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Abstract
Background: Polysaccharides have various biological activities; the complexation of
polysaccharides with trace element ions can produce synergistic effects, improving the
original biological activities of sugars and trace elements.Methods: The preparation process
of chitosan oligosaccharide selenium (COSSe) was optimized by the response surface
method, followed by a detailed analysis of the resultant compound’s characteristics. The
anti-cancer activity of COSSe was studied using the human ovarian cancer cell line SKOV3 as
a cell model. Results: The prepared COSSe response surface was well predicted, indicating
successful chitosan oligosaccharide binding with selenium. Response surface method
analyses identified the optimal synthesis conditions for COSSe: the reaction time of 5.08 h,
the reaction temperature of 71.8 °C, and mass ratio (Na2SeO3: chitosan oligosaccharide) of
1.02. Under the optimal conditions, the final product, the selenium content, reached
1.302%. The results of cell experiments showed that COSSe significantly inhibited SKOV3
proliferation in a concentration-dependent manner. RNA-seq results showed that chitosan
oligosaccharide and COSSe significantly modulated the expression of genes’ DNA metabolic
processes and cell cycle in SKOV3 cells. Gene enrichment analysis showed the inhibition of
the cell cycle, and the results of flow cytometry showed that SKOV3 cells increased in the S
phase and decreased in the G2/M phase, with a noted suppression in the protein expression
of cyclin-dependent kinase 2 (CDK2) and cyclin A1 (CCNA1). Conclusion: COSSe has a
stronger effect than chitosan oligosaccharide, leading to the arrest of the cell cycle in the S
phase. Thus, COSSe may be an effective candidate for the treatment of ovarian cancer.

Keywords: chitosan oligosaccharide; chitosan oligosaccharide selenium; ovarian cancer;
SKOV3; RNA-seq
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Background

Polysaccharides are carbohydrate substances with complex molecular
structures, which are formed by condensation of multiple
monosaccharide molecules and loss of water. Polysaccharides are
widely distributed in nature and play key roles in biological systems
[1]. Polysaccharide compounds, which are widely found in the cell
membranes and cell walls of animals, plants, and microbes, are one of
the four basic materials of life. Studies have shown that
polysaccharides have various biological activities such as
anti-oxidation, anti-aging, antitumor, immune regulation, organ
protection, and so on. Therefore, polysaccharides have attracted great
attention from scholars in the fields of food science, medicine, and
biology [2]. The chemical structure exhibited by polysaccharides
provides the material basis for their biological activities. However, the
biological activities of naturally obtained polysaccharides may not
reach the desired effects and limit their further application. Possible
structural modifications of polysaccharides may enhance their
properties, which has become a focus of research. It has been reported
that complexes formed by polysaccharides with certain metal and
non-metal ions are more special in structure and have enhanced
biological activities. It is one of the indispensable components of
living organisms and has been widely used in medicine and functional
food [3].
Functional polysaccharides, present in various traditional Chinese

medicine, have attracted increasing attention in scientific research in
recent years [4]. Moreover, the development of metal ion-modified
carbohydrate compounds is also extremely rapid, and more and more
metal elements and carbohydrate compounds are involved in the
reaction. Polysaccharide selenium has attracted much attention due to
its high antitumor activity [5]. Selenium is a necessary trace element
in the human body and plays an important role in many physiological
processes [6]. Selenium has inorganic and organic forms in nature.
Inorganic selenium, commonly found in acid salts and selenite, can
easily accumulate to toxic levels in the body and potentially induce
mutations [7]. Organic selenium is mainly found in selenoproteins and
selenopolysaccharides in animals and plants. Compared with

inorganic selenium compounds, organic selenium compounds have
higher biological activity and can be better absorbed by the human
body [8]. Selenium deficiency causes diseases such as tumors and
cataracts [9]. Therefore, selenium polysaccharides, which have the
advantages of both selenium and polysaccharide, have attracted more
and more attention from scholars. As a new functional polysaccharide,
selenium polysaccharide exhibits multiple functions, including
anti-oxidation, antitumor, immune regulation, hypoglycemic, liver
protection, neuroprotection, anti-heavy metal, and so on [10]. There
are also numerous reports on its structure and biological activity. At
present, natural selenium polysaccharides successfully obtained by
biological transformation and modification methods include
Ganoderma lucidum selenium polysaccharide, shiitake mushroom
selenium polysaccharide, spirulina selenium polysaccharide, ruo leaf
selenium polysaccharide, garlic selenium polysaccharide, and
auricularia selenium polysaccharide. Due to the biological functions of
selenium and polysaccharides, the combination of selenium and
polysaccharide can produce more biological effects, be helpful for
human body absorption use, have small side effects, and be more safe
for the human body [10]. Studies have shown that polysaccharides
with higher selenium content have stronger antitumor and
neuroprotective activities [5, 11].
In this study, COS and sodium selenite (Na2SeO3) were used as raw
materials, and the preparation process of COSSe was optimized by the
response surface method. The characterization of COSSe was
conducted through various analytical techniques, including UV-visible
spectroscopy (UV), Fourier transform infrared spectroscopy (FTIR),
circular dichroism (CD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and X-ray diffraction (XRD).
Furthermore, we used the human ovarian cancer cell line SKOV3 as a
cell model to study the anti-cancer activity of COSSe.

Experimental methods

Preparation of COSSe
Precisely weigh the appropriate amount of COS dissolved in dilute
nitric acid solution, and add the appropriate amount of Na2SeO3 and
barium chloride for a reaction in a solid water bath. After the reaction,
add the appropriate amount of anhydrous sodium sulfate to remove
unreacted barium chloride. The above test solution was centrifuged to
deprecipitate, and the supernatant was dialyzed for 20 h. After that,
three times the volume of 95% ethyl alcohol was added to precipitate
for 12 h at 4 °C and then centrifuged. The centrifuged precipitate was
put into a freeze-drying oven to dry, which was to obtain the finished
product of COSSe [12].

The analysis of selenium
Using the theory of o-phenylendiamine spectrophotometry to detect
the selenium content o-phenylendiamine with selenium can form
stable chelate, which has the characteristic absorption peak [13].
Determination of COSSe and establishment of selenium standard
curve. Precision weighing 50 mg Na2SeO3 reacted it with 3 mL of
mixed acid, volume the mixture to 50 mL with water for later use. The
selenium reference solution was prepared by taking 1 mL of the above
solution in a 250 mL volumetric flask. Take 1 mL, 3 mL, 4 mL, 5 mL, 6
mL, 8 mL, 10 mL, 12 mL of selenium control solution and add 25 mL
of ddH2O each. The above solution with ammonia the PH to 2, and the
solution of o-phenylenediamine in 2 h. The standard curve of selenium
can be obtained by measuring the absorbance of the eight sets of data
at 334 nm.
Determination of selenium content in COSSe. This research uses
the spectrophotometric method to determine the selenium content.
The specific procedure is as follows: dissolve 20 mg of COSSe in acidic
conditions, adjust the pH to 2 with ammonia, and then add a 1%
solution of o-phenylenediamine. Make the mixture stand for 2 h,
followed by extraction with xylene. Dilute the extracted solution to a
volume of 10 mL using dimethylbenzene xylene. Finally, measure the
absorbance of the COSSe reaction liquid at 334 nm. The selenium
content of COSSe can be calculated by substituting the measured

Highlights
The prepared chitosan oligosaccharide selenium (COSSe)
response surface was well predicted. Chitosan oligosaccharide
(COS) and COSSe can inhibit the gene and protein expression of
cyclin-dependent kinase 2 (CDK2) and cyclin A1 (CCNA1), resulting
in the blockage of SKOV3 cell cycle in S phase, and further
inhibiting the proliferation of SKOV3 cells. Moreover, COSSe have
a stronger inhibitory effect.

Medical history of objective
Chitosan is originally derived from chitin. As early as in ancient
times, people began to utilize the shells of crustaceans. The
application history of chitin can be traced back to the records of
crab shells in Li Shi-Zhen’s medical book “Compendium of Materia
Medica” (1578 C.E.), which pointed out their effectiveness in
breaking up blood stasis and relieving accumulation. In 1811 C.E.,
French scientist H. Braconnot first isolated chitin from
mushrooms, which was the earliest scientific understanding of
chitin by humans. Subsequently, research on chitin and chitosan
gradually unfolded. By the 20th century, significant progress had
been made in the preparation and application research of COS.
Due to its good water solubility and high biological activity, COS
has shown broad application prospects in the fields of medicine,
health care products, and agriculture. After 2000 C.E., China also
launched various health food products containing COS. Modern
research has shown that COS can enhance the body’s immune
function, lower blood pressure and blood lipids, promote the
repair of injured tissues, and possess excellent anti-tumor activity.
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absorbance into the following Equation (1):
Y = (X − 0.00631) ÷ 0.1467 (1)

Type: X for absorbance, Y for selenium content.

Optimization of oligosaccharide selenium preparation
technology
Single factor experiment. Selected reaction temperature (°C, A), the
mass ratio (Na2SeO3:COS, B), and time (h, C) are the three factors that
will be used to complete the single-factor experiment. Through each
sample, absorbance spectrophotometry integrates all the absorbance
of the sample to see the best single-factor conditions.
Response surface methodology design and validation of COSSe
preparation. Based on the results of the single-factor experiment, a
Box-Behnken Design was implemented. The experimental data were
analyzed using Design-Expert 8.0.6.1 software to determine the best
synthesis conditions. The response surface will give the fitting
equation and the best process. Under these conditions, five groups of
parallel experiments will be carried out to verify and calculate the
deviation rate. The Equation (2) is as follows:

Deviation Rate =
Actual Value − Theoretical Value

Theoretical Value
× 100% (2)

Characterization analysis of COS and COSSe
UV analysis. 0.1 g COS and COSSe were precisely weighed and fully
dissolved in 1 mL ddH2O and centrifuged at 5,000 r/min for 5 min to
ensure the clarity of the supernatant. The UV spectra of these samples
were scanned across a wavelength range of 200 to 800 nm.
FTIR analysis. The mixture of 3 mg COS and COSSe with 100 mg
potassium bromide was ground thoroughly and placed into a circular
mold under pressure (5–10 t/cm2) for about 1 min to press the fine
powder into a transparent circular sheet. These samples were
characterized by FTIR spectroscopy (PerkinElmer, Spectrum 400,
Waltham, MA, USA) with a scanning wavelength range of 4,000 to
500 cm−1.
CD analysis. Samples of COS and COSSe at 1 mg/mL were scanned
and analyzed with a CD spectrometer (Jasco Inc., Easton, MD, USA) at
room temperature. The scanning wavelength ranged from 190 nm to
300 nm, the scanning speed was 50 nm/min, and the sensitivity was 2
MB/cm.
SEM analysis. Scanning electron microscopy (Hitachi, Tokyo, Japan)
was used to observe the morphological characteristics of the
specimens. These samples were dried and evenly dispersed on copper
sheets. Field emission scanning electron microscopy was used.
TEM analysis. The pore structure of COS and COSSe samples was
characterized and analyzed using a transmission electron microscope
(Tecnai F20, FEI, Hillsboro, OR, USA). For the field emission
experiments, the test voltage is 200 kV.
XRD analysis. XRD analysis was employed to ascertain the
crystallinity of COS and COSSe (D2 PHASER, Bruker AXS, Karlsruhe,
Germany). The voltage was 40 kV, the current was 40 Ma, and the
scanning was performed at 2θ = 5–60 ° with a scanning speed of 4
°/min.

Cell experiment
Cell culture. The human ovarian cancer cell lines SKOV3 (JN16355,
Jining Shiye, Shanghai, China) were cultured in DMEM (PM150210,
Procell, Wuhan, China) + 10% fetal Bovine Serum (Capricorn
Scientific, Ebsdorfergrund, Germany) + 1%
penicillin-streptomycin-amphotericin B sterile solution (P7630,
Solarbio, Beijing, China), and incubated at 37 °C in a humidified, 5%
CO2 atmosphere.
Cell viability. The effects of COS and COSSe on SKOV3 cell viability
were determined using the MTT kit (M1020, Solarbio, Beijing, China).
According to the instructions, cells were cultured in DMEM medium
containing COS and COSSe at concentrations of 100 μg/mL, 200
μg/mL, 300 μg/mL, 400 μg/mL, and 500 μg/mL for 24 h in 96 wells
plate. After that, MTT solution was added and treated for 4 h. The
supernatant was then removed, and formazan solution was added; the

mixture was shaken at a low speed at room temperature for 10 min.
Then, the plate was put into an ultra-sensitive multifunctional
microplate detector (Bio Tek, Winooski, VT, USA), and the absorbance
of each well at the wavelength of 490 nm was detected.
Cell multiplication. BeyoClick EdU cell proliferation and Alexa Fluor
555 (EdU-555) kit (C0075S, Beyotime, Shanghai, China) were used to
test cell multiplication. Cells were treated for 24 h with DMEM
medium containing COS and COSSe at the concentration of 100
μg/mL. Press kits instruction training EdU, fix penetration, then add
the reaction liquid. After sealing, they were observed and
photographed under a fluorescence microscope (Olympus, Tokyo,
Japan). During the incubation period, DNA replication SKOV3 showed
red fluorescence, and the nuclei showed blue fluorescence. The
red-blue fluorescence ratio was calculated as the basis for proliferation
rates using ImageJ (version 1.53k).
Cell cycle. Cell cycle and apoptosis analysis kit (C1052, Beyotime,
Shanghai, China) were used to test cell cycle. Cells were treated for 24
h with DMEM medium containing COS and COSSe at the
concentration of 100 μg/mL. The collected cells were resuspended in
precooled PBS and later fixed with precooled 70% ethanol for more
than 24 h. Then, cells were stained with propidium iodide and
detected by flow cytometry (Becton Dickinson, Franklin Lakes, NJ,
USA). Using FlowJo V10 software to analyze the data.
RNA-seq. The SKOV3 cells were cultured for 24 h using a DMEM
medium containing COS and COSSe at the concentration of 100
μg/mL. The Hiseq 4000 platform of Novogene (Beijing, China) was
used for mRNA sequencing. Sequence data were controlled, cropped,
and filtered with fast (version 0.19.5) [14]. High-quality reads were
aligned with the human reference genome (GRCh38) using the STAR
algorithm. The threshold of differentially expressed mRNA log2 (fold
change) ≥ 1, P value < 0.05. The expression of each gene and
transcript was calculated using features (version 1.6.3). Gene
Ontology (GO) and Kyoto Encyclopedia of Gene and Genome (KEGG)
analysis of enrichment is the https://www.bioinformatics.com.cn
online platform for data analysis and visualization. Using the STRING
database (https://string-db.org/), build the differentially expressed
genes (DEGs) between protein and protein interaction network by
Cytoscape (http://www.cytoscape.org/).
Western blotting. Cells were cultured for 24 h with DMEM medium
containing COS and COSSe at the concentration of 100 μg/mL. Then,
the collected cells were added with an appropriate amount of RIPA
lysis buffer and phenylmethanesulfonyl fluoride for total protein
extraction. The sample proteins were separated by gel electrophoresis
at a constant pressure of 100 v and then transferred to a PVDF
membrane at a constant pressure of 200 mA. Then, it was blocked for
4 h at room temperature and incubated with primary antibodies
(glyceraldehyde-3-phosphate dehydrogenase (GAPDH), CDK2,
CCNA1, ABclonal, Wuhan, China) overnight in a 4 °C refrigerator. The
primary antibody incubation was followed by elution with TBST for
10 min and repeated 3 times, followed by incubation with secondary
antibody (S0001, Affnity, Liyang, China) (1:2,000) for 1.5 h at room
temperature, and finally, protein signals were detected with a
BeyoECL plus kit (P0018M, Beyotime, Shanghai, China) [15]. Blots
were analyzed using ImageJ (version 1.53k) with GAPDH as the
reference protein.
Statistical methods. The statistical analysis was performed with
GraphPad Prism software (v8.0.2, San Diego, CA, USA), and the
significant difference was determined with a 2-tailed student’s
unpaired T-test. Comparisons were considered significant at *P< 0.05
and **P< 0.01.

Results

Optimization of COSSe synthesis technology
Establishment of the standard curve. The standard curve for
selenium was derived based on the absorbance of COS at 334 nm. This
resulted in the Equation (3):

Y = 0.1467X + 0.00631 (3)
with a coefficient of determination (R²) of 0.991 (Figure 1A). A linear
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relationship between the absorbance (Y) and the concentration of
selenium ions (X) was observed within the concentration range of 0 to
4.8 μg/mL.
Single factor experiment. The results of the effect of reaction time,
mass ratio (Na2SeO3:COS), and reaction temperature on Se content are
shown in Figure 1B–1D using the control variable method. When a
single factor the reaction time is 5 h, the mass ratio (Na2SeO3:COS) is
1.0, the reaction temperature is 70 °C, the highest selenium content of
COSSe.
RSM of COSSe synthesis. Combined with the results of single factor
experiments, response surface methodology experiments were
designed based on the Box-Benhnken experimental principle. Three
factors were considered: reaction time, mass ratio (Na2SeO3:COS), and
reaction temperature. The selenium content was the response variable.
Using Design-Expert software, 17 sets of response surface experiments
were devised. The results are presented in Table 1.

The ANOVA of the response surface is shown in Table 2. According
to the variance and significance test, the P-value of the Model is
0.0004, which is extremely significant, indicating the feasibility of the
established response surface model. The R2 of the Model is 0.9605,
and its value is greater than 0.95, indicating that the Model is reliable.
The Adj R-Squared (R2Adj) = 0.9097 indicates that the Model can
predict 90.97% of the response value. A ratio of Adeq Precision
greater than 4 is desirable. The signal-to-noise ratio of this Model is
12.408, which means that the signal is sufficient. This Model can be
used to analyze and predict the selenium content of COSSe.
The Origin software was used to draw the 3D Surface diagram and
Contour diagram of COSSe, and the results are shown in Figure
1E–1G. The ellipse in the contour plot indicates that there is a strong
interaction between various factors, which has a significant effect on
the synthesis of COSSe.

Figure 1 Single factor experiment and response surface optimization of the preparation of COSSe. (A) Se standard curve. (B) Effect of
reaction temperature on Se content. (C) Effect of mass ratio of Na2SeO3 and COS on Se content. (D) Effect of reaction time on Se content. (E)
Response surface and contour plot of temperature and mass ratio of Na2SeO3 and COS. (F) Response surface and contour plot of mass ratio of
Na2SeO3 and COS and time. (G) Response surface and contour plot of temperature and time. A, temperature; B, mass ratio of Na2SeO3 and COS; C,
time. COSSe, chitosan oligosaccharide selenium; COS, chitosan oligosaccharide.
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Table 1 Box-behnken experiment design and results

Run A-Temperature (°C) B-Na2SeO3:COS C-Time (h) Se (%)

1 70.00 1.00 5.00 1.307

2 70.00 1.20 4.00 0.581

3 70.00 1.00 5.00 1.298

4 70.00 1.00 5.00 1.291

5 70.00 0.80 4.00 0.695

6 80.00 1.20 5.00 1.187
7 60.00 1.00 4.00 0.561

8 70.00 0.80 6.00 0.714

9 70.00 1.00 5.00 1.311

10 70.00 1.20 6.00 0.838

11 80.00 1.00 6.00 0.687

12 80.00 0.80 5.00 0.911

13 70.00 1.00 5.00 1.34

14 60.00 1.20 5.00 0.741

15 60.00 1.00 6.00 0.857

16 80.00 1.00 4.00 0.711

17 60.00 0.80 5.00 0.781

Taking the sample selenium content as the response value (Y), the regression Equation (4) obtained by fitting is as follows:
Y = −158.44625 + 1.99313 * A + 40.32500 * B + 29.62375 * C + 0.27000 * A * B − 0.054250 * A * C + 2.02500 * B * C

− 0.013888 * A2− 34.15625 * B2− 2.73875 * C2
(4)

Table 2 ANOVA

Source Sum of squares DOF Mean square F-value P-value

Model 59.16 9 6.57 18.92 0.0004

A-Temperature (°C) 1.81 1 1.81 5.22 0.0562

B-Na2SeO3:COS 0.34 1 0.34 0.99 0.3526

C-Time (h) 1.72 1 1.72 4.95 0.0614

AB 1.17 1 1.17 3.36 0.1096

AC 1.18 1 1.18 3.39 0.1083

BC 0.66 1 0.66 1.89 0.2118

A2 8.12 1 8.12 23.37 0.0019

B2 7.86 1 7.86 22.62 0.0021

C2 31.58 1 31.58 90.88 < 0.0001

Residual 2.43 7 0.35

Lack of fit 2.37 3 0.79 48.26 0.0013

Pure error 0.065 4 0.016

Cor total 61.60 16

R2= 0.9605 R2Adj= 0.9097 Adeq precisior = 12.408

P < 0.05 was significant; P< 0.01 was highly significant. Na2SeO3, sodium selenite; COS, chitosan oligosaccharide.

The optimum process conditions, as predicted by the response
surface, are a reaction time of 5.08 h, a reaction temperature of 71.8
°C, and a mass ratio (Na2SeO3 to COS) of 1.02. The predicted selenium
content of the finished product is 1.302%. Five sets of parallel
synthesis experiments conducted under these conditions yielded
selenium contents of 1.269%, 1.261%, 1.258%, 1.260%, and 1.256%,
respectively, with an average selenium content of 1.2508%. Compared
with the predicted value of 1.302%, there was 96.1% agreement, and
the deviation rate was 3.9%, which indicated that the prediction of the
response surface was good.

Characterization analysis of COS and COSSe

UV assay. The comparison of COS and COSSe UV scanning patterns
showed that the UV absorption at 300–400 nm was higher, which
proved the presence of Se in the finished COSSe products (Figure 2A).
FT-IR assay. According to the FT-IR spectra, COS has characteristic
absorption peaks typical of polysaccharides (Figure 2B). The broad
peak at 3,417.4 cm–1 was the stretching vibration peak of
polysaccharide O-H, 2,935.2 cm–1 was the stretching vibration
absorption peak of polysaccharide C-H, and 1,627.7 cm–1 was the
stretching vibration peak of polysaccharide carbonyl C=O. 1,430.9
cm–1 for polysaccharide carbonyl C-O stretching vibration peak,
1,145.5 cm–1 for polysaccharide hydroxy O-H bending vibration peak.
The characteristic absorption peak of the polysaccharide in COSSe is
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still evident and essentially identical to that of the unmodified COS.
This indicates that the structure did not change greatly after the
reaction of COS and COSSe, and the original properties of COS were
maintained. However, the COSSe FT-IR spectra exhibit multiple
distinctive absorption peaks between 1,000–2,000 cm–1 compared to
COS, confirming the successful synthesis of COSSe.
CD assay. The CD assay of COS and COSSe in the range of 190–300
nm showed a decrease in peak values between 200–240 nm (Figure
2C). This phenomenon indicates that the synthesis of COSSe increases
the asymmetry of the polysaccharide molecules, resulting in a
conformational change.
XRD assay. XRD scanning results are shown in Figure 2D. COS has a
series of sharp, intense characteristic diffraction peaks at 2θ = 10–40
°, consistent with its crystalline properties. In the case of the COSSe

complex, the complex COSSe has sharp characteristic peaks at 2θ =
10–40 °, indicating that the selenium is dispersed in the COS
molecules and the crystallite is reduced or disappeared.
SEM assay. Under the 100× SEM, photos show COS in spherical
forms, different sizes and scattered distribution; the cross section
appears relatively coarse (Figure 2E). COSSe at 100× electron
microscopy appears with selenium attached to the surface of the
fragmented COS (Figure 2F).
TEM assay. Compared with Figures 3A–3D, the percentage content of
each element in COS and COSSe, both before and after, can be
intuitively observed. The content of the carbon element is high,
followed by the oxygen element. The content of Se in COSSe is about
1.17%, which is close to the concentration measured in the finished
product.

Figure 2 Spectroscopic characterization analysis and SEM of COS and COSSe. (A) UV spectra. (B) FTIR spectra. (C) CD spectra. (D) XRD
analysis. (E) SEM images of COS. Bar = 100 μm, 10 μm. (F) SEM images of COSSe. Bar = 100 μm, 10 μm. COSSe, chitosan oligosaccharide
selenium; COS, chitosan oligosaccharide.
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Figure 3 TEM analysis of COS and COSSe. (A) TEM images of COS. Bar = 5 μm. (B) Energy spectrum of COS. (C) TEM images of COSSe. Bar = 1
μm. (D) Energy spectrum of COSSe.

Exposure to COS and COSSe inhibited SKOV3 proliferation and
hindered cell cycle progression
To investigate the impact of COS and COSSe on SKOV3 cells, an MTT
assay was used to determine the effects of COS and COSSe on SKOV3
viability (Figure 4A). The results showed that both COS and COSSe
significantly inhibited SKOV3 in a concentration-dependent manner,
but COSSe had a stronger inhibitory effect than COS. Based on cell
viability results, we treated SKOV3 with 100 μg/mL COS and COSSe
for 24 h. The results showed significant differences in cell number and
morphology of SKOV3 after 24 h of exposure to COS and COSSe
compared to the control group (Figure 4B). EdU is a thymine DNA
nucleoside analog; in the process of DNA synthesis, it can replace
thymine DNA nucleotides and incorporate them into the new synthesis
of DNA. Therefore, the proliferation ability of SKOV3 was examined
using an EdU kit. The results showed that the proportion of
edu-positive cells in the COS-treated group was not significantly
different from that in the control group, while the proportion of
edu-positive cells in the COSSe-treated group was significantly
different from that in the control group (Figure 4B), further verifying
the detection results of COSSe in MTT.

COS and COSSe exposure alters SKOV3 mRNA expression
To clarify the mechanisms underlying the inhibition of SKOV3
proliferation by COS and COSSe exposure, mRNA expression levels
were analyzed through transcriptional sequencing. The uniformity of
the FPKM density distribution indicated the absence of outliers in the
gene expression data, ensuring high accuracy in the data analysis
(Figure 5A). PCA profiles showed that SKOV3 gene expression was
significantly altered after COS and COSSe treatment (Figure 5B). After
we developed COS exposure to SKOV3, 1,040 genes were upregulated,
and 558 genes were downregulated (Figure 5C). In contrast, COSSe
exerted a more pronounced effect, with 1,706 genes upregulated and
1,046 genes downregulated (Figure 5D). In KEGG enrichment
analysis, we found that both COS and COSSe affect the cell cycle of
SKOV3, cellular senescence (Figure 6A). In GO: biological process (BP)
enrichment analysis, we found that both COS and COSSe affect the
ribonucleoprotein complex biogenesis, cytoplasmic translation,
ribosome biogenesis, and other functions of SKOV3 (Figure 6B). We

further performed functional enrichment analysis of COSSe versus
COS group differential genes, and we found that it was associated with
the DNA metabolic process and cell cycle (Figure 6C). Moreover, flow
cytometry results of SKOV3 cells after COS and COSSe exposure
showed a significant increase in the S phase and a significant decrease
in the G2/M phase (Figure 7A). Western blotting results showed that
the expression of SKOV3 cell cycle-related genes CCNA1 and CDK2
was decreased after exposure to COS and COSSe, especially COSSe
(Figure 7B).

Discussion and conclusion

Trace elements, such as chromium, cobalt, copper, iodine, iron,
manganese, molybdenum, selenium, and zinc, play a particularly
important role in the normal life activities of animals. Most
polysaccharides contain active groups such as the hydroxyl group,
amino group, and negative oxygen group, which easily form
complexes with a variety of metal ions and non-metal ions through
chemical and physical adsorption to exert better biological effects. The
complexation of polysaccharides and trace elements can produce
synergistic effects, improve solubility, stability, and biological
adaptability, and improve the original biological activities of
polysaccharides and trace elements [10]. Studies have shown that
codoginseng polysaccharide iron and pyro echinococcus
polysaccharide iron have good metal ion chelation ability, which can
scavenge DPPH and ABTS free radicals, increase the level of reactive
oxygen species in human ovarian cancer cells, reduce mitochondrial
membrane potential, and damage cell DNA [16, 17]. Tea tree
mushroom selenium polysaccharide can increase the activities of
superoxide dismutase, glutathione peroxidase, and total antioxidant
activity in the serum of mice [18]. Astragalus zinc polysaccharide can
improve insulin sensitivity and inhibit lipid oxidative stress in
streptozotocin-induced type II diabetic rats [19]. In addition, a
nano-carrier material based on Angelica sinensis polysaccharide has
been synthesized to effectively enhance the proliferation inhibition
activity of HepG2 cells [20].
In this study, COS and Na2SeO3 were used as raw materials to
prepare COSSe, the surface optimization test was carried out, and the
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response surface was well predicted, indicating a successful
combination of COS and selenium. It has been shown that
polysaccharides and trace element complexes exhibit higher biological
activity compared to polysaccharides alone. Poria cocos has no
significant inhibitory effect on ovarian cancer cells, but complexation
with zinc ions can inhibit the proliferation of ovarian cancer cells at a
lower concentration and induce cell apoptosis at a higher

concentration [21]. Sargasso selenium polysaccharide exhibits a
greater inhibitory effect on the α-glycosidase enzyme than the
polysaccharide alone and the drug acarbose [22]. In the present study,
we also confirmed that both COS and COSSe inhibited SKOV3
proliferation in a significantly concentration-dependent manner, and
COSSe inhibited SKOV3 proliferation more strongly than COS.

Figure 4 COS and COSSe inhibited SKOV3 proliferation. (A) Effects of different concentrations of COS and COSSe on the viability of SKOV3 cells.
*P < 0.05, **P < 0.01 vs. the control group. (B) Representative images of SKOV3 treated with COS and COSSe for 0 h/24 h. Bar = 50 μm. (C)
Immunofluorescence photos of EdU positive cells (red) and nuclei (blue) 24 h after COS and COSSe treatment. Bar = 50 μm. CON, Control; COSSe,
chitosan oligosaccharide selenium; COS, chitosan oligosaccharide.
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Figure 5 COS and COSSe alter SKOV3 transcriptional patterns. (A) Density profiles showed mRNA expression profiles in SKOV3 cells from CON,
COS, and COSSe groups, respectively. (B) PCA based on mRNA. (C) Volcano plot of DEGs in COS versus CON groups. (D) Volcano plot of DEGs in
COSSe versus CON groups. FPKM, fragments per kilobase per million; CON, Control; COSSe, chitosan oligosaccharide selenium; COS, chitosan
oligosaccharide.

Figure 6 COS and COSSe alter the cell cycle of SKOV3. (A) KEGG enrichment analysis of differential genes in SKOV3 cells by COS and COSSe. (B)
GO: BP enrichment analysis of differential genes in SKOV3 cells by COS and COSSe. (C) Metascape analysis of common enrichment pathways
between COSSe and COS differential genes. CON, Control; COSSe, chitosan oligosaccharide selenium; COS, chitosan oligosaccharide; GO, Gene
Ontology.
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Figure 7 COS and COSSe alter the cell cycle of SKOV3. (A) Image of cell cycle outcome after COS and COSSe exposure detected by flow
cytometry and statistics of cell cycle detection results that compared with the control group. (B) The expression of CDK2, CCNA1 in cells was
detected by western blotting. The results were showed as mean ± SEM (n ≥ 3); **P < 0.01 vs. the control group. CON, Control; COSSe, chitosan
oligosaccharide selenium; COS, chitosan oligosaccharide.

RNA-seq results showed that COS and COSSe significantly altered
the expression of the SKOV3 gene with significant effects. In KEGG
enrichment analysis, we found that both COS and COSSe affected the
cell cycle and cell senescence progression of SKOV3 cells. In GO: BP
enrichment analysis, we found that both COS and COSSe affected
SKOV3 functions, such as ribonucleoprotein complex biogenesis,
cytoplasmic translation, and ribosome biogenesis. We further
performed functional enrichment analysis of the DEGs in COSSe and
COS groups and found that they were related to DNA metabolic
process and cell cycle. The cell cycle is a fundamental process in life
that regulates mitosis and the formation of two daughter cells. The
core of this process is regulated by CDK2 [23]. CDK abnormalities
have been reported to cause proliferation and genomic and
chromosomal instability, which leads to human cancer, and to
promote cancer progression and aggressiveness [24]. CDK2, a central
cell cycle regulator, is active from the late G1 phase through the entire
S phase, and its activation involves binding with cyclin E1 (CCNE1) or
E2, cyclin A2 (CCNA2), phosphorylation by the CDK activating kinase
(CAK) complex, and the inhibitory removal of phosphorylation by cell
division cycle 25 A (CDC25A) [25]. Related studies have shown that if
the expression of CCNA in cells is inhibited, resulting in the
downregulation of bound CDK2 expression, the cell cycle will be
arrested in the S phase [26]. Previous studies showed that
melanophore involucrate polysaccharide induced cell cycle arrest in
the S phase, triggered cell apoptosis, and inhibited the migration and
invasion of OC cells [27]. Astragalus polysaccharides can promote the
apoptosis of nasopharyngeal carcinoma cells, increase the number of
cells in the G0/G1 and S phases, decrease the number of cells in the

G2/M phase, and inhibit the migration and invasion of
nasopharyngeal carcinoma cells [28]. Horsetail alga could induce
apoptosis and arrest the cell cycle in the S phase of melanoma cells
[29]. Our study showed that both COS and COSSe could inhibit the
formation of CCNA1-CDK2 complex by inhibiting the expression of
CCNA1-CDK2 complex, mediate cell cycle arrest in the S phase, and
thus inhibit cell proliferation, and the inhibitory effect of COSSe was
stronger than that of COS. In conclusion, the results of the present
study indicate that COS and COSSe inhibit the proliferation of SKOV3
cells by blocking the cycle of SKOV3 cells in the S phase, and COSSe
has a stronger inhibitory effect.
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