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Abstract: Soybean whey is a high-yield but low-utilization agricultural by-product in China. In
this study, soybean whey was used as a substrate of fermentation by Lacticaseibacillus plantarum
70810 strains. An exopolysaccharide (LPEPS-1) was isolated from soybean whey fermentation
by L. plantarum 70810 and purified by ion-exchange chromatography. Its preliminary structural
characteristics and antioxidant activity were investigated. Results show that LPEPS-1 was composed
of mannose, glucose, and galactose with molar ratios of 1.49:1.67:1.00. The chemical structure of
LPEPS-1 consisted of→4)-α-D-Glcp-(1→,→3)-α-D-Galp-(1→ and→2)-α-D-Manp-(1→. Scanning
electron microscopy (SEM) revealed that LPEPS-1 had a relatively rough surface. In addition, LPPES-
1 exhibited strong scavenging activity against DPPH and superoxide radicals and chelating ability on
ferrous ion. This study demonstrated that soybean whey was a feasible fermentation substrate for
the production of polysaccharide from L. plantarum 70810 and that the polysaccharide could be used
as a promising ingredient for health-beneficial functional foods.

Keywords: Lacticaseibacillus plantarum 70810; fermentation; soybean whey; polysaccharide; structure
characterization; antioxidant activity

1. Introduction

Lacticaseibacillus are the largest genus of lactic acid bacteria (LAB), and more than 50
different species of LAB belong to the genus Lacticaseibacillus. The Lacticaseibacillus mainly
exist in the human gut and traditional fermented foods [1]. People have isolated differ-
ent Lacticaseibacillus plantarum from Kimchi, fermented fish, and fermented drinks [2–4].
Study has shown that L. plantarum are safe and can produce by fermentation a variety of
secondary metabolites that are beneficial to human health, such as lactic acid, acetic acid,
exopolysaccharide, specific proteases, and bacteriocins [5]. Polysaccharide is biopolymer,
and it is widely distributed in all animals, plants, fungi, and bacteria. Bacterial polysac-
charides, especially those exopolysaccharide (EPS) produced by LAB, have been widely
used in the food industry [6]. EPS from LAB has been reported to exhibit several types of
biological activity, such as immunomodulatory, antioxidant, and antitumor activity [7–9].
It has been reported that the activity of EPS is related to its structural characteristics, such
as its monosaccharide composition, molecular weight, types of glycosidic linkages, as well
as its chain conformation [10]. Hence, research on the relationship between structure and
activity on polysaccharide has become a hot topic.

Soybean products are a traditional food in China. Soybean whey is a by-product
that is generated from the preparation of soybean products [11]. For a long time, soybean
whey was considered to be a waste product by the food industry, and most soybean whey
is directly discharged into the environment without treatment, causing environmental
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pollution [12]. In fact, soybean whey is a rich source of proteins, carbohydrates, oligosac-
charides, and some trace elements (calcium, iron, magnesium, etc.), and it should not be
classified as waste [13,14]. Some experts are developing new ideas on how to turn soybean
whey into high value products. Researchers found that soybean whey is rich in nutrients
and that it could be used as a substitute for microbial culture medium. Tu et al. [15] used
water kefir grains to ferment soybean whey, which can significantly increase the content
of flavonoids, phenolics, and isoflavones and improve antioxidant capacity. Others have
reported that soybean whey could be converted into a soybean alcoholic beverage by
fermentation of yeast [16]. Microbial fermentation is a useful biotechnological strategy that
can turn soybean whey into bioactive ingredients. In the present research, L. plantarumn
70810 was isolated from traditional Chinese Sichuan pickles by our laboratory. In our
previous study, polysaccharide from L. plantarumn 70810 fermentation by a synthetic liquid
medium was studied, and the polysaccharide exhibited potent antioxidant and antitumor
activities [17,18]. However, polysaccharide from L. plantarumn 70810 fermented soybean
whey has not attracted attention. It was reported that the production of microbial EPS
was affected by the composition of the culture medium, growth conditions, the age of the
strain, and the amount of inoculation [19]. Among them, the composition of the medium,
especially the carbon source and nitrogen source, had a greater impact on the growth of
microbial compounds and the production of EPS [19]. Therefore, it is meaningful to study
the production of polysaccharide by L. plantarum 70810 in soybean whey medium.

Therefore, in this study, the EPS from soybean whey fermented by L. plantarum
70810 was prepared and characterized by ultraviolet (UV) spectrophotometry, Fourier
transform infrared (FI-IR) spectrophotometry, gas chromatography (GC), scanning electron
microscopy (SEM), and nuclear magnetic resonance imaging (NMR). In addition, the
in vitro antioxidant activity of EPS against DPPH and superoxide anion and the chelating
activity on ferrous ion were evaluated.

2. Materials and Methods
2.1. Materials and Chemicals

The strain L. plantarum 70810 was isolated in our laboratory from traditional Chinese
Sichuan pickles [20]. The strain was activated by De Man Rogosa Sharpe (MRS) liquid
medium, which (1 L) contained 20 g of glucose, 10 g of beef cream, 10 g of peptone,
5 g of anhydrous sodium acetate, 5 g of yeast extract, 2.62 g of potassium dipotassium
phosphate, 2 g of triammonium citrate, 0.58 g of magnesium sulfate heptahydrate, 0.198 g
of manganese sulfate, and 1.0 mL of Tween 80. The soybean whey was obtained from
Nanjing Fruit and Fruit Food Co., Ltd. The soybean whey contained a total solids content
of 18.2 ± 1.3 g/L, including 4.5 g/L protein, 8.5 ± 0.4 g/L carbohydrate (predominantly
stachyose and sucrose), and 3.4 ± 0.3 g/L total ash.

DEAE-cellulose-52 was purchased from Waterman Co. Ltd. (Springfield, United
States,). Dialysis membrane with a molecular weight of 8000–10,000 Da was purchased
from Solarbio Co., Ltd. (Beijing, China). D-galactose, flupromazine, 2,4,6-tripyridazine
(TPTZ), nitrotetrazolium chloride (NBT), phenazine methyl sulfate (PMS), and reducing
coenzyme I (NADH) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other
reagents were analytical grade and were purchased from the Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China).

2.2. Isolation and Purification of EPS

The isolation of EPS referred to the previous method [21]. After fermentation at 37 ◦C
for 24 h in the soybean whey, the fermentation supernatant was obtained by centrifugation
(4 ◦C, 12,000 rpm, 10 min). An amount of 80% (w/v) TCA was added to the supernatant,
resulting in a final concentration of 4% TCA in the supernatant. This step was to remove
the protein from the supernatant. Then, the solution was centrifuged, concentrated, and
precipitated with 95% ethanol at 4 ◦C for 12 h. The precipitate was dissolved in the
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deionized water and dialyzed for 3 days in the running water. The crude EPS was obtained
after lyophilization.

The crude EPS was further separated and purified by DEAE-52 cellulose column
(2.6 × 30 cm). The polysaccharide solution was eluted with deionized water and 0.1 and
0.3 M NaCl at a flow rate of 1.0 mL/min. An amount of 10 mL of elution was collected in
each tube, and the total sugar content was measured by phenol-sulfuric acid method [21].
The collected two fractions were named LPEPS-1 and LPEPS-2.

2.3. Analysis of Monosaccharide Composition

Monosaccharide composition was detected by GC according to our previous method [22].
First, the polysaccharide was hydrolyzed with trifluoroacetic acid (TFA). An amount
of 5 mg of sample was hydrolyzed with 2 mL TFA (2 M) in oil bath (120 ◦C) for 2 h.
The hydrolyzed solution was evaporated to dryness under reduced pressure. Then, the
hydrolysates were derivatized with aldononitrile acetate. GC analysis was on an Agilent
6890N GC equipped with a flame ionization detector (FID). An HP-5 capillary column
(30 m× 0.32 mm i.d., 0.25 µm) was used. The column temperature program was as follows:
the initial temperature was 120 ◦C and maintained for 3 min, and then the temperature
was increased to 210 ◦C for 4 min at a rate of 15 ◦C/min. The temperature of the injector
and detector were 250 ◦C and 280 ◦C, respectively. The nitrogen flow rate was 1 mL/min.
The composition and molar ratio of monosaccharides in the sample were determined
by comparing the retention time and chromatographic peak area of the sample and the
standard sample

2.4. UV and FT-IR Spectra Analysis

An amount of 1.0 mg/mL sample was prepared for UV (U-4100, Hitachi Ltd., Tokyo,
Japan) measurement in a wavelength range of 190–500 nm. An amount of 1.0 mg of dried
sample was mixed with 120.0 mg KBr and then pressed into pellet for FT-IR spectrum
analysis (Bruker Co, Ettlingen, Germany) from 500 to 4000 cm−1.

2.5. Nuclear Magnetic Resonance (NMR) Analysis

An amount of 60 mg of the sample was dissolved in 1.0 mL D2O (99.9% D, Aladdin
Co., Ltd. Shanghai, China). The one-dimensional (1D) (1H, 13C) and two-dimensional (2D)
(1H-1H COSY, 1H-13C HSQC) NMR experiments were performed on a Bruker AVANCE
AV-500 spectrometer (Bruker Group, Fällanden, Switzerland). The residual solvent (D2O)
signal was used as an internal standard. The chemical shifts (δ) were described in parts per
million (ppm).

2.6. Scanning Electron Microscopy (SEM) Analysis

The surface structural characteristics of the sample were observed using an S-3000
scanning electron microscope (FESEM, S-4800, Hitachi, Japan). The dried sample was
sputter-coated with a gold layer before observation, and then the images were recorded by
using the SEM.

2.7. Particle Size and Zeta-Potential

The EPS solution (0.2 mg/mL) was used for zeta-potential and hydrodynamic diame-
ter (Z-average) determination. The experiments were carried out using a Malvern Zeta-size
(Malvern Instruments, UK) with the measurement temperature at 25 ◦C.

2.8. Antioxidant Activities In Vitro
2.8.1. Scavenging Activity of DPPH Radicals

DPPH free radical scavenging activity was determined by referring to the Qiao
et al. [23] method with slight modifications. Different concentrations (0.125, 0.25, 0.5,
1, 2, and 4 mg/mL) of LPEPS-1 were prepared. The 0.4 Mm DPPH in ethanol was prepared.
Amounts of 1.0 mL of the polysaccharide solution, 0.2 mL DPPH solution, and 1.8 mL
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deionized water were mixed and then incubated for 30 min at room temperature. The
absorbance at 517 nm was measured by using a spectrophotometer. Ascorbic acid (Vc) was
used as positive control. The scavenging activity of the DPPH radical was calculated by
the following equation:

Scavenging activity (%) = A blank − A sample/A blank × 100 (1)

2.8.2. Scavenging Activity of Superoxide Anion Radical

The scavenging activity of the superoxide anion radical was carried out by the method
described by Qi et al. [24]. The reaction mechanism is that PMS reacts with NADH to pro-
duce superoxide anions. The generated superoxide anion can react in color with NBT. The
colored substance has a maximum absorption wavelength at 560 nm. If the polysaccharide
solution has the ability to clear superoxide anions, its reaction color will become lighter. The
lower the absorbance, the stronger the removal ability of superoxide anions. Briefly, 72 µM
NBT, 30 µM PMS, and 338 µM NADH were prepared with 0.1 M phosphoric acid buffer
(pH 7.4). Different concentrations (0.125, 0.25, 0.5, 1, 2, and 4 mg/mL) of LPEPS-1 were
prepared. The sample solution was added to NBT, PMS, and NADH at ratios of 1:1:1:1, and
the mixture solution was incubated for 5 min at room temperature. The absorbance was
measured at 560 nm. The scavenging activity on superoxide anion radical was calculated
as follows:

Scavenging activity on superoxide anion radical (%) = Ablank − Asample/A blank × 100 (2)

2.8.3. Chelating Metal Ion Capacity

The ability of the chelating metal ion was determined by Liu et al. [25]. Fecl2 can
chelate with Felozine to form Felozine-Fe2+; however, when polysaccharide solution is
added, the polysaccharide can chelate with Fe2+, thereby inhibiting Felozine–Fe2+ forma-
tion. The chelating rate was calculated by measuring with a UV spectrophotometer the
absorbance change before and after adding the polysaccharide. Different concentrations
(0.125, 0.25, 0.5, 1, 2, and 4 mg/mL) of LPEPS-1 were prepared. The 1.0 mL sample, 0.05 mL
FeCl2 (2 mM) and 0.2 mL ferrozine (0.2 mM) were mixed together. Total volume was up to
4 mL with distilled water. Then, the mixture solution was shaken evenly and reacted for
10 min at room temperature. Absorbance was measured at 562 nm. The chelating ability of
the ferrous ion is given bellow:

Metal chelating effect (%) =A blank − A sample/A sample × 100 (3)

2.9. Statistical Analysis

All the experiments were carried out in triplicate. The results are expressed as means
± standard deviation (SD). The experiment’s data analysis was conducted using SPSS 23.0
software and Origin 2018 software.

3. Results and Discussion
3.1. Isolation and Purification of EPS

The crude EPS was isolated and purified from the soybean whey fermented by L.
plantarum 70810. In order to obtain the purified EPS fraction, DEAE-52 cellulose column
was used to separate and purify polysaccharide. As shown in Figure 1a, two fractions,
LPEPS-1 and LPEPS-2, were obtained with the yield of 78.7% and 21.3%, respectively.
Considering that the yield of LPEPS-2 was relatively low, we therefore mainly studied the
structure and antioxidant activity of LPEPS-1.
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3.2. UV and FT-IR Spectra Analysis

The characteristic UV spectrum of LPEPS-1 was observed from 190 nm to 500 nm.
Figure 1b shows that LPEPS-1 did not contain nucleic acid and protein because it had
no absorption peaks at 260 nm or 280 nm. In the wavelength range of 4000–500 cm−1

(Figure 1c), LPEPS-1 exhibited typical absorption peaks of polysaccharide. The wide
and strong absorption peak at 3395 cm−1 was the stretching vibration of the hydroxyl
group (-OH) [26]. The strong absorption peak at 2936cm−1 was the stretching vibration
of the C-H bond group. The signal strong absorption peak at 1632 cm−1 was related
to the asymmetric stretching vibration of the C=O bond. The weak absorption peak at
1437 cm−1 was the angular vibration of the C-H bond [27]. The wave numbers between
1200 and 1000 cm−1 were dominated by the glycosidic linkage C-O-H and C–O–C stretching
vibration contribution [28].

3.3. Monosaccharide Composition of LPEPS-1

The monosaccharide composition analysis result of LPEPS-1 obtained by acid hy-
drolysis is shown in Figure 1d. Comparing the retention time with standard sugars, the
results indicate that LPEPS-1 was composed of mannose, glucose, and galactose, with
molar ratios of 1.49:1.67:1.00. This monosaccharide composition result was consistent with
that reported by Wang et al. [17]. Meanwhile, Wang et al. [18] cultured L. plantarum 70810
in a semi-defined medium, and the EPS from L. plantarum 70810 only contained glucose.
Ismail et al. [29] reported that the EPS from L. plantarum was composed of glucose and
mannose, with a molar ratio of approximately 2:1. These different results indicate that
strains, culture conditions, and medium composition affect the production of EPS by L.
plantarum.

3.4. NMR Characterization of EPS

The anomeric region signals of δ 4.5–5.5 ppm were analyzed in the 1H NMR spectrum.
Normally, there are three proton signals in this region, which means that three kinds of
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glycoside bonds exist. As shown in the Figure 2a, three proton signals occurred at δ 5.37,
5.32, 4.94 ppm, and they are labeled as A, B, and C, respectively. The 13C spectrum of
LPEPS-1 was distributed in the range of δ 60–110 ppm (Figure 2b). The anomeric C-1
signals were detectable at δ 102.57, 102.19, and 101.10 ppm. According to the chemical shift
(δ) and coupling constant value (J) of the anomeric proton, it could be judged that A, B,
and C were all α-configurations. The complete spectra of 1H and 13C were assigned by 2D
COSY and HSQC. From the 1H-1H COSY spectrum (Figure 2d), the chemical shifts of H-2
to H-6 were determined. These signals cross-linked to the proton signals at δ 5.37/3.58,
3.58/3.93, 3.93/3.67, 3.67/3.78, and 3.78/3.82. Taken together with the 1H-13C spectrum
of LPEPS-1, the relevance between protons and carbons could be appointed. The signals
of C-1 at δ102.57, 102.19, and 101.10 ppm were assigned to B, A, and C, respectively. The
C2–C6 resonance signals of residue A were assigned to δ 73.88, 75.13, 79.52, 73.88, and
63.11 ppm, respectively. The C-4 signal of residue A had moved downfield to 79.52 ppm,
which indicated that C-4 of residue A was substituted [30]. In addition, the DEPT-135
spectrum also showed chemical shifts with the 13C spectrum. However, the DEPT-135
spectrum exhibited positive CH3 and CH signals and negative CH2 signals. In Figure 2c,
negative peaks in DEPT-135 showed a signal CH2 at δ 63.19 ppm, which was attributed
to the C-6 of unsubstituted carbon of A, B, and C residues. When combined with the
monosaccharide composition, NMR analysis, and literature data, residue A was identified
as →4)-α-Glcp (1→ [31,32]. In the same way, residues B and C were identified as →2)-
α-Manp (1→ and →3)-α-Galp (1→, respectively [33–36]. The 1H NMR and 13C NMR
chemical shifts of residues A–C are summarized in Table 1.
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Table 1. Chemical shifts (ppm) of 1H and 13C signals for the LPEPS-1 recorded in D2O at 313 K.

Residues Sugar Linkages H-1/C-1 H-2/C-2 H-3/C-3 H-4/C-4 H-5/C-5 H-6/C-6

A →4)-α-Glcp (1→ 5.37
102.19

3.58
73.88

3.93
75.13

3.67
79.52

3.78
73.88

3.82
63.11

B →2)-α-Manp (1→ 5.32
102.57

3.60
79.24

3.90
70.88

3.69
71.94

3.89
69.53

3.74
62.40

C →3)-α-Glap (1→ 4.94
101.10

3.58
74.38

3.97
76.10

4.00
72.37

3.72
75.50

3.80
63.16

3.5. SEM Analysis

SEM is an important tool for characterizing the advanced structure of polysaccharide,
which is a good technique for analyzing structural morphology, including size, shape, and
porosity [37]. The morphology of a polysaccharide surface can be observed intuitively
by magnification at different times. In Figure 3, the surface of LPEPS-1 displays a sheet-
like appearance, and its surface is slightly rough with holes of different sizes, showing a
compact and uneven distribution under the microscope. The structural micrographs were
different from the SEM images of EPS from L. plantarum WLPL04 [30], which showed an
irregular structure resembling sheets. In addition, EPS from L. plantarum KX041 presented
a flake-shape structure with a rough surface [38]. The differences in microstructure and
surface morphology of EPS may be related to the physicochemical properties, the selective
type of extraction, the method of drying, and the structure of polysaccharide [39,40].
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3.6. Particle Size and Zeta-Potential Analysis

Particle size is an important parameter of a substance in a solution. It can reflect the
stability of the solution and decide the substance’s potential application prospects [41]. In
different environments, polysaccharide always shows different conformations, which can
be expressed by apparent particle size on a laser particle size analyzer. Han Q et al. [42]
reported that tea (Camellia sinensis) flower polysaccharide solution could produce larger
size particles by heat treatment, compared with those produced before heating. In this
study, the particle size distribution of LPEPS-1 with concentration of 0.2 mg/mL in aque-
ous solution was determined by a laser particle size analyzer. The results are shown in
Figure 4a,b. The mean diameter of LPEPS-1 was 34.22 nm. The size distribution of LPEPS-1
was narrow and uniform, indicating that LPEPS-1 was homogeneous polysaccharide. The
zeta potential is also an important parameter that reflects the repulsive force between
polysaccharide molecules in solution. In general, large repulsive force can prevent parti-
cles from aggregation [43]. LPEPS-1 was negatively charged, and the zeta potential was
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−2.93 ± 0.13 mv. Due to the charge polarities, the particles were not massively aggregated.
Taken together, LPEPS-1 had good stability.
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3.7. Analysis of Antioxidant Activity In Vitro
3.7.1. DPPH Radical Scavenging Activity

DPPH free radical has become a free radical that is commonly used to evaluate the
antioxidant activity of various polysaccharides. The antioxidant mechanism of DDPH free
radicals is that it can accept hydrogen protons to become non-radical DPPH-H, which leads
to the disappearance of DPPH purple. According to the change of purple color before and
after adding polysaccharide samples, the DPPH scavenging rate can be calculated [44].
The antioxidant property of LPEPS-1 was evaluated with DPPH, which compared with
that of Vc. In Figure 5a, no significant change can be seen in the scavenging rate of
LPEPS-1 on DPPH, which did not change significantly at the selected concentrations range
(0.125 mg/mL to 4.0 mg/mL). However, it can be seen that the scavenging ability of
DPPH still had a dose-dependent relationship. The scavenging activity of LPEPS-1 was
42.6%, which was lower than that of Vc at 4.0 mg/mL by half, indicating that LPEPS-
1 had moderate scavenging activity on DPPH. The scavenging activity was similar to
Wang et al. [17], who reported that the DPPH radical scavenging activity of r-EPS1 and
r-EPS2 isolated from L. plantarum 70810 was 27.98% and 48.43%, respectively. The DPPH
free radical scavenging rate was mainly affected by the monosaccharide composition. In
addition, it has been reported that the high molecular weight of polysaccharide may affect
its solubility in water–ethanol systems, thus affecting its scavenging ability [38].

3.7.2. Superoxide Anion Free Radical Scavenging Activity of EPS

Superoxide anion is a precursor of active free radicals, and it is a relatively weak
oxidant [45]. When it interacts with singlet oxygen or hydroxyl radicals, it can generate
strong reactive oxidative species and cause oxidative damage and various diseases [46].
Therefore, the superoxide radical scavenging activity of LPEPS-1 was evaluated. As shown
in Figure 5b, the scavenging ability of LPEPS-1 against the superoxide anion showed
low scavenging ability at the low concentration range (0.125 mg/mL to 0.5 mg/mL). Its
scavenging ability was less than 30%. As the concentration of polysaccharides increased, the
scavenging activity gradually improved. When the test concentration was up to 4.0 mg/mL,
the highest scavenging activity was 40.13%. Compared with Vc, the scavenging activity of
LPEPS-1 was relatively low. However, LPEPS still exhibited similar antioxidant activity to
what has been reported in the literature [22].
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3.7.3. Metal Ion-Chelating Activities

Metal ions, such as ferrous ions and copper ions, are powerful oxidants. It is reported
that they can induce the production of free radicals and reactive oxygen species, which can
lead to lipid peroxidation and DNA damage [47]. The Fe2+-chelating activity of LPEPS-1
was evaluated (Figure 5c). For chelating activity on ferrous ion, LPEPS-1 showed excellent
chelating ability. As the concentration of polysaccharides increased, the chelating ability
remarkably increased. The chelating ability of LPEPS-1 on Fe2+ at 4.0 mg/mL was up to
62.8%, which was close to the result obtained for EDTA-2Na. Additionally, previous studies
have shown that compounds containing -OH, C=O, -SH, -O-, C=O, and other functional
groups have good metal chelation [48]. These results indicate that the -OH, -O-, and C=O
functional groups in LPEPS-1 played a role in metal chelation.

The antioxidant property of polysaccharide has been a hot topic. Recent studies have
reported that the antioxidant property of polysaccharide was related to many factors,
such as molecular weight, monosaccharide compositions, molar ratio of monosaccharides,
glycoside bonds, and others [49,50]. Lo et al. [51] reported that the composition of monosac-
charides affects the antioxidant capacity of EPS and that its monosaccharides containing
rhamnose and galactose have good antioxidant capacity. In our studies, LPEPS-1 contained
a galactose composition, so it exhibited outstanding antioxidant activity. Although there
are many research studies on the antioxidant activity of polysaccharides, there are few
studies on the antioxidant mechanism, which needs further exploration.
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4. Conclusions

In this study, one purified EPS fraction (LPEPS-1) was extracted from soybean whey
fermented by L. plantarum 70810, and the structural characteristics and antioxidant activity
of LPEPS-1 were investigated. Results show that LPEPS-1 consisted of mannose, glucose,
and galactose, with molar ratios of 1.49:1.67:1.00. Particle size analysis showed that LPEPS-
1 had a small particle size and that it was negatively charged. Finally, we also evaluated
its antioxidant activity in vitro. LPEPS-1 exhibited better antioxidant bioactivity against
the DPPH radical scavenging activity, superoxide anion radical scavenging activity, and
chelating activity on ferrous ion. On the basis of these results, L. plantarum 70810 can
be used with soybean whey to produce polysaccharide, and the EPS has a variety of
antioxidant activities, providing evidence of its further research value.

Author Contributions: Conceptualization, W.L., J.T. and Q.M.; methodology, J.T., Q.M., M.D., X.W.,
X.R. and Q.Z.; statistical analysis and the analysis of the results, J.T. and Q.M.; writing—original draft
preparation, J.T. and W.L.; writing—review and editing, W.L., X.R. and X.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was co-financed by the National Natural Science Foundation of China (No.
U1903108, 31871771, and 31571818), the Natural Science Foundation of Jiangsu Province (No.
BK20201320), the Jiangsu Agriculture Science and Technology Innovation Fund (No. CX (20)3043),
and the Jiangsu Provincial Key Research and Development Program (No. BK2020305 and XZ-
SZ202032).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge laboratory colleagues for their help.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Berezhnaya, Y.; Bikaeva, I.; Gachkovskaia, A.; Demidenko, A.; Klimenko, N.; Tyakht, A.; Volokh, O.; Alexeev, D. Temporal

dynamics of probiotic Lacticaseibacillus casei and rhamnosus abundance in a fermented dairy product evaluated using a combination
of cultivation-dependent and-independent methods. LWT-Food Sci. Technol. 2021, 148, 111750. [CrossRef]

2. Park, D.W.; Kim, S.H.; Park, J.H. Distribution and characterization of prophages in Lactobacillus plantarum derived from kimchi.
Food Microbiol. 2022, 102, 103913. [CrossRef]

3. Yang, J.; Lu, J.; Zhu, Q.; Tao, Y.; Zhu, Q.; Guo, C.; Fang, Y.; Chen, L.; Koyande, A.; Wang, S.J.; et al. Isolation and characterization
of a novel Lactobacillus plantarum MMB-07 from traditional Suanyu for Acanthogobius hasta fermentation. J. Biosci. Bioeng. 2021,
132, 161–166. [CrossRef]

4. Pei, J.J.; Jin, W.G.; Abd El-Aty, A.M.; Baranenko, D.A.; Gou, X.Y.; Zhang, H.X.; Geng, J.Z.; Jiang, L.; Chen, D.J.; Yue, T.L. Isolation,
purification, and structural identification of a new bacteriocin made by Lactobacillus plantarum found in conventional kombucha.
Food Control 2020, 110, 106923. [CrossRef]

5. Abdelazez, A.; Abdelmotaal, H.; Zhu, Z.T.; Fang, J.F.; Sami, R.; Zhang, L.J.; Al-Tawaha, A.; Meng, X.C. Potential benefits of
Lactobacillus plantarum as probiotic and its advantages in human health and industrial applications: A review. Adv. Environ. Biol.
2018, 12, 16–27. [CrossRef]

6. Silva, L.A.; Neto, J.H.P.L.; Cardarelli, H.R. Exopolysaccharides produced by Lactobacillus plantarum: Technological properties,
biological activity, and potential application in the food industry. Ann. Microbiol. 2019, 69, 321–328. [CrossRef]

7. Jiang, B.; Tian, L.; Huang, X.; Liu, Z.; Jia, K.; Wei, H.; Tao, X. Characterization and antitumor activity of novel exopolysaccharide
APS of Lactobacillus plantarum WLPL09 from human breast milk. Int. J. Biol. Macromol. 2020, 163, 985–995. [CrossRef]

8. Bomfim, V.B.; Neto, J.H.P.L.; Leite, K.S.; de Andrade Vieira, É.; Iacomini, M.; Silva, C.M.; Olbrich dos Santos, K.M.; Cardarelli, H.R.
Partial characterization and antioxidant activity of exopolysaccharides produced by Lactobacillus plantarum CNPC003. LWT-Food
Sci. Technol. 2020, 127, 109349. [CrossRef]

9. Rajoka, M.S.R.; Wu, Y.G.; Mehwish, H.M.; Bansal, M.; Zhao, L.Q. Lactobacillus exopolysaccharides: New perspectives on
engineering strategies, physiochemical functions, and immunomodulatory effects on host health. Trends Food Sci. Technol. 2020,
103, 36–48. [CrossRef]

10. Ferreira, S.S.; Passos, C.P.; Madureira, P.; Vilanova, M.; Coimbra, M.A. Structure–function relationships of immunostimulatory
polysaccharides: A review. Carbohydr. Polym. 2015, 132, 378–396. [CrossRef]

http://doi.org/10.1016/j.lwt.2021.111750
http://doi.org/10.1016/j.fm.2021.103913
http://doi.org/10.1016/j.jbiosc.2020.12.016
http://doi.org/10.1016/j.foodcont.2019.106923
http://doi.org/10.22587/aeb.2018.12.1.4
http://doi.org/10.1007/s13213-019-01456-9
http://doi.org/10.1016/j.ijbiomac.2020.06.277
http://doi.org/10.1016/j.lwt.2020.109349
http://doi.org/10.1016/j.tifs.2020.06.003
http://doi.org/10.1016/j.carbpol.2015.05.079


Foods 2021, 10, 2780 11 of 12

11. Xiao, Y.; Wang, L.; Rui, X.; Li, W.; Chen, X.; Jiang, M.; Dong, M. Enhancement of the antioxidant capacity of soy whey by
fermentation with Lactobacillus plantarum B1-6. J. Funct. Foods. 2015, 12, 33–44. [CrossRef]

12. Chua, J.Y.; Liu, S.Q. Soy whey: More than just wastewater from tofu and soy protein isolate industry. Trends Food Sci. Technol.
2019, 91, 24–32. [CrossRef]

13. Zhu, Y.; Wang, Z.; Zhang, L. Optimization of lactic acid fermentation conditions for fermented tofu whey beverage with
high-isoflavone aglycones. LWT-Food Sci. Technol. 2019, 111, 211–217. [CrossRef]

14. Tenorio, M.D.; Espinosa-Martos, I.; Préstamo, G.; Rupérez, P. Soybean whey enhance mineral balance and caecal fermentation in
rats. Eur. J. Nutr. 2010, 49, 155–163. [CrossRef] [PubMed]

15. Tu, C.; Azi, F.; Huang, J.; Xu, X.; Xing, G.; Dong, M. Quality and metagenomic evaluation of a novel functional beverage produced
from soy whey using water kefir grains. LWT-Food Sci. Technol. 2019, 113, 108258. [CrossRef]

16. Chua, J.Y.; Liu, S.Q. Effect of single amino acid addition on growth kinetics and flavor modulation by Torulaspora delbrueckii in soy
(tofu) whey alcoholic beverage fermentation. Food Res. Int. 2020, 135, 109283. [CrossRef]

17. Wang, K.; Li, W.; Rui, X.; Chen, X.; Jiang, M.; Dong, M. Characterization of a novel exopolysaccharide with antitumor activity
from Lactobacillus plantarum 70810. Int. J. Biol. Macromol. 2014, 63, 133–139. [CrossRef]

18. Wang, K.; Li, W.; Rui, X.; Chen, X.; Jiang, M.; Dong, M. Structural characterization and bioactivity of released exopolysaccharides
from Lactobacillus plantarum 70810. Int. J. Biol. Macromol. 2014, 67, 71–78. [CrossRef] [PubMed]

19. Chaisuwan, W.; Jantanasakulwong, K.; Wangtueai, S.; Phimolsiripol, Y.; Chaiyaso, T.; Techapun, C.; Phongthai, S.; You, S.;
Regenstein, J.; Seesuriyachan, P. Microbial exopolysaccharides for immune enhancement: Fermentation, modifications and
bioactivities. Food Biosci. 2020, 35, 100564. [CrossRef]

20. Zhang, H.; Li, W.; Rui, X.; Sun, X.; Dong, M. Lactobacillus plantarum 70810 from Chinese paocai as a potential source of
β-galactosidase for prebiotic galactooligosaccharides synthesis. Eur. Food Res. Technol. 2013, 236, 817–826. [CrossRef]

21. Li, W.; Mutuvulla, M.; Chen, X.; Jiang, M.; Dong, M. Isolation and identification of high viscosity-producing lactic acid bacteria
from a traditional fermented milk in Xinjiang and its role in fermentation process. Eur. Food Res. Technol. 2012, 235, 497–505.
[CrossRef]

22. Tang, W.; Dong, M.; Wang, W.; Han, S.; Rui, X.; Chen, X.; Jiang, M.; Zhang, Q.; Wu, J.; Li, W. Structural characterization and
antioxidant property of released exopolysaccharides from Lactobacillus delbrueckii ssp. bulgaricus SRFM-1. Carbohydr. Polym. 2017,
173, 654–664. [CrossRef]

23. Qiao, D.; Ke, C.; Hu, B.; Luo, J.; Ye, H.; Sun, Y.; Yan, X.; Zeng, X. Antioxidant activities of polysaccharides from Hyriopsis cumingii.
Carbohydr. Polym. 2009, 78, 199–204. [CrossRef]

24. Qi, H.; Zhang, Q.; Zhao, T.; Hu, R.; Zhang, K.; Li, Z. In vitro antioxidant activity of acetylated and benzoylated derivatives of
polysaccharide extracted from Ulva pertusa (Chlorophyta). Bioorg. Med. Chem. Lett. 2006, 16, 2441–2445. [CrossRef]

25. Liu, C.H.; Wang, C.H.; Xu, Z.L.; Wang, Y. Isolation, chemical characterization and antioxidant activities of two polysaccharides
from the gel and the skin of Aloe barbadensis Miller irrigated with sea water. Process Biochem. 2007, 42, 961–970. [CrossRef]

26. Wu, L.; Sun, H.; Hao, Y.; Zheng, X.; Song, Q.; Dai, S.; Zhu, Z. Chemical structure and inhibition on α-glucosidase of the
polysaccharides from Cordyceps militaris with different developmental stages. Int. J. Biol. Macromol. 2020, 148, 722–736. [CrossRef]

27. Ji, X.; Hou, C.; Yan, Y.; Shi, M.; Liu, Y. Comparison of structural characterization and antioxidant activity of polysaccharides from
jujube (Ziziphus jujuba Mill.) fruit. Int. J. Biol. Macromol. 2020, 149, 1008–1018. [CrossRef]

28. Wang, B. Chemical characterization and ameliorating effect of polysaccharide from Chinese jujube on intestine oxidative injury
by ischemia and reperfusion. Int. J. Biol. Macromol. 2011, 48, 386–391. [CrossRef]

29. Ismail, B.; Nampoothiri, K.M. Production, purification and structural characterization of an exopolysaccharide produced by a
probiotic Lactobacillus plantarum MTCC 9510. Arch. Microbiol. 2010, 192, 1049–1057. [CrossRef]

30. Liu, Z.; Zhang, Z.; Qiu, L.; Zhang, F.; Xu, X.; Wei, H.; Tao, X. Characterization and bioactivities of the exopolysaccharide from a
probiotic strain of Lactobacillus plantarum WLPL04. J. Dairy Sci. 2017, 100, 6895–6905. [CrossRef] [PubMed]

31. Teng, C.; Qin, P.; Shi, Z.; Zhang, W.; Yang, X.; Yao, Y.; Ren, G. Structural characterization and antioxidant activity of alkali-extracted
polysaccharides from quinoa. Food Hydrocolloid. 2021, 113, 106392. [CrossRef]

32. Jing, Y.; Li, J.; Zhang, Y.; Zhang, R.; Zheng, Y.; Hu, B.; Wu, L.; Zhang, D. Structural characterization and biological activities of
a novel polysaccharide from Glehnia littoralis and its application in preparation of nano-silver. Int. J. Biol. Macromol. 2021, 183,
1317–1326. [CrossRef] [PubMed]

33. Li, Y.M.; Zhong, R.F.; Chen, J.; Luo, Z.G. Structural characterization, anticancer, hypoglycemia and immune activities of
polysaccharides from Russula virescens. Int. J. Biol. Macromol. 2021, 184, 380–392. [CrossRef] [PubMed]

34. Hao, H.; Han, Y.; Yang, L.; Hu, L.; Duan, X.; Yang, X.; Huang, R. Structural characterization and immunostimulatory activity of a
novel polysaccharide from green alga Caulerpa racemosa var peltata. Int. J. Biol. Macromol. 2019, 134, 891–900. [CrossRef]

35. Song, Y.; Zhu, M.; Hao, H.; Deng, J.; Li, M.; Sun, Y.; Yang, R.; Wang, H.; Huang, R. Structure characterization of a novel
polysaccharide from Chinese wild fruits (Passiflora foetida) and its immune-enhancing activity. Int. J. Biol. Macromol. 2019, 136,
324–331. [CrossRef]

36. Vinogradov, E.; Valence, F.; Maes, E.; Jebava, I.; Chuat, V.; Lortal, S.; Grard, T.; Guerardel, Y.; Sadovskaya, I. Structural studies of
the cell wall polysaccharides from three strains of Lactobacillus helveticus with different autolytic properties: DPC4571, BROI, and
LH1. Carbohydr. Res. 2013, 379, 7–12. [CrossRef]

http://doi.org/10.1016/j.jff.2014.10.033
http://doi.org/10.1016/j.tifs.2019.06.016
http://doi.org/10.1016/j.lwt.2019.05.021
http://doi.org/10.1007/s00394-009-0060-8
http://www.ncbi.nlm.nih.gov/pubmed/19830378
http://doi.org/10.1016/j.lwt.2019.108258
http://doi.org/10.1016/j.foodres.2020.109283
http://doi.org/10.1016/j.ijbiomac.2013.10.036
http://doi.org/10.1016/j.ijbiomac.2014.02.056
http://www.ncbi.nlm.nih.gov/pubmed/24631548
http://doi.org/10.1016/j.fbio.2020.100564
http://doi.org/10.1007/s00217-013-1938-5
http://doi.org/10.1007/s00217-012-1779-7
http://doi.org/10.1016/j.carbpol.2017.06.039
http://doi.org/10.1016/j.carbpol.2009.03.018
http://doi.org/10.1016/j.bmcl.2006.01.076
http://doi.org/10.1016/j.procbio.2007.03.004
http://doi.org/10.1016/j.ijbiomac.2020.01.178
http://doi.org/10.1016/j.ijbiomac.2020.02.018
http://doi.org/10.1016/j.ijbiomac.2010.12.005
http://doi.org/10.1007/s00203-010-0636-y
http://doi.org/10.3168/jds.2016-11944
http://www.ncbi.nlm.nih.gov/pubmed/28711240
http://doi.org/10.1016/j.foodhyd.2020.106392
http://doi.org/10.1016/j.ijbiomac.2021.04.178
http://www.ncbi.nlm.nih.gov/pubmed/33933541
http://doi.org/10.1016/j.ijbiomac.2021.06.026
http://www.ncbi.nlm.nih.gov/pubmed/34126149
http://doi.org/10.1016/j.ijbiomac.2019.05.084
http://doi.org/10.1016/j.ijbiomac.2019.06.090
http://doi.org/10.1016/j.carres.2013.05.020


Foods 2021, 10, 2780 12 of 12

37. Ktari, N.; Bkhairia, I.; Nasri, M.; Salah, R.B. Structure and biological activities of polysaccharide purified from Senegrain seed. Int.
J. Biol. Macromol. 2020, 144, 190–197. [CrossRef]

38. Xu, Y.; Cui, Y.; Wang, X.; Yue, F.; Shan, Y.; Liu, B.; Zhou, Y.; Yi, Y.; Lü, X. Purification, characterization and bioactivity of
exopolysaccharides produced by Lactobacillus plantarum KX041. Int. J. Biol. Macromol. 2019, 128, 480–492. [CrossRef] [PubMed]

39. Cheng, H.; Feng, S.; Jia, X.; Li, Q.; Zhou, Y.; Ding, C. Structural characterization and antioxidant activities of polysaccharides
extracted from Epimedium acuminatum. Carbohydr. Polym. 2013, 92, 63–68. [CrossRef]

40. Kanamarlapudi, S.L.R.K.; Muddada, S. Characterization of exopolysaccharide produced by Streptococcus thermophilus CC30.
BioMed Res. Int. 2017, 2017, 1–11. [CrossRef]

41. Li, X.; Wang, L. Effect of extraction method on structure and antioxidant activity of Hohenbuehelia serotina polysaccharides. Int. J.
Biol. Macromol. 2016, 83, 270–276. [CrossRef]

42. Han, Q.; Yu, Q.Y.; Shi, J.; Xiong, C.Y.; Ling, Z.J.; He, P.M. Molecular characterization and hypoglycemic activity of a novel
water-soluble polysaccharide from tea (Camellia sinensis) flower. Carbohydr. Polym. 2011, 86, 797–805. [CrossRef]

43. Tang, W.; Han, S.; Zhou, J.; Xu, Q.; Dong, M.; Fan, X.; Rui, X.; Zhang, Q.; Chen, X.; Jiang, M.; et al. Selective fermentation of
Lactobacillus delbrueckii ssp. Bulgaricus SRFM-1 derived exopolysaccharide by Lactobacillus and Streptococcus strains revealed
prebiotic properties. J. Funct. Foods. 2020, 69, 103952. [CrossRef]

44. Lin, Y.; Zeng, H.; Wang, K.; Lin, H.; Li, P.; Huang, Y.; Zhou, S.; Zhang, W.; Chen, C.; Fan, H. Microwave-assisted aqueous
two-phase extraction of diverse polysaccharides from Lentinus edodes: Process optimization, structure characterization and
antioxidant activity. Int. J. Biol. Macromol. 2019, 136, 305–315. [CrossRef]

45. Lee, J.; Koo, N.; Min, D.B. Reactive oxygen species, aging, and antioxidative nutraceuticals. Compr. Rev. Food Sci. Food Saf. 2004, 3,
21–33. [CrossRef]

46. Yuan, Q.; Xie, Y.; Wang, W.; Yan, Y.; Ye, H.; Jabbar, S.; Zeng, X. Extraction optimization, characterization and antioxidant activity
in vitro of polysaccharides from mulberry (Morus alba L.) leaves. Carbohydr. Polym. 2015, 128, 52–62. [CrossRef] [PubMed]

47. Ghazala, I.; Sila, A.; Frikha, F.; Driss, D.; Ellouz-Chaabouni, S.; Haddar, A. Antioxidant and antimicrobial properties of water
soluble polysaccharide extracted from carrot peels by-products. J. Food Sci. Tech. 2015, 52, 6953–6965. [CrossRef]

48. Li, L.; Thakur, K.; Liao, B.Y.; Zhang, J.G.; Wei, Z.J. Antioxidant and antimicrobial potential of polysaccharides sequentially
extracted from Polygonatum cyrtonema Hua. Int. J. Biol. Macromol. 2018, 114, 317–323. [CrossRef]

49. Sun, Y.X.; Liu, J.C.; Kennedy, J.F. Purification, composition analysis and antioxidant activity of different polysaccharide conjugates
(APPs) from the fruiting bodies of Auricularia polytricha. Carbohydr. Polym. 2010, 82, 299–304. [CrossRef]

50. Lei, N.; Wang, M.; Zhang, L.; Xiao, S.; Fei, C.; Wang, X.; Zhang, K.; Zheng, W.; Wang, C.; Yang, R.; et al. Effects of low molecular
weight yeast β-glucan on antioxidant and immunological activities in mice. Int. J. Mol. Sci. 2015, 16, 21575–21590. [CrossRef]

51. Lo, T.C.T.; Chang, C.A.; Chiu, K.H.; Tsay, P.K.; Jen, J.F. Correlation evaluation of antioxidant properties on the monosaccharide
components and glycosyl linkages of polysaccharide with different measuring methods. Carbohydr. Polym. 2011, 86, 320–327.
[CrossRef]

http://doi.org/10.1016/j.ijbiomac.2019.12.087
http://doi.org/10.1016/j.ijbiomac.2019.01.117
http://www.ncbi.nlm.nih.gov/pubmed/30682478
http://doi.org/10.1016/j.carbpol.2012.09.051
http://doi.org/10.1155/2017/4201809
http://doi.org/10.1016/j.ijbiomac.2015.11.060
http://doi.org/10.1016/j.carbpol.2011.05.039
http://doi.org/10.1016/j.jff.2020.103952
http://doi.org/10.1016/j.ijbiomac.2019.06.064
http://doi.org/10.1111/j.1541-4337.2004.tb00058.x
http://doi.org/10.1016/j.carbpol.2015.04.028
http://www.ncbi.nlm.nih.gov/pubmed/26005139
http://doi.org/10.1007/s13197-015-1831-2
http://doi.org/10.1016/j.ijbiomac.2018.03.121
http://doi.org/10.1016/j.carbpol.2010.04.056
http://doi.org/10.3390/ijms160921575
http://doi.org/10.1016/j.carbpol.2011.04.056

	Introduction 
	Materials and Methods 
	Materials and Chemicals 
	Isolation and Purification of EPS 
	Analysis of Monosaccharide Composition 
	UV and FT-IR Spectra Analysis 
	Nuclear Magnetic Resonance (NMR) Analysis 
	Scanning Electron Microscopy (SEM) Analysis 
	Particle Size and Zeta-Potential 
	Antioxidant Activities In Vitro 
	Scavenging Activity of DPPH Radicals 
	Scavenging Activity of Superoxide Anion Radical 
	Chelating Metal Ion Capacity 

	Statistical Analysis 

	Results and Discussion 
	Isolation and Purification of EPS 
	UV and FT-IR Spectra Analysis 
	Monosaccharide Composition of LPEPS-1 
	NMR Characterization of EPS 
	SEM Analysis 
	Particle Size and Zeta-Potential Analysis 
	Analysis of Antioxidant Activity In Vitro 
	DPPH Radical Scavenging Activity 
	Superoxide Anion Free Radical Scavenging Activity of EPS 
	Metal Ion-Chelating Activities 


	Conclusions 
	References

