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ABSTRACT: Two polysaccharides were separately extracted and
purified from different types of medicinal slices of Massa Medicata
Fermentata (Sheng Massa Medicata Fermentata and Chao Massa
Medicata Fermentata). The physicochemical properties of these
polysaccharides were studied, including the molecular weight,
monosaccharide composition, and glycosidic linkage. Moreover,
inhibition of trypsin, α-amylase, and α-glucosidase by the poly-
saccharides and their antioxidant activity were investigated. Compared
with polysaccharides from Sheng Massa Medicata Fermentata,
polysaccharides from Chao Massa Medicata Fermentata had a lower
molecular weight, higher uronic acid content, and a lower proportion of
side chains. Polysaccharides from Sheng Massa Medicata Fermentata
displayed stronger trypsin, α-amylase, and α-glucosidase inhibition
activity, whereas the antioxidant activity of the polysaccharides from
Chao Massa Medicata Fermentata was higher. These results indicated that stir-frying changes the physicochemical properties of the
polysaccharides significantly, leading to reduced enzyme inhibition activity and an increase in antioxidant activity. This research
provides a guide for the selective application of Massa Medicata Fermentata.

1. PRACTICAL APPLICATION
This work studied and compared chemical, structural, and
biological properties of two polysaccharides from Sheng Massa
Medicata Fermentata and Chao Massa Medicata Fermentata.
It is found that Sheng Massa Medicata Fermentata
polysaccharides had better enzyme inhibition activity, which
indicated that Sheng Massa Medicata Fermentata polysacchar-
ides might be worthy of exploration as a potential natural
compound to treat acute pancreatitis, hyperglycemia, and
hyperacidity. Chao Massa Medicata Fermentata polysacchar-
ides had better effects in antioxidant activity indicating that it
had greater potential application in the treatment of oxidative
damage caused by diseases or as a natural anti-aging agent to
delay human aging. The research offered a new perspective on
the application of Massa Medicata Fermentata polysaccharides.

2. INTRODUCTION
Massa Medicata Fermentata (MMF), also called Liu Shen Qu
in Chinese, is a famous traditional Chinese medicine first
recorded in the Treatise on Chinese Herbal Nature (Yaoxing
Lun).1 MMF consists of Artemisia caruifolia Buch.-Ham. ex
Roxb., Polygonum hydropiper L., Xanthium strumarium L., red
bean, Armeniacae Amarum Semen, wheat flour, and wheat
bran, which is fermented at a specific temperature and
moisture level.2 MMF can ameliorate the symptoms of

dyspepsia by regulating the homeostasis of the brain−gut−
microbiota axis, treating gastrointestinal inflammation, and
improving intestinal microflora disturbances.1−3 Digestive
enzymes and lactic acids in MMF are considered to be
bioactive constituents of MMF with only a few studies focusing
on the function of polysaccharides in MMF.4 In recent
decades, natural polysaccharides in Chinese herbs have
received considerable attention because of their promising
health-promoting functions, such as anti-tumor, anti-inflam-
matory, antioxidant, anti-diabetic, radiation-protecting, anti-
viral, hypolipidemic, and immunomodulatory activities.5

Therefore, research examining the polysaccharides in MMF
should facilitate the development and application of MMF.

Sheng MMF and Chao MMF are different types of
medicinal slices of MMF prepared in the clinic. Sheng MMF
is prepared by cutting dried fermented MMF into pieces,
whereas Chao MMF is prepared by stir-frying Sheng MMF in a
hot pot until a burnt flavor is released.6 In traditional Chinese
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medicine theory, stir-frying is considered to promote fragrance
and invigorate the spleen. Thus, Chao MMF has been found to
have higher activity compared with Sheng MMF in
invigorating the spleen.7 Previous studies suggested that
numerous complex chemical reactions occur during stir-frying,
such as hydrolysis, oxidation, displacement, isomerization, and
decomposition, leading to changes in the medicinal properties
of MMF.8 These reactions would also occur in polysaccharides,
leading to changes in the molecular weight distribution,
viscosity, conformation, monosaccharide composition, and
bioactivity of the polysaccharides.9

The structural properties of polysaccharides are closely
related to their bioactivities. To fully clarify the relationship
between Sheng MMF polysaccharides (SMMFP) and Chao
MMF polysaccharides (CMMFP), the physicochemical
properties and bioactivities of SMMFP and CMMFP were
studied and compared. The monosaccharide composition,
molecular weight (Mw), Fourier-transform infrared (FT-IR)
spectra, particle size distribution, microstructure, and nuclear
magnetic resonance (NMR) spectra were used to examine
their physicochemical properties. In vitro enzymatic inhibition
and antioxidant methods were used to assay their bioactivities.
This research provides a theoretical basis for the selective

application of MMF and contributes to the investigation and
development of polysaccharides from MMF and its processed
products.

3. RESULTS AND DISCUSSION
3.1. Ultraviolet (UV) Spectrometry and Molecular

Weight Distribution. UV spectra of SMMFP and CMMFP
are shown in Figure 1A. No obvious absorption peaks over the
260−280 nm range were observed, suggesting that both
polysaccharides contain negligible amounts of proteins after
purification with the Sevag reagent.

The Mw of polysaccharides is a crucial index that affects their
bioactivities.10 The Mw values of SMMFP and CMMFP were
determined (Figure 1B,C). The Mw of CMMFP (8652 Da)
was lower than that of SMMFP (9534 Da). The measured
polydispersity index (Mw/Mn) of SMMFP (4.597) was smaller
than that of CMMFP (5.607), which may be caused by bond-
breaking, a change in the ability to aggregate, and a decrease of
β-elimination depolymerization of polysaccharides during the
stir-frying process.11

3.2. Monosaccharide Composition. The monosacchar-
ide composition and ratio are important indexes for defining
the biological activities of polysaccharides.12Figure 2 shows the

Figure 1. UV spectra of SMMFP and CMMFP (A). High-performance gel permeation chromatograms of SMMFP (B) and CMMFP (C).

Figure 2. Ion chromatograms of the monosaccharide composition for SMMFP (A) and CMMFP (B).
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ion chromatograms of monosaccharide composition analyses
of SMMFP and CMMFP. The analysis of the SMMFP
revealed that this polysaccharide was mainly composed of
seven kinds of monosaccharides, including arabinose (Ara),
galactose (Gal), glucose (Glc), xylose (Xyl), mannose (Man),
galacturonic acid (Gal UA), and glucuronic acid (Glc UA). In
contrast, the analysis of the CMMFP revealed that this
polysaccharide is mainly composed of nine monosaccharides,
that is, Ara, Gal, Glc, Xyl, Man, Gal UA, guluronic acid (Glu-
UA), Glc UA, and mannuronic acid (Man-UA).
The molar ratio of monosaccharides for the SMMFP and

CMMFP are listed in Table 1. A comparison of the

monosaccharide molar ratios for the two polysaccharides
revealed that the molar ratios of uronic acids in the CMMFP
were higher than those in the SMMFP, indicating that new
uronic acids were generated during stir-frying. This difference
may be attributed to the oxidation reaction during the stir-
frying process with some hydroxyl groups oxidized to carboxyl
groups.13

3.3. Fourier-Transform Infrared (FT-IR) Spectra. FT-IR
spectra of the SMMFP and CMMFP were recorded to obtain
more information about the differences between these two
polysaccharides (Figure 3). The observed broad band around
3218 cm−1 is associated with the stretching vibration of the
−OH group. The observed peak at ∼2920 cm−1 is related to
the C−H asymmetric stretching vibration.14 The strong signals

at ∼1650 cm−1 and weak signals at ∼1405 cm−1 were
attributed to asymmetric and symmetric C�O stretching,
respectively, of Gal UA, Glc UA, Gul UA, and Man UA.13 The
band at 1037 cm−1 was attributed to the stretching vibration of
C−O−C or C−O−H linkages, indicating the presence of
glycosidic bonds.15 The absorption peaks at approximately 937
and 896 cm−1 mainly indicated the presence of α-linked and β-
linked glycosyl residues and differed between the SMMFP and
CMMFP, indicating that the link mode of polysaccharides
changed after stir-frying.16

3.4. Particle Size Distribution. The particle size
distributions of the two polysaccharides differed. The diameter
of the SMMFP was (711.43 ± 1.50) nm, and the particle size
distribution was 0.183. The diameter of the CMMFP was
(1035.88 ± 4.28) nm, and the particle size distribution was
0.296. Good homogeneity was observed for both polysacchar-
ides because the particle size distributions were less than 0.3.
However, the diameter of CMMFP was higher than that of
SMMFP, suggesting that the thermal motion of the molecules
during stir-frying may have caused an increase in the pore wall
thickness.17

3.5. Scanning Electron Microscopy (SEM). The micro-
structure of the two polysaccharides differed significantly
(Figure 4). In general, the surface structure of the holes
became more compact after stir-frying. This structural
difference arises from the change in the Mw, intermolecular
distance, and interconnection during the stir-frying process at
high temperatures.9 The pore sizes for the SMMFP were larger
than those observed for the CMMFP. Moreover, the shape of
the pores for the CMMFP was irregular. There were significant
differences in the density of the holes between the two
samples. In addition, the SMMFP had thinner pore walls than
the CMMFP.
3.6. NMR Analysis. The 1D/2D NMR spectra of the

SMMFP and CMMFP are shown in Figure S1. In the 1D 1H
spectra of the SMMFP (Figure S1A), peaks at δ 4.43, δ 5.16, δ
4.55, δ 4.53, δ 5.07, δ 4.44, and δ 5.21 ppm were assigned to
anomeric hydrogens. In the 1D 13C spectra of the SMMFP
(Figure S1C), peaks at δ 101.69, δ 107.29, δ 97.55, δ 99.65, δ
98.12, and δ 108.21 ppm were assigned to anomeric carbons.
In the 2D 1H−13C HSQC spectra of the SMMFP (Figure

Table 1. Molar Ratio of SMMFP and CMMFP

molar ratio (%)

monosaccharide composition SMMFP CMMFP

Ara 22.24% 23.46%
Gal 7.30% 5.96%
Glc 27.16% 24.85%
Xyl 36.61% 35.46%
Man 4.38% 4.52%
Gal-UA 0.83% 1.65%
Glc-UA 1.48% 1.13%
Gul-UA 0.38%
Man-UA 2.57%

Figure 3. FT-IR spectra of SMMFP and CMMFP.
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S1G), seven cross-peaks were observed at δ 4.43/101.69, δ
5.16/107.29, δ 4.55/97.55, δ 4.53/99.65, δ 5.07/98.12, δ 4.44/
101.69, and δ 5.21/108.21 ppm. These cross-peaks were
marked as A, B, C, D, E, F, and G, respectively (Table 2).
Signals at δ 4.43/3.47, δ 3.47/3.55, δ 3.55/3.54, and δ 5.43/

3.29 ppm were observed in the 2D 1H−1H COSY spectra of
the SMMFP (Figure S1E). Peaks at δ 4.43/101.69, δ 3.47/
71.14, δ 3.55/78.27, δ 3.54/76.38, and δ 3.29/65.10 ppm were

observed in the 2D 1H−13C HSQC spectra (Figure S1G) of
the SMMFP and were tentatively assigned to H1/C1, H2/C2,
H3/C3, H4/C4, and H5/C5 of 1,4-linked-Xylp. Signals at δ
5.16/3.89, δ 3.89/3.69, δ 3.69/4.06, and δ 4.06/3.78 ppm were
observed in the 2D 1H−1H COSY spectra (Figure S1E). Peaks
at δ 5.16/107.29, δ 3.89/80.81, δ 3.69/83.87, δ 4.06/81.32,
and δ 3.78/60.96 ppm were observed in the 2D 1H−13C
HSQC spectra of the SMMFP (Figure S1G), which were

Figure 4. Morphology of the SMMFP and CMMFP observed by SEM.

Table 2. Assignment of Sugar Ring Carbon/Hydrogen Signals of SMMFP and CMMFP

chemical shift δ (ppm)

glycosidic bond 1 2 3 4 5 6 r ef

SMMFP A 1,4-linked-Xylp H/C 4.43/101.69 3.47/71.14 3.55/78.27 3.54/76.38 3.29/65.03 18
B T-linked-Araf H/C 5.16/107.29 3.89/80.81 3.69/83.87 4.06/81.32 3.78/60.96 19
C 1,4-linked-Glcp H/C 4.55/97.55 3.47/71.14 3.78/71.14 3.90/78.42 3.94/70.32 3.72/60.96 20
D 1,3,4-linked-Xylp H/C 4.53/99.65 3.29/73.18 3.50/78.27 3.73/76.13 4.07/62.48 18
E 1,2-linked-Manp H/C 5.07/98.12 4.04/78.42 3.80/71.14 3.59/69.10 3.83/73.18 3.91/61.32 21
F 1,3,6-linked-Galp H/C 4.44/101.69 3.39/72.67 4.09/84.27 3.90/69.10 3.94/76.74 3.92/71.95 22
G 1,5-linked-Araf H/C 5.21/108.21 4.11/80.81 4.05/76.23 4.27/83.87 3.76/75.88 19

CMMFP A 1,4-linked-Xylp H/C 4.40/101.82 3.22/73.69 3.55/73.17 3.72/76.23 3.34/62.48 23
B T-linked-Araf H/C 5.20/108.31 4.09/82.38 3.88/76.74 4.24/84.38 3.68/61.98 23
C 1,3,4-linked-Xylp H/C 4.44/101.31 3.45/71.14 3.25/73.18 3.70/72.67 3.31/62.48 23
D 1,4-linked-Glcp H/C 5.35/99.65 3.53/72.66 3.73/76.23 3.64/77.66 3.84/71.14 3.70/60.96 24
E 1,3,6-linked-Galp H/C 4.60/100.16 3.43/71.14 3.56/78.27 3.91/69.10 3.75/76.23 3.73/69.61 20
F 1,2-linked-Araf H/C 5.07/107.29 4.08/84.27 4.14/80.81 4.25/84.37 3.90/60.45 25
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tentatively assigned to H1/C1, H2/C2, H3/C3, H4/C4, and
H5/C5 of T-linked-Araf. Peaks at δ 4.53/3.29, δ 3.29/3.50, δ
3.50/3.73, and δ 3.73/4.07 ppm were observed in the 2D
1H−1H COSY spectra (Figure S1E) of the SMMFP. Peaks at δ
4.53/99.65, δ 3.29/73.18, δ 3.50/78.27, δ 3.73/76.13, and δ
4.07/62.48 ppm were observed in the 2D 1H−13C HSQC
spectra (Figure S1G) of SMMFP and were tentatively assigned
to H1/C1, H2/C2, H3/C3, H4/C4, and H5/C5 of 1,3,4-
linked-Xylp. Based on the 2D 1H−1H COSY and 2D 1H−13C
HSQC spectra of the SMMFP, the peaks at δ 4.55/97.55, δ
3.47/71.14, δ 3.78/71.14, δ 3.90/78.42, δ 3.94/70.32, and δ
3.72/60.96 ppm were tentatively deduced to represent H1/C1,
H2/C2, H3/C3, H4/C4, H5/C5, and H6/C6 of 1,4-linked-
Glcp. The peaks at δ 5.07/98.12, δ 4.04/78.42, δ 3.80/71.14, δ
3.59/69.10, δ 3.83/73.18, and δ 3.91/61.32 ppm were
tentatively deduced to represent 1,2-linked-Manp. The peaks
at δ 4.44/101.69, δ 3.39/72.67, δ 4.09/84.27, δ 3.90/69.10, δ
3.94/76.74, and δ 3.92/71.95 ppm were tentatively deduced to
represent 1,3,6-linked-Galp. The peaks at δ 5.21/108.21, δ
4.11/80.81, δ 4.05/76.23, δ 4.27/83.87, and δ 3.76/75.88 ppm
were tentatively assigned to H1/C1, H2/C2, H3/C3, H4/C4,
and H5/C5 of 1,5-linked-Araf.
In the 2D 1H−13C HMBC spectra of the SMMFP (Figure

S1I), the cross-peaks at δ 4.43/75.38 and δ 4.43/76.13 ppm
indicated that H-1 of 1,4-linked-Xylp was related to C-4 of 1,4-
linked-Xylp and C-4 of 1,3,4-linked-Xylp, respectively. The
cross-peaks at δ 5.16/71.95, δ 5.16/76.38, δ 5.16/78.42, δ
5.16/84.27, and δ 5.16/78.27 ppm indicated that most T-
linked-Araf terminals connected with unsubstituted residues
and mono-substituted residues. The cross-peaks at δ 4.55/
75.88 and δ 4.53/75.88 ppm indicated that C-5 of 1,5-linked-
Araf was related to H-1 of 1,4-linked-Glcp and H-1 of 1,3,4-
linked-Xylp, respectively. The cross-peak at δ 3.50/101.69 ppm
indicated that H-1 of 1,3,6-linked-Galp was related to C-3 of
1,3,4-linked-Xylp. The cross-peaks at δ 5.21/78.27 and δ 3.50/
108.21 ppm showed that C-1 of 1,5-linked Ara is connected
with C-3 of 1,3,4-linked-Xylp (Table 3).
Similarly, peaks at δ 4.40, δ 5.20, δ 4.44, δ 5.35, δ 4.60, and δ

5.07 ppm were observed in the 1D 1H spectra of the CMMFP

(Figure S1B), and signals at δ 101.82, δ 108.21, δ 101.31, δ
99.65, δ 100.16, and δ 107.29 ppm were observed in the 1D
13C spectra of the CMMFP (Figure S1D). Signals at δ 4.40/
3.22, δ 3.22/3.55, δ 3.55/3.72, and δ 3.72/3.34 ppm were
observed in the 2D 1H−1H COSY spectra of the CMMFP
(Figure S1F), and these signals were marked as A, B, C, D, E,
and F, respectively (Table 2). The peaks at δ 4.40/101.82, δ
3.22/73.69, δ 3.55/73.17, δ 3.72/76.23, and δ 3.34/62.48 ppm
observed in the 2D 1H−13C HSQC spectra of the CMMFP
(Figure S1H) were tentatively assigned to H1/C1, H2/C2,
H3/C3, H4/C4, and H5/C5 of 1,4-linked-Xylp. Signals at δ
5.20/4.09, δ 4.09/3.88, δ 3.88/4.24, and δ 4.24/3.68 ppm were
observed in the 2D 1H−1H COSY spectra. Peaks at δ 5.20/
108.31, δ 4.09/82.38, δ 3.88/76.74, δ 4.24/84.38, and δ 3.68/
61.98 ppm observed in the 2D 1H−13C HSQC spectra of
SMMFP were tentatively assigned to H1/C1, H2/C2, H3/C3,
H4/C4, and H5/C5 of T-linked-Araf. Peaks at δ 4.44/3.45, δ
3.45/3.25, δ 3.25/3.70, and δ 3.70/3.31 ppm were observed in
the 2D 1H−1H COSY spectra. The peaks at δ 4.44/101.31, δ
3.45/71.14, δ 3.25/73.18, δ 3.70/72.67, and δ 3.31/62.48 ppm
observed in the 2D 1H−13C HSQC spectra of the SMMFP
were tentatively assigned to H1/C1, H2/C2, H3/C3, H4/C4,
and H5/C5 of 1,3,4-linked-Xylp. As shown in Figure S1F,H,
the cross-peaks at δ 5.35/99.65, δ 3.53/72.66, δ 3.73/76.23, δ
3.64/77.66, δ 3.84/71.14, and δ 3.70/60.96 ppm were
tentatively assigned to H1/C1, H2/C2, H3/C3, H4/C4,
H5/C5, and H6/C6 of 1,4-linked-Glcp. The cross-peak signals
at δ 4.60/100.16, δ 3.43/71.14, δ 3.56/78.27, δ 3.91/69.10, δ
3.75/76.23, and δ 3.73/69.61 ppm were tentatively assigned to
H1/C1, H2/C2, H3/C3, H4/C4, H5/C5, and H6/C6 of
1,3,6-linked-Galp. The cross-peaks at δ 5.07/107.29, δ 4.08/
84.27, δ 4.14/80.81, δ 4.25/84.37, and δ 3.90/60.45 ppm were
tentatively assigned to H1/C1, H2/C2, H3/C3, H4/C4, and
H5/C5 of 1,2-linked-Araf.

Likewise, in the 2D 1H−13C HMBC spectra of CMMFP
(Figure S1J), the cross-peak at δ 4.44/76.23 ppm indicated
that H-1 of 1,4-linked-Xylp was associated with C-4 of 1,4-
linked-Xylp. The cross-peak at δ 5.20/84.27 ppm suggested
that T-linked-Araf was related to C-2 of 1,2-linked-Araf. The
cross-peak at δ 4.44/72.67 ppm indicated that H-1 of 1,3,4-
linked-Xylp was related to C-4 of 1,3,4-linked-Xylp. The cross-
peak at δ 5.35/73.18 ppm suggested that H-1 of 1,4-linked-
Glcp was associated with C-3 of 1,3,4-linked-Xylp. The cross-
peak at δ 3.25/100.16 ppm was the signal of C-3 of 1,3,4-
linked-Xylp connected with C-1 of 1,3,6-linked-Galp (Table 3).

Based on the 1D/2D NMR analysis, type of glycosidic bond,
and monosaccharide composition analysis, it could be initially
speculated that the SMMFP and CMMFP mainly are
arabinoxylan with the main chain of the polysaccharides
composed of 1,3,4-linked-Xlyp and 1,4-linked-Xlyp residues.
However, the structure of SMMFP and CMMFP differed with
the number of side chains (1,2-linked-Manp) present in the
SMMFP being higher than that in the CMMFP, indicating that
stir-frying may disrupt the bonds for side chains.
3.7. In Vitro Bioactivity Assays. 3.7.1. Trypsin Inhibition

Activity. Trypsin is an important pancreatic protease. Over-
expression of trypsin can activate various proteases to initiate
auto-digestion, which leads to acute pancreatitis. Trypsin
inhibitors are promising agents to treat acute pancreatitis.26

Moreover, recent research has also reported the potential
beneficial effects of trypsin inhibitors on obesity and cancer.27

Figure 5A,B shows a plot of the trypsin inhibition rate of the
SMMFP and CMMFP. A significant difference in inhibition

Table 3. Significant Connections Observed in the HMBC
Spectra for Anomeric Proton/Carbon of the Sugar Residues
of the SMMFP and CMMFP (δ in ppm)

H1/C1 observed connectivity

sugar residue δH/δC δH/δC residue

SMMFP A: 1,4-linked-Xylp 4.43 76.38 A-C4
76.13 D-C4

B: T-linked-Araf 5.16 71.95 D-C6/F-C6
76.38 A-C4
78.42 C-C4/E-C2
84.27 F-C3
78.27 D-C3

C: 1,4-linked-Glcp 4.55 75.88 G-C5
D: 1,3,4-linked-Xylp 4.53 75.88 G-C5
G: 1,5-linked-Araf 5.21 78.27 D-C3

108.21 3.5 D-H3
CMMFP A: 1,4-linked-Xylp 4.4 76.23 A-C4

B: T-linked-Araf 5.2 84.27 F-C2
C: 1,3,4-linked-Xylp 4.44 72.67 C-C4
D: 1,4-linked-Glcp 5.35 73.18 C-C3
E: 1,3,6-linked-Galp 100.16 3.25 C-H3
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was observed between the SMMFP and CMMFP at all
concentrations tested. With increasing concentrations of the
SMMFP and CMMFP, the maximum trypsin inhibition rate
reached 82.33 ± 0.60% and 81.16 ± 0.84%, respectively. The
IC50 value of the SMMFP (0.1530 ± 0.0020 mg/mL) was
lower than the corresponding value for the CMMFP (0.3332 ±
0.0166 mg/mL), indicating that the SMMFP is a better trypsin
inhibitor. This observation may be caused by the broken
chemical bonds, the reduced Mw, the change in the
monosaccharide ratio and types, and/or the oxidization of
hydroxyl groups that occurs while stir-frying at high temper-
atures.
3.7.2. α-Amylase and α-Glucosidase Inhibition Activity. α-

Amylase and α-glucosidase in humans play an essential role in
the digestion of starch and absorption of carbohydrates, and
inhibitors of these proteins are potentially effective drugs in
controlling blood glucose levels in type 2 diabetes mellitus

patients.28 As shown in Figure 5C,D, the α-amylase inhibition
rate increased with the increasing polysaccharide concentration
with inhibition by SMMFP (IC50 = 0.2124 ± 0.0033 mg/mL)
being significantly better than that of CMMFP (IC50 = 0.4799
± 0.0105 mg/mL).

As shown in Figure 5E,F, both SMMFP and CMMFP
inhibited α-glucosidase activity. The inhibition rate of SMMFP
reached 96.63% at 6.15 mg/mL, which was higher than that of
CMMFP. In addition, the IC50 value of SMMFP (0.6232 ±
0.0011 mg/mL) was lower than that of CMMFP (0.9252 ±
0.0021 mg/mL), indicating that the inhibition activity of
SMMFP was better than that of CMMFP.
3.7.3. Antioxidant Activity. The DPPH, ABTS, and

hydroxyl radical scavenging activities of SMMFP and
CMMFP were examined. The scavenging rate was observed
to increase as the concentration of the polysaccharides
increased (Figure 6). Interestingly, CMMFP displayed better

Figure 5. Trypsin (A, B), α-amylase (C, D) and α-glucosidase (E, F) inhibition activity of SMMFP and CMMFP (*: P < 0.05, **: P < 0.01).

Figure 6. DPPH (A), ABTS (B), and hydroxyl radical (C) scavenging activity of the SMMFP and CMMFP (##: P > 0.05, *: P < 0.05, **: P <
0.01).
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DPPH, ABTS, and hydroxyl radical scavenging activities when
compared with those of SMMFP. This observation may arise
because of the generation of uronic acid in CMMFP samples.
For the DPPH scavenging activity (Figure 6A), the IC50 values
of SMMFP and CMMFP were 1.2720 ± 0.0190 and 0.6687 ±
0.0232 mg/mL, respectively. This difference in IC50 values was
significant, except for 1.0 mg/mL SMMFP and 0.5 mg/mL
CMMFP. For the ABTS scavenging activity (Figure 6B), the
IC50 values of the CMMFP and SMMFP were 0.1986 ±
0.0042 and 0.5010 ± 0.0149 mg/mL. The IC50 values for the
ABTS scavenging activity were significantly different between
the two polysaccharides, except for 0.15 mg/mL CMMFP. For
the hydroxyl radical scavenging activity (Figure 6C), the IC50
values of the SMMFP and CMMFP were 0.0607 ± 0.0016 and
0.0461 ± 0.0017 mg/mL, respectively. There was a significant
difference at all concentrations of SMMFP and CMMFP.
Overall, the antioxidant activity of CMMFP was stronger than
that of SMMFP, which indicated that the CMMFP is a good
choice for extracting polysaccharides with excellent antioxidant
activity from natural sources.
3.8. Relationship between the Structure and Bio-

activities of the Polysaccharides. The biological activity of
the polysaccharides was markedly associated with their
monosaccharide compositions, average Mw, and chemical
structures. In this study, the antioxidant activity of CMMFP
was stronger than that of SMMFP because SMMFP had a
higher average Mw and was limited by steric hindrance.29

SMMFP showed stronger α-amylase and α-glucosidase
inhibition than CMMFP because the sugar chains in the
polysaccharides of CMMFP degraded during stir-frying. The
results are in agreement with a previous study.30 For trypsin
inhibition, we hypothesize that the stronger inhibition of
trypsin by SMMFP may arise from the rougher morphological
properties of SMMFP.31

4. MATERIALS AND METHODS
4.1. Samples. Sheng MMF and Chao MMF are all

purchased from Kangmei Pharmaceutical Company (Bozhou,
Anhui, China). Authenticity of samples is identified by
associate professor Hongjing Dong, Shandong Analysis and
Test Center.
4.2. Extraction and Purification of Polysaccharides.

Sheng MMF (1.0 kg) and Chao MMF (1.0 kg) are separately
extracted by ultrasonic-assisted method with a temperature of
80 °C, time of 50 min, power of 250 W, and solid−liquid ratio
of 80 mL/g. The extract solution is filtered by a gauze and
centrifuged at 10,000 r/min for 10 min at room temperature to
collect the supernatant. The supernatant is concentrated by a
rotary evaporator at 55 °C, and the crude polysaccharides are
purified by an ethanol precipitation method with fourfold
volume of ethanol. The precipitate is re-dissolved in 100 mL of
distilled water and mixed with the same volume of the Sevag
reagent (chloroform/n-butanol (4:1, v/v)). After being fully
shaken for 30 min, the mixture is separated by centrifuging for
10 min at 4000 r/min. This process is repeated five times to
remove the protein completely in polysaccharides. Then, the
water solution is concentrated by a rotary evaporator at 55 °C
to remove residual organic solvents and dialyzed in purified
water for 24 h to remove low-molecular compounds. Finally,
the dialyzed solution is lyophilized, yielding Sheng MMF
polysaccharides (SMMFP) and Chao MMF polysaccharides
(CMMFP), separately.

4.3. Measurement of Ultraviolet (UV) Spectra.
SMMFP and CMMFP are dissolved in purified water to
obtain their aqueous solutions with a concentration of 2 mg/
mL. The UV spectra of the solution are measured at a
wavelength between 200 and 400 nm using a UV-2450
ultraviolet−visible full-wavelength scanning spectrophotometer
(Shimadzu, Japan).
4.4. Molecular Weight Distribution of Polysacchar-

ides. The average molecular weight (Mw) of crude
polysaccharides is determined using an Agilent PL-GPC 50
(Agilent Technologies, Amstelveen, Netherlands) apparatus
equipped with a refractive index detector (RID, G1362A) and
an ultrahydrogel linear column (300 mm × 7.8 mm i.d., Waters
Corporation, MA, USA).32 The sample solution is prepared by
dissolving 1.0 mg of polysaccharides in 1.0 mL of purified
water. After being treated with a 0.22 μm membrane filter, 20
μL of sample solution is injected into a chromatographic
system. The mobile phase is 0.02 M KH2PO4 (pH 6.0), the
flow rate is 0.6 mL/min, the column temperature is 35 °C, and
the detector temperature is 45 °C.

Agilent GPC software A.02.01 is applied to process data.
The relationship between Mw and the elution volume is built
according to a previously reported study.33 Preliminary
calibration is conducted using dextrans with various molecular
weights (5, 12, 50, 150, 210, and 410 kDa) as references. The
Mw of the sample is estimated by the calibration equation
established above.
4.5. Monosaccharide Composition Analysis. Mono-

saccharide composition analysis is operated according to
published research.34 First, the samples (about 5 mg) are
hydrolyzed using 2.5 mL of trifluoroacetic acid (2 mol/L) at
121 °C for 2 h in a sealed tube. After drying, the residue is re-
dissolved in methanol and dried to remove residue trifluoro-
acetic acid; this operation is repeated five times. After that, the
residue is re-dissolved in deionized water and filtered with a
0.22 μm membrane filter for further measurement.

The sample solutions are analyzed by high-performance
anion-exchange chromatography (HPAEC) on a CarboPac
PA-20 anion-exchange column (3.0 × 150 mm, 10 μm;
Dionex, USA) using a pulsed amperometric detector (PAD;
Dionex ICS 5000 system, USA). The flow rate is 0.5 mL/min.
The injection volume is 5 μL. The solvent system is composed
of solvent A (0.1 mol/L NaOH) and solvent B (0.1 mol/L
NaOH, 0.2 mol/L NaAc). The column is eluted using the
gradient mode as follows: 0 min, 95%A; 30 min, 80%A; 30.01
min, 60%A; 45 min, 60%A. The data is processed using
Chromeleon 7.2 Chromatography Data System software
(CDS, Thermo Scientific, USA). The content of each
monosaccharide is calculated by the one-point external
standard method according to the peak area and content of
reference.
4.6. Measurement of Fourier Transform Infrared (FT-

IR) Spectra. Approximately 1.0 mg of polysaccharides is
mixed with 150.0 mg of KBr powder then ground and pressed
into 1 mm pellets for analysis. The IR spectra is recorded in
the range of 400−4000 cm−1 using Fourier transform infrared
spectroscopy (TENSOR 27, Bruker, Germany).
4.7. Scanning Electronic Microscope (SEM). The dried

polysaccharide samples are mounted on a metal stub and
sputtered. The polysaccharides samples are coated with a 100
nm gold film, and the morphological property is observed on a
SUPRA 55 thermal field-emission scanning electron micro-
scope (Carl Zeiss AG, Germany).
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4.8. Particle Size Distribution. The particle diameters of
crude polysaccharides are measured using a NanoBrook
particle sizer and zeta potential analyzer (NanoBrook Omni,
Brookhaven Instruments Corporation, USA). Briefly, 5.0 mg of
the polysaccharide sample is dissolved in 10 mL of deionized
water and stirred overnight. The solution is put into an
ultrasonic cleaner at 350 W for 10 min and placed in a cuvette
and scanned with a laser particle-size analyzer.
4.9. NMR Analysis. The dried SMMFP (60.0 mg) and

CMMFP (60.0 mg) are dissolved in 0.5 mL of D2O for NMR
analysis. The NMR including 1D 1H, 1D 13C, 2D COSY, 2D
HSQC, and 2D HMBCs are spectra recorded at 600 MHz for
1H on a Varian INOVA 600 spectrometer (Varian, Palo Alto,
USA) at 300 K using tetramethyl silane (TMS) as an internal
standard.
4.10. In Vitro Bioactivity Assays. 4.10.1. Trypsin

Inhibition Activity. Trypsin inhibition activity is determined
using N-α-benzoyl-DL-arginine-p-nitroanilide (BApNA) as a
substrate according to a published method with small
modifications.35 In brief, 50.0 μL of trypsin (1 mg/mL) is
first pre-incubated with an equal volume of the polysaccharide
solution for 60 min at 25.0 °C. Subsequently, 2.0 mL of
BApNA aqueous solution (1 mmol/L) and 1.5 mL of Tris−
HCl buffer (0.1 mol/L, pH 8.0, 50 mmol/L CaCl2) are added
and incubated for 120 min at 25.0 °C. The trypsin inhibition
activity is measured by the increase of UV absorbance at 405
nm. In the control group, the polysaccharide solution is
replaced by an equal volume of PBS solution. In the
background group, all reagents are replaced by an equal
volume of PBS solution except for polysaccharides. The trypsin
inhibitory activity is calculated using the following formula:

A A

A
trypsin inhibition rate 1 100%

test background

control

i
k
jjjjj

y
{
zzzzz= ×

GraphPad Prism 8 software is used to calculate IC50 values.
Camostat mesylate (0.625 μg/mL) (Shanghai Yuanye Bio-
Technology Co., Ltd.) is used as a positive control.
4.10.2. α-Amylase Inhibition Activity. The α-amylase

inhibition activity is measured according to published research
with small modifications.36 Equal volumes (0.5 mL) of
polysaccharide solutions (40.0, 20.0, 10.0, 5.0, and 2.5 mg/
mL), α-amylase solution (14 U/mL) (Shanghai Yuanye Bio-
technology Co., Ltd.), and 2% starch solution (Shanghai
Yuanye Bio-technology Co., Ltd.) are mixed fully and co-
incubated at 37 °C for 10 min. Afterward, 1 mL of DNS
solution (Shanghai Yuanye Bio-technology Co., Ltd.) is added
to terminate the reaction. The aqueous solution was heated in
boiling water for 10 min and cooled in cold water for 5 min,
and 25.0 mL of deionized water is added subsequently. In the
control group, the polysaccharide solution is replaced by an
equal volume of PBS solution (pH 7.2). In the background
group, after the reaction was terminated with DNS, the α-
amylase solution is added. In the blank group, the
polysaccharide solutions in the background group are replaced
by equal volumes of PBS solution. Acarbose (Shanghai Yuanye
Bio-technology Co., Ltd.) (1.82 μg/mL) was used as a positive
control.
The absorbance is measured at a wavelength of 540 nm, and

the inhibition rate is calculated using the following equation:

A A

A A

amylase inhibition rate

1 100%
test background

control blank
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4.10.3. α-Glucosidase Inhibition Activity. An equal volume
of the polysaccharide solutions is mixed with 1 mL of α-
glucosidase solution (0.5 U/mL) (Shanghai Yuanye Bio-
technology Co., Ltd.) and co-incubated for 10 min at 37 °C.
Subsequently, 1 mL of 4-nitrophenyl-β-D-glucopyranoside
solution (pNPG) (Shanghai Yuanye Bio-technology Co.,
Ltd.) (5 mmol/L) is added and co-incubated for 20 min at
37 °C. Then, anhydrous ethanol (1 mL) is added to terminate
the reaction. After centrifuging at 8000 r/min for 5 min, the
absorbance of the supernatant is measured using a UV
spectrophotometer at a wavelength of 405 nm. In the control
group, polysaccharides are replaced by an equal volume of PBS
solution. In the background group, the α-glucosidase solution
and pNPG solution are replaced by an equal volume of PBS.
Acarbose (0.77 μg/mL) is used as a positive control.

The inhibition rate is calculated using the following
equation:37

A A

A

glucosidase inhibition rate

1 100%
test background

control
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4.10.4. Antioxidant Activity. DPPH scavenging activity by
polysaccharides is measured according to published research.38

The Polysaccharide solution (1.0 mL) is mixed with 3.0 mL of
DPPH solution (0.1 mmol/L) (Sigma-Aldrich) and incubated
in the dark for 20 min. Subsequently, the absorbance at 517
nm is measured using a UV spectrophotometer. In the control
group, the polysaccharide solution is replaced by an equal
volume of deionized water. In the blank group, DPPH solution
is replaced by an equal volume of anhydrous ethanol. Vitamin
C (7.5 μg/mL) (Shanghai Hushi Laboratorial Equipment Co.,
Ltd.) is used as a positive control, and the scavenging rate is
calculated using the following formula:

A A
A

DPPH scavenging rate 1 100%test blank

control
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k
jjjjj

y
{
zzzzz= ×

ABTS scavenging activity by polysaccharides is performed
according to published research with small modification.39 The
polysaccharide solution (0.3 mL) and 3.8 mL of ABTS
solution are fully mixed and incubated in the dark for 6 min. In
the control group, the polysaccharide solution is replaced by an
equal volume of deionized water. In the blank group, the ABTS
solution is replaced by an equal volume of deionized water.
Vitamin C (Shanghai Hushi Laboratorial Equipment Co., Ltd.)
with a concentration of 2.2 μg/mL is used as a positive control.
The UV absorbance at 734 nm is measured, and the
scavenging rate is calculated using the following formula:

A A
A

ABTS scavenging rate 1 100%test blank

control
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zzzzz= ×

Hydroxyl radical scavenging activity by polysaccharides is
performed according to published research.40 In the test group,
1 mL of the polysaccharide solution, 0.6 mL of Fe2SO4
solution (2 mmol/L), 0.5 mL of H2O2 solution (30%), 0.5
mL of salicylic acid (6 mmol/L) (Xiya Chemical Technology
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(Shandong) Co. Ltd.), and 0.4 mL of deionized water are
mixed and incubated in the dark for 30 min at 37 °C. In the
control group, the polysaccharide solution is replaced by an
equal volume of deionized water. In the blank group, the H2O2
solution (30%) is replaced by an equal volume of anhydrous
ethanol. Vitamin C (10 μg/mL) is used as a positive control.
The UV absorbance at 510 nm is measured, and the
scavenging rate is calculated as follows:

A A
A

hydroxyl radical scavenging rate

1 100%test blank

control

i
k
jjjjj

y
{
zzzzz= ×

4.11. Statistical Analysis. All measurements were
performed in triplicate, and differences among the groups are
determined by one-way analysis of variance (ANOVA) using
GraphPad Prism 8 software (GraphPad Software, USA).
Results are expressed as the means ± standard deviation; p <
0.05 indicates a significant difference, and p < 0.01 indicates an
extremely significant difference.

5. CONCLUSIONS
In summary, the average Mw of MMF polysaccharides
decreased and the uronic acid content increased following
stir-frying of Sheng MMF. The in vitro antioxidant activity
assay results revealed that CMMFP displayed better DPPH,
ABTS, and hydroxyl radical scavenging activities than SMMFP.
However, SMMFP showed better enzyme inhibition activity.
These results indicated that the SMMFP is a potential natural
compound suitable for treating acute pancreatitis, hyper-
glycemia, and hyperacidity, whereas the CMMFP has potential
applications in treating oxidative damage caused by diseases or
as a natural anti-aging agent to delay human aging.
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