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KEYWORDS Abstract Nanoparticles have been found to possess unique advantages in many fields, especially in
Selenium nanoparticles; the field of cancer treatment. Herein, based on the unique physical and chemical properties of nat-
Antitumor; ural polysaccharides, the polysaccharide from the edible and medicinal fruits of Chaenomeles spe-
Chaenomeles speciosa ciosa was prepared, and the complex nanoparticles constructed by combining C. speciosa
polysaccharide; polysaccharide with selenium have been successfully developed by a chemical method. Monodis-
Zebrafish perse spherical nanoparticles with the particle size of 80.5 nm were characterized by various meth-

ods, which exhibited ideal size distribution and prominent stability under physiological conditions
and alkaline conditions. Cellular studies demonstrated the nanoparticles significantly inhibited the
growth of MCF-7 cells with an ICs, value of 8.37 + 0.97 pg/mL through inducing the apoptosis
and arresting the cell circle at S phase. Moreover, the zebrafish assays confirmed the antitumor
effects of the nanoparticles, which suppressed the proliferation and migration of tumor and blocked
the angiogenesis of transgenic zebrafish. Collectively, the results suggested that the nanoparticles
may be considered as a candidate agent to treat breast cancer.
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1. Introduction

Breast cancer is a heterogeneous and complex disease, which is
considered to be one of the most prevalent cancers in the
world. The traditional therapeutic modalities for breast cancer
comprise chemotherapy, radiotherapy, and immunotherapy.
Among them, chemotherapy is the most commonly used
method to treat breast cancer. However, most chemotherapy
drugs have poor tumor targeting and narrow treatment win-
dow, which inevitably cause serious toxicity and side effects,
resulting in poor quality of life of cancer patients (Ma et al.,
2020). In recent years, nanomedicine and related nanoparticles
based on biomaterials have attracted special attention, which
have been proved to be very helpful in improving cancer treat-
ment and avoiding toxic side effects (Shi et al., 2017, Pandit
et al., 2020). Up to date, nanomedicine has been considered
as a promising strategy to achieve desirable antitumor effects,
which prompts us to develop new nanoparticles to alleviate the
pressure of tumor treatment (Liu et al., 2018, 2022a; Wang
et al., 2019; Wang and Luo, 2019; Xu et al., 2022; Yang
et al., 2021a).

As a trace element with multiple biological functions, sele-
nium (Se) is of great significance in maintaining redox balance,
immune regulation, anticancer, etc. (Xia et al., 2021; Yang
et al., 2021b; Zhang et al., 2022). Selenium deficiency can dam-
age the immune system and increase the risk of cancer (Tang
et al., 2021). In addition, the chemical valence of selenium
has an important influence on its bioavailability and biological
functions. Recently, selenium nanoparticles (SeNPs) existing
as zero valent state, have drawn more and more attention
for their high biological activity and low toxicity (Yan et al.,
2021, Qiao et al., 2020, Wang et al., 2019, Song et al., 2021).
Zhang et al. reported that SeNPs can induce tumor cell apop-
tosis by triggering apoptosis signal transduction pathway
(Zhang et al., 2013). Therefore, SeNPs are considered to be
not only selenium supplementations but also potential agents
for cancer chemoprevention and chemotherapy. Nevertheless,
the application of SeNPs as an antitumor agent has some
urgent problems to be solved, such as poor stability and low
bioavailability, which hinders its medical application.

As distinctive natural materials, polysaccharides have been
attracting extraordinary interest for their attractive character-
istics, such as nontoxicity, hydrophilicity, and high compatibil-
ity, which are pivotal characteristics, while considering a
material for biomedical applications (Zeng et al., 2021,
Wausigale et al., 2021, Hu et al., 2021). When compared with
other biomolecules, polysaccharides have many functional
groups including hydroxy, amino, and carboxyl groups, which
make them easy to modify and can be used to prepare a variety
of new biological nanostructures (Li et al., 2021a). Addition-
ally, most polysaccharides have inherent immunomodulatory
and antioxidant effects (Zhang et al., 2021a,a; Zhou et al.,
2020). Hence, polysaccharides are regarded as biomaterials
with remarkable tunable properties. Recently, polysaccharides-
based nano-preparations have been booming in cancer treatment
(Cao et al., 2021). Some polysaccharides combined with nano-
technology, such as Gracilaria lemaneiformis polysaccharides
and mushroom polysaccharides, have achieved excellent biolog-
ical effects (Zeng et al., 2019). Chaenomeles speciosa (Sweet)
Nakai. belongs to the Rosaceae family and its fruits are edible
and medicinal, which are rich in polysaccharides and have been

reported to be nutritional and have numerous pharmacological
effects (Xie et al., 2015). To date, although some polysaccharides
and their biological effects from C. speciose were reported (Xie
et al., 2015, Cheng et al., 2020), there have been no reports to
use the polysaccharides in C. speciosa as biomaterials. Consider-
ing the edible and medicinal value of the fruits of C. speciose, its
polysaccharides may be utilized as biomaterials to combine with
selenium nanoparticles to afford polysaccharide-selenium
nanoparticles, which give full play to their respective advantages
and overcome the application limitations of selenium nanoparti-
cles and polysaccharides.

As mentioned above, this work plans to design and prepare
a new type of polysaccharide-based selenium nanoparticles as
an anti-breast cancer agent by combining natural polysaccha-
rides with selenium. In addition to optimizing the parameters
for preparing nanoparticles, the physicochemical properties,
the stability under physiological conditions, and the formation
mechanism of the nanoparticles obtained were systematically
investigated. As an exploration of the prepared nanoparticles
against breast cancer, the antitumor activity and preliminary
mechanism were also examined using cell and zebrafish
models.

2. Materials and methods

2.1. Materials and regents

Materials and reagents are supplemented in the Supporting
Information.

2.2. Preparation and characterization of C. speciosa
polysaccharide (CSP)

2.2.1. Extraction of CSP

The polysaccharide CSP from the dried fruits of C. speciosa
was prepared using the reported method (Li et al., 2021b).
The preparation process and detailed method are supple-
mented in the Supporting Information.

2.2.2. Chemical composition of CSP

To clarify the ingredients of the CSP, the contents of polysac-
charides, proteins and uronic acids were evaluated (Barbosa
et al., 2009; Cesaretti et al., 2003; Zhang et al., 2020b;
Dubois et al., 1956). The ultraviolet full wavelength scanning
was used to detect the residue of protein and nucleic acid of
CSP at the range of 200400 nm.

2.2.3. Monosaccharide composition analysis of CSP

The monosaccharide composition of CSP was analyzed by the
1-phenyl-3-methyl-5-pyrazolone (PMP) method (Honda et al.,
1989). The details are described in the Supporting Information.

2.2.4. Thermogravimetric analysis of CSP

The thermogravimetric analysis (TGA) of CSP was performed
at TGA/DSC1 (Mettler Toledo) as the previous report
(Nawrocka et al., 2017). CSP sample (8 mg) was put in an alu-
mina pan and heated from 30 °C to 600 °C. Nitrogen was used
as the carrier gas to heat the sample. The experimental process
was monitored and the decomposition temperature and weight
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loss were calculated using Origin software (Version 9.0 PRO,
OriginLab Corporation, USA).

2.3. Preparation of CSP-SeNPs

Four types of CSP-SeNPs with various selenium content were
constructed using the previous method (Zhang et al., 2021b).
Briefly, Tween 80 solution (4 mL, 10 mg/mL) was added drop-
wise to 5 mL of sodium selenite solution (20, 40, 80, and
120 mM) under stirring. Subsequently, CSP solution (8 mL,
10 mg/mL) was mixed with the above solution and stirred
for 1 h. Then, 3 mL of the freshly prepared ascorbic acid with
different concentrations (100, 200, 400, and 600 mM) was
added dropwise into the mixed solution under dark conditions
and then stirred vigorously for another 24 h at room tempera-
ture, respectively. After reaction, the solution was dialyzed for
72 h (M, cut-off, 3500 Da). The obtained four selenium
nanoparticles solutions were labeled in order as CSP-SeNPI,
CSP-SeNP2, CSP-SeNP3, and CSP-SeNP4.

2.4. Characterization of CSP-SeNPs

The particle size, zeta potential, and polydispersity index (PDI)
of CSP-SeNPs were measured by a nanoparticle analyzer
(Nano ZS, Malvern, UK). The Fourier transform-infrared
spectrum (FT — IR) of CSP-SeNPs was obtained with a
FT — IR spectrometer (Bruker Optics, Ettlingen, Germany)
in the range of 4000-400 cm~'. The morphology of CSP-
SeNPs was observed by transmission electron microscopy
(TEM, Talos F200C, FEI, USA). A field emission scanning
electron microscope (FE-SEM, JEOL-JSM-7800F, Tokyo,
Japan) was utilized to determine the element distribution in
CSP-SeNPs.

2.5. Stability of CSP-SeNP3

The storage stability of CSP-SeNP3 in water, DMEM, and
DMEM containing 10% (v/v) fetal bovine serum (FBS) was
investigated. The particle size and PDI of CSP-SeNP3 solution
were measured regularly by dynamic light scattering (DLS).
The pH value of CSP-SeNP3 solution was adjusted between
2 and 12 by hydrochloric acid or sodium hydroxide. The
effects of pH and time on the particle size stability of CSP-
SeNP3 were also evaluated (Zhang et al., 2018).

2.6. Antitumor activity evaluation of CSP-SeNP3

2.6.1. Cell and zebrafish

The cell culture (A549, MCF-7, and HepG2) and the mainte-
nance and breeding of zebrafish (AB strain and Tg(flil:EGFP)
transgenic zebrafish) were carried out as described in the Sup-
porting Information.

2.6.2. Cellular antitumor effects of CSP and CSP-SeNP3

The cellular antitumor effects of CSP and CSP-SeNP3 were
detected by MTT assay. In short, after seeding cells into a
96-well plate (5 x 10° cells/well) and incubation for 24 h, var-
ious concentrations of CSP or CSP-SeNP3 were added and
incubated continuously for 48 h. Subsequently, 20 unL. MTT

solution (5 mg/mL) was added and the incubation of 4 h
was performed. After removing the supernatants, the for-
mazan crystals at the bottom were dissolved with DMSO,
and the absorbance was measured (Thermo Fisher Scientific,
Waltham, MA, USA).

2.6.3. Analysis for cell apoptosis

Analysis for MCF-7 cell apoptosis induced by CSP-SeNP3 was
conducted by flow cytometry using Annexin V-FITC Apopto-
sis Detection Kit (Beyotime, C1062L) (Zhang et al., 2021d).
After being treated with different concentrations of CSP-
SeNP3 (0.8, 4, and 20 pg/mL), the MCF-7 cells were washed
twice with PBS and resuspended in the binding buffer (Bey-
otime, Shanghai, China). Then, 5 pL of Annexin V-FITC
and 10 pL of propidium iodide (PI) were added, and the solu-
tion were incubated for 20 min at room temperature in the
dark. The apoptosis was detected by BD LSRFortessa flow
cytometry (BD Biosciences), and data were obtained by
FLOWIJO software (FLOWJO LLC, Ashland, OR, USA).

2.6.4. Analysis for cell cycle

The cell cycle distributions of MCF-7 cells affected by CSP-
SeNP3 were evaluated by flow cytometry (Guo et al., 2021).
MCEF-7 cells in exponential growth phase were inoculated in
12-well plates (2 x 10° cells/well) for 24 h. After treated with
different concentrations of CSP-SeNP3 (0.4, 2, and 10 pg/
mL) and incubated for 48 h, MCF-7 cells were collected,
washed twice with PBS, and fixed overnight in 70% cold etha-
nol at 4 °C. Then, the cells were washed and stained with pro-
pidium iodide staining buffer containing RNase (Beyotime,
C1052) for 30 min at 37 °C in the dark. The cellular DNA
analysis was performed immediately by flow cytometry and
the data were processed using ModFit LT Software.

2.6.5. In vivo antitumor evaluation with a zebrafish model

The normal embryos at 48 h post-fertilization (hpf) from adult
AB zebrafish were selected for in vivo antitumor evaluation
using the method reported (Zhang et al., 2021c). Briefly, 5
nL (I x 107 cellsymL) of stained MCF-7 cells by CM-Dil
(2.5 uM) were microinjected into the yolk sac of zebrafish
embryos. After incubation of 4 h at 28.5 °C, the tumor cell-
bearing embryos were stochastically classified into groups (15
embryos/group) and various concentrations (0.5, 1, and
2 pg/mL) of CSP-Tw-SeNP3 or etoposide (positive control)
were added for continuous incubation of 48 h. At 5 days
post-fertilization (dpf), the zebrafish embryos were observed
by confocal microscopy (Leica, Germany), and the density
and focus of red fluorescence representing the proliferation
and migration of MCF-7 cells were statistically analyzed by
ImageJ (NIH, Bethesda, MD, USA).

2.6.6. Anti-angiogenesis assay of CSP-SeNP3

The anti-angiogenesis experiments were performed using
transgenic zebrafish Tg(flil: EGFP) embryos (Li et al.,
2021c). Briefly, normal embryos (6 hpf) were selected and trea-
ted by CSP-SeNP3 for 48 h. Intersegmental vessels (ISVs) of
the treated embryos were observed and photographed. ImageJ
software (NIH, Bethesda, MD, USA) was used for quantita-
tive analysis of the total average length of the ISVs.
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2.7. Statistical analysis

GraphPad Prism 7.0 software (GraphPad Software Inc., La
Jolla, CA) was used for the data processing. One-way ANOVA
and Tukey’s multiple comparison test were employed for the
differences.

3. Results and discussion
3.1. Chemical characterization of CSP

3.1.1. Chemical composition of CSP

The polysaccharide CSP was extracted and prepared from the
dry fruits of C. speciosa. The percentage content of the carbo-
hydrate, protein, and uronic acid were 96.58%, 7.89%, and
0.66%, respectively. As illustrated in Fig. S1, an unobvious
peak at 280 nm was shown in the UV spectrum of CSP, imply-
ing that CSP contained a small amount of protein, which was
consistent with the result of protein content analysis. Mean-
while, there was no signal around 260 nm, indicating the
absence of nucleic acid. The monosaccharide composition
analysis of CSP was presented in Fig. 1A, the result revealed
that CSP mainly was composed of three kinds of monosaccha-
rides including galacturonic acid, galactose, and arabinose.

3.1.2. Thermal analysis

The thermogravimetric analysis (TGA) was used to detect the
stable of polysaccharide. As shown in Fig. 1B, the process of
weight loss occurred three times during the heating-up phase,
which was related to the stability of the polysaccharide
(Kumar Varma and Jayaram Kumar, 2017). The first mass loss
of about 6.0% occurred in the range of 31.4 to 202.9 °C, which
was caused by the loss of water. The second mass loss was
59.0% (202.9-412.9 °C), which was mainly caused by the
pyrolysis of polysaccharide skeleton. Differential scanning
calorimetry (DSC) curves were shown by two endothermic
states at 31.4 °C and 297.2 °C, which indicated that the ther-
mally decomposed temperature of CSP was around 300 °C.
Both the results of TGA and DSC analysis revealed that
CSP has a stable chemical structure. The good stability implied
that CSP may be considered as being a nanocarrier.
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3.2. Preparation of CSP-SeNPs

The combination of selenium nanoparticles and natural
polysaccharides through green strategy may effectively solve
the inherent limitations of selenium nanoparticles, which is
conducive to further improve the bioavailability and antitumor
activity of selenium nanoparticles and expand their potential
applications in tumor therapy (Li et al., 2019a). In this study,
selenium nanoparticles functionalized by C. speciosa polysac-
charide (CSP-SeNPs) were prepared by the reaction of sodium
selenite and ascorbic acid in the presence of C. speciosa
polysaccharide. In the preparation reaction, the precursor
selenite was first dispersed in the microenvironment of C. spe-
ciosa polysaccharide, and then the added ascorbic acid reacted
with selenite to produce elemental selenium. The elemental
selenium produced by the reaction was adsorbed and wrapped
in situ by C. speciosa polysaccharide, so as to effectively pre-
vent the mutual combination and agglomeration of the initially
formed particles, slow down and control the growth of parti-
cles, and make the selenium nanoparticles stably exist in the
solution (Tang et al., 2019). While, it was found that the appli-
cation of Tween 80 during the preparation of nanoparticles
can prolong the stabilization time of CSP-SeNPs.

3.3. Characterization of CSP-SeNPs

3.3.1. Nanoparticle size of CSP-SeNPs

In order to obtain selenium nanoparticles with small particle
size and good stability, four types of nanoparticles stabilized
by C. speciosa polysaccharide (CSP-SeNPsl — 4) were pre-
pared. As shown in Fig. S2, black SeNPs without CSP surface
decoration aggregated at the bottom, while the solution of
CSP-SeNPs decorated with CSP was transparent. The stability
and dispersion of CSP-SeNPs were significantly improved
when compared with bare SeNPs. Besides, the effects of
sodium selenite concentration on nanoparticle size and PDI
of CSP-SeNPs were investigated. As presented in Fig. 2A,
the average diameter and PDI of CSP-SeNPs gradually
decreased with the increase of sodium selenite concentration
from 5 to 20 mM (105.1 £ 1.7 nm and 0.214, 101.9 = 4.0
nm and 0.288, 80.5 = 0.9 nm and 0.250). However, when
the concentration of sodium selenite rose to 30 mM, the aver-

3
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differential scanning calorimetric (DSC) analysis of CSP (B).



Preparation, characterization, and antitumor activity of Chaenomeles speciosa polysaccharide-based selenium nanoparticles 5

A B

I 1 Particlesize Il PDI {04 1604

=
T T
100
140
- fos ¥
E 80 g120-
& ] i _c
3 o8
v 50 -o.zﬂ--g
s @
[=
J0.1
20
ol 0.0

5 10 20 30 4000 3600 3200 2800 2400 2000 1600 1200 800 400 0
Wavenumber (em-1) 2 4 6 8

10 12 14 16Kev

10pm !

CKal.2

Se Lal_2

10pm

O Kal

10pm '

Fig. 2

Characterization of CSP-SeNPs. The influence of sodium selenite concentration on the particle size and PDI of SeNPs (A).

FT — IR spectra of CSP and CSP-SeNPs (B). EDS analysis of CSP-SeNP3 (C — G). SEM image of CSP-SeNP3 (H). TEM image of CSP-

SeNP3 (I).

age diameter and PDI of CSP-SeNPs increased to 93.1 £+ 0.
5 nm and 0.354, respectively. These changes may be that the
strong molecular interactions among polysaccharide molecules
weakened the binding ability between CSP and SeNPs (Ye
et al., 2020). These results showed that 20 mM of sodium selen-
ite seemed to be an optimal concentration with smaller size and
ideal PDI. Therefore, CSP-SeNP3 was chosen for the follow-
ing experiments.

3.3.2. Interactions between CSP and SeNPs by FT-IR spectra

The potential interactions between CSP and SeNPs were ana-
lyzed from the FT — IR spectra. As shown in Fig. 2B, CSP-
SeNP3 have characteristic absorption bands similar to those
of CSP, indicating that no new covalent bonds formed (Liao
et al., 2016). Moreover, compared with the native polysaccha-
ride of CSP (3401 cm™"), the absorption band for hydroxy in
CSP-SeNP3 was significantly blue- shifted by 16 cm™'. The
shift implied the strong bond between the hydroxy group of
CSP and SeNPs, which was consistent with the previously
reported results (Xiao et al., 2017).

3.3.3. Element content and surface morphology of CSP-SeNP3

The element composition and surface morphology of CSP-
SeNP3 were investigated using FE-SEM with energy dispersive
spectroscopy (EDS) and TEM. The SEM images
(Fig. 2C — H) showed that CSP-SeNP3 composed of C, O,
and Se presented as a spherical solid, which were uniformly
doped in CSP-SeNP3 in a proportion of 48.7%, 25.5%, and
25.7%, respectively. The results of elemental composition of
polysaccharide-based SeNPs were similar with those reported
in the literature, such as Lycium barbarum polysaccharide-
SeNPs (Liu et al., 2021), dandelion polysaccharide-SeNPs
(Zhang et al., 2021b), and Citrus limon polysaccharide-SeNPs
(Zhou et al., 2021). The subsequent TEM detection showed
that CSP-SeNP3 displayed a spherical morphology with excel-
lent dispersion (Fig. 2I).

3.4. Stability of CSP-SeNP3

The nanoparticle stability under physiological conditions is the
key index to determine whether they can be practically applied



6 L. Zhou et al.
A 0.7 B 0.6
120{ M Particle size in water 120] M Particle size in DMEM
[ PDI in water - 0.6 [ PDI in DMEM 05
100 - 100 -
— 0.5
£ £ 0.4
£ 804 £ 804
@ 04 o
N 50 ol
2
@ 60 S o 601 03g
o 03 g
5 5 0.2
0 40 | gp O 40+ :
20 L 0.1 20 - 0.1
0- L0.0 0-
3 5 7 3 5
Time (day) D Time (day)
160 06 ___
I Particle size in DMEM with 10% FBS £ 150 EMpH2 ElpHS.4 [ JpH7.4 EpH10.4TIpH12.4
1404 HEEEPDI in DMEM with 10% FBS 05 £ m | I _——
0. (] - 1
N 100 b | o
120 L 1 1 1
— @ T 1 1 1
L 0. 2] 1
E, 100 o B St | | I
Q E -1 I I :
N i | |
80 03 04 T T .
L] Jd I I |
© 1 1 1
'(E’ 60 0.1 1 l :
— 1 1
& 0.2 E 4 X X |
404 0.2+ o _ B ™ ]
L 0.1 4 - 1 1 1 o
° 1
204 0.3 : : |
| 1 1
T T T T

3 5
Time (day)

3_ 5
Time (day)
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(Li et al., 2010). To investigate the applicability of CSP-
SeNP3, CSP-SeNP3 were suspended in water, DMEM, and
DMEM added with 10 % (v/v) FBS for 7 days, respectively.
As presented in Fig. 3A-C, the nanoparticle size of CSP-
SeNP3 in DMEM added with 10 % (v/v) FBS increased to
around 126.6 nm on the 7th day, while the nanoparticle diam-
eter of CSP-SeNP3 exhibited negligible changes on the 7th day
when the CSP-SeNP3 suspended in water and DMEM. These
results indicated that the excellent stability of CSP-SeNP3
under physiological conditions. As depicted in Fig. 3D, the
nanoparticle size of CSP-SeNP3 under acidic conditions
(pH = 2.0 and 4.4) increased slightly and showed instability
compared with those under alkaline conditions (pH = 10.4
and 12.4), implying that the pH also had a significant effect
on the size of CSP-SeNP3. The experiments of pH changes
suggested the acidic conditions may destroy the interactions
between CSP and SeNPs and lead to the aggregation of
nanoparticles (Liu et al., 2021).

3.5. In vitro and in vivo antitumor activity of CSP-SeNP3

3.5.1. In vitro antitumor assay of CSP and CSP-SeNP3

The in vitro antitumor effects of CSP and CSP-SeNP3 on
MCF-7, HepG2, and A549 cell lines were detected by MTT
assay. As shown in Fig. 4A — C, CSP exhibited negligible cyto-

toxicity toward three cancer cells in the concentration range of
1-100 pg/mL, while CSP-SeNP3 significantly inhibited prolif-
eration of three cancer cells dose-dependently. The antitumor
effects of CSP-SeNP3 were comparable with the inhibitory
effects of LAG-SeNPs on A549, MCF-7, and HepG2 cells
(Tang et al., 2019; Li et al., 2019b). The strong inhibitory
effects and ICsy values indicated that CSP-SeNP3 possessed
broad-spectrum inhibition against cancer cells and had
promising application in the field of cancer chemotherapy.

3.5.2. Apoptosis effects induced by CSP-SeNP3

To examine the possible inhibitory mechanism of CSP-SeNP3
to tumor cells, the apoptosis of MCF-7 cells treated with dif-
ferent concentrations of CSP-SeNP3 (0.8, 4, and 20 pg/mL)
was assessed by Annexin V-FITC/PI double staining experi-
ments. As shown in Fig. 5A and 5C, the regions Q2 and Q3
represented the cell apoptosis. With the increase of CSP-
SeNP3 concentration, the apoptotic proportion in Q2 and
Q3 regions was ascended from 21.79% (0.8 pg/mL) to
22.08% (4 pg/mL) and 28.09% (20 pg/mL), indicating that
CSP-SeNP3 promoted apoptosis dose-dependently. Similar
results were reported in the previous research, in which the
selenium nanoparticles stabilized by laminarin polysaccharides
(LP-SeNPs) had a significant effect of apoptosis induction (Cui
et al., 2019).
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Fig.5 Apoptosis and cell cycle determination results of CSP-SeNP3-treated MCF-7 cells. Flow cytometric analysis of MCF-7 cells after
treated with different concentrations of CSP-SeNP3 (A). Cell cycle distributions of MCF-7 cells after treated with different concentrations
of CSP-SeNP3 (B). Histogram of apoptotic cells at 48 h with the treatment of CSP-SeNP3 (C). Data processing of cell cycle distribution
(D). Data from three separate experiments are expressed as means + SD. *P < 0.05, P < 0.01, and “"P < 0.001 vs. control group.
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3.5.3. Effects of CSP-SeNP3 on cell cycle

Cell apoptosis is closely coupled with cell circle (Liu et al.,
2022b). The cell circle distributions of MCF-7 cells affected
by CSP-SeNP3 (0.4, 2, and 10 pg/mL) were detected by flow
cytometry. As presented in Fig. 5, the proportions of cells in
S phase after CSP-SeNP3 treatments were obviously ascended
from 25.32% to 48.43%, while the percentages in GO/G1 phase
were decreased, which indicated that CSP-SeNP3 induced
MCEF-7 cell apoptosis via cell cycle arrest at S phase. The
results were similar with those of the selenium nanoparticles
modified by Codonopsis pilosula polysaccharide (CPP-
SeNPs), which also induced HepG?2 cell apoptosis by arresting
cell cycle at S phase (Yu et al., 2022).

3.5.4. In vivo antitumor activity of CSP-SeNP3

The in vitro experiments showed that CSP-SeNP3 emerged
promising antitumor effects. To further explore the anti-
proliferation and anti-metastasis potential of CSP-SeNP3
in vivo, a zebrafish tumor xenograft model was employed, in
which fluorescent labeled MCF-7 cells were microinjected into
zebrafish embryos. As shown in Fig. 6, the relative intensity

A

Control

CSP-SeNP3
0.5 yg/mL

CSP-SeNP3

1 pg/mL

CSP-SeNP3
2 pgimL
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(9]

100 -

B [22] o]
o o o
1 L 1

Total fluorescence intensity (x1 03)
N
o
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1

Control 0.5 1 2
CSP-SeNP3

Fig. 6

6 pgimL
Etoposide

and foci of red fluorescence representing tumor proliferation
and metastasis (Li et al., 2021c), respectively, were reduced
dose-dependently, showing that CSP-SeNP3 had significant
in vivo antitumor effects. From the results shown in Fig. 6,
the relative intensity and foci of red fluorescence at CSP-
SeNP3 concentration of 2 pg/mL were significantly lower than
that of etoposide, suggesting that the inhibitory effect of CSP-
SeNP3 at this concentration was better than that of the posi-
tive control group. These results exhibited that CSP-SeNP3
had strong antitumor effects in the established zebrafish
model.

3.5.5. Angiogenesis inhibitory effects of CSP-SeNP3

Tumor proliferation and metastasis are coupled with angio-
genesis. To examine whether the in vivo antitumor effects of
CSP-SeNP3 are related with the inhibition of angiogenesis, a
transgenic zebrafish Tg(flil:EGFP) model was utilized, in
which the newly formed vessels presented green fluorescence
to observe easily (Li et al., 2021c). As depicted in Fig. 7A,
treatment with CSP-SeNP3, the intersegmental vessels (ISVs)
of zebrafish embryos were obviously broken, and the average

Control 0.5 1 2
CSP-SeNP3

6 pgimL
Etoposide

Inhibitory effects of CSP-SeNP3 on the proliferation and migration of MCF-7 cells in zebrafish. Intensity and distribution of the

red fluorescence (A) were imaged under a confocal microscope in zebrafish larvae at 5 dpf (n = 15/group). Tumor proliferation (B) and
metastasis (C) were quantified using Image J software. All values are expressed as the mean + SD of at least three independent

EEEY

experiments. P < 0.05, P < 0.01,

P < 0.001 vs. the control group.
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Fig. 7 Anti-angiogenesis activity of CSP-SeNP3 in the transgenic zebrafish model. Representative images of Tg(flil: EGFP) zebrafish
embryos (A) at 48 hpf treated various concentrations of CSP-SeNP3 (0.5, 1, and 2 pg/mL) under live fluorescence microscopy. The
absence and break of ISVs were indicated by red arrows. The length of ISVs of zebrafish (B) after treated with different concentrations of

CSP-SeNP3 (0.5, 1, and 2 pg/mL). (n = 15 for each experimental group). "P < 0.05, *"P < 0.01, and

length of ISVs in zebrafish embryos was further analyzed
quantitatively (Fig. 7B). According to the statistical analysis,
the average length of ISVs was 1250.6 £+ 82.5 um at the con-
centration of 2 pg/mL, which was significantly decreased when
compared with that of the blank control group (2955.8 £ 101.
9 um). The experiments demonstrated that CSP-SeNP3 could
significantly suppress angiogenesis in vivo. Angiogenesis is
bound up with the occurrence, development, invasion, and
metastasis of tumor (Ferrara et al., 2003), and the inhibition
of angiogenesis can prevent tumor growth. The angiogenetic
experiments showed that CSP-SeNP3 might be used as an
angiogenesis inhibitor in tumor therapy.

4. Conclusions

In the present study, a kind of C. speciosa polysaccharide-
based selenium nanoparticles was successfully designed and
prepared for the possible applications against breast cancer.
The nanoparticles formed under the optimized conditions pre-
sented monodisperse and homogeneous spherical structure
and the hydrodynamic size was 80.5 nm. FT — IR analysis
indicated the formation of the nanoparticles may be due to
the strong interactions between the hydroxy group of C. spe-
ciosa polysaccharide and bare selenium nanoparticles. The
nanoparticles exhibited superior colloid stability in physiolog-
ical and alkaline solution. The in vitro cell assays demonstrated
that the nanoparticles could effectively inhibit tumor cells by
prompting cell apoptosis and blocking cell circle at S phase.
The further in vivo antitumor experiments using the zebrafish
model indicated that the prepared nanoparticles CSP-SeNP3
effectively blocked tumor proliferation and metastasis, for
which the antitumor effects were comparable with that of
etoposide. As a further exploration of possible antitumor
mechanism, the prepared nanoparticles CSP-SeNP3 were
found to suppress zebrafish angiogenesis in a dose-dependent

EEEY

P < 0.001 vs. control group.

manner in the transgenic zebrafish model. In general, the cur-
rent work has prepared C. speciosa polysaccharide-based sele-
nium nanoparticles with good stability, which provides a
possible solution to the application limitations of bare sele-
nium nanoparticles. While, the good activity of nanoparticles
in vivo and in vitro showed that the polysaccharide-based sele-
nium nanoparticles may have a great prospect for the treat-
ment of breast cancer.
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