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Abstract: To obtain the optimal process for the enzyme−assisted aqueous extraction of polysaccha-
rides from Acanthopanax senticosus, and study the physicochemical properties of polysaccharides
of different molecular weights, the extraction of Acanthopanax polysaccharides was optimized using
the BBD response surface test. The polysaccharides with different molecular weights were obtained
by ethanol−graded precipitation at 40%, 60%, and 80%, which were presented as ASPS40, ASPS60,
and ASPS80. The polysaccharides were analyzed by HPGPC, ion chromatography, FT−IR, UV, SEM,
TGA, XRD, Congo red, and I2−KI tests. The antioxidant assay was used to evaluate their antioxidant
properties in vitro. The findings demonstrated that the recovery rate of Acanthopanax polysaccharide
was 10.53 ± 0.682%, which is about 2.5 times greater compared to the conventional method of hot
water extraction. Based on FT−IR, TGA, polysaccharides with different molecular weights did not
differ in their structure or thermal stability. The XRD suggests that the internal structure of ASPSs is
amorphous. Congo red and I2−KI showed that all three polysaccharides had triple helix structures
with longer branched chains and more side chains. Furthermore, the antioxidant results showed the
antioxidant activity of polysaccharides is not only related to the molecular weight size but also can be
related to its composition and structure. These studies developed a green, and scalable method to
produce polysaccharides from Acanthopanax senticosus and evaluated the properties of Acanthopanax
polysaccharides of different molecular weights.

Keywords: Acanthopanax senticosus polysaccharide; enzyme−assisted aqueous extraction; different
molecular weights

1. Introduction

Acanthopanax senticosus (AS) is a shrub plant belonging to Acanthaceae, mainly dis-
tributed in Russia, Japan, Heilongjiang, and Jilin of China. AS contains multiple nutrients
and components as a medicinal and food homologous plant. AS has a variety of pharmaco-
logical activities, such as immunomodulatory [1], antioxidant [2], anti−inflammatory [3],
and anti−tumor [4]. Based on the numerous pharmacological functions of polysaccharides,
it has become a hot topic to study the extraction methods of polysaccharides to enhance
their content without destroying the active ingredients. Acanthopanax polysaccharides are
extracted mainly through hot water extraction, acid−base extraction, ultrasonic−assisted
extraction, and enzyme−assisted extraction. However, each method has its shortcomings.
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For instance, hot water extraction uses the principle of “similar compatibility” to extract
polysaccharides while other water−soluble components are also extracted, and high ex-
traction temperature results in low purity of polysaccharides, long time consumption,
and low extraction rate. The acid−base extraction method has the disadvantage of easily
destroying the structure of polysaccharides and reducing the pharmacological activity
of polysaccharides [5]. Although the ultrasonic−assisted extraction method can destroy
the cell wall of plants and improve the extraction rate, it has the problems of slow and
time−consuming temperature rise and high energy consumption [6]. Enzyme−assisted
extraction technology uses the property of enzymes to break down plant tissues and ac-
celerate the release of polysaccharides. It is an effective extraction method that is gentle,
specific, quick, high rate, environmentally friendly, and maintains the biological activity
of polysaccharides [7]. Various enzymes are widely used to extract bioactive components,
such as cellulase, pectinase, hemicellulase, and amylase. Cellulases are enzymes that break
down cellulose into glucose, cellobiose, and higher glucose polymers; Pectinases can break
down pectin compounds [8]; Hemicellulases can break down hemicellulose in plant cell
walls and accelerate polysaccharide solubilization [9]. Several studies have demonstrated
the advantages of enzymes in extracting plant polysaccharides. Gao et al. [10] extracted
E. sibiricumbulb polysaccharides with amylase, and the yield reached 59.71 ± 2.72% after
optimization of extraction conditions, which was much higher than that of hot water ex-
traction (37.25 ± 0.17%). Shi et al. [11] extracted Dendrobium polysaccharides with the aid
of a combination of cellulase and pectinase, resulting in a much higher extraction rate.
Wang et al. [12] extracted pumpkin seed polysaccharides with cellulase and compared the
yield with hot water extraction and ultrasonic extraction and concluded that the enzyme
extraction (3.22% ± 0.04%) gave a higher yield than hot water extraction (2.18%) and
ultrasonic extraction (2.29%). The molecular weights of the polysaccharides obtained by
the three extraction methods were different, indicating that the extraction methods affect
the molecular weight of polysaccharides.

The bioactivity of polysaccharides is influenced by molecular weight [13]. Screening
the molecular weight range for better activity is conducive to improving the bioavailability
of polysaccharides and developing polysaccharides with better action. Ethanol graded
precipitation method is often used to separate polysaccharides of different molecular weight
sizes. The precipitation using different ethanol concentrations can yield polysaccharide
fractions of various molecular weights, which have other properties and can be used
in different pathways [14]. Therefore, ethanol−graded precipitation is widely used. In
studying dandelion polysaccharides, one researcher used ethanol graded precipitation
method to obtain two polysaccharide fractions of DRP−2b and DRP−3a with sizes of
31.8 kDa and 6.72 kDa, respectively, and the antioxidant capacity of DRP−3a was higher
than that of DRP−2b at a concentration of 1 mg/mL, and the clearance of DPPH by
DRP−2b and DRP−3a was 28.82 ± 2.45% and 71.58 ± 3.11%, respectively [15]. Long
investigated the binding ability of different fractions of hot water−extracted Caulerpa
lentillifera polysaccharides to bile acids after graded precipitation by ethanol [16]. The
findings demonstrated that the smaller molecular weights of WCLP−55 and WCLP−75
had a much better bile acid binding ability than the other fractions [17]. In their study
of the hypoglycemic effect of senna polysaccharides precipitated from different ethanol
concentrations (20%, 40%, 60%, and 80%), they found that HP80 with the minimum
molecular weight of molecular weight showed the most potent inhibitory activity against
α−amylase and α−glucosidase when they investigated the hypoglycemic effect of senna
polysaccharides precipitated by different ethanol concentrations. Gao et al. [18] isolated
lychee polysaccharides using four different methods and discovered that those with the
highest molecular weight had the most antioxidant action. In recent years, more and more
researchers have obtained polysaccharides of different molecular weight sizes by graded
precipitation of ethanol, intending to develop a highly bioavailable polysaccharide.

At present, most of the studies on Acanthopanax polysaccharides have focused on
their pharmacological effects. Few studies have been reported on the extraction process
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and physicochemical properties of Acanthopanax polysaccharides, which are the key fac-
tors for their practical application. Therefore, it is worthwhile to conduct research into
the Acanthopanax polysaccharide extraction procedure and its physicochemical charac-
teristics. In this paper, three enzymes, cellulase, hemicellulase, and pectinase, were se-
lected for the extraction of Acanthopanax polysaccharides by the complex enzyme−assisted
hot water method. The response surface was used to optimize the extraction procedure.
Ethanol−graded precipitation was used to separate polysaccharides with different molec-
ular weights. Physicochemical properties of different molecular weights of polysaccha-
rides were compared by HPGPC, ion chromatography, FT−IR, UV, SEM, TGA, XRD,
Congo red, and I2−KI. It provides some technical support for the clinical application of
Acanthopanax polysaccharide.

2. Results
2.1. Compound Enzyme Ratio Optimization
2.1.1. Enzyme Dosage Screening

(1) The effect of cellulase dosage on polysaccharide yield

When cellulase was added from 12.5 U/g to 800 U/g, the yield of Acanthopanax
polysaccharide showed a significant trend. It may be because cellulase can loosen and
break down cell walls and reduce their mass transfer resistance, allowing polysaccharides
to precipitate easily [19]. However, the difference between the polysaccharide yield at
800 U/g and 400 U/g was insignificant (p < 0.05), and 400 U/g was selected as the best
amount of cellulase addition in combination with cost and other factors.

(2) The effect of pectinase dosage on polysaccharide yield

The polysaccharide yields increased faster when the pectinase addition was increased
from 12.5 U/g to 50 U/g. It may be because, as the amount of enzyme increases, the
contact area between the enzyme and the substrate increases, and the reaction is acceler-
ated, making the polysaccharide yield rise rapidly. The polysaccharide yield showed a
slowly increasing trend when the addition amount was increased from 50 U/g to 100 U/g.
The extraction rate reached a maximum of 8.22% at 100 U/g, and then the polysaccha-
ride extraction rate started to decrease when the pectinase addition was increased again.
This phenomenon may be because when too much enzyme is added, more reactants are
produced, inhibiting the reaction rate and decreasing the polysaccharide yield [20].

(3) The effect of hemicellulase dosage on polysaccharide yield

When the hemicellulase addition was increased from 25 U/g to 200 U/g, the yield of
Acanthopanax polysaccharide showed an increasing trend, and the extraction rate reached
the maximum value of 7.46% at the additional level of 200 U/g. The polysaccharide yield
decreased when the amount of hemicellulase was increased again, and the reason for
the change here was consistent with the effect of pectinase on the polysaccharide yield
of A. senticosus.

2.1.2. Orthogonal Optimization of Complex Enzyme Ratios

Based on the above single factors, the optimal amounts of three single enzymes (cel-
lulase, pectinase, and hemicellulase) can be derived as 400 U, 100 U, and 200 U. Using
a three−factor, three−level orthogonal experiment, the conditions for the optimal ratio
of complex enzymes were optimized. The R−values of 0.62 > 0.30 > 0.25 indicated that
cellulase had the greatest impact on the extraction rate, followed by pectinase and hemi-
cellulase. The highest polysaccharide extraction of 8.76% by cellulase can also be seen in
the single enzyme extraction test above (Figure 1A). From Table 1, it can be seen that the
highest polysaccharide yield of 9.07% was obtained in group 3, which was higher than
that of any of the single enzymes. Therefore, the optimal ratio of the complex enzyme is
cellulase:pectinase:hemicellulase = 2:1:2. From the above experiments, it can be seen that
the enzymatic effect of the combination of cellulase, pectinase, and hemicellulase is better
than that of using one of them alone, and higher polysaccharide yields can be obtained.
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Figure 1. The effect of each enzyme on the yield of polysaccharides from A. senticosus: (A) the amount
of cellulase; (B) the amount of pectinase; (C) the amount of hemicellulase. Note: a, b, and c: represent
the significance of the difference within the graph. Containing the same letter means the difference is
insignificant (p > 0.05).

Table 1. Orthogonalization test of complex enzyme ratios.

No. Cellulase (U/g) Pectinase (U/g) Hemicellulase
(U/g)

Polysaccharide
Yield (%)

1 800 100 200 8.43
2 100 100 400 7.91
3 400 200 400 9.07
4 800 200 100 8.57
5 400 50 200 8.43
6 400 100 100 8.81
7 100 200 200 8.40
8 100 50 100 8.14
9 800 50 400 9.04

K1 24.44 25.61 25.52
K2 26.30 25.14 25.26
K3 26.04 26.04 26.01
k1 8.15 8.54 8.51
k2 8.77 8.38 8.42
k3 8.68 8.68 8.67
R 0.62 0.30 0.25

2.2. Response Surface Assay
2.2.1. Single−Factor Test

(1) The effect of enzyme dosage on polysaccharide yield

The amount of compound enzyme addition is an essential factor affecting the extrac-
tion rate, and the amount of compound enzyme addition affects the polysaccharide yield.
Therefore, the addition amount was changed based on the compound enzyme ratio deter-
mined by the orthogonal test in order to examine the effect of compound enzyme addition
on the yield of polysaccharides, as shown in Figure 2A. When the addition of the enzyme
complex was increased from 600 U/g to 1200 U/g, the enzyme decreased the mass transfer
resistance for polysaccharide solubilization in the plant cells by increasing the contact
opportunity with the Acanthopanax powder and increased the polysaccharide yield. When
it was increased to 1400 U, the polysaccharide yield slowed down. Within a certain range,
the conversion rate of the substrate depends on the enzyme concentration; the greater
the enzyme concentration, the chance of contact between the enzyme and the cell wall of
the substrate plant increases, and the rate of polysaccharide yield increases accordingly.
However, with excess enzyme, the excess enzyme reduces the chance of collision between
the enzyme and the substrate, resulting in a lower reaction rate and a slower increase in
the rate of polysaccharide yield. This finding matches up with other researchers’ reports
on polysaccharide extraction [21,22]. From the viewpoint of the effectiveness and cost of
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enzymatic digestion, the optimal amount of enzyme addition for the complex enzyme is
1200 U/g.
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(2) The effect of pH on polysaccharide yield

The pH can strongly affect the conformation and activity of the enzyme [23]. There-
fore, it is vital to examine pH when investigating the optimal conditions for extracting
Acanthopanax polysaccharides by complex enzymes. A slight increase in polysaccharide
extraction was observed when the pH of the buffer was changed from 3 to 4; however,
when it was changed from 4 to 6, the extraction rate increased considerably, and the highest
polysaccharide yield of 9.48% was obtained at pH 6 (Figure 2B). This was followed by a
significant decreasing trend, which may be due to a decrease in enzyme activity at higher
pH [24]. It was shown that pH 6 was the optimal value for the extraction of Acanthopanax
polysaccharides by the complex enzyme.

(3) The effect of enzymatic digestion temperature on polysaccharide yield

Since the solubility of polysaccharides increases at higher temperatures, the extraction
rate may increase with increasing extraction temperature, and there is an optimal tem-
perature for the enzyme to act [8]. Therefore, five temperature points between 30 ◦C and
70 ◦C were selected for the test. The results showed that the polysaccharide yield gradually
increased when the extraction temperature was increased from 30 ◦C to 50 ◦C, indicating
that the appropriate increase in temperature could enhance the extraction rate of polysac-
charides. When the temperature exceeded 50 ◦C, it did not reflect higher polysaccharide
yields but decreased, possibly due to partial inactivation or denaturation of the complex
enzyme at too high a temperature [25]. This study’s best enzyme treatment temperature
was 50 ◦C.

(4) The effect of extraction time on polysaccharide yield

The processing time is also essential for extracting polysaccharides from plant material.
It will impact the final concentration of polysaccharides in the extract, extraction efficiency,
and energy cost [26]. In this investigation, extraction time was from 20 min to 80 min,
and the polysaccharides yield increased to 10.40% at 80 min (Figure 2D). Subsequently,
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the time was extended to 100 min, and the polysaccharide yields did not change much
and decreased slightly. It may be because the substrate has been entirely enzymatically
cleaved by the complex enzyme within the time of 80 min, and all the polysaccharides were
released, and further extension of the time may cause some of the polysaccharides to be
hydrolyzed [27]. For all subsequent studies, 80 min was the best enzyme extraction time.

(5) The effect of solid–liquid ratio on polysaccharide yield

The degree of enzyme action is influenced by the ambient temperature and pH and
is related to the contact area between the enzyme and the substrate. Consequently, an
adequate volume increases the contact area between the enzyme and substrate, thereby
facilitating the enzyme’s function. According to Figure 2E, when the volume was expanded
from 15 mL to 40 mL, the extraction rate kept increasing, probably because increasing the
ratio of water to raw material increases the diffusivity of the solvent into the cells and
enhances the desorption of polysaccharides from the particles [28]. The maximum 10.50%
was reached at an extraction volume of 40 mL. Continue to increase the volume to 50 mL,
and the extraction rate no longer increases, probably because too much solvent can cause
excessive raw material swelling to adsorb polysaccharides [29]. Therefore, 40 mL was
selected as the optimal extraction volume for this experiment.

2.2.2. Model Fitting Analysis

Based on a single−factor test and Box–Behnken design principles, a four−factor,
three−level response surface test was developed to optimize the ASPS extraction conditions.
Solvent pH (A), enzyme treatment temperature (B, ◦C), enzyme treatment time (C, min),
and solid–liquid ratio (D, g/mL) were used as independent variables, and the extraction
rates of ASPSs (Y, %) were used as a 29−group response variable. The results are listed in
Table 2. The following regression model was derived by fitting a quadratic regression to
the data in Table 3 using Design Expert 13 software.

Y = 10.03 − 0.17A − 0.1983B − 0.1025C + 0.8358D − 0.385AB − 0.015AC − 0.305AD + 0.0475BC − 0.6075BD
− 0.325CD − 0.7478A2 − 0.1528B2 − 0.1366C2 − 0.4391D2 (1)

where Y is the ASPS yield, A is the solvent pH, B is the enzyme treatment temperature,
C is the enzyme treatment time, and D is the solid–liquid ratio; A2, B2, C2, and D2 are
the quadratic coefficients of A, B, C, and D; and AB, AC, AD, BC, BD, and CD are the
interaction coefficients between A, B, C, and D.

Table 2. Design and results for the response surface experiment.

Run A B C D
Polysaccharide Yield Y (%)

Real Value Y Predicted Value Y’

1 −1 −1 0 0 9.03 9.12
2 0 0 −1 −1 8.41 8.40
3 0 1 1 0 9.27 9.49
4 0 −1 −1 0 10.16 10.09
5 −1 0 −1 0 9.46 9.41
6 0 0 −1 1 10.47 10.72
7 0 0 0 0 10.02 10.03
8 0 −1 0 −1 8.21 8.20
9 1 1 0 0 8.55 8.38

10 0 −1 0 1 11.19 11.08
11 1 0 0 1 9.11 9.21
12 −1 0 0 1 10.27 10.16
13 1 0 −1 0 9.20 9.10
14 0 0 0 0 10.05 10.03
15 0 1 −1 0 9.62 9.60
16 −1 1 0 0 9.50 9.49
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Table 2. Cont.

Run A B C D
Polysaccharide Yield Y (%)

Real Value Y Predicted Value Y’

17 0 1 0 −1 8.98 9.02
18 −1 0 1 0 9.20 9.23
19 0 0 1 −1 9.18 8.85
20 0 0 0 0 9.8 10.03
21 0 1 0 1 9.53 9.47
22 −1 0 0 −1 7.82 7.88
23 1 −1 0 0 9.62 9.55
24 0 0 0 0 10.25 10.03
25 0 0 0 0 10.05 10.03
26 1 0 1 0 8.88 8.86
27 1 0 0 −1 7.88 8.15
28 0 0 1 1 10.62 9.87
29 0 −1 1 0 9.62 9.79

A: pH; B: temperature; C: time; D: solid–liquid ratio.

Table 3. ANOVA for the response surface quadratic model.

Source SS DF MS F Pr > F Sig

Model 16.45 14 1.18 30.7 <0.0001 significant
A 0.3468 1 0.3468 9.06 0.0094 **
B 0.472 1 0.472 12.33 0.0035 **
C 0.1261 1 0.1261 3.29 0.091
D 8.38 1 8.38 219.07 <0.0001 ***

AB 0.5929 1 0.5929 15.49 0.0015 **
AC 0.0009 1 0.0009 0.0235 0.8803
AD 0.3721 1 0.3721 9.72 0.0076 **
BC 0.009 1 0.009 0.2358 0.6347
BD 1.48 1 1.48 38.58 <0.0001 ***
CD 0.4225 1 0.4225 11.04 0.005 **
A2 3.63 1 3.63 94.79 <0.0001 ***
B2 0.1515 1 0.1515 3.96 0.0665
C2 0.121 1 0.121 3.16 0.0971
D2 1.25 1 1.25 32.68 <0.0001 ***

Residual 0.5358 14 0.0383

Lack of Fit 0.4336 10 0.0434 1.7 0.3216 not
significant

Pure Error 0.1021 4 0.0255
Cor Total 16.99 28

Note: SS: Sum of squares; DF: Degree of freedom; MS: Mean square; Pr: Probability; ** p < 0.01, *** p < 0.001;
R2 = 0.8203, Adjusted R2 = 0.9369, Predicted R2 = 0.8436, C.V.% = 2.076.

One−way variance was performed on the data collated in Table 4 (shown in Table 5).
The model F-value is 30.7, which is highly significant (p < 0.01), and the p-value of the
out−of−fit term is 0.3261, which is not significant (p > 0.05), showing that the equation
is similar to the actual data. The above results support the model’s utility, which can be
selected for the optimal experimental design of polysaccharide extraction conditions. The
R2 result for the number of correlation coefficients was 0.8203, showing that the model
adequately described the relationship between the four parameters and the polysaccharide
extraction rate. The adjusted R2 (Radj2 = 0.9369) result suggests that the created model
is credible and that unpredictable factors account for only 0.1% of the response variable.
According to the significance criteria, it can be concluded that the primary term D and
the interaction term BD reached a highly significant (p < 0.001) level, and the secondary
terms A2 and D2 reached an important (p < 0.001) level. Based on the F-value, it can be
seen that the level of impact of each factor on the yield of polysaccharides is solid–liquid
ratio > extraction temperature > pH > extraction time.
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Table 4. Physicochemical properties of ASPS−40, ASPS−60, and ASPS−80.

Physicochemical Properties ASPS−40 ASPS−60 ASPS−80

Yields (w%) a 29.167 ± 0.567 45.602 ± 0.866 22.917 ± 0.327
Total polysaccharides (w%) a 41.811 ± 2.462 40.131 ± 0.881 67.182 ± 0.311

Reducing sugar (w%) a 5.514 ± 2.089 34.491 ± 0.438 25.171 ± 0.686
Galacturonic acid (w%) a 2.562 ± 0.041 − c − c

Total proteins (w%) a − c 4.708 ± 0.157 4.222 ± 0.165
Molecular weights (Mw, kDa) 11.762 7.890 6.433
Monosaccharide composition

(mol%) b

Arabinose 0.034 − c − c

Glucose 0.702 0.716 0.656
Galacturonic 0.023 − c − c

Fructose 0.242 0.284 0.344

Data is represented by mean ± SD, which is the mean of three replicates. a: Weight percentage. b: Molar ratio.
c: Not detected.

Table 5. The orthogonal test designs.

No. Cellulase (U/g) Pectinase (U/g) Hemicellulase (U/g)

1 800 100 200
2 100 100 400
3 400 200 400
4 800 200 100
5 400 50 200
6 400 100 100
7 100 200 200
8 100 50 100
9 800 50 400

2.2.3. Analysis of Response Surface Plots

The response surface three−dimensional curve, as shown in Figure 3, can visually
show the trend of the influence of each factor on the response value. The steeper the curve
trend in the response surface plot, the more significant the impact of the factor on the
polysaccharide yield and the smaller the influence if the movement is smooth. The shape
of the contour line reflects the degree of interaction between the two factors; an ellipse
indicates a significant interaction between the two factors, while the opposite is true if it
is circular. As can be seen from Figure 3A,C, the yield of ASPS varies significantly with
the pH–temperature and pH–solid–liquid ratio, with larger curves and elliptical contours
suggesting that the interaction of these two factors has a significant impact on the yield
of ASPS. The upper panel of Figure 3B,D shows that the contours are flatter, tending to
be planar, indicating that the pH–time and temperature–time interactions have almost
no effect on the ASPS yields. The values on the response surface contours indicate the
extraction rate in the horizontal and vertical coordinate condi-tions. From Figure 3E,F, it
can be seen that the color of the response surface pictures changed from blue to red from
right to left, indicating that the mass of the extract was gradually increasing. The response
surface’s graph was steeper, showing that the temperature–liquid and time–liquid ratios
had significant effects on the ASPS yield. These findings match Table 5’s variance analysis.
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2.2.4. Model Validation

The extraction conditions were further optimized based on model equation fitting
predictions combined with the results of the one−way and orthogonal assays described
above (Cellulase:Pectinase:Hemicellulase = 2:1:2, Complex: 1200 U/g). The optimized
polysaccharide extraction conditions were pH 6.939, extraction temperature 30 ◦C, extrac-
tion time 60 min, and material−to−liquid ratio 1:50 (g:mL), and the predicted extraction
rate under these conditions was 10.692%. Considering the practical operation, the pH
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was adjusted to 7 in the experiment, other states were kept unchanged, and three parallel
extraction tests were performed to obtain an average polysaccharide extraction rate of
10.53 ± 0.682%. The relative error between the model and the predicted value is small,
which shows that the model fits well and verifies the reliability of the model.

2.3. Ethanol−Graded Precipitation of Polysaccharides

The polysaccharide yields, total sugars, reducing sugars, proteins, and glucuronic
acid contents of each fraction (ASPS−40, ASPS−60, and ASPS−80) were determined
according to the above measurement methods. The molecular weights and monosaccharide
compositions of the three fractions were measured and analyzed, and the results are shown
in Table 4.

According to the results in Table 4, the yields of ASPS−40, ASPS−60, and ASPS−80 are
29.17± 0.57%, 45.60± 0.87%, and 22.92± 0.33%, respectively, after ethanol graded−precipitation.
ASPS−40 contains 41.81± 2.46% total sugars, 5.51± 2.09% reducing sugars, and 2.56± 0.04%
galacturonic acid, but no proteins; 40.13± 0.88% total sugars, 34.49± 0.44% reducing sugars and
4.71± 0.16% proteins in ASPS−60, and ASPS−60 do not contain galacturonic acid; The ASPS−80
contains 67.18 ± 0.31% total sugars, 25.17 ± 0.69% reducing sugars and 4.22 ± 0.17% protein,
and ASPS−80 do not contain galacturonic acid. It can be seen that most of the reducing sugars
with relatively small molecular weights are found in ASPS−60 and ASPS−80. ASPS−40 consists
mainly of arabinose, glucose, galactose, and fructose with molar ratios of 0.034, 0.702, 0.023, 0.242,
and the average molecular weight is determined to be 11.762 kDa; ASPS−60 consists mainly
of glucose and fructose with molar ratios of 0.716, 0.284 and the average molecular weight is
determined to be 7.890 kDa; ASPS−80 consists mainly of glucose and fructose with a molar ratio
of 0.656, 0.344, and the molecular weight is determined to be 6.433 kDa. Extraction by complex
enzymes and graded precipitation treatment by ethanol can cause degradation, grafting, and
cross−linking reactions of polysaccharides, changing their size and spatial conformation and
affecting their biological activity [30,31].

2.4. Fourier Transform Infrared (FT−IR) Analysis

The infrared spectra (Figure 4) show the main functional groups of the three polysac-
charides. The peak appearing at 3436 cm−1 is indexed to the −OH stretching vibration [16],
and relatively weak absorption peaks at 1588 cm−1 and 1601 cm−1 indicate the presence
of COO−, indicating a small amount of glyoxylate in the polysaccharide [32]. The small
absorption peaks appearing at 1400 cm−1 and 1406 cm−1 are variable angle vibrational
peaks of C−H, the absorption peak at 1261 cm−1 represents a double bond = SO symmetric
stretching vibrational peak [33], the absorption peaks at 1077 cm−1 and 1108 cm−1 suggest
the presence of pyranose rings [34], the fact of absorption peaks at 891 cm−1 indicates the
presence of β−glycosidic bonds [35], and the vibrational peaks at and after 620 cm−1 are
fingerprint regions. These absorption peaks are typical for polysaccharides, indicating that
the primary structure of polysaccharides extracted by complex enzymes and obtained by
ethanol precipitation is not damaged.
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2.5. UV Assay

As shown in Figure 5, the scanned UV spectra of the three polysaccharides showed that
two polysaccharides, ASPS−60 and ASPS−80, showed weak absorption peaks at 280 nm,
indicating that these two polysaccharide fractions contained a small amount of protein,
which was consistent with the protein results measured in Table 6.
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Table 6. Box–Behnken experimental design.

Factors
Level

−1 0 1

A pH 5 6 7
B Temperature (◦C) 30 50 70

C Time (min) 60 80 100
D Solid–liquid ratio (g/mL) 1:30 1:40 1:50
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2.6. TGA Analysis

TGA was used to characterize the thermal properties of the polysaccharides. As
shown in Figure 6, the weight change trends of the three polysaccharides are in the range
of 30–400 ◦C. The weight loss of polysaccharides has three different stages, and the first
stage of weight loss occurs at 75–150 ◦C, with 5.12%, 5.23%, and 3.72% loss in ASPS−40,
ASPS−60, and ASPS−80, respectively, mainly due to the evaporation of free and bound
water. The second stage occurs at 150–280 ◦C and is the leading weight loss stage, with
ASPS−40, ASPS−60, and ASPS−80 losing 11.36%, 16.87%, and 16.48% of the total weight,
respectively. In the last step, it can be seen from the DTG curve that 300 ◦C is the fastest
temperature for weight loss rate, and the weight loss rate slows down significantly when
the temperature is more significant than 300 ◦C. The residual masses of ASPS−40, ASPS−60,
and ASPS−80 after loss are 65.36%, 63.64%, and 64.74%, respectively. It shows that the
thermal stability of the ASPS is good.
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2.7. SEM Assay

SEM is an effective method for measuring the surface shape of polymers, including
polysaccharides. The 5000× electron microscopy images of ASPS−40, ASPS−60, and
ASPS−80 are presented in Figure 7. It can be observed that the surface of ASPS−40 is
rough and has irregular bumps; ASPS−60 is a lumpy structure with different sizes and
sharp edges; ASPS−80 has a smooth texture and a “drawn” shape. The results showed that
the three polysaccharides with different molecular weights obtained by ethanol−graded
precipitation have other morphological structures.
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2.8. X-ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) is a significant technique utilized for the characterization of
polymer crystal structures, enabling deeper analysis of polysaccharide structures [36]. In
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general, crystalline materials appear as sharp narrow diffraction peaks, whereas amorphous
components appear as broad peaks [37]. The X-ray diffraction (XRD) results of the ASPSs
are shown in Figure 8. This indicates that the overall crystallinity of ASPSs is low and
there are no obvious peaks. These results suggest that the internal structure of ASPSs is
amorphous and that ethanol−graded precipitation affected the structure of ASPSs.
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2.9. Congo Red and I2−KI Test

Congo red is a quick approach for identifying polysaccharide conformations, which
changes its maximum apparent absorption peak in the presence of helical structures in
polysaccharides [38]. Figure 9a shows the results of the Congo red test for the three Acan-
thopanax polysaccharide fractions, and the maximum UV absorption peaks of ASPS−40,
ASPS−60, and ASPS−80 showed a red shift compared to the Congo red control, indicat-
ing the presence of triple helix conformation for all three polysaccharide fractions [39],
which is consistent with the findings of Mohammed et al. [40]. The different trends in the
maximum absorption peaks of the three polysaccharide fractions in NaOH solutions of
different concentrations showed that the stability of the conformation is related to the size
of the molecular weight [41], and the maximum absorption peaks of the polysaccharides
gradually decreased when the NaOH concentration gradually increased, indicating that
the hydrogen bonds were broken by the alkaline solution [42].
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The I2−KI test can be used to determine whether polysaccharides include relatively
lengthy, multi−branched structures. I2

′s absorption summit changes from 350 nm to 565 nm
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when polysaccharides with fewer branches and shorter side chains bind to it [43]. As shown
in Figure 9b, the absence of absorption peaks near 565 nm in ASPS−40, ASPS−60, and
ASPS−80 solutions in the figure indicates that all three fractions of polysaccharides have
a complex structure with more branches and longer side chains in the backbone and no
starch [44].

2.10. In Vitro Antioxidant Activity Assay
2.10.1. ABTS Free Radical Scavenging Capacity

In the ABTS radical scavenging assay (Figure 10a), the IC50 of ASPS−40, ASPS−60,
and ASPS−80 was 18.11 mg/mL, 19.86 mg/mL, and 10.53 mg/mL, respectively, and
the scavenging ability of the three polysaccharide fractions was: ASPS−80 > ASPS−40 >
ASPS−60. The scavenging of ABTS radicals by all three polysaccharide fractions increased
rapidly with increasing concentration, with ASPS−80 showing a more vital scavenging
ability, indicating that the smaller the molecular weight of the polysaccharide, the stronger
the scavenging capacity of ABTS radicals, which is consistent with previous findings [45].
At 40 mg/mL polysaccharide concentration, the scavenging rates of ABTS radicals by
ASPS−40, ASPS−60, and ASPS−80 were 94.14%, 83.19%, and 99.10%, respectively.
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2.10.2. DPPH Free Radical Scavenging Capacity

In the DPPH radical scavenging assay (Figure 10b), the IC50 of ASPS−40, ASPS−60,
and ASPS−80 were 5.174 mg/mL, 1.172 mg/mL, and 2.355 mg/mL, respectively, and
the scavenging ability of the three polysaccharide fractions was: ASPS−60 > ASPS−80 >
ASPS−40. The scavenging rate of DPPH radicals by ASPS−40 and ASPS−80 showed a
linear increase with increasing concentration, and the increased slope is more significant
for ASPS−80. Conversely, the scavenging rate of DPPH radicals by ASPS−60 increased
rapidly with increasing concentration and then leveled off. The IC50 of ASPS−60 is the
smallest, indicating that its ability to scavenge DPPH radicals was the strongest, probably
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related to its higher reducing sugar content. At the 5 mg/mL polysaccharide concentration,
the maximum DPPH radical scavenging rates of ASPS−40, ASPS−60, and ASPS−80 are
51.52%, 91.89%, and 86.73%, respectively.

2.10.3. Fe2+ Chelating Activity of ASPSs

Transition metals were stronger prooxidants due to their higher reactivity and could
aggravate cellular damage. Fe2+ chelating is an antioxidant mechanism and commonly used
in antioxidant research [46]. As shown in Figure 10c, the Fe2+ chelating activity of ASPS−40,
ASPS−60, and ASPS−80 increased from 19.55%, 21.26%, and 33.05% to 33.72%, 24.75%,
and 74.03%, respectively, when the concentration of three polysaccharides increased from
1 to 5 mg/mL. The IC50 values of ASPS−40, ASPS−60, and ASPS−80 are 9.033 mg/mL,
25.006 mg/mL, and 2.618 mg/mL. Interestingly, ASPS−80 shows a strong chelating ability
for Fe2+, while ASPS−40 and ASPS−60 are weaker, which might be related to the smaller
molecular weight of ASPS−80 [47].

2.10.4. H2O2 Radical Scavenging Activity Assay

In the H2O2 radical scavenging assay (Figure 10d), at a concentration of 5 mg/mL,
with the same concentration of Vc as a control, it can be seen that the scavenging ability of
ASPS−40, ASPS−60, and ASPS−80 for H2O2 is 25.00%, 50.00%, and 43.33%, respectively,
whereas the scavenging rate of Vc for H2O2 reached 95.00%. This indicated that all ASPSs
have a weak scavenging ability for H2O2, and the test is stable and repeated three times
with almost no error.

3. Materials and Methods
3.1. Materials and Chemicals

A. senticosus was obtained from Limin Pharmacy (Liaocheng, China), ground into a
powder using a grinder (H8422, Hebei Huicai Technology Co., Ltd., Hebei, China), and
sieved through a 60−mesh sieve. Cellulase (1 × 104 U/g), Pectinase (3 × 104 U/g), and
Hemicellulase (2× 105 U/g) were purchased by Shanghai Macklin Biochemical Technology
Co., Ltd. (Shanghai, China). All other reagents were at least of analytical grade.

3.2. Preparation of A. senticosus Polysaccharide

The powder (1.0 g) was precisely weighed and placed in a clay−shaped bottle. The
enzyme quantity, solid–liquid ratio, enzymatic digestion time, enzymatic digestion temper-
ature, and pH were analyzed in a constant−temperature water bath boiler. After enzymatic
digestion, the solution was heated to 95 ◦C for 5 min to activate the enzyme. Filtration
was performed with filter paper, and the filtrate was collected to obtain the polysaccha-
ride extracts. The extraction solution was added 95% ethanol to reach an 80% ethanol
final concentration and then left at 4 ◦C overnight. After the alcoholic precipitation, the
polysaccharide extract from A. senticosus was obtained by centrifugation and drying. The
polysaccharide yields were determined using the following equation:

Polysaccharide yield% (W/W) =
weight of polysaccharides
weight of AS root powder

× 100 (2)

3.3. Experimental Design
3.3.1. Single Factor Experiment

In order to determine the optimal dosage of each enzyme, tests were carried out according
to the optimal enzymatic conditions for the three enzymes (pectinase temperature 50 ◦C, pH
3.4, cellulase temperature 50 ◦C, pH 5, hemicellulase temperature 30 ◦C, pH 5). A total of 1.0 g
of Acanthopanax powder was precisely weighed to screen the amount of cellulase addition
(25 U/g, 50 U/g, 100 U/g, 200 U/g, 400 U/g), pectinase addition (12.5 U/g, 25 U/g, 50 U/g,
100 U/g), hemicellulase addition (25 U/g, 50 U/g, 100 U/g, 200 U/g, 400 U /g), respectively.
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3.3.2. Compound Enzyme Ratios Optimized by Orthogonal Experiment

Based on the above single−factor test results, we used the orthogonal test L9(33) to
design the optimal concentration ratios of cellulase, pectinase, and hemicellulase. The
fixed extraction conditions were as follows: the solid–liquid ratio was 1:40 (g/mL), the
extraction temperature was 50 ◦C, the extraction time was 60 min, and the pH was 5.0. The
experimental design is shown in Table 5. The experiment was conducted in nine groups of
parallel tests, and the extracts were collected and treated according to the method in 3.2.

3.3.3. Single−Factor Experiment

The 1.0 g of Acanthopanax powder was weighed precisely. The five factors were inves-
tigated according to the optimal compound enzyme ratio determined by the orthogonal
test, which included the amount of compound enzyme (600 U/g, 800 U/g, 1000 U/g,
1200 U/g, 1400 U/g), enzymatic pH (3, 4, 5, 6, 7), enzymatic temperature (30 ◦C, 40 ◦C,
50 ◦C, 60 ◦C, 70 ◦C), enzymatic time (20, 40, 60, 80, 100 min), solid–liquid ratio (1:15, 1:20,
1:30, 1:40, 1:50). The polysaccharide yield was determined according to the steps in 3.2, and
the extraction was conducted in triplicate.

3.3.4. Response Surface Test

Based on single−factor tests, the original range of independent variables was chosen.
A four−factor, three−level response surface experiment was designed utilizing the re-
sponse surface methodology (RSM) and Box–Behnken design (BBD). The enzyme treatment
pH, temperature, time, and solid–liquid ratio were used as independent variables, and the
extraction rate of polysaccharides was used as the dependent variable. These are shown
in Table 6.

3.3.5. Validation Tests

Three repetitions of enzyme−assisted aqueous extraction of Acanthopanax polysac-
charides using the optimal conditions derived from the response surface.

3.4. Ethanol−Graded Precipitation of Polysaccharides

The optimum technique for extracting Acanthopanax polysaccharides was utilized for
the extraction procedure based on the experiments mentioned above. The extraction liquid
was mixed with 95% ethanol until it had a final concentration of 80% ethanol in water,
and then put in a refrigerator at 4 ◦C for 12 h. Remove the supernatant to obtain crude
polysaccharide. By adding the right amount of distilled water, the polysaccharide was
dissolved. It was then deproteinized with the Sevage method, depigmented with H2O2,
and then precipitated with 80% ethanol to get pure polysaccharide. Add distilled water to
dissolve the purified polysaccharide, add 95% ethanol to the ethanol final concentration
of 40%, rest for 12 h at 4 ◦C in the refrigerator, centrifuge at 3000 r/min for 5 min, and the
supernatant was separated, the precipitate was placed at 105 ◦C and dry for 1.5 h to obtain
ASPS−40. The supernatant was added with 95% ethanol to 60% ethanol concentration and
left to stand for 12 h at 4 ◦C in the refrigerator. The subsequent operation was the same as
above to obtain ASPS−60 and ASPS−80.

3.5. Component Analysis

The phenol−sulfuric acid method was employed to measure the total amount of
sugar, with glucose serving as a reference [48]. The Coomassie Brilliant Blue G−250
staining method was used to determine the protein content with bovine serum albumin
as standard [49]. The glucuronide content was determined by the m−hydroxyphenyl
colorimetric method using D−glucuronide as a standard [50].

3.6. Molecular Weight Determination

HPGPC determined the molecular weights of ASPS−40, ASPS−60, and ASPS−80. The
samples and standards were carefully weighed, the samples were made into a 5 mg/mL
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solution, spun at 10,142× g for 10 min, and the supernatant was filtered through a 0.22 µm
microporous filter membrane. The sample was then put into an injection tube with 1.8 mL.
The chromatographic column used in this study was a BRT105−104−102 tandem gel
column with dimensions of 8 × 300 mm. The mobile phase employed was a 0.05 M NaCl
solution, and the flow rate was set at 0.6 mL/min. The column temperature was maintained
at 40 ◦C throughout the experiment. A volume of 25 µL was injected into the column, and
the detector used was the Differential detector RI−10A.

3.7. Monosaccharide Composition Analysis

The 5 mg of sample was placed in an ampoule, 3 M trifluoroacetic acid (TFA) 2 mL
added, and hydrolyzed at 80 ◦C for 3 h. The acid hydrolysis solution was accurately
aspirated, transferred to a tube with nitrogen blowing, and dried. 5 mL of water, vortexed
to mix and centrifuged at 10,142× g for 5 min. The supernatant was taken into the ion
chromatograph for analysis.

The chromatographic column used in this study was the Dionex Carbopac TM PA20,
with dimensions of 3 × 150 mm. The mobile phase consisted of three components: A,
which was composed of H2O; B, which contained 15 mM NaOH; and C, which consisted of
a mixture of 15 mM NaOH and 100 mM NaOAc. The flow rate of the mobile phase was set
at 0.3 mL/min. A volume of 25 µL was injected into the column. The column temperature
was maintained at 30 ◦C throughout the experiment. An electrochemical detector was
employed to detect and analyze the compounds.

3.8. Fourier Transform Infrared (FT−IR) Analysis

The dried sample (1.0 mg) was mixed with 150 mg of KBr powder, uniformly ground,
and pressed, and then FT−IR spectra were recorded from 400 to 4000 cm−1 using a Nicolet
iS10 FT−IR spectrometer (Thermo Fisher Shanghai, China).

3.9. UV−Vis Spectroscopy

The UV−vis spectra of the polysaccharide solutions were recorded in the range of
200–500 nm using a UV−vis spectrophotometer (Nano Ready F−1100 Shanghai Metash
Instruments Co., Ltd., Shanghai, China).

3.10. Thermogravimetric Analysis

Thermogravimetric analysis was performed in the temperature range of 30 ◦C–400 ◦C
with a scanning speed of 10 ◦C/min using a NETZSCH 209 F1 instrument German, N2
environment.

3.11. SEM Analysis

This study compared the morphological characteristics of three different molecular
weights polysaccharide by uniformly attaching the dried powder to the sample stage and
spraying gold. Imaging was performed using a scanning electron microscope (Tokyo,
Japan, Electron Optics Laboratory jsm−it100) at an accelerating voltage of 15.0 kV and a
magnification of 5000×.

3.12. X-ray Diffraction (XRD) Analysis of ASPSs

The X-ray diffractograms were taken with a D8 Advance X-ray diffractometer utilizing
copper lamp radiation (Cu−Ka) at 15 mA and 40 kV, 2◦/min, 5–70 ◦C.

3.13. Congo Red and I2−KI Test

Congo red (80 µmol/L, 2.0 mL) was mixed with polysaccharide solution (2.0 mg/mL,
2.0 mL), and a specific volume of NaOH solution (1 mol/L) was added to make the final
concentration of NaOH between 0.0 mol/L and 0.5 mol/L. After the reaction at room
temperature for 5 min, the maximum absorption wavelength (λmax) was measured using a
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UV−Vis spectrophotometer (Nano Ready F−1100 Shanghai Metash Instruments Co., Ltd.,
Shanghai, China).

The I2−KI test involved mixing I2−KI (0.2%, 8.0 mL) with polysaccharide (2.0 mg/mL,
2.0 mL) and recording the absorbance at 300–700 nm with a UV−Vis spectrophotometer
(Nano Ready F−1100 Shanghai Metash Instruments Co., Ltd., Shanghai, China).

3.14. Analysis of Antioxidant Activity
3.14.1. ABTS Radical Scavenging Activity Assay

A described approach was slightly modified to test the abilities of polysaccharides to
scavenge ABTS radicals [51]. The samples (4 mL) at different concentrations (5, 10, 20, 30,
40 mg/mL) were mixed with 5.8 mL of ABTS working solution. Then, the mixtures were
shaken and kept at room temperature for 30 min in a dark room. The absorbance of the
mixture was measured at 734 nm with a UV spectrophotometer. The same concentration
of Ascorbic acid (Vc) was used as the positive control. Anhydrous ethanol was used as a
blank control. The ABTS scavenging activity was calculated using the following formula:

Scavenging activity (%) =
A1 − (A2 −A3)

A1
× 100 (3)

where A1, A2, and A3 were the absorbances of the ABTS blank, sample, and control,
respectively.

3.14.2. DPPH Radical Scavenging Activity Assay

Polysaccharides were tested for their DPPH radical−scavenging activities using a
previously reported slightly modified [52]. In brief, 2.0 mL of samples at different concen-
trations (0.5, 1, 2, 3, 4, 5 mg/mL) was added to 2.0 mL of a methanolic solution (0.2 mM) of
DPPH. The mixture was shaken and mixed and then reacted in the dark for 30 min. The
absorbance of the mixture was measured at 517 nm. The same concentration of Ascorbic
acid (Vc) was used as the positive control. Anhydrous ethanol was used as a blank control.
The experiment was conducted in triplicate. This scavenging activity was calculated by
following the equation.

Scavenging activity (%) =
B1 − (B2 − B3)

B1
× 100 (4)

where B1, B2, and B3 were the absorbances of the DPPH control, sample, and blank,
respectively.

3.14.3. Fe2+ Chelating Activity

The Fe2+ chelating capabilities of ASPSs were mildly modified [53]. For each sample
(400 µL), 50 µL of FeCl2 solution (2 mM), 100 µL of ferrozine solution (5 mM), and 2 mL
of methanol were combined. The mixture was agitated well, reacted for 10 min at room
temperature, and measured at 562 nm with ethylenediaminetetraacetic acid disodium salt
as a positive control. The following formula calculated Fe2+ chelating activity.

Fe2+ chelating activity (%) =
C1 − (C2 −C3)

C1
× 100 (5)

where C1, C2, and C3 were the absorbances of the control, sample, and blank, respectively.

3.14.4. H2O2 Radical Scavenging Activity Assay

The ability to remove H2O2 was determined according to the reported method with
minor modifications [54]. A solution was created with 1 mL of freshly made H2O2
(0.1 mmol L−1), 1 mL of diluted polysaccharide, 0.1 mL of ammonium molybdate (3% w/v),
10 mL of H2SO4 (2 mol L−1), and 7 mL of KI (1.8 mol L−1). The mixture was titrated with
Na2S2O3 (5 mmol L−1) until the yellow color faded. For comparison, the removal capacity
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of L−ascorbic acid at the same sample concentration was determined. The removal activity
was calculated according to the following equation:

Scavenging activity (%) =
V0 −V1

V0
× 100 (6)

where, V0 was the volume of the Na2S2O3 solution used to titrate the control mixture and
V1 was the titration volume of the sample−containing mixtures.

3.15. Statistical Analysis

The Box–Behnken experimental design was designed with Design−Expert 13, the
graph was plotted with Origin 2021, and the data were analyzed with SPSS statistical
software version 24.0. The results were shown as the mean ± standard deviation, and the
data were analyzed using a one−way ANOVA.

4. Conclusions

The polysaccharides from A. senticosus had been extracted from the Acanthopanax root
by enzymolysis−assisted hot water. The study showed that the content and extraction
rate of Acanthopanax polysaccharides could be significantly improved. After optimiza-
tion, the polysaccharide extraction rate from A. senticosus was 10.53 ± 0.682%, which was
about 2.5 times higher than that of hot water extraction, and the polysaccharide content
was directly affected by enzymolysis. Three polysaccharide fractions, namely, ASPS−40,
ASPS−60, and ASPS−80, were obtained by ethanol−graded precipitation, and the three
polysaccharide fractions differed significantly in total sugar, protein, and glyoxylate con-
tents. ASPS−60 had the highest polysaccharide yield, ASPS−40 contained glyoxylate,
and glucose and xylose were the main monosaccharides constituting the three polysaccha-
rides. The FT−IR and TGA results showed that the three polysaccharides did not differ
in structure and thermal stability, but SEM showed that the three polysaccharides had
distinctly different microstructures. The XRD suggests that the internal structure of ASPSs
is amorphous. The Congo red test proved that all three polysaccharides have a triple helix
structure, and the I2−KI test confirmed that all three polysaccharides have longer branched
chains and more side chains. The results of antioxidant tests conducted by four methods
showed that the antioxidant activity of polysaccharides is not only related to the molecular
weight size but also can be related to its composition and structure. This study can improve
the yield of Acanthopanax polysaccharides and provide a research direction and reference
for further development and utilization of A. senticosus.
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