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Abstract: This study aimed to isolate polysaccharides from Penthorum chinense Pursh and evaluate
their rheological characteristics, physicochemical properties, and antioxidant activity. The optimal
conditions for the maximal extraction yield of Penthorum chinense Pursh polysaccharides (4.05± 0.12%)
were determined by employing a single-factor test and response surface methodology which included
an extraction time of 3 h, a liquid–solid ratio of 20 mL/g, and three separate extraction times. The rhe-
ological experiments showcased that the P. chinense polysaccharides exhibited typical shear-thinning
behavior, with their apparent viscosity being influenced by various parameters such as concentration,
pH, temperature, salt content, and freeze–thaw. The purified polysaccharides (PCP-100), having an
average molecular weight of 1.46 × 106 Da, mainly consisted of glucose (18.99%), arabinose (22.87%),
galactose (26.72%), and galacturonic acid (21.89%). Furthermore, the PCP-100 exhibited high thermal
stability and displayed an irregular sheet-like morphology. Its superior reducing power and free
radical scavenging ability implied its significant antioxidant activity in vitro. Collectively, these
findings provide important insights for the future application of P. chinense polysaccharides in the
food industry.

Keywords: Penthorum chinense Pursh polysaccharides; extraction; rheological properties; physicochemical
properties; antioxidant activity

1. Introduction

The extracts of natural plants widely distributed in nature, such as flavonoids, saponins,
and polysaccharides, exert significant influences on many diseases’ pathological processes,
as well as the aging process [1,2]. Among them, polysaccharides, as natural polymers
composed of ketoses or aldoses linked by glycosidic bonds, have been proven to exhibit
varied biological activities including hypoglycemic, antioxidant, antitumor, and antico-
agulating activities [3,4]. Previous studies have indicated that the extraction methods are
closely associated with the yields, biological activities, and physicochemical properties
of polysaccharides [5]. Among these methods, hot water extraction technology has been
widely chosen for the extraction of polysaccharides owing to its simple operation, low
price, and easy mass production [6]. The exploration of rheological properties, which play
multiple crucial roles in processes such as drying, blending, calefaction, and filtration, is
beneficial for the application of natural polysaccharides in the food and pharmaceutical in-
dustries [7]. It is well accepted that the rheological properties of polysaccharides vary with
various variables, such as shear rate, concentration, temperature, pH, and ionic strength,
and so it is highly important to clarify the effects of single or combined factors [8].

For centuries, traditional herbal plants have been acknowledged as bountiful sources
of polysaccharides. At present, several polysaccharides have been isolated and identified
from various parts of herbal plants, such as branches, seeds, leaves, roots, fruits, and
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flowers [9]. Penthorum chinense Pursh, named “Ganhuangcao” in Chinese, is an edible plant
belonging to the Saxifragaceae family and is predominantly found in Eastern Asia [10].
For millennia, the Hmong people settled in Gulin County, Luzhou City, Sichuan Province,
have referred to P. chinense as the “immortal herb” [11]. Nowadays, the consumption of
P. chinense tea has been increasingly adopted to alleviate symptoms caused by excessive
alcohol intake and to treat conditions such as cholecystitis and infectious hepatitis. Several
studies have reported the presence of diverse bioactive compounds in P. chinense, includ-
ing flavonoids, steroids, polysaccharides, phenylpropanoids, and organic acids [12,13].
Recently, P. chinense polysaccharides have attracted growing scientific attention. Some
scholars have successfully separated P. chinense polysaccharides via water extraction and
enzymatic hydrolysis, respectively. Moreover, the structures and biological activities of
P. chinense polysaccharides have been further explored [14,15]. Cold-water-soluble P. chi-
nense polysaccharides were prepared in our previous study, and their anti-hepatocellular
carcinogenic activity was also validated both in vitro and in vivo [16].

However, relatively little research has been performed on P. chinense polysaccharides
compared to flavonoids and polyphenols. Interestingly, there are few reports about the
physicochemical properties and rheological behaviors of P. chinense polysaccharides. There-
fore, we optimized the hot water extraction process for P. chinense polysaccharides and
further evaluated the effects of multiple parameters on their rheological behaviors. Subse-
quently, a homogeneous polysaccharide (PCP-100) was isolated by column chromatography
and its physicochemical properties were analyzed based on its molecular weight, chemical
composition, surface functional groups, and monosaccharide composition. The crystalline
structure and surface morphology of PCP-100 were observed by X-ray diffraction (XRD)
and scanning electron microscopy (SEM), respectively. In addition to its thermodynamic
properties, the antioxidant activity of PCP-100 was further studied to assess the potential
application of P. chinense polysaccharides in the food industry.

2. Materials and Methods
2.1. Materials

P. chinense leaves were obtained from Gulin, Luzhou, Sichuan, China. Bovine serum
albumin (BSA), galacturonic acid, glucose, T-series dextran standards, standard monosaccha-
rides, Sephadex G-200, ascorbic acid (VC), 2,2′-Azinobis-(3-ethylbenzthiazoline-6-sulphonate)
(ABTS), and a total phenol assay kit were purchased from Solarbio Science & Technology
Co., Ltd. (Beijing, China). Calcium chloride (CaCl2), sodium chloride (NaCl), salicylic acid,
2,2-Diphenyl-1-picrylhydrazyl (DPPH), potassium ferricyanide, ferric chloride (FeCl3), and
ferrous sulfate (FeSO4) were supplied by Macklin Biotechnology Co., Ltd. (Shanghai, China).
All other reagents utilized were of analytical grade.

2.2. Preparation of Polysaccharide

Before extraction, dried P. chinense leaves were smashed into a powder, sieved through
a 60-mesh sieve, and then refluxed with petroleum ether to remove the lipids. The defatted
powder was mixed with ultrapure water at different liquid–solid ratios of 5~40 mL/g,
followed by extraction at 100 ◦C for different times (1~5 h). After repeated extractions for
different times, the supernatant was collected by centrifugation and concentrated in vacuo
by rotary evaporation. Subsequently, anhydrous ethanol was added to the concentrate
until reaching a 60% final concentration, and the mixture was incubated at 4 ◦C to collect
the polysaccharide precipitation. After being washed with ether, acetone, and anhydrous
ethanol, the polysaccharides were thoroughly mixed with Sevage reagent (chloroform: n-
butanol = 4:1) to remove the proteins. Next, the polysaccharide solution was transferred to a
dialysis bag with a 10 kDa cut-off and dialyzed with ultrapure water for 72 h. The dialysate
was collected and lyophilized to obtain the polysaccharides as HPCP. The yield of HPCP
was calculated as follows: yield (%) = weight of HPCP (g)/weight of dry powder (g) × 100.
Finally, the HPCP was further purified on a SephadexG-200 column (16 mm × 40 cm) and
eluted with ultrapure water to obtain the purified polysaccharide named PCP-100.
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2.3. Single-Factor Experiment Design

In this study, the effects of extraction time (1~5 h), liquid–solid ratio (5~40 mL/g),
and number of extraction times (1~5) on polysaccharides yields were investigated. Only
one parameter was changed in each experiment while holding the others constant. All
experiments were conducted in triplicate.

2.4. Response Surface Experimental Design

According to the results of the single-factor analysis, the liquid–solid ratio, extraction
time, and number of extraction times were used as the three variables (X1, X2, and X3)
and grouped into three levels (−1, 0, and +1). The 17-run Box–Behnken experimental
design (BBD) with three-factor and three-coded levels are shown in Table 1. Meanwhile,
the relationships of the variables were assessed by quadratic model.

Table 1. Box-Behnken experimental design and the results.

Number
Liquid–Solid

Ratio (X1)
(mL/g)

Extraction Time
(X2)
(h)

Number of
Extraction Times

(X3)
Yield (%)

1 (1)30 (−1)2 (0)3 2.97
2 (0)20 (0)3 (0)3 4.17
3 (0)20 (1)4 (1)4 3.75
4 (0)20 (−1)2 (−1)2 3.03
5 (1)30 (0)3 (1)4 3.66
6 (1)30 (0)3 (−1)2 3.50
7 (0)20 (0)3 (0)3 4.23
8 (0)20 (−1)2 (1)4 3.16
9 (0)20 (0)3 (0)3 4.11

10 (−1)10 (−1)2 (0)3 2.63
11 (0)20 (0)3 (0)3 3.95
12 (−1)10 (0)3 (−1)2 3.18
13 (0)20 (0)3 (0)3 4.14
14 (−1)10 (0)3 (1)4 3.38
15 (0)20 (1)4 (−1)2 3.42
16 (1)30 (1)4 (0)3 3.33
17 (−1)10 (1)4 (0)3 3.08

2.5. Rheological Determination

A rheometer (MARS 60, Haake, Vreden, Germany) equipped with heating system
and a 35 mm 1◦ taper plate geometry (53 µm gap) was used to perform the steady shear
viscosity tests. Various concentrations (0.5~10%, w/v) of the HPCP were dissolved in
ultrapure water, after which the apparent viscosities were measured over a shear rate
between 1 and 1000 s−1 at 25 ◦C. The effects of other parameters such as pH (1, 3, 5, 9,
and 11), NaCl and CaCl2 concentrations (0.05%, 0.1%, 0.25%, 0.5%, and 1%), freeze–thaw
treatment, and temperature (5 ◦C, 25 ◦C, and 45 ◦C) on the apparent viscosity of 4% HPCP
were evaluated under the same conditions. In addition, the effect of temperature on the
apparent viscosity of 4% HPCP was analyzed at a shear rate of 10 s−1 and a heating rate of
approximately 10 ◦C/min.

2.6. Characterization Analysis of the PCP-100
2.6.1. Chemical Composition Analysis

Taking glucose as the standard, the total carbohydrate content was assessed by the
phenol-sulfuric acid method [17]. In addition, the content of uronic acid in the PCP-100 was
measured using the m-hydroxydiphenyl colorimetric method with galacturonic acid as
the standard [18], while that of the protein was determined according to the Bradford
method by using bovine serum albumin as the standard [19]. The total phenolic content
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was measured with the Folin–Ciocalteu method using gallic acid (GAE) as a reference [4].
The ultraviolet and visible spectrum (UV) were recorded from 200 nm to 400 nm.

2.6.2. Molecular Weight Analysis

High performance gel permeation chromatography (HPGPC) (Agilent Co., Santa Clara,
CA, USA) was applied in the determination of the homogeneity and average molecular
weight of the PCP-100, which was combined with a refractive index detector (RID) and
a TSK-gel G4000 PWxl column (7.8 mm × 300 mm). After filtration through a 0.22 µm
membrane, 20 µL of PCP-100 solution (0.8 mg/mL) was injected into the HPGPC system
and carried out with ultrapure water at flow rate of 0.6 mL/min. The average molecular
weight was calculated from a calibration curve, which was constructed by reference to
T-series dextran standards (T10, T40, T70, T500, and T2000).

2.6.3. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

The characteristic groups of the PCP-100 were captured by an FT-IR spectrometer
(VECTOR-220, Bruker Co., Ettlingen, Germany) in the range of 4000 to 400 cm−1. Briefly,
150 mg of KBr was mixed with 1 mg of PCP-100 and then pressed into a KBr-polysaccharide
pellet for measurement.

2.6.4. Monosaccharide Composition Analysis

Ion chromatography was employed to determine the monosaccharide composition of
the PCP-100, and it was coupled to a Dionex Carbopac PA20 column (150 mm × 3 mm)
and a Dionex pulsed amperometric detector. The PCP-100 (1 mg) was hydrolyzed by
adding trifluoroacetic acid (2 M, 1 mL) for 3 h at 110 ◦C. Following drying under nitrogen,
the hydrolysate was mixed thoroughly with methanol to completely remove the excess
trifluoroacetic acid. Subsequently, the hydrolysate was diluted with ultrapure water, and
the injection volume was 1 mL. The mobile phase consisted of two solvents, in which
mobile phase A was sodium hydroxide and mobile phase B was sodium acetate in sodium
hydroxide. The flow rate was set at 0.4 mL/min and the column temperature was set
at 30 ◦C. The monosaccharide composition was determined by matching them with the
retention times of standard monosaccharides. Accordingly, the monosaccharides in the PCP-
100 were quantified based on the peak areas of the standard monosaccharides, including
fucose, rhamnose, arabinose, galactose, glucose, xylose, mannose, ribose, galacturonic acid,
and glucuronic acid.

2.6.5. Crystallinity Analysis

The crystalline structure of the PCP-100 was measured using X-ray diffraction (XRD)
(Smartlab-3kw, Rigaku, Tokyo, Japan). After being fully ground, the PCP-100 was fixed on
an XRD plate and scanned from 6◦ to 90◦ at a rate of 2◦/min using copper as the target.

2.6.6. Thermal Analysis

The thermal properties of the PCP-100 were measured using a thermogravimetric
analyzer (TGA) (Q50, TA, USA). We placed 5 mg of the PCP-100 in the crucible and
examined it in the range of 30~600 ◦C with increments of 10 ◦C/min and a nitrogen flow
rate of 20 mL/min. Otherwise, a differential scanning calorimeter (DSC) (Netzsch, Selb,
Germany) was selected to assess the thermal stability. The PCP-100 was scanned from
25 ◦C to 200 ◦C at a rate of 10 ◦C/min with 20 mL/min of nitrogen flow.

2.6.7. Morphological Analysis

The morphological characteristics of the PCP-100 were detected using scanning elec-
tron microscopy (SEM) (SU1510, Hitachi, Tokyo, Japan). Before observation, the PCP-
100 was first uniformly sprayed onto conductive carbon adhesive tape, and then we
performed a gold-spray treatment.
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2.7. Antioxidant Activities of the PCP-100
2.7.1. ABTS Radical Scavenging Activity

The free-radical scavenging capacity of the PCP-100 was analyzed using an ABTS
test with a minor modification [20]. We mixed 7 mM ABTS with potassium persulfate
(2.45 mM) and reacted it at 25 ◦C for 12 h in dark. Then, this reaction solution was diluted
until its absorbance reached 0.7 ± 0.05 at 734 nm. Subsequently, different concentrations
(0.05~6.4 mg/mL) of Vc or the PCP-100 solutions were prepared as samples, and 10 µL of
the samples were incubated with 200 µL of diluent at 25 ◦C for 6 min. Finally, the absorbance
was measured, and the scavenging rate was calculated using following equation:

Scavenging rate (%) = [A0 − (A1 − A2)]/A0 × 100, (1)

where A0 was the blank absorbance of the sample that was replaced by water, A1 was the
sample’s absorbance, and A2 was the control absorbance of the ABTS that was replaced
by water.

2.7.2. DPPH Radical Scavenging Activity

The activity of the PCP-100 on scavenging DPPH radicals was assayed using a pre-
viously described method, with some modifications [21]. Different concentrations of Vc
or the PCP-100 solutions (0.05~6.4 mg/mL) were prepared as samples. Then, 1.6 mL of
0.2 mM DPPH ethanol solution were fully mixed with 0.4 mL of the samples, and the
reaction mixture were incubated in the dark for 30 min. Finally, the absorbance was read at
517 nm, and the scavenging rate was calculated using the following equation:

Scavenging rate (%) = [A0 − (A1 − A2)]/A0 × 100, (2)

where A0 was the blank absorbance of the sample that was replaced by water, A1 was the
sample’s absorbance, and A2 was the control absorbance of the DPPH that was replaced
by ethanol.

2.7.3. Hydroxyl Radical Scavenging Assay

A hydroxyl assay was also performed to assess the free-radical scavenging capacity
of the PCP-100 [22]. Briefly, the mixed systems were composed of salicylic acid–ethanol
(6 mM, 0.2 mL), various amounts of Vc or PCP-100 (0.05~6.4 mg/mL, 0.2 mL), FeSO4 (6 mM,
0.2 mL), and hydrogen peroxide (0.1%, 0.2 mL). After being kept at 37 ◦C, the absorbance
was read at 510 nm, and the scavenging rate was calculated using the following formula:

Scavenging rate (%) = [A0 − (A1 − A2)]/A0 × 100, (3)

where A0 was the blank absorbance of the sample that was replaced by water, A1 was the
sample’s absorbance, and A2 was the control absorbance of the hydrogen peroxide that
was replaced by water.

2.7.4. Reducing Power Assay

To measure the reducing power of the PCP-100, 0.5 mL of potassium ferricyanide
trichloroacetic acid (1%, w/v) and 0.5 mL of phosphate buffer (0.2 M, pH 6.6) were added
to 0.2 mL of the various sample concentrations. The reactions were carried out at 50 ◦C for
20 min and terminated by the addition of trichloroacetic acid (10%, 0.5 mL). Then, 100 µL
of the supernatants were collected by centrifugation and mixed thoroughly with water
(100 µL) and FeCl3 (0.1%, 20 µL). A higher absorbance, which was recorded at the 700 nm,
indicated a better reducing power.
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2.8. Statistical Analysis

The statistical analyses were conducted with Origin, Design-Expert 10, GraphPad
Prism 6.0, and SPSS 19.0 software. All data were evaluated by one-way analysis of variance,
followed by a Duncan’s test. A p-value of < 0.05 was regarded as statistically significant.

3. Results and Discussion
3.1. Single-Factor Experiment Analysis

Different liquid–solid ratios (5, 10, 20, 30, and 40 mL/g) were used during the extrac-
tion process for the HPCP. As indicated in Figure 1A, the yields of HPCP increased along
with the increases in the liquid–solid ratio from 5 to 20 mL/g. This could be attributed
to the fact that at lower liquid–solid ratios, the diffusivity of the polysaccharide particles
was enhanced with the increasing solvent volumes [23]. However, further increases in the
liquid–solid ratio caused declines in the HPCP yields due to the loss of polysaccharide
molecules caused by the presence of large amounts of extraction solvent [24]. Therefore,
20 mL/g was chosen as the central value for the RSM experiments.
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The effects of the different extraction times (1, 2, 3, 4, and 5 h) on the yields of HPCP
are presented in Figure 1B. It was observed that the yields of HPCP initially increased
with increasing the extraction time from 1 to 3 h, but beyond 3 h, the yields declined.
In alignment with the results above, the yields of Platycodon grandiflorus polysaccharides
started to decline after reaching the optimum extraction time [25]. This decline could be
attributed to the degradation of the polysaccharides induced by prolonged treatment in
a high-temperature environment [7]. Hence, 3 h was selected for further optimization.
As shown in Figure 1C, a significant increase in the yield of HPCP occurred when the
number of extraction times was increased from one to three. Thereafter, the yields of
HPCP increased slowly with the increasing number of extraction times. Based on the
yield and cost, three times was regarded as the optimum number of extraction times for
further analysis.

3.2. Optimization of the Extraction Process of the Polysaccharides
3.2.1. Model Fitting

Based on the above results, liquid–solid ratios ranging from 10 to 30 mL/g, extraction
times ranging from 2 to 4 h, and number of extraction times ranging from two to four were
selected to optimize the extraction of the HPCP via response surface methodology. Using
Design-Expert 10 software to perform the multiple regression analysis, the response and
test variables were related by the following quadratic polynomial function:

Y = 4.12 + 0.15X1 + 0.22X2 + 0.10X3 − 0.023X1X2 − 0.01X1X3 + 0.05X2X3 − 0.51X1
2 − 0.60X2

2 − 0.18X3
2. (4)
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To evaluate the significance levels of the model equations, p-values and F-tests were
used. As shown in Table 2, a high F-value (58.97) and a low p-value (<0.0001) indicated
that the regression model was extremely significant. Additionally, the lack of fit values
for the p-value and F-value were 0.9260 and 0.15, respectively, which implied that the lack
of fit was not significant relative to the pure error. The important value of the adequate
precision (23.60) and the minor value of the coefficient variation (C.V.) (2.38%) implied that
the experimental values had great reliability [26]. Moreover, the determination coefficient
(R2) (0.9870) and adjusted determination coefficient (R2adj) (0.9702) were close to one,
indicating a significant correlation between the predicted and experimental values [7].

Table 2. ANOVA for the quadratic response surface model.

Source Sum of
Squares

Degrees of
Freedom

Mean
Square F-Value p-Value Significance

Model 3.71 9 0.41 58.97 <0.0001 **
X1 0.18 1 0.18 25.35 0.0015 **
X2 0.4 1 0.40 57.36 0.0001 **
X3 0.084 1 0.084 12.04 0.0104 *

X1X2 0.002 1 0.002 0.29 0.6069
X1X3 4 × 10−4 1 4 × 10−4 0.057 0.8177
X2X3 0.01 1 0.01 1.43 0.2704
X1

2 1.11 1 1.11 159.17 <0.0001 **
X2

2 1.53 1 1.53 219.82 <0.0001 **
X3

2 0.13 1 0.13 18.73 0.0034 **
Residual 0.049 7 0.007 - -

Pure error 0.044 4 0.011 - - -
Lack of fit 0.0049 3 0.002 0.15 0.9260
Cor Total 3.75 16 - - -

R2 0.9870
R2adj 0.9702

Adequate
precision 23.60

C.V. (%) 2.38

Note: * p < 0.05 was considered significant and ** p < 0.01 was considered extremely significant.

3.2.2. Statistical Analysis

Table 2 demonstrates that the coefficients (X1, X2, X3, X1
2, X2

2, and X3
2) had low

p-values (p < 0.05) and were significant. Furthermore, by examining the order of the p-
values of the three independent variables, it was clear that extraction time was the most
crucial factor affecting the yield of HPCP. The ANOVA results coincided with the analysis
of the response surface. Similar to previous study, the response surface and contour plots
are presented in Figure 2, which further explicate the correlation between the dependent
and independent variables [27].
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3.2.3. Verification of the Predictive Model

Based on the aforementioned experimental results, the optimal conditions for extract-
ing polysaccharides from Penthorum chinense Pursh were a liquid–solid ratio of 21.37 mL/g,
an extraction time of 3.19 h, and 3.32 extraction times, leading to a predicted yield of
4.17%. Considering the convenience of the actual operational procedure, the experimental
conditions were modified as follows: liquid–solid ratio of 20 mL/g, extraction time of 3 h,
and three extraction times. Subsequently, validation experiments were implemented under
the modified conditions, and the actual experimental yield was 4.05 ± 0.12%, which was
close to the predicted value. This suggested that the prediction model was appropriate for
polysaccharide extraction from Penthorum chinense Pursh.

3.3. Rheological Properties Analysis
3.3.1. Effect of Concentration on Rheological Properties

Figure 3A,B depicts the steady rheological properties of the HPCP at different concen-
trations and shear rates, which ranged from 1 to 1000 s−1. The apparent viscosity of the
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polysaccharides exhibited a concentration-dependent effect, which was related to biopoly-
mer chain aggregation, intermolecular entanglement, and interfacial film formation [28]. At
low concentrations (0.5%, 1%, and 2%), the viscosity of the HPCP remained nearly constant
as the shear rate increased from 100 to 1000 s−1, indicating that the P. chinense polysaccha-
rides followed Newtonian flow behavior. However, with higher concentrations (above 2%),
the system’s viscosity decreased progressively with increasing shear rates, indicating that
the HPCP had shear thinning behavior at these concentrations. In general, higher shear
rates can result in a polymer solution’s greater directional flow, with hydrodynamic size
changes, leading to a decrease in the apparent viscosity of the polysaccharides [29]. Similar
shear-thinning flow behavior has also been observed in other plant-derived polysaccha-
rides, such as those extracted from Dendrobium officinale [30] and cactus pear fruits [31],
where the viscosity generally increased with increasing polysaccharide concentrations. The
viscosity characteristics of P. chinense polysaccharides can offer more convenience in food
production and transportation processes.
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3.3.2. Effect of pH on Rheological Properties

pH is a key viscosity parameter of the rheological properties of polysaccharide solu-
tions. The rheological properties of P. chinense polysaccharides were evaluated at different
pH conditions by adjusting 4% HPCP with HCl and NaOH. As shown in Figure 3C,D, both
alkaline and acidic conditions differentially altered the rheological behavior of the HPCP
such that the viscosity significantly increased when the pH was increased to 11. As an
acidic polysaccharide, the 4% HPCP had a pH of 5.69. With a decrease in pH from 5.69 to
1, there was a viscosity change in HPCP that first increased and then decreased, which
was consistent with an early study on litchi pulp polysaccharides [32]. This phenomenon
may have been due to the addition of small amounts of acid, which strengthened the
intermolecular hydrogen bonds, thus increasing the interchain interactions and apparent
viscosity [33]. However, strongly acidic conditions may cause the breakdown of polysac-
charides or changes in their molecular structure, which can result in a decrease in apparent
viscosity [34].

3.3.3. Effect of Temperature on Rheological Properties

It was previously shown that increased temperatures would lead to reductions in
the rheological properties, particularly for apparent viscosity [35]. The relationship be-
tween apparent viscosity and shear rate at different temperatures is displayed in Figure 3E.
The HPCP exhibited the non-Newtonian behavior of shear-thinning at 5 ◦C, 25 ◦C, and
45 ◦C. Meanwhile, higher apparent viscosity was observed at 5 ◦C, and the HPCP exhib-
ited lower levels of viscosity at 45 ◦C. The effect of continuously increasing temperatures
on the rheological properties at a shear rate of 10 s−1 are presented in Figure 3F. Con-
tinuous increases in temperature in the range of 5◦ C to 47 ◦C led to decreases in the
viscosity of the HPCP, but the viscosity showed an increasing tendency when the temper-
ature increased from 47 ◦C to 60 ◦C. Given the above results, it could be speculated that
P. chinense polysaccharides could maintain their structure at low temperatures because of
the hydrogen bonding and entanglement between polymers. As the temperature increased,
the molecular thermal motion was enhanced, and bonding forces, including hydrophobic,
hydrogen, and electrostatic bonds, were inhibited, resulting in a gradual decrease in the
apparent viscosity of the system [36]. Meanwhile, the evaporative water loss at high tem-
peratures may have caused an increase in the concentration of the system, which may led
to an increase in the apparent viscosity.

3.3.4. Effect of Salt on the Rheological Properties

The role of salt in the polysaccharides’ rheological properties is diverse, and it is
closely related to the polysaccharides’ structures, as well as concentration and type of salt.
The effects of 0.05~1% NaCl and CaCl2 on the rheological properties of the 4% HPCP are
presented in Figure 4A–D, respectively. The apparent viscosity of the HPCP decreased
slightly as the various concentrations of NaCl were added, which could be attributed
to the presence of Na+ inducing a salting-out effect, thus reducing the polysaccharide
concentrations [37]. The non-significant decreasing trend also implied that the P. chinense
polysaccharides could remain relatively stable in an environment containing NaCl. In this
study, CaCl2 caused a significant concentration-dependent increase in the polysaccharides’
apparent viscosity. Upon the addition of 1% CaCl2, the apparent viscosity of the HPCP
increased to 0.35 Pa.s at a 10 s−1 shear rate, which was approximately five times higher than
that of the initial polysaccharides (0.07 Pa.s). This significant effect of CaCl2 on the HPCP
might be ascribed to the formation of a network structure by combining divalent ions with
carboxyl groups [38]. Beyond this, the addition of CaCl2 may also have blocked the electro-
static repulsion between the groups and promoted intermolecular associations, ultimately
leading to an increase in the apparent viscosity of the P. chinense polysaccharides [39].
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3.3.5. Effects of the Freeze–Thaw Treatments on the Rheological Properties

Freeze–thaw variations are widely recognized as unavoidable phenomena in the
transport and storage of food, and it will cause food dehydration. The rheological properties
of the 4% HPCP, stored at 25 ◦C, 4 ◦C, and−20 ◦C for 24 h, followed by warming at 30 ◦C for
2 h, were examined to determine the effects of freeze–thaw variations [40]. The results are
illustrated in Figure 4E,F. In comparison, there was no obvious difference in the apparent
viscosity of the HPCP between the 25 ◦C and 4 ◦C treatments. However, a significantly
higher apparent viscosity was observed after the −20 ◦C treatment, implying that the
entangled macromolecules during freezing did not fully relax after thawing, ultimately
leading to an increase in the apparent viscosity [41].
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3.4. Physicochemical Properties Analysis of the PCP-100
3.4.1. Chemical Composition Analysis

The chemical composition of the PCP-100 is summarized in Table 3. The total sugar
and protein contents of the PCP-100 were 89.01 ± 1.39% and 3.08 ± 0.35%, respectively, as
measured by the phenol-sulfuric acid and Bradford methods. In addition, the total phenolic
content of the PCP-100 was detected as 0.23 ± 0.01 mg GAE/100 mg. In agreement with
the results of the component analysis, the weak absorption peaks at 260~280 nm on the UV
spectrum (Figure 5A) also indicated that the PCP-100 contained trace amounts of nucleic
acids, proteins, and phenols. Based on the m-hydroxydiphenyl colorimetric assay, the
PCP-100 was found to contain uronic acid (29.69 ± 1.15%), indicating that the PCP-100 was
an acidic polysaccharide.

Table 3. Physicochemical properties and monosaccharide composition of the PCP-100.

Item Value

Physicochemical property
Polysaccharide content (%) 89.01 ± 1.39

Uronic acid content (%) 29.69 ± 1.15
Protein content (%) 3.08 ± 0.35

Total phenol content (mg GAE/ 100 mg) 0.23 ± 0.01
Molecular weight (Da) 1.46 × 106

Monosaccharide composition (%)/molar ratio
Rhamnose 4.22/1.00
Arabinose 22.87/5.41
Galactose 26.72/6.32
Glucose 18.99/4.49
Xylose 1.44/0.34

Mannose 0.67/0.16
Ribose 2.08/0.49

Galacturonic acid 21.89/5.18
Glucuronic acid 1.10/0.26
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3.4.2. Molecular Weight Analysis

Since molecular weight affects polysaccharide configuration and morphology, its deter-
mination is crucial in the study of polysaccharides. As shown in Figure 5B, the PCP-100 was
eluted into a single symmetrical peak, indicating that the PCP-100 was a homogeneous
polysaccharide. According to the calibration curve of the dextran standards (y = −0.3392x
+ 9.231, R2 = 0.9980), the average molecular weight of the PCP-100 was calculated to be
approximately 1.46 × 106 Da, which was lower than that obtained previously [16]. A
similar result was previously reported, where Astragalus membranaceus polysaccharides
extracted at 4 ◦C had higher molecular weights than those extracted at 100 ◦C [42]. This
may have been attributed to the structural degradation or conformational changes in the
polysaccharides induced by high temperatures, which eventually led to decreased molecu-
lar weights [43]. Similarly, the average molecular weight of the PCP-100 was lower than that
of the polysaccharides prepared at 85 ◦C [14]. In addition, the average molecular weight of
the PCP-100 was higher than that of the polysaccharides reported by Lin et al., which may
have been due to differences in the raw material sources and extraction methods [15].

3.4.3. FT-IR Spectra Analysis

FT-IR spectroscopy is regarded as an extensively applied technique that reflects in-
formation about characteristic groups of polysaccharides. The FT-IR results displayed in
Figure 5C reveal the typical absorption peaks of the PCP-100. The two absorption peaks
at 3420.12 cm−1 and 2922.67 cm−1 were assigned to the stretching vibration of O–H and
C–H, whereas the peak near 1234.52 cm−1 represented the C–H deforming vibration [44].
A peak at 1632.55 cm−1 represented the stretching vibration of C=O, and the absorption
peaks in the 1000~1200 cm−1 range could be ascribed to C–O–C stretching vibrations,
indicating that the PCP-100 contained pyranose [45]. These are all common characteristic
peaks of polysaccharides. Additionally, the peak detected at 1746.69 cm−1 was attributed
to the uronic acid component, which was in line with the composition analysis results [46].
The presence of obvious absorption peaks corresponding to α- and β-configurations were
observed at 831.84 cm−1 and 916.82 cm−1, respectively.

3.4.4. Monosaccharide Composition Analysis

As showcased in Figure 6A and Table 3, galactose (26.72%) was the predominant
monosaccharide in PCP-100, while arabinose (22.87%), glucose (18.99%), and galacturonic
acid (21.89%) were also present in relatively high amounts. Otherwise, smaller amounts of
rhamnose (4.22%), xylose (1.44%), glucuronic acid (1.10%), mannose (0.67%), and ribose
(2.08%) were also detected in the PCP-100. The molar ratios of the above monosaccha-
rides were calculated as 6.32:5.41:4.49:5.18:1:0.34:0.26:0.16:0.49. Despite great similarities
in the monosaccharides’ compositions, the PCP-100 showed a striking difference in the
monosaccharides’ percentages compared to the P. chinense polysaccharides extracted in
previous studies. Among them, the PCP-100 had a higher glucose fraction compared to the
P. chinense polysaccharides extracted at 4 ◦C [16]. The percentages of xylose and mannose in
the PCP-100 were significantly lower than those of the P. chinense polysaccharides prepared
by enzymatic extraction [15]. In general, the differences in monosaccharide compositions
and ratios may have been affected by the origins of the raw materials and the extraction
methods used in the different studies.
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3.4.5. Crystallinity Analysis

The semi-crystalline and crystalline structures of polysaccharides are strongly related
to a variety of biophysical properties, including tensile strength, swelling, and solubility [47].
XRD patterns can deliver information about the bulk phase structures of biomaterials, and
thus, they are broadly required in biopolymers analyses. As showcased in Figure 6B, the
PCP-100 exhibited a “bun-shaped” peak within the range of 10~30◦ (2θ), indicating that the
PCP-100 had a semi-crystalline structure. Similarly, the polysaccharides derived from Zingiber
officinale Roscoe [48] and mung bean skin [49] also exhibited semi-crystalline structures.

3.4.6. Thermal Properties Analysis

Heat treatment is an indispensable part of food processing, and so it is important to assess
the thermal stability of polysaccharides for their practical applications. The TGA and DSC
curves of the PCP-100 are shown in Figure 6C,D. The weightlessness of the PCP-100 in the
TGA curve can be attributed the loss of water at approximately 90 ◦C and the strong thermal
decomposition reaction of the polysaccharides in the range of 220~350 ◦C, respectively. This
result was in accordance with those of other studies on polysaccharides [4,50]. In addition,
the endothermic peaks for the PCP-100 were captured in a DSC scan, which was ascribed to
the evaporation of water [51]. After a comprehensive analysis that combined the TGA and
DSC results, the PCP-100 had good thermal stability at temperatures below 200 ◦C, indicating
that it could adapt to the high temperature treatments.

3.4.7. Morphological Properties Analysis

SEM images of the PCP-100 at different magnifications are presented in Figure 6E.
The PCP-100 had a pure flaky morphology with an irregular curl, which is believed to
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be the most common surface morphology of polysaccharides. It has been shown that
strong attractions between functional groups may cause the aggregation of polysaccharide
chains, leading to the appearance of the flake structure [52]. The smooth surface of the
PCP-100 could be captured at a high magnification. Previous studies have shown that
polysaccharides’ morphologies are correlated strongly with their rehydration performance,
and smooth surfaces could reduce the solubility of polysaccharides [53].

3.5. Antioxidant Activities of the PCP-100

There is a growing body of evidence suggesting that polysaccharides derived from
natural sources possess potent antioxidant activities both in vitro and in vivo. The antioxi-
dant properties of these polysaccharides are inextricably linked to their reducing abilities,
metal ion chelating, and free-radical scavenging potential. Consequently, ABTS, DPPH,
and hydroxyl radical scavenging and ferric reducing assays were conducted to estimate
the antioxidant activity of the PCP-100.

3.5.1. ABTS Radical Scavenging Activity

Figure 7A illustrates the effect of the PCP-100 on the ABTS radical scavenging ability.
A scavenging percentage of 61.68% was observed at a concentration of 4 mg/mL PCP-100,
with no significant change in the radical scavenging rate as the concentration was further
increased. The half-maximal effective concentration (EC50) value of the PCP-100 for ABTS
radical scavenging activity was 2.81 mg/mL, which was lower than those of persimmon
peel and turmeric polysaccharides [54,55]. In addition, the EC50 value of Vc towards
the ABTS radical scavenging ability was 0.10 mg/mL. At the same concentration, the
scavenging activity of the PCP-100 on ABTS radicals was lower than that of the Vc. Our
results aligned with those reported by Chou et al., where Pholiota nameko polysaccharides
exhibited efficient ABTS radical scavenging in a concentration-dependent manner [56].
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3.5.2. DPPH Radical Scavenging Activity

Given its stability, the DPPH radical serves as a useful tool for assessing the free radical
scavenging abilities of natural polysaccharides. Figure 7B shows the gradual increase in
the DPPH radical scavenging rate from 6.98% to 72.60% with increasing concentrations of
the PCP-100 (in the range of 0.05 mg/mL to 6.4 mg/mL). With regard to DPPH radicals,
the EC50 values of the PCP-100 and Vc were calculated as 1.47 mg/mL and 0.10 mg/mL,
respectively. Although the EC50 value of the PCP-100 was higher than that of Vc, it was
lower than those of the polysaccharides from pinus koraiensis and flammulina velutipes [57,58].
Yang et al. found that most polysaccharides could scavenge DPPH free radicals due to
the hydrogen donation by their hydroxyl groups [59]. The scavenging activity of the
PCP-100 against DPPH ions also corroborated this previous finding.

3.5.3. Hydroxyl Radical Scavenging Activity

The hydroxyl radical, one of the most reactive radicals generated during metabolic
processes in living organisms, can damage vital biological molecules such as proteins and
nucleic acids, disrupt biological equilibrium, and lead to various diseases [60]. Figure 7C
illustrates that the concentration of 6.4 mg/mL PCP-100 scavenged 79.96% of the hydroxyl
radicals, while Vc scavenged 99.57% at the same concentration. In addition, the EC50 value
of the PCP-100 for its hydroxyl radical scavenging ability was 3.44 mg/mL, which was
lower than that of NLCEPs-1, as obtained from notarchus leachii freeri eggs [22].

3.5.4. Reducing Power

It is well known that reducing power is an important indicator for evaluating an-
tioxidant capacity, and so the potassium ferricyanide reduction method is widely used
to evaluate antioxidant capacity [61]. As depicted in Figure 7D, the reducing power ex-
hibited a marked increase with increasing concentrations of the PCP-100. However, the
reducing ability of VC was significantly better than that of the PCP-100, regardless of the
concentration tested.

Previous structure—activity relationship studies have suggested that the antioxidant
activities of polysaccharides may be strongly associated with combinations of several
factors, such as functional groups and monosaccharide compositions and contents [62].
Zhang et al. reported that the presence of rhamnose, xylose, and arabinose could enhance
the antioxidant activity of polysaccharides [58]. A significant correlation between higher
glucose contents and stronger free radical scavenging activities was also confirmed [63].
The antioxidant activities of polysaccharides were confirmed to be affected by the uronic
acid contents and especially by the galacturonic acid contents [21]. In addition, natural
plant polysaccharides are often combined or mixed with other components such as pheno-
lics, which may be partially responsible for antioxidant activities [64]. Therefore, the strong
antioxidant activity exhibited by the PCP-100 may be attributed to its unique monosaccha-
ride composition and proportion. The presence of trace phenolic components in P. chinense
polysaccharides also promote its antioxidant activity.

4. Conclusions

In the present study, water-soluble polysaccharides were obtained from P. chinense.
On the basis of single-factor and response surface designs, the optimal extraction process
of the P. chinense polysaccharides were determined to be an extraction time of 3 h, a liquid–
solid ratio of 20 mL/g, and three extraction times, at which the yield of polysaccharide
was approximately 4.05 ± 0.12% (n = 3). The rheological experiments indicated that the
P. chinense polysaccharides had the non-Newtonian behavior of shear-thinning. The appar-
ent viscosity of the polysaccharides increased dramatically with increases in concentration
and pH and the addition of CaCl2, and temperature also significantly influenced the rheo-
logical properties of the polysaccharides. After purification by column chromatography, the
PCP-100 was mainly composed of glucose (18.99%), arabinose (22.87%), galactose (26.72%),
and galacturonic acid (21.89%), with an average molecular weight of 1.46 × 106 Da. The re-
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sults of the TGA, DSC, SEM, and XRD showed that the PCP-100 possessed a semi-crystalline
structure and presented an irregular, sheet-like morphology, and further, that it exhibited
excellent thermal stability. Additionally, the antioxidant ability of PCP-100 was confirmed
based on its strong reducing power in vitro and its ability to efficiently scavenge DPPH,
ABTS, and hydroxyl radicals. In conclusion, our study adds important information to
the extraction of P. chinense polysaccharides, which can be developed as an antioxidant
reagent or natural viscosity modifier in the cosmetic, pharmaceutical, and food industries.
However, further studies that focus on the antioxidant activity in vivo and underlying
molecular mechanism of P. chinense polysaccharides are needed, as are studies on safe doses
for human consumption.
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