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Abstract: In the present study, the preliminary structure and in vitro antitumor activity of three
exopolysaccharides (EPSs) from Streptococcus thermophilus CH9 were investigated. Then, three
purified fractions of EPS-1a, EPS-2a, and EPS-3a were obtained by chromatography using DEAE-52
cellulose and Sephadex G-100, respectively. The average molecular weight of EPS-1a, EPS-2a, and
EPS-3a, were 1.80 x 10, 1.06 x 10° and 1.05 x 10°. The monosaccharide composition of EPS-3a
was dramatically different from the others. The EPS-la and EPS-2a were mainly composed of
mannose, in a ratio of 69.82% and 57.09%, respectively, while EPS-3a was mainly composed of glucose
(63.93%), without mannose. In addition, the surface morphology observed suggested that there were
protein particles on the sugar chain of EPS-3a and EPS-3a was a protein-containing polysaccharide.
Furthermore, EPS-3a exhibited higher antitumor activity against human liver cancer HepG2 cells
in vitro. The antitumor activity of EPS-3a in HepG2 cells was associated with cell apoptosis. HE
staining and Hoechst 33342 staining showed that with the treatment of EPS-3a, HepG2 cells had
typical morphological changes. Flow cytometry analysis showed that the cell cycle was arrested at
G0/G1 phase.

Keywords: S. thermophilus CH9; exopolysaccharide; preliminary structure; antitumor activity

1. Introduction

In recent years, microbial polysaccharides led increased attention in the fermented dairy industry,
not only because of its viscous properties [1], but also because it is an important source of natural
alternatives to commercial additives of plant or animal origin of safe status. Microorganisms can secrete
polysaccharide layers on their cell surface which, together with a few glycoproteins, are grouped within
the general term “glycocalyx”. These exocellular polymers comprise the capsular polysaccharides,
which form a cohesive layer or capsule covalently linked to the cell surface. The long-chain
polysaccharides contain branches and some repeating units of sugars or sugar derivatives, such
as glucose, fructose, mannose, and galactose etc., which are related to their particular biological
activity [2].

Among the wide variety of EPS-producing bacteria, lactic acid bacteria (LAB) have gained special
attention, due to the remarkable property of the polymers they synthesize, which have beneficial effects
on human health, such as cholesterol-lowering ability [3], antitumor [4,5], immunostimulatory [6],
antibiofilm [7], and antioxidant activity [8]. The EPS produced by Lactobacillus helveticus MB2-1 had
strong scavenging on free radicals and chelating activities on ferrous ions [9]. The EPS produced
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by Lactobacillus plantarum YW32 had strong scavenging capacities on hydroxyl and superoxide free
radicals, concentration-dependent inhibition on biofilm formation of several pathogenic bacteria, and
good inhibition activity on HT-29 cells of colon cancer [10]. The EPS obtained from Lactobacillus confusus
TISTR 1498 partially hydrolyzed EPS-stimulated RAW264.7 cells through the activation of NF-«B and
JNK pathways [11]. Therefore, lactobacillus extracellular polysaccharides can be used as a natural
antioxidant, antimicrobial agent, antitumor, and immune-enhancing drug in the pharmaceutical field.
Meanwhile, their good water-retaining and rheological properties can also accelerate their development
in the food industry. The purified EPS obtained from Streptococcus thermophilus ST-143 was added to
milk, and it was found that the gel stiffness and viscosity of the fermented milk increased with the
increase of EPS [12]. The addition of lactobacillus EPS could promote the absorption of water and
prolong the shelf life of bread [13]. Several authors have reported that S. thermophilus, classified as
GRAS (generally recognized as safe), has the ability to produce a wide variety of EPSs [14]. For this
reason, many studies on preliminary structural of EPS produced by S. thermophilus, with the help of
advanced analytical techniques, have been performed.

WTO reported that more than 7 million people died of cancer, a proliferation disorder involving
an obstruction to apoptosis, and its continued spread with increasing incidence had continued into
the 21st century. Microbial secondary metabolites, including EPSs from microorganisms, represent a
large source of compounds endowed with ingenious structures and potent biological activities. It has
been reported that EPSs, natural polymers which have a complex chain structure, have antitumor
activity [15]. Therefore, more attention has been paid to microbial polysaccharides.

In this study, an attempt was made to characterize the chemical and physical properties of EPSs
isolated from S. thermophilus CH9. Their antitumor activities were tested on human liver cancer HepG2
cells. The physicochemical characteristics of the EPSs were analyzed based on their monosaccharide
composition and physical properties. The EPSs were found to induce cytotoxicity, cell cycle arrest, and
apoptosis in HepG2 cells.

2. Results and Discussion

2.1. Isolation and Purification of EPS

The sugar content of EPS crude polysaccharide was 87.33%, and its yield was 219.25 mg/L.
In Figure 1, the solution of crude EPS was applied to a column of DEAE-52, resulting in three fractions,
which eluted with the distilled water, 0.05 M, and 0.1 M NaCl solutions, named as EPS-1, EPS-2, and
EPS-3 (the ratio was 31.32%, 24.33%, and 44.35%), respectively. Since DEAE is an anion exchanger
with positive charge, in the process of balance, it could bind to negatively charged balance ions in
the buffer [16]. After loading the EPS crude polysaccharide, the acidic polysaccharides with negative
charge could exchange with balance ions, and bind to the chromatographic column. When eluting,
the neutral groups were removed with distilled water, and the negatively charged groups were
removed with NaCl. The EPS1 was eluted by distilled water, indicating that EPS1 was a neutral
polysaccharide. However, EPS2 and EPS3 were eluted by NaCl, indicating that they were ascribed
to acidic polysaccharides. In Figure 2, three independent fractions (EPS-1a, EPS-2a, and EPS-3a)
were obtained by a column of G-100. Then, their carbohydrate and protein contents were detected,
indicating that EPS-3a contained the highest content of protein.



Molecules 2018, 23, 2898

Absorbance

Concentration of NaCl —m— EPS —A— Protein

.
| < EPSI
1

20

40

% EPS3

60 80

Tube Number

r0.30

o
(M)

Concentration of NaC

Figure 1. The elution curve of crude exopolysaccharide (EPS) on DEAE-52.

detected via UV absorption at 490 nm, and proteins were detected at 280 nm.

distilled water and a linear gradient of NaCl from 0 to 0.3 M.
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Figure 2. The elution curve of EPS1 (a), EPS2 (b), and EPS3 (c) on G-100. The carbohydrates were
detected via UV absorption at 490 nm. The eluent solvent was distilled water.

2.2. Molecular Weight

The peak of EPS-1a, EPS-2a, and EPS-3a showed a single symmetric peak (Figure 3). The average
molecular weight of EPS-1a, EPS-2a, and EPS-3a were 1.80 x 10, 1.06 x 10° and 1.05 x 10°.
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Figure 3. The HPGPC profiles of EPSla (a), EPS2a (b), and EPS3a (c) determined by a HPLC
System. The mobile phase was ultrapure water at a flow rate of 0.8 mL/min. The temperature

of the chromatographic column (Shodex OHpak SB-804 HQ) was 30 °C.

2.3. Monosaccharide Composition Analysis

The monosaccharide compositions of the three purified fractions (EPS-1a, EPS-2a, and EPS-3a)
were analyzed using GC, and the data were presented in Figure 4 and Table 1. Notably, mannose
was found to be the most abundant monosaccharide, in a ratio of 69.82% and 57.09%, respectively,
for EPS-1a and EPS-2a. Meanwhile, EPS-3a was composed of fucose, ribose, rhamnose, arabinose,
xylose, sorbose, glucose, and galactose, in a ratio of 1.07%, 0.63%, 0.59%, 0.35%, 0.41%, 2.03%, 63.93%
and 36.07%. The presence of different sugar moieties indicated that EPSs were heteropolysaccharides.
Vijayendra et al. (2008) reported the exopolysaccharide produced by a non-ropy strain of Leuconostoc
sp. CFR 2181 was composed of glucose (91%), rhamnose, and arabinose (1.8% each) [17].
Marshall et al. (1995) reported the production of a phosphopolysaccharide by Lactococcus lactis subsp.
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cremoris LC330, which consisted of glucose, rhamnose, galactose, and glucosamine in an approximate
ratio of 6:5:4:1, respectively [18]. Interestingly, ribose, rhamnose, and galactose were detected only in
EPS-3a. Besides, the result indicated that glucose was the main sugar constituent of EPS-3a and,

probably, the primary hydroxyl groups in glucose were oxidized to form acidic groups, which
accounted for the acidic property of EPS-3a.
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Figure 4. The GC profiles of standard monosaccharides (a), EPS-1a (b), EPS-2a (c), and EPS-3a (d)
determined by GC system.

Table 1. Preliminary characterization of EPS-1a, EPS-2a, and EPS-3a.

S Carbohydrate Protein Sugar Component (%)
amples o o
(%) (%) Fuce' Rib Rha Ara Xyl Sor Man Glu Gal
EPS-1a 96.32 - - - - - - 30.18 69.82 - -
EPS-2a 92.33 1.12 2.09 - - 111 055 15.05 57.09 2339 -
EPS-3a 85.62 2.52 107 063 059 035 041 203 - 63.93 36.07

2.4. SEM Analysis

In an attempt to study microstructural difference in the three fractions, scanning electron
microscopy was used to depict the surface morphology of macromolecules. SEM image (shown
in Figure 5a) indicated that EPS-1a had a random, web-like and highly branched strcuture [19].
Interestingly, the strcuture of EPS-2a was significantly different from EPS-1a. The image of EPS-2a
(shown in Figure 5b) revealed a smooth, compact and cluster-like structure [20]. In Figure 5c, the EPS-3a
exhibited a smooth and porous structure. Besides, there were bead-like substances adhered to
polymeric chains. It was supposed that the bead-like substances might be protein particles and
EPS-3a might be a protein-containing polysaccharide.
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Figure 5. The microstructure and surface morphology micrographs of EPS-1a (a), EPS-2a (b), and
EPS-3a (c) observed by SEM at an accelerating voltage of 10 kV.

2.5. AFM Analysis

The EPS-1a was spherical structure, and the height and diameter of spheroids were 0.109-2.85 nm
and 0.039-0.072 nm, respectively. Generally, the height of a single polysaccharide chain was 0.1-1 nm,
while the height of EPS-1a was higher than that of a single polysaccharide chain, thus we speculated
that there were inter- and/or intra-molecular aggregation [21].

Meanwhile, the topographical AFM images of EPS-2a were round lumps and chains, which could
be seen in Figure 6b,e. The maximal height of lumps was 1.23 nm, but the lumps and chains formed
an irregular reticulation shape. A similar experiment reported about an acidic polysaccharide from a
mycelial culture of Cordyceps sinensis fungus Cs-HK1 [22].

The AFM image of EPS-3a was dramatically different from the others (Figure 6c,f). The worm-like
strands connecting the network might be formed by aggregation of the polysaccharide chains and
branches, and the lightspots that existed in the chains presumably were the sites for connection to each
polysaccharide molecule. A similar experiment was reported about an acidic polysaccharide from
Mesona blumes gum [23].
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Figure 6. Atomic force microscopy (AFM) 2-D ((a), (b), and (c)) and 3-D ((d), (e), and (f)) images of
molecular structure of EPS-1a (a,d), EPS-2a (b,e), and EPS-3a (c,f). The concentration was 100 pug/mL.

2.6. Antitumor Activity against HepG2 Cells In Vitro

2.6.1. Effect of EPS on HepG2 Proliferation

The effects on proliferation of the HepG2 cells were first investigated in order to evaluate
the potential antitumor activity of EPS-1a, EPS-2a, and EPS-3a. As shown in Figure 7, various
concentrations (50, 100, 200, and 400 pug/mL) of EPS, at the time of 24 h, caused the proliferation
inhibition rate of HepG2 cells to increase in a dose-dependent manner. EPS-3a exhibited the strongest
inhibition activity in comparison to EPS-1a and EPS-2a. The IC50 (cell inhibition ratio was nearly 50%)
of EPS-3a was 313.75 ug/mL, while the inhibition ratio of EPS-1a and EPS-2a were no more than 50%,
regardless of the changes of dose.

Recently, studies related to the antitumor activities of polysaccharides have increased. It has been
demonstrated that their antitumor effects depend on the molecular weight, chemical composition,
structure of the polymeric backbone, degree of branching, and so on [24]. In our study, EPS-3a
showed the highest in vitro antitumor activity, more so than the other two fractions. The differences of
antitumor activity for EPS-1a, EPS-2a, and EPS-3a might be due to their differences in monosaccharide
composition and contents of protein. Besides, the antitumor activity was deeply dependent,
among other factors, on the three-dimensional structure and conformation of the polymeric chains.
Comparing with EPS-la and EPS-2a, EPS-3a contained a higher ratio of glucose (63.93%) in
monosaccharide composition, and relatively higher contents of protein. Apart from this, the reason
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that EPS-1a exhibited relatively lower antitumor activity might be due to its origin (the fraction
eluted with water from the column of DEAE-52 cellulose during the purification of crude EPS)
and monosaccharide composition (sorbose 30.18% and mannose 69.82%). It was reported that
polysaccharides with high antitumor activity from the fruiting bodies of mushrooms were mostly
heteropolysaccharides consisting of galactose, glucose, mannose, and fucose and, also, those from the
mycelia of mushrooms are mainly protein-containing glucans [25]. Incidentally, EPS-3a was also a
protein-containing heteropolysaccharide.

[
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Inhibition rate (%)

Concentration (pg/mL)

Figure 7. Test of EPS on cell proliferation of human liver cancer HepG2 cell line. The concentrations of
EPS-1a, EPS-2a, and EPS-3a were either 50, 100, 200, and 400 ug/mL.

2.6.2. HE Staining

Apoptosis refers to the morphological features such as cytoplasmic blistering, chromatin
condensation, nuclear fragmentation, cell roundness, and cell contraction [26,27]. To confirm whether
the loss of cell viability was due to apoptosis or not, cell changes in morphology were evaluated by
HE staining. As shown in Figure 8, after treatment with EPS-3a, marked morphologic changes in cell
nuclei were observed, compared with the control.

As shown in Figure 8a, the control cells grown in a good state appeared in a spindle or triangle
irregular shape, and the nucleus and cytoplasm were clearly distinguishable. When treated with
EPS-3a for 24 h (Figure 8b), it was found that some cells began to become round and shed out, but
the cells were intact, and some nuclei showed agglutination. When the treatment time increased to
48 h (Figure 8c), the cells showed apoptosis morphological changes: cytoplasm concentration, partial
nucleus concentration, and nuclear disintegration.
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Figure 8. Effect of EPS-3a induced HepG2 cells apoptosis by HE staining (40x). Cells were treated
with EPS-3a for different time (24 h, 48 h and 72 h). The concentration of EPS-3a was 313.75 pg/mL.
(a) Control, 0 h. (b) Cells treated with EPS-3a for 24 h. (c) Cells treated with EPS-3a for 48 h.

2.6.3. Hoechst 33342 Staining

Apoptosis was further confirmed by analyzing the nuclear by Hoechst 33342 staining.
The fluorescent dye, Hoechst 33342, is widely used to stain DNA for evaluating apoptosis of viable
cells. It is a blue fluorescent dye that can penetrate cell membranes and is less toxic to cells [28,29].
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A small amount of Hoechst 33342 can enter normal cell membranes, so normal cells are light blue.
When apoptosis occurs, the permeability of cell membrane enhances, DNA structure changes, so the
dye Hoechst 33342 can bind to DNA more effectively and displays bright blue fluorescence. Cell
apoptosis can be judged by blue fluorescence level. In the control group (Figure 9a), nuclei were round
and slightly stained. After being incubated with EPS-3a for 24 h (Figure 9b), some nuclei appeared
hypercondensed (brightly stained). After treatment for 48 h, nuclei stained by Hoechst 33342 increased
significantly and the chromatin further condensed (Figure 9c). The results demonstrated that EPS-3a
could induce apoptosis of HepG2 cells.

(©

Figure 9. Effect of EPS-3a induced HepG2 cells apoptosis by Hoechst 33342 staining. Cells were treated
with EPS-3a for different time (24 h, 48 h and 72 h). The concentration of EPS-3a was 313.75 pg/mL.
(a) Control, 0 h. (b) Cells treated with EPS-3a for 24 h. (c) Cells treated with EPS-3a for 48 h.

2.6.4. Cell Cycle Analysis

Flow cytometry is a useful tool to examine whether EPS-3a could interfere with the cell cycle of
HepG2 cells stained with propidium iodide. Many antitumor agents and DNA-damaging agents arrest
the cell cycle and, then, induce apoptotic cell death [30]. HepG2 cells in the control showed normal
cell characteristics: the ratio of apoptotic cells was 2.59%, at the same time, 63.70% of the cells were
in GO/G1 phase (Figure 10a and Table 2). After incubation with EPS-3a for 24 h, 7.45% of cells had
undergone apoptosis and the cell proportion in G0/G1 phase was 75.81% (Figure 10b and Table 2).
After 48 h, the apoptotic ratio increased to 14.70%, and the percentage of cells in GO/G1 phase was
89.70% (Figure 10c and Table 2). These results indicated EPS-3a could induce HepG2 cell apoptosis,
and the cell cycle was arrested at G0/G1 phase. All phenomena suggested that EPS-3a could induce
apoptosis in HepG2 cells [31].
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Figure 10. Flow cytometric analysis of DNA fragmentation. (a) Control, 0 h. (b) Cells treated with
EPS-3a for 24 h. (c) Cells treated with EPS-3a for 48 h.
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Table 2. Effect of EPS-3a on cell cycle distribution of HepG2 Cells (1 = 3).

Time Apoptosis Cell (%) G0/G1 (%) S (%) G2/M (%)
Control 2.59 £0.32 63.70 £ 0.45 14.90 £ 2.02 21.40 £ 0.94

24h 745 +£155* 75.81 £0.33* 19.10 £ 1.96 515+ 1.86*

48h 14.70 £1.24 ** 89.70 £ 2.01 ** 533 +£2.04% 5.02 +£1.84 **

Note: Compared with control, * p < 0.05, ** p < 0.01.

3. Materials and Methods
3.1. Preparation and Purification of Polysaccharides

3.1.1. Strain and Growth Medium

S. thermophilus CH9 isolated from curd was stored at —80 °C in MRS medium containing 25%
(v/v) glycerol as cryoprotectant. The growth medium of S. thermophilus CH9 was skim milk-based
medium containing 0.5% sucrose, 1.5% soy peptone, and 0.3% Tween 80.

3.1.2. Preparation of Crude EPS

The crude EPS was prepared according to the reported method with some modifications [32].
S. thermophilus CH9 was cultured at 40 °C for 24 h on modified skimmed milk-based medium.
Proteins were precipitated using trichloroacetic acid after adding neutral protease at 50 °C for 4 h,
and then bacterial cells and precipitates were removed by centrifugation (10,000x g, 20 min, 4 °C).
The supernatants were concentrated to one-fifth of their original volume with a rotary evaporator
under reduced pressure. The resulting concentrate was mixed with three volume of absolute ethanol,
stirred vigorously, and kept overnight at 4 °C, and then centrifuged (1000x g, 15 min). The precipitate
was dissolved in distilled water, and insoluble material was removed by centrifugation. The partially
purified EPS was obtained by dialysis (molecular weight cut-off 3500) against distilled water at 4 °C
for 4 d, followed by lyophilization.

3.1.3. Purification of Crude EPS

The crude EPS was purified continuatively by anion-exchange chromatography with DEAE-52
column (2.5 x 50 cm) and gel chromatography with Sephadex G-100 column (2.6 x 50 cm). In general,
8 mL of crude EPS solution (10 mg/mL) was applied to a column of DEAE-52, and the column
was eluted with distilled water and a linear gradient NaCl, from 0 to 0.3 M, at a flow rate of
1mL/min. The eluates were collected by an automatic collector (3 mL/tube) and, then, the carbohydrate
and protein contents were detected via UV absorption. The carbohydrate was determined by the
phenol-sulfuric acid method, using glucose as the standard at 490 nm [33]. The protein content
was determined by spectrophotometer at 280 nm. As a result, three fractions of polysaccharides
(EPS-1, EPS-2, and EPS-3) were obtained, dialyzed (molecular weight cut-off 3,500) against distilled
water, lyophilized, and further purified through a column of Sephadex G-100, producing EPS-1a,
EPS-2a and EPS-3a, respectively. Finally, the three purified fractions were collected for further
research, respectively.

3.2. Preliminary Structure of EPS

3.2.1. Molecular Weight

The average molecular weight (My) of the purified polysaccharides were determined by
high-performance gel permeation chromatography (HPGPC) using a HPLC System (LC-20AT,
Shimadzu Corp., Kyoto, Japan). The calibration curve was established with Dextran standards
(670000; 410000; 150000; 80000; 50000). The standards used for the estimation of the M,, were dextrans.
This meant that the obtained M,y values could be considered correct only in the case of flexible polymers.
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In all other case, the obtained M,y were to be considered just an estimation. Chromatographic column:
Shodex OHpak SB-804 HQ (30 cm x 8 mm); mobile phase: ultrapure water; flow rate: 0.8 mL/min;
column temperature: 30 °C; loading volume: 20 pL. The regression equation was as follows:

y =13.125x* — 491.54x3 + 6910.8x> — 43243x + 101651 (1)

3.2.2. Analysis of Monosaccharide Composition

The monosaccharide compositions of EPS-1a, EPS-2a, and EPS-3a were determined using the
method reported by Gan et al. [34] with slight modification. The samples were hydrolyzed with 2 M
trifluoroacetic acid (TFA) at 120 °C for 3 h. Then, the excess TFA was removed by evaporation at a
temperature of 40 °C. The methanol was added into the dry sample, which was then acetylated by the
addition of a mixture of pyridine and acetic anhydride. Finally, the acetylated samples were analyzed
for identification and quantification of the monosaccharide by GC.

3.2.3. Scanning Electron Microscopy (SEM) Analysis of EPS

The analysis of microstructure and surface morphology of the polymers was conducted by
scanning electron microscopy (SEM, JEOL/EO, and model JSM-6380, JEOL Ltd, Tokyo, Japan) at an
accelerating voltage of 10 kV. The conductive adhesive was cut to 0.5 cm with scissors, and pasted
onto the sample table. Then, the EPS samples were taken with a cotton swab, and placed onto the
conductive adhesive. The cotton swab was used to fully disperse the samples, and the unfixed samples
were removed with a rubber suction bulb. Before SEM examination, all samples were coated with a
layer of gold. After putting the sample table into SEM, the morphology of EPS was observed.

3.2.4. Atomic Force Microscope (AFM) of EPS

The EPS-1a, EPS-2a, and EPS-3a were dissolved in distilled water with constant stirring
(magnetically) overnight, respectively, so that the EPSs were dissolved completely. The sample solution
was diluted with water to 100 pg/mL, and dropped on a surface of mica disk, and subsequently allowed
to dry at room temperature. Finally, the AFM images were generated by atomic force microscope (JEOL
JSPM-5200, JEOL Ltd, Tokyo, Japan) in tapping mode and three-dimensional images were obtained by
SPM-offline 2.2 software (Shimadzu Corp., Kyoto, Japan). The driven amplitude was 0.430 V, and the
cantilever oscillated at its proper frequency (158 kHz).

3.3. Assay of Antitumor Activity against HepG2 Cell Proliferation In Vitro

3.3.1. Cell Lines and Culture, and MTT Assay

The human liver cancer HepG2 cells were obtained from Tianjin Medical University. The cells
were grown in DMEM (high glucose) medium containing 10% (v/v) heat-inactivated fetal bovine
serum, 100 units/mL penicillin, and 100 pg/mL streptomycin in a humidified incubator of 95% air
and 5% CO, at 37 °C.

The cell was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method. Firstly, the cells were plated on 96-well plate, with each well containing 1 x 10* cells, and
incubated for 24 h at 37 °C in a CO, incubator. Then various concentrations of EPS (50, 100, 200,
and 400 ng/mL) were added. When incubated for the indicated times, 10 pL (5 mg/mL) MTT was
added to each well, and incubated at 37 °C for 4 h. Then, the supernatant was removed and dimethyl
sulfoxide (DMSO) was added (150 uL/well). The optical density (OD) was detected at 570 nm with a
model ELX800 Microplate Reader (Bio-Tek Instruments Inc., Winooski, VT, USA).

3.3.2. Cell Morphologic Examination (HE Staining and Hoechst 33342 Staining)

The hematoxylin and eosin (H&E) stain assay kit was used for the morphology observation
of HepG2 cells. Briefly, cells were fixed with 3% hydrogen peroxide for 10 min after washing
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with phosphate-buffered saline (PBS). The cells were then stained according to the manufacturer’s
instructions and observed under a contrast inverted microscope (Olympus, Tokyo, Japan).

After 0, 24, and 48 h culturing, the cells were fixed with 4% paraformaldehyde for 10 min,
and stained with 10 mg/mL of Hoechst 33342 for 10 min. The cells were washed twice by PBS for
morphologic observation under fluorescence microscope.

3.3.3. Flow Cytometry Analysis

After 0, 24, and 48 h culturing, cells were harvested and washed with cold PBS, and fixed by
ethanol (70%, v/v). Then, cells were dissolved in 1 mL PBS containing RNase, P1, Triton X-100, and
EDTA (pH 7.4), and incubated at 37 °C for 30 min. The apoptotic rate and the distribution of cells
at different cell cycle stages was measured by BD FACSCallibur (BD Biosciences, Franklin Lakes,
NJ, USA).

3.4. Statistical Analysis

The experiments were repeated three times. Statistical differences between groups were
determined using one-way ANOVA. The level of p < 0.05 was considered to be statistically significant,
and the level of p < 0.01 was considered to be statistically extremely significant.

4. Conclusions

The crude EPS was prepared from S. thermophilus CH9 grown in a modified skimmed milk-based
medium, and then purified by DEAE-52 cellulose and SephadexG-100, respectively. Finally, three
fractions, named EPS-1a, EPS-2a, and EPS-3a, were obtained for further research. We found that EPS-3a
has the highest contents of protein and a special monosaccharide composition different from EPS-1a
and EPS-2a. In addition, the surface morphology observed suggested that there were protein particles
on the sugar chain of EPS-3a and EPS-3a was a protein-containing polysaccharide. Apart from this,
we demonstrated that EPS-3a exhibited higher antitumor activity in vitro, which was associated with
cell apoptosis as determined by typical morphological changes and flow cytometry analysis. This may
provide useful ideas for the development of antitumor drugs. We suppose that the basic structure may
be the key factor for activity, and further works are needed to investigate this.

Author Contributions: N.S. and X.Z. performed the experiments; H.L. conceived and designed the experiments;
S.L; PC; WL, X.X. and W.T. analyzed the data; N.S. and X.Z. wrote the paper; and all authors approved the
final paper.

Funding: This research was financially supported by grants-in-aid for the Tianjin scientific and technological
project (project number: 082HN2NC02500, China) and Scientific research foundation for Talents from Tianjin
University of Science and Technology (project number: 20080420, China).

Acknowledgments: The authors would like to express their gratitude to Tianjin University of Science &
Technology and Tianjin DiMuSheng technology co., LTD.

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

References

1. Aslim, B.; Yiiksekdag, Z.N.; Beyatli, Y.; Mercan, N. Exopolysaccharide production by Lactobacillus
delbruckii subsp. bulgaricus and Streptococcus thermophilus strains under different growth conditions.
World ]. Microbiol. Biotechnol. 2005, 21, 673-677. [CrossRef]

2. 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] [PubMed]

3.  Pigeon, RM,; Cuesta, E.P; Gililliand, S.E. Binding of free bile acids by cells of yogurt starter culture bacteria.
J. Dairy Sci. 2002, 85, 2705-2710. [CrossRef]


http://dx.doi.org/10.1007/s11274-004-3613-2
http://dx.doi.org/10.1007/s00203-010-0636-y
http://www.ncbi.nlm.nih.gov/pubmed/20957348
http://dx.doi.org/10.3168/jds.S0022-0302(02)74357-9

Molecules 2018, 23, 2898 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Kitazawa, H.; Harata, T.; Uemura, J.; Saito, T.; Kaneko, T.; Itoh, T. Phosphate group requirement for
mitogenic activation of lymphocytes by an extracellular phosphopolysaccharide from Lactobacillus delbrueckii
ssp. bulgaricus. Int. ]. Food Microbiol. 1998, 40, 169-175. [CrossRef]

Chabot, S.; Yu, H.L.; Léséleuc, L.D.; Cloutier, D.; Calsteren, M.R.V.; Lessard, M.; Roy, D.; Lacroix, M.; Oth, D.
Exopolysaccharides from Lactobacillus rhamnosus RW-9595M stimulate TNF, IL-6 and IL-12 in human and
mouse cultured immunocompetent cells, and IFN-gamma mouse splenocytes. Le Lait 2001, 81, 683-697.
[CrossRef]

Welman, A.D.; Maddox, 1.S. Exopolysaccharides from lactic acid bacteria: Perspectives and challenges.
Trends Biotechnol. 2003, 21, 269-274. [CrossRef]

Kim, Y.; Oh, S.; Kim, S.H. Released exopolysaccharide (r-EPS) produced from probiotic bacteria reduce
biofilm formation of enterohemorrhagic Escherichia coli O157:H7. Biochem. Biophys. Res. Commun. 2009, 379,
324-329. [CrossRef] [PubMed]

Pan, D.D.; Mei, X.M. Antioxidant activity of an exopolysaccharide purified from Lactococcus lactis subsp.
lactis 12. Carbohydr. Polym. 2010, 80, 908-914. [CrossRef]

Li, W.; Ji, J.; Chen, X.; Jiang, M.; Rui, X.; Dong, M. Structural elucidation and antioxidant activities of
exopolysaccharides from Lactobacillus helveticus MB2-1. Carbohydr. Polym. 2014, 102, 351-359. [CrossRef]
[PubMed]

Wang, J.; Zhao, X.; Yang, Y.; Zhao, A.; Yang, Z. Characterization and bioactivities of an exopolysaccharide
produced by Lactobacillus plantarum YW32. Int. ]. Biol. Macromol. 2015, 74, 119-126. [CrossRef] [PubMed]
Surayot, U.; Wang, J.; Seesuriyachan, P.; Kuntiya, A.; Tabarsa, M.; Lee, Y., Kim, J.; Park, W,
You, S. Exopolysaccharides from lactic acid bacteria: Structural analysis, molecular weight effect on
immunomodulation. Int. J. Biol. Macromol. 2014, 68, 233-240. [CrossRef] [PubMed]

Mende, S.; Peter, M.; Bartels, K.; Rohm, H.; Jaros, D. Addition of purified exopolysaccharide isolates from
S. thermophilus, to milk and their impact on the rheology of acid gels. Food Hydrocoll. 2013, 32, 178-185.
[CrossRef]

Tieking, M.; Gédnzle, M.G. Exopolysaccharides from cereal-associated lactobacilli. Trends Food Sci. Technol.
2005, 16, 79-84. [CrossRef]

Izawa, N.; Hanamizu, T.; Sone, T.; Chiba, K. Effects of fermentation conditions and soybean peptide
supplementation on hyaluronic acid production by Streptococcus thermophilus strain YIT 2084 in milk.
J. Biosci. Bioeng. 2010, 109, 356-360. [CrossRef] [PubMed]

Zhao, L.; Chen, Y.; Ren, S.; Han, Y.; Cheng, H. Studies on the chemical structure and antitumor activity of an
exopolysaccharide from Rhizobium sp. N613. Carbohydr. Res. 2010, 345, 637-643. [CrossRef] [PubMed]
Zhou, K.; Zeng, Y.; Yang, M.; Chen, S.; He, L.; Ao, X.; Zou, L.; Liu, S. Production, purification and structural
study of an exopolysaccharide from Lactobacillus plantarum BC-25. Carbohydr. Polym. 2016, 144, 205-214.
[CrossRef] [PubMed]

Vijayendra, S.V.N.; Palanivel, G.; Mahadevamma, S.; Tharanathan, R.N. Physico-chemical characterization
of an exopolysaccharide produced by a non-ropy strain of Leuconostoc sp. CFR 2181 isolated from dahi, an
Indian traditional lactic fermented milk product. Carbohydr. Polym. 2008, 72, 300-307. [CrossRef]

Marshall, VM.; Cowie, E.N.; Moreton, R.S. Analysis and production of two exopolysaccharides from
Lactococcus lactis subsp. lactis LC330. J. Dairy Res. 1995, 62, 621-628. [CrossRef]

Sheykhnazari, S.; Tabarsa, T.; Ashori, A.; Shakeri, A.; Golalipour, M. Bacterial synthesized cellulose
nanofibers; Effects of growth times and culture mediums on the structural characteristics. Carbohydr. Polym.
2011, 86, 1187-1191. [CrossRef]

Ghasemlou, M.; Khodaiyan, F.; Oromiehie, A.; Yarmand, M.S. Development and characterisation of a new
biodegradable edible film made from kefiran, an exopolysaccharide obtained from kefir grains. Food Chem.
2011, 127, 1496-1502. [CrossRef]

Zhang, Q.; Marszalek, PE. Identification of sugar isomers by single-molecule force spectroscopy. J. Am.
Chem. Soc. 2006, 128, 5596-5597. [CrossRef] [PubMed]

Wang, ZM.; Peng, X.; Lee, KL.D.; Tang, C.O.; Cheung, C.K.; Wu, J.Y. Structural characterisation and
immunomodulatory property of an acidic polysaccharide from mycelial culture of Cordyceps sinensis fungus
Cs-HK1. Food Chem. 2011, 125, 637-643. [CrossRef]

Tao, F; Biao, G.Z.; Yu, ].Z.; Ning, Z.H. Isolation and characterization of an acidic polysaccharide from Mesona
Blumes gum. Carbohydr. Polym. 2008, 71, 159-169. [CrossRef]


http://dx.doi.org/10.1016/S0168-1605(98)00030-0
http://dx.doi.org/10.1051/lait:2001157
http://dx.doi.org/10.1016/S0167-7799(03)00107-0
http://dx.doi.org/10.1016/j.bbrc.2008.12.053
http://www.ncbi.nlm.nih.gov/pubmed/19103165
http://dx.doi.org/10.1016/j.carbpol.2010.01.005
http://dx.doi.org/10.1016/j.carbpol.2013.11.053
http://www.ncbi.nlm.nih.gov/pubmed/24507291
http://dx.doi.org/10.1016/j.ijbiomac.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25532782
http://dx.doi.org/10.1016/j.ijbiomac.2014.05.005
http://www.ncbi.nlm.nih.gov/pubmed/24820155
http://dx.doi.org/10.1016/j.foodhyd.2012.12.011
http://dx.doi.org/10.1016/j.tifs.2004.02.015
http://dx.doi.org/10.1016/j.jbiosc.2009.10.011
http://www.ncbi.nlm.nih.gov/pubmed/20226377
http://dx.doi.org/10.1016/j.carres.2009.11.017
http://www.ncbi.nlm.nih.gov/pubmed/20100608
http://dx.doi.org/10.1016/j.carbpol.2016.02.067
http://www.ncbi.nlm.nih.gov/pubmed/27083810
http://dx.doi.org/10.1016/j.carbpol.2007.08.016
http://dx.doi.org/10.1017/S0022029900031356
http://dx.doi.org/10.1016/j.carbpol.2011.06.011
http://dx.doi.org/10.1016/j.foodchem.2011.02.003
http://dx.doi.org/10.1021/ja058828e
http://www.ncbi.nlm.nih.gov/pubmed/16637601
http://dx.doi.org/10.1016/j.foodchem.2010.09.052
http://dx.doi.org/10.1016/j.carbpol.2007.05.017

Molecules 2018, 23, 2898 13 of 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Jin, Y,; Zhang, L.; Zhang, M.; Chen, L.; Cheung, P.C.K.; Oi, VE.C,; Lin, Y. Antitumor activities of
heteropolysaccharides of Poria cocos mycelia from different strains and culture media. Carbohydr. Res.
2003, 338, 1517-1521. [CrossRef]

Zaidman, B.Z.; Yassin, M.; Mahajna, J.; Wasser, S.P. Medicinal mushroom modulators of molecular targets as
cancer therapeutics. Appl. Microbiol. Biotechnol. 2005, 67, 453-468. [CrossRef] [PubMed]

Kerr, J.ER.; Wyllie, A.H.; Currie, A.R. Apoptosis: A basic biological phenomenon with wideranging
implications in tissue kinetics. Br. |. Cancer 1972, 26, 239-257. [CrossRef] [PubMed]

Kiechle, EL.; Zhang, X. Apoptosis: Biochemical aspects and clinical implications. Clin. Chim. Acta 2002, 326,
27-45. [CrossRef]

Zhang, Y.B.; Monchy, S. Texture analysis of fluorescence lifetime images of AT- and GC-rich regions in nuclei.
J. Histochem. Cytochem. 2001, 49, 1443-1451.

Zhou, G.Z.; Shi, Y.Y.; Cui, L.S.; Li, A.; Wang, Q.Q.; Liu, M. Oxymatrine induces A549 human non-small lung
cancer cell apoptosis via extrinsic and intrinsic pathways. Mol. Med. Rep. 2018, 17, 1071-1076. [CrossRef]
[PubMed]

Cao, X.H,; Liao, Z.Y,; Wang, C.L.; Cai, P; Yang, W.Y.; Lu, M.F,; Huang, G.W. Purification and antitumour
activity of a lipopeptide biosurfactant produced by Bacillus natto TK-1. Biotechnol. Appl. Biochem. 2009, 52,
97-106. [CrossRef] [PubMed]

Kuo, P.L; Lin, C.C. Tetrandrine-induced cell cycle arrest and apoptosis in Hep G2 cells. Life Sci. 2003, 73,
243-252. [CrossRef]

Kkt, G.; Haisman, D.R.; Archer, R.H.; Singh, H. Evaluation and modification of existing methods for the
quantification of exopolysaccharides in milk-based media. Food Res. Int. 2005, 38, 605-613.

Dubois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.A.; Smith, F. Colorimetric method for determination of
sugars and related substances. Anal. Chem. 1956, 28, 350-356. [CrossRef]

Gan, D.; Ma, L,; Jiang, C.; Xu, R.; Zeng, X. Production, preliminary characterization and antitumor activity
in vitro of polysaccharides from the mycelium of Pholiota dinghuensis Bi. Carbohydr. Polym. 2011, 84, 997-1003.
[CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0008-6215(03)00198-8
http://dx.doi.org/10.1007/s00253-004-1787-z
http://www.ncbi.nlm.nih.gov/pubmed/15726350
http://dx.doi.org/10.1038/bjc.1972.33
http://www.ncbi.nlm.nih.gov/pubmed/4561027
http://dx.doi.org/10.1016/S0009-8981(02)00297-8
http://dx.doi.org/10.3892/mmr.2017.7982
http://www.ncbi.nlm.nih.gov/pubmed/29115629
http://dx.doi.org/10.1042/BA20070227
http://www.ncbi.nlm.nih.gov/pubmed/18197839
http://dx.doi.org/10.1016/S0024-3205(03)00266-2
http://dx.doi.org/10.1021/ac60111a017
http://dx.doi.org/10.1016/j.carbpol.2010.12.058
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Isolation and Purification of EPS 
	Molecular Weight 
	Monosaccharide Composition Analysis 
	SEM Analysis 
	AFM Analysis 
	Antitumor Activity against HepG2 Cells In Vitro 
	Effect of EPS on HepG2 Proliferation 
	HE Staining 
	Hoechst 33342 Staining 
	Cell Cycle Analysis 


	Materials and Methods 
	Preparation and Purification of Polysaccharides 
	Strain and Growth Medium 
	Preparation of Crude EPS 
	Purification of Crude EPS 

	Preliminary Structure of EPS 
	Molecular Weight 
	Analysis of Monosaccharide Composition 
	Scanning Electron Microscopy (SEM) Analysis of EPS 
	Atomic Force Microscope (AFM) of EPS 

	Assay of Antitumor Activity against HepG2 Cell Proliferation In Vitro 
	Cell Lines and Culture, and MTT Assay 
	Cell Morphologic Examination (HE Staining and Hoechst 33342 Staining) 
	Flow Cytometry Analysis 

	Statistical Analysis 

	Conclusions 
	References

