column (4.6 X250 mm) and ultraviolet detector (250 nm).
10 pL of sample solution was injected at a flow rate of
1 mL/min. The mobile phase is 0.05 M phosphate buffer
salt (KH,PO,-NaOH, pH 6.7). By applying HPLC, the
monosaccharide composition of TSRP-1 was obtained.
Calculation method of the molar ratio of every single
monosaccharide: calculate the relative correction factor
f by using the glucose control in the mixed control as the
internal standard, according to the following formula:

mA!

T Am,
n:n,:...n= Ay : Ay S _mdi
te 2 T XA XM, " f, XA XM, XA XM,
@)

where my is the quality of the glucose control, m; is
the quality of the other monosaccharide fractions, A, and
A;l are the peak area of the glucose control article and
the peak area of the other monosaccharides, respectively,
A |—A, is the peak area of each monosaccharide deriva-
tive of the hydrolyzed sample and M,-M,; is the molar
mass of each monosaccharide derivative in the hydrolyzed
sample.
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Fig. 1 Effect of different DES on the extraction rate of TSRP

Results and discussion
Screening result of DES

As shown in Fig. 1, the TSRP extracted with the DES
composed of choline chloride and oxalic acid, reached the
maximum value of extraction rate. So the choline chloride-
oxalic acid with a molar ratio of 2:1 is the best one among
the eight kinds of DES, and it achieves a higher yield than
water extraction. Different compositions of DESs contrib-
uted to varied properties of DESs including the polarity,
capability to dissolve natural compounds, viscosity, and
mobility. Thus, the extraction rate was governed by these
properties and varied when using different DESs (Panzella
et al., 2020).

Results of single-factor test
The effect of the molar ratio of choline chloride and oxalate

Molar ratio is a crucial factor for a successful DES,
because different proportions of its composition show dif-
ferent fluidity, viscosity, density, and different ability to
dissolve polysaccharides, resulting in different extraction
rates. As shown in Fig. 2A, at the ratio of 1.5:1, the poly-
saccharide extraction rate reached the maximum. When
the molar ratio is 3:1, the extraction rate improved again,
but the increasing molar ratio of DES tended to coagu-
late and crystallize, leading to a complicated process of
the extraction of TSRP [17]. At this time, the viscosity
and surface tension of DES reached the best value, so the
extraction effect is better [18]. When the molar ratio was
1:1, the extraction rate was at a low level, which is prob-
ably because the components were more likely to crystal-
ize at room temperature, thus hindering the dissolution of
TSRP [8]. Thus, the best molar ratio of 1.5:1 was chosen
for the subsequent test.
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Fig.2 Single factor analysis: A effect of molar ratio on the extraction
yield of TSRP; B effect of ultrasound time on the extraction yield of
TSRP; C effect of ratio of material-to-liquid on the extraction yield
of TSRP

Effect of time on ultrasound

As shown in Fig. 2B, the extraction rate of TSRP reached
the maximum value at 50 min, and the extraction rate gradu-
ally decreased with the ultrasound time. It is mainly because
the ultrasonic wave has powerful energy, so destroyed the
cell wall of TSR easily, promoted solvent penetration, and
accelerated polysaccharides to dissolve. Part of the reason
may be that proper time promoted the diffusion of dissolu-
tion of the polysaccharide with intensive interaction between
the solvent and the RRT powder [19]. If ultrasonic time is
too long, may destroy the polysaccharide structure of TSR,
thus reducing the polysaccharide extraction rate [20]. In this
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Table 2 Box-Behnken experimental design with results for extraction
of TSRP yield

Run Molarratio Ultrasonic Material-to-  Extraction rate (%)
time (min) liquid (mL/g)

1 1.5:1 70 40 37.6426
2 1.5:1 70 20 25.8322
3 2:1 50 20 30.439
4 1.5:1 50 30 58.9562
5 1.5:1 50 30 58.8109
6 1:1 50 20 35.3443
7 2:1 30 30 36.695
8 2:1 50 40 41.1964
9 1.5:1 50 30 54.8233
10 1:1 50 40 38.7746
11 1.5:1 30 20 24.5423
12 1.5:1 50 30 54.0511
13 1.5:1 50 30 51.1273
14 1.5:1 30 40 40.7094
15 2:1 70 30 42.9733
16 1:1 30 30 41.123
17 1:1 70 30 43.4922

experiment, 50 min of ultrasound time was used for the sub-
sequent experiments.

The influence of material-to-liquid ratio

As shown in Fig. 2C, the extraction rate of 1:30 g/mL
reached the maximum value, after which the extraction
rate of TSRP showed a downward trend. This is due to the
inability of a small amount of DES to completely wet the
TSR powder, resulting in incomplete dissolution of the pol-
ysaccharide and a low extraction rate. Oppositely, a large
solvent enabled the target compound to diffuse out of the
cell thoroughly [5]. When the material-to-liquid is too large,
too much low DES can dissolve other soluble components,
which also affects the dissolution of TSRP to a certain
extent, thus making the polysaccharides extraction effect
decrease. In this experiment, the material-to-liquid ratio of
1:30 g/mL was determined for subsequent experiments.

Test results and analysis of the response surface

Based on the extraction results of single factor tests, the
extraction rate of polysaccharide was taken as the response
value, the molar ratio (A), ultrasonic time (B), and material-
to-liquid ratio (C) as the response variables. The results of
the response surface test designed according to the Box-
Behnken principle are shown in Table 2.

Based on the results of the 17 test points of the BBD
random test, the statistical analysis was performed using the
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Design Expert 11 software, as shown in Table 2. According
to the experimental data obtained by the regression method,
the polysaccharide extraction rate (Y), molar ratio (A), ultra-
sonic time (B), and material-to-liquid ratio (C) can be fitted
to the following second-order polynomial equation: Y =55.
55 — 0.9288A +0.8588B +5.27C+0.9773AB + 1.83AC —
1.09BC — 5.11A? — 9.37B? — 14C?, in which R* is 0.9533,
indicating a good fit.

The above models were significance-tested with ANOVA,
and the results are shown in Table 3.

As shown in Table 3, the model of polysaccharide extrac-
tion rate was significant (P <0.05), and the difference in P
value of pure error was not significant (P> 0.05), indicating
that the model had a good fitting effect on the independent
variables. According to the P value of the interaction term,
the interaction effect of AB and BC was not significant.
From the F value, the order of effect is material-to-liquid
ratio > molar ratio > ultrasound time; P values of A2, B2, and
C2 are below 0.01, which shows that the three have a signifi-
cant influence on the polysaccharide extraction rate.

BBD

Using Design-Expert 11 software, the response surface map
and contour map corresponding to the interaction of each
factor were obtained. As shown in Fig. 3A to C, to predict
the interaction between variables, both types of plots can
directly reflect the results of response values under the inter-
action of various factors. The steeper the response surface or
the contour shape tends to be an ellipse, the more the inter-
action between the two factors is significant. The vertices
of the response surface are the central points of the smallest
ellipse in the contour line.

Within a certain range, with the increase of various fac-
tors, the extraction rate of TSRP gradually increases until
the response surface has the maximum value, and then the
various factors will gradually decrease. As can be seen from
the figures, the steeper of AC is obvious, indicating that
the interaction of AC is significant, while the interaction
of AB and BC is not significant. This is consistent with the
data from the ANOVA results. This was consistent with the
single factors experiments. The contour plots were ellipse,
which confirmed that these interacting variables affected the
extraction rate.

Verification of the optimal conditions

After the analysis of the response surface, it was concluded
that the optimal parameters for polysaccharide extraction of
T. sinensis were a molar ratio of 1.473:1, time of 50.643 min,
and material-to-liquid ratio of 31.838 mL/g, and the extrac-
tion rate of TSRP was 56.1%. For the convenience of opera-
tion, the molar ratio was adjusted to 1:47 g/mL, the time
was 50 min, and the material-to-liquid ratio was 31 mL/g.
After this test, the yield of TSRP was 55.9%, which was
similar to the theoretical extraction rate, proving that the
fitting degree of the model is acceptable. Compared with
the water extraction rate of 35.89%, the optimization effect
is good. This experiment not only indicated that the opti-
mal results were reliable but also proved that the extraction
method was feasible.

Therefore, according to this experiment and some other
articles, DES is a practical and excellent solvent with no
harm to the environment and high efficiency in extracting
TSRP. In other words, this method had great potential to
become a widely used way to extract TSRP, and to some

Table 3 Results of ANOVA

Source Sum of squares df Mean square F value P value

Model 0.1688 9 0.0188 15.88 0.0007 Significant
A—DMolar ratio 0.0007 1 0.0007 0.5843 0.4696
B—Ultrasonic time 0.0006 1 0.0006 0.4996 0.5025
C—Material-to-liquid ratio  0.0222 1 0.0222 18.81 0.0034

AB 0.0004 1 0.0004 0.3234 0.5873

AC 0.0013 1 0.0013 1.14 0.3218

BC 0.0005 1 0.0005 0.4017 0.5463

A? 0.0110 1 00110 9.32 0.0185

B? 0.0370 1 0.0370 31.30 0.0008

C? 0.0826 1 0.0826 69.89 <0.0001

Residual 0.0083 7 0.0012

Lack of fit 0.0038 3 0.0013 1.14 0.4340 Not significant
Pure error 0.0045 4 0.0011

Cor total 0.1771 16

P<0.01, the effect is very significant; P <0.05, the effect is significant
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«Fig. 3 3D response surface plots and contour plots showing the effect
of molar ratio and ultrasonic time (a), ultrasonic time and material-
to-liquid ratio (b), molar ratio and material-to-liquid ratio (c) on the
extraction rate of TSRP

extent, this paper provides an experimental foundation for
the research of optimizing the extraction method of TSRP.

Isolation and purification results

Crude polysaccharides were separated by the DEAE col-
umn, and an elution peak appeared in the 0 ~0.8 M NaCl
gradient. The elution map is shown in Fig. 4A. The peak
components obtained from the DEAE column were sepa-
rated and purified by the SephadexG-75 column, with a
single elution peak (named TSRPs-1). The elution map
is shown in Fig. 4B. The purified sample components in
Fig. 4A and B were tested by the phenol-sulfate method
and calculated with purity of 39.06% and 96.15%, respec-
tively, which showed that TSRPs-1 was relatively pure.

Results and analysis of the hypoglycemic activity
of TSRPs-1

As shown in Fig. 5SA, when the concentration of poly-
saccharide and acarbose gradually increased, their activ-
ity against a-glucosidase was continuously increased.
TSRPs-1 had an inhibiting effect on a-glucosidase in a
concentration-dependent manner. At a concentration of
0.8 mg/mL, TSRPs-1 inhibited a-glucosidase by 42.77%.
The ICs, of acarbose was 0.025 pg/mL. Therefore,
TSRPs-1 inhibited a-glucosidase, but its effect was much
weaker than that of acarbose.

As shown in Fig. 5B, when the concentration of
TSRPs-1 and acarbose gradually increased, their inhibi-
tion effect on a-amylase was gradually enhanced. TSRPs-1
had an inhibiting effect on a-amylase in a concentration-
dependent manner. At a concentration of 3.2 mg/mL,
TSRPs-1 inhibited a-amylase by 34.38%. The 1Cs, of
acarbose was 24.437 pg/mL. Therefore, TSRPs-1 inhib-
ited a-amylase, but its effect was much weaker than that
of acarbose. The a-amylase inhibitory activity of TSRPs-1
may be due to the presence of hydroxyl and carboxyl
groups in the sugar chain of TSRPs-1, which bind to
amino acid residues, thus binding to digestive enzymes
and inhibit enzyme activity [21].

Therefore, T. sinensis polysaccharide has the potential to
become an auxiliary hypoglycemic agent, or even replace
traditional hypoglycemic drugs to make up for their defects,
so it has a good development and application prospect. And
further studies are in urgent need.

Results and analysis of the antioxidant activity
of TSRPs-1

As shown in Fig. 6A, when the concentration of polysac-
charide and Vit C gradually increased, the clearance effect
of both on DPPH radicals gradually increased. TSRPs-1 had
a scavenging effect on DPPH. in a concentration-depend-
ent manner. At 3.2 mg/mL, TSRPs-1 inhibited DPPH- by
24.36%. The ICs, of Vit C was 4.541 pg/mL, so the TSRPs-1
had a DPPH radical removal effect, but its effect was weaker
than that of Vit C.

As shown in Fig. 6B, when the concentration of polysac-
charide and Vit C gradually increased, The removal effect
of ABTS-* radicals was constantly enhanced. TSRPs-1 had
a scavenging effect on ABTS-" in a concentration-depend-
ent manner. At 3.2 mg/mL, TSRPs-1 inhibited DPPH- by
78.74%. The 1C5, of TSRPs-1 was 0.233 mg/mL, signifi-
cantly higher than VitC (1.015 pg/mL); therefore, TSRPs-1
pair cleared ABTS -* radicals have a scavenging effect that is
much weaker than Vit C. By observing the activity of Brase-
nia schreberi polysaccharides against ABTS™ free radicals,
Xiao et al. [22] showed that the IC, value of BPL-1 was
5.46 mg/mL, which was higher than the ICs, of TSRPs-1.
TSRPs-1 had a stronger scavenging effect on ABTS™ free
radicals.

With the enhancement of health awareness, people tend
to search for a relatively safe and convenient way to improve
their physical conditions or prevent the occurrence of the
disease, and TSRPs-1 has shown the possibility of helping
people achieve this goal. Hence, attention should be paid to
the development of the application of TSRPs-1, and further
investigation should be conducted to clarify the relationship
between the structure and the function of TSRPs-1.

Analysis of monosaccharide composition

Figure 7B shows the composition of TSRPs-1 measured by
HPLC. Compared with mixed standard monosaccharides in
Fig. 7A, the conclusion can be drawn that the TPSs-1 con-
sisted of b-mannose (Man), L-thamnose (Rha), p-glucuronic
acid (GlcA), p-galacturonic acid (GalA), D (+) anhydrous
glucose (Glc), p-galactose (Gal), p-(+)-xylose (Xyl) and
L-arabinose (Ara) composition, molar ratio was 1:563.13:
41.81:51.20:21.81:2244.58:3.73:1130.48. The analysis of
monosaccharide components is the first step in the analysis
of polysaccharides. Since TSRPs-1 own some advantages
and have great potential to be a supplemental agent, the
analysis of their structure is needed, and the results of this
experiment can offer some clues to further exploring their
chemical structures and more important characteristics for
the better application of TSRPs-1.

Ultrasound-assisted DES extraction is a non-toxic, inex-
pensive, simple to prepare, and biodegradable green solvent
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and can be used to extract chemical components from dif-
ferent food matrices. There are no studies on the use of
response surface optimization DES for TSRP extraction.
Ultrasonic-assisted DES extraction presented a higher yield
of polysaccharides compared with water extraction. It was
shown that the monosaccharide composition of TSRPs-1
was Man, Rha, GlcA, GalA, Glc, Gal, Xyl, and Ara, with
a molar ratio of 1:563.13:41.81:51.20:21.81:2244.58:3.7
3:1130.48. TSRPs-1 is found for the first time. Moreover,
TSRPs-1 showed certain anti-hyperglycemic and antioxidant
activities.

Conclusions

In this paper, the ultrasound-assisted DES extraction condi-
tions were optimized with a molar ratio of choline chloride
to oxalic acid of 1.473:1, an ultrasound time of 50.643 min,
and a material-to-liquid ratio of 1:31.838 g/mL, and the the-
oretical value of extraction rate was 56.1%. The ultrasound-
assisted DES extraction was better compared with the water
extraction of 35.89%. The inhibition of a-glucosidase by
TSRPs-1 was 42.77% at a concentration of 0.8 mg/mL. At
3.2 mg/mL, TSRPs-1 inhibited a-amylase by 34.38%. The
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clearance of DPPH by TSRPs-1 was 24.36% at 3.2 mg/mL.
The ICs, for ABTS:* clearance by TSRPs-1 was 0.233 mg/
mL. Therefore, the TSRPs-1 had certain hypoglycemic and
antioxidant effects. It was shown that the monosaccharide
composition of TSRPs-1 was Man, Rha, GIcA, GalA, Glc,
Gal, Xyl, and Ara, with a molar ratio of 1:563.13:41.81:51.2
0:21.81:2244.58:3.73:1130.48. This offered a method for the
development and utilization of T. sinensis polysaccharides.
The structural analysis and the mechanism of hypoglyce-
mic and antioxidant activities of TSRPs-1 need to be fur-
ther investigated. It is hoped that more, in-depth and diverse
reports on the preparation, structural analysis, and activity
of Toona sinensis polysaccharides and their derivatives will
be available in the future.
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