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Objective: To investigate the effects of selenium nanoparticles (nano-Se) combined
with radiotherapy on the proliferation, migration, invasion, and apoptosis of non-small
cell lung cancer (NSCLC) A549 and NCI-H23 cells.

Methods: Nano-Se was synthesized and characterized by transmission electron
microscope (TEM), X-ray diffractometer, and Ultraviolet-visible (UV)-Vis Spectroscopy,
separately. The uptake of nano-Se by lung cancer cells was detected by flow
cytometry. Cell counting kit-8 (CCK-8) method was used to detect the antiproliferative
activity of nano-Se combined with radiotherapy. Wound healing tests and transwell
assay were used to detect the migration and invasion ability of the cells. Annexin
V-fluorescein isothiocyanate (FITC)/Propidium iodide (Pl) staining by flow cytometry
was used to detect apoptosis. The expression of Cyclin D1 (CCND1), c-Myc, matrix
metalloproteinase 2 (MMP2), MMP9, cleaved Caspase-3, and cleaved Caspase-9 were
detected by Western blot.

Results: The average diameter of nano-Se was 24.39 nm and the wavelength of
nano-Se increased with the increase of radiation dose under UV-Vis Spectroscopy. The
uptake of nano-Se in lung cancer cells was increased with the increase of nano-Se
concentration. The nano-Se combined with radiotherapy decreased the proliferation
activity of NSCLC cell lines A549 and NCI-H23 in a dose-dependent manner (all
P < 0.05). Compared with the Control group, nano-Se combined with radiotherapy
could significantly inhibit the migration and invasion of lung cancer cells (all P < 0.05),
and the effects of the combination of nano-Se and radiotherapy was better than that
of a single application (all P < 0.05). Furthermore, nano-Se combined with radiotherapy
could induce apoptosis of lung cancer cells (P < 0.05) and nano-Se combined with
radiotherapy could significantly inhibit the expression of proliferation-related proteins
CCND1, c-Myc, invasion and migration-related proteins MMP2 and MMP9, but
conversely promoted the expression of apoptosis-related proteins cleaved caspase-
3 and cleaved caspase-9. Conclusion: This study found that nano-Se combined with
radiotherapy plays an anti-cancer role in lung cancer cells by inhibiting cell proliferation,
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migration, and invasion, as well as inducing apoptosis, suggesting that nano-Se may
be used as a radiosensitizer in the clinical treatment of lung cancer, but further research
is still needed.

Keywords: selenium nanoparticle, radiotherapy, combination, lung cancer, synergistic therapy

INTRODUCTION trigger the overproduction of intracellular peroxides, thereby

Lung cancer is one of the major cancers in the world. Among
different types of lung cancer, non-small cell lung cancer
(NSCLC) accounts for approximately 85% of the incidence
(Duma et al., 2019), 60% of which are diagnosed as advanced,
chemotherapy and radiotherapy are the standard treatment
of advanced NSCLC (Herbst et al., 2018). In recent years,
radiotherapy and chemotherapy have become a recognized
tumor treatment model. Compared with radiotherapy alone and
chemotherapy or sequential therapy, combined therapy has a
better effect on the continuous control of local tumors and
the improvement of the cure rate (Pirker, 2020). However, the
adverse reactions of radiotherapy and chemotherapy such as bone
marrow suppression, nausea, and vomiting hinder its clinical
application, and the 5-year survival rate of NSCLC is still 16.1%
(Bagcchi, 2017). Therefore, there is an urgent clinical need to find
a safer and more effective treatment method. The development of
nanomaterials has greatly improved the diagnosis and treatment
of tumors (Ding et al, 2019). Traditional anti-tumor drug
research often encounters problems such as the lack of specific
drug targets and the need for higher doses to achieve higher
local concentrations (Zhang et al., 2018). Nanoparticles (NPs),
due to their strong permeability and retention effect, are expected
to overcome the shortcomings of traditional anti-tumor drugs
and are called new anti-cancer drugs (Li et al., 2019). In recent
years, many studies have been done around selenium, which
is a trace element, because it plays a critical role in health
care, including immune response and cancer prevention (Feng
et al., 2019). Epidemiological and clinical research results show
that selenium can alleviate the hazard of different cancers,
for instance, liver cancer, breast cancer, prostate cancer, colon
cancer, and lung cancer (Chen et al, 2018). Some synthetic
selenium related chemicals, like selenomethionine and methyl
selenocysteine, displaying increased anticancer activity with
increading doses (Bi et al., 2013; Zeng et al., 2013). As an anti-
tumor drug and an essential trace element, selenium has an
effective dose approximate to the toxicity level, which greatly
limits its usage in clinical treatments (Bhattacharjee et al., 2014).
Nevertheless, more and more research have been performed
around selenium nanoparticles (Nano-Se) because of their good
bioavailability, high biological activity, and low toxicity (Li
et al, 2011). According to reports, the toxicity of nano-level
selenium (Se0) is lower than that of selenite (Sep2 or Sep4)
ions, so Nano-Se is anticipated to substitute other kinds of
selenium in nutritional supplements or pharmaceutical dosage
forms (Wang H. et al., 2007). Similarly, Nano-Se may also be
used as a radiosensitizer to improve the effect of radiotherapy
and reduce its side effects. Huang et al. (2013) confirmed in
breast cancer, liver cancer and other cells that Nano-Se can

activating the p53 and MAPKs pathways, and promoting cell
apoptosis. In addition, in animal experiments, they found that
Nano se suppressed tumor growth via induction of apoptosis
mediated by p53. Jiang et al. (2014) also found similar findings,
that is, Nano-Se can cause glioma cytotoxicity by activating
a variety of apoptosis signaling pathways, thereby exerting an
anti-cancer effect. Given the rare research on the effect of Nano-
Se on the function of lung cancer cells, this study intends to
treat lung cancer cells through the combination of Nano-Se and
radiotherapy to observe the changes in cell proliferation, invasion
and migration ability, and the impacts of the above treatments on
cell apoptosis, to provide new anti-cancer drugs for the clinical
treatment of lung cancer.

MATERIALS AND METHODS

Material

Sodium selenite, bovine serum albumin and glutathione were all
purchased from Sigma-Aldrich, United States. Human NSCLC
A549 and NCI-H23 cell lines were purchased from ATCC,
United States, and DMEM, fetal bovine serum, and double
antibodies were purchased from Gibco, United States. Cell
Counting Kit-8 (CCK-8) kit was purchased from Dojindo
Co., Ltd., Japan, and Annexin V-fluorescein isothiocyanate
(FITC)/Propidium iodide (PI) apoptosis kit was purchased
from Sigma-Aldrich, United States. Strong RIPA protein lysate,
protease inhibitor, blocking solution, primary and secondary
antibody diluent, ECL protein luminescent solution were all
purchased from Shanghai Biyuntian Biotechnology Co., Ltd.
Primary antibody: Matrix metalloproteinase 2 (MMP2) (1:1500),
MMP9 (1:1500), caspase-3 (1:2000), cleaved Caspase-3 (1:1000),
caspase-9 (1:2000), cleaved Caspase-9 (1:1000), Cyclin (Cyclin
D1, CCNDI, 1:1000), C-myc (1:1500), and B-Actin (1:3000)
were purchased from Cell Signaling Technology Company of the
United States. Both the Transwell chamber and matrix gel were
purchased from Corning Corporation.

Method

Preparation, Characterization and Identification of
Nano-Se

A 345.9 mg of sodium selenite powder was dissolved in 200 mL
of double-distilled water. After fully dissolving, 40 mL of 10 nM
sodium selenite solution and 160 mL of 10 mM glutathione
solution containing 200 mg of bovine serum albumin was used
to prepare 10 mM sodium selenite stock solution. An appropriate
amount of 0.1 M sodium hydroxide was added to adjust the
pH value of the sodium selenite stock solution to 7.1, nano-
Se and oxidized glutathione can be formed immediately, see
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reference (Gao et al,, 2014) for details. Dialysis of the stock
solution with double-distilled water for 72 h (double-distilled
water is replaced every 6 h) can separate the oxidized glutathione
from nano-Se, and then store the resulting nano-Se solution
at 4°C in the refrigerator. A transmission electron microscope
(TEM) sample was prepared by dropping a nano-Se suspended
particle solution on a carbon-coated copper grid and drying at
room temperature (Chen et al., 2015), and a high-resolution TEM
(JEOL Ltd., Japan) was used to characterize and observe the
synthesized nano-Se and the average particle size was calculated.
After counting and measuring more than 100 particles, the
average size and particle size distribution of the nano-Se can be
determined (Chen et al., 2018). After that, the X-ray diffraction
pattern (A = 0.15419 nm) of the sample was recorded using a
Rigaku X-ray diffraction (XRD), and the Ultraviolet-visible (UV)-
Vis Spectroscopy (Agilent Technologies, United States) was used
to detect the absorbance of nano-Se at 200 to 400 nm under
different doses of irradiation in the range. The final concentration
of selenium in the aqueous solution was measured using an
atomic absorption spectrophotometer (Hitachi, Japan).

Cell Culture

The NSCLC cell lines A549 and NCI-H23 were cultured in
DMEM medium containing 10% fetal bovine serum and 1%
penicillin-streptomycin. The culture conditions of the incubator
were 37°C and 5% COs;.

Detection of Cell Proliferation Activity by CCK-8
Method

Detection of the effects of nano-Se on the proliferation activity
of NSCLC cells: NSCLC cell lines A549 and NCI-H23 were
seeded in a 96-well plate at a density of 1 x 10* and
0.8 x 10* cells/well, respectively. After incubating for 1 day,
different concentrations of nano-Se (0 (Control), 0.25, 0.5, 1, 2,
5,10, 15, and 20 pg/mL) were used for treatment for 24 h. Then
add 10 pL CCK-8 to each well, and continue to incubate for 2 h
in a 37°C incubator, and then measure the absorbance (OD) at
450 nm with a spectrophotometer. Set up a blank background
group (Blank), that is, wells with only DMEM medium as a
control to avoid medium infection OD value. Each group has
four multiple holes.

Detection of the effect of radiation treatment on the
proliferation activity of NSCLC cells: Based on the selection of
an appropriate exposure concentration of nano-Se, the NSCLC
cell lines A549 and NCI-H23 were firstly divided into 1 x 10%
and 0.8 x 10* cells/well. The cell/well density was seeded in a
96-well plate, cultured for 24 h, and then treated with 1 pg/mL
nano-Se for 24 h. Then wash the cells with phosphate-buffered
saline (PBS), replace it with a new normal medium, and irradiate
6 MeV-X rays with a linear accelerator. The average dose rate is
200 cGy/min, and the irradiation doses were 0, 2, 4, and 6 Gy.
After the irradiation, put the cells back into the incubator and
continue culturing for 24 h, and the rest of the detection process
is the same as the previous CCK-8 detection method.

The calculation formula for the relative cell proliferation
activity is: relative cell proliferation activity (%) = (OD treatment
group-OD Blank)/(OD control group-OD Blank) x 100%.

Determination of Nano-Se Uptake of Cells by Flow
Cytometry

Since A549 is more sensitive to the toxic reaction of Nano-Se
exposure, A549 cells were seeded in a six-well plate at a density of
5 x 10° cells/well, and cultured with culture medium containing
different concentrations of nano-Se (0, 0.5, and 1 pg/mL) for
24 h. Take gold nano-particles (Gold nano-particles, nano-Au)
treated cells as a positive control group (Chang et al., 2017).
After the culture, the cells were digested and harvested with
trypsin, washed twice with PBS, and then suspended in 1 mL
PBS, and tested on flow cytometry to detect the absorption of
nanoparticles by cells.

Scratch Test to Detect Cell Migration Ability

A549 and NCI-H23 cells were seeded in a six-well plate and
cultured for 24 h to 80-90% confluence. Scribe a straight line with
a sterile 200 pL pipette tip perpendicular to the bottom of the
plate, wash the fallen cells with PBS, replace the culture medium
with fresh medium, and use an inverted microscope connected
with a real-time image system to take a picture of the mark. Fresh
medium containing 1 pg/mL nano-Se was added to Nano-Se
group and nano-Se + Radiation group to culture cells for 24 h,
an equal volume of sterilized saline were added to Control group
and Radiation group to culture cells for 24 h, then Radiation
group and nano-Se + Radiation group received a certain dose
of radiation treatment. After the treatment, all the groups were
placed in the incubator for 24 h and then photographed again.
Image] software was used to calculate the relative migration
amount of cells according to the scratch gap area (Area) of each
group of cells at 0 and 48 h. The formula is: relative cell migration
activity (%) = (Area treatment group-0 h-Area treatment group-
24 h)/Area treatment group-0 h x 100%.

Determination of Cell Invasion Ability by Transwell
Place the Transwell chamber with 80 L of matrix gel dropwise
into the wells of the 24-well plate, and incubate for 2 h in
the cell incubator. After the cells were processed accordingly
(see “Scratch test to detect cell migration ability” for specific
operations), trypsin-EDTA was used to digest the cells, and
200 iL of suspension containing 1 x 10° cells were seeded in the
upper chamber of Transwell. At the same time, 750 pL medium
containing 10% FBS was added to the lower chamber. After
culturing the cells at 37°C for 48 h, remove the medium, fix the
cells with 1 mL of 4% paraformaldehyde at room temperature
for 10 min, then remove the fixative, wash the cells with PBS
once, and add 1 mL 0.5% Crystal Violet solution to each well,
stained at room temperature for 30 min, and rinse the cells with
PBS. Finally, the cells that invaded the Transwell chamber were
counted with an optical microscope.

Flow Cytometry to Determine the Level of Apoptosis

The treated cells in the six-well plate (see “Scratch test to
detect cell migration ability”) were trypsinized, centrifuged at
400 x g at 4°C for 5 min, and 500 pL PBS was added to
resuspend the cells to wash and centrifuge to collect the cell
pellet. Repeat this step 2. After adding 200 pL of binding
buffer to the cells, Annexin V-FITC and PI (10 pL each)
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were added and mixed gently. After incubating at room
temperature for 30 min in the dark, 300 pL of binding
buffer was added again, and flow cytometry was immediately
performed on the computer. Finally, Flowjo software was used
to analyze the results.

Western Blot to Determine Cell Protein Expression
The cells were washed twice with pre-cooled PBS and lysed on
ice with RIPA strong lysis buffer containing protease inhibitors.
Centrifuged at 12,000 x g at 4°C for 10 min to take the
supernatant and the supernatant was transferred to a new
centrifuge tube. Using the BCA method to determine the protein
concentration, then add 5x protein loading buffer to mix, and
heat at 100°C for 10 min to denature the protein. Take 20 pg
protein sample for SDS-PAGE gel electrophoresis (First use
60 V constant voltage electrophoresis until the loading buffer
enters the separation gel, adjust the voltage to 80 V and run
until the loading buffer is close to the bottom edge of the gel
and turn off the power), and transfer the separated protein to
PVDF membrane (0.29 A constant current transfer membrane
for 90 min). The membrane was sealed in 5% skimmed milk at
room temperature for 2 h, washed with TBST three times, then
the corresponding primary antibody was added and incubated
overnight at 4°C. The next day, the primary antibody was
removed, the membrane was washed three times with TBST,
and HRP-conjugated secondary antibody was used to incubate
with the membrane for 1 h at room temperature, and wash
the membrane three times with TBST. By dropping the ECL
protein luminescent liquid, the protein bands were visualized in
the fluorescence imaging system and photographed to record.
Finally, Image] software was used to perform grayscale analysis
of protein bands.

Statistical Analysis

Each experiment in this study was repeated at least three
times independently, and the measurement data were expressed
as mean =+ standard deviation, and SPSS 19.0 was used for
statistical analysis. Dunnett-test was used to compare differences
between groups, and one-way analysis of variance was used
to compare multiple groups. P < 0.05 was regarded as
statistically significant.

RESULTS

Characterization and Identification of

Nano-Se

In this study, the synthesized nano-Se was first observed by
a TEM, and then the size distribution histogram was drawn,
as shown in Figures 1A,B, it can be seen that the average
size of nano-Se is 24.39 £ 8.61 nm. In addition, we also
performed an XRD analysis. As shown in Figure 1C, no obvious
diffraction peaks were found, suggesting that nano-Se is relatively
pure. Moreover, as we can see, in Figure 1D, nano-Se showed
different absorbance at radiation doses of 0, 2, 4, and 6 Gy,
suggesting that the increase in radiation dose may increase the
concentration of nano-Se.

The Effects of Nano-Se and Its
Combination With Radiotherapy on Cell

Proliferation Activity

As shown in Figures 2A,B, compared with the Control group,
treatment of cells with nano-Se can decrease the proliferation
activity of lung cancer cells in a dose-dependent manner (all
P < 0.05), and based on nano-Se exposure to cells, after
combined radiotherapy, with the increase of radiotherapy dose,
the cell proliferation activity gradually decreased (Figures 2C,D,
all P < 0.05). Therefore, in subsequent experiments, we chose
1 pg/mL as the exposure concentration of nano-Se and 2 Gy as
the radiation dose for radiotherapy.

Absorption of Nano-Se by NSCLC Cells

As shown in Figure 3, compared with the Control group, as the
concentration of nano-Se exposed to NSCLC cells increased, the
absorption rate of nano-Se by A549 cells also increased.

The Effects of Nano-Se Combined With
Radiotherapy on Cell Migration

As shown in Figure 4, compared with the Control group,
the combination of nano-Se and radiotherapy can significantly
inhibit cell migration (P < 0.05). The results of A549 and NCI-
H23 are consistent. In addition, nano-Se and radiotherapy alone
also have a certain inhibitory effect on migration (both P < 0.05).

Effect of Nano-Se Combined With

Radiotherapy on Cell Invasion Function

As shown in Figure 5, compared with the Control group,
the combination of nano-Se and radiotherapy can significantly
inhibit cell invasion (P < 0.05), and nano-Se and radiotherapy
alone also have a certain inhibitory effect (both P < 0.05).). The
results of A549 and NCI-H23 are consistent.

The Effect of Nano-Se Combined With
Radiotherapy on Inducing Cell Apoptosis

As shown in Figure 6, compared with the Control group,
nano-Se combined with radiotherapy can significantly induce
cell apoptosis (P < 0.05). The results of A549 and NCI-
H23 are consistent.

The Effects of Nano-Se Combined With
Radiotherapy on Cell Proliferation,
Invasion, and Migration and

Apoptosis-Related Proteins

When detecting the protein expression of lung cancer cells,
we chose A549 cells for determination. As shown in Figure 7,
Western blot detection of protein expression found that
compared with the Control group, nano-Se combined with
radiotherapy can significantly inhibit the expression of
proliferation-related proteins CCNDI1, c-myc and invasion
and proliferation-related proteins MMP2 and MMP9 (both
P < 0.05), on the contrary, it promoted the expression of
apoptosis-related proteins cleaved Caspase-3 and cleaved
Caspase-9 (both P < 0.05).
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FIGURE 1 | Characterization and identification of Nano-Se. (A,B) Observe the morphological size of nano-Se by TEM and draw a size histogram; (C) XRD analysis;
(D) UV-Vis Spectroscopy analysis.

DISCUSSION

Lung cancer, especially NSCLC, is one of the most common
cancers in the world, and the desire for clinical exploration of
effective treatment methods is very urgent.

Radiotherapy has been widely used in the treatment of lung
cancer. Although this method can indeed effectively reduce and
eliminate cancerous cells, normal tissues close to the sites where
were irradiated will certainly be harmfully affected by radiation.
Several radiosensitizers have been produced and appliced to
cancer treatment, but the most widely used clinical treatment of
lung cancer is still chemotherapy (Man et al., 2010). The ideal
way to increase the clinical application of radiotherapy is to find
a radiosensitizer that exhibits weak cytotoxicity in the absence
of radiation and can effectively promote tumor cell radiation-
induced cell death. Selenium is known to have membrane
stability and is an indispensable trace elements for animals and
humans. Although selenium has a toxic effect when it exceeds

a certain level, nano-Se has also been shown to be less poison
than inorganic selenium and several organic selenium chemicals
(Wang H. L. et al., 2007). It is known that the beneficial effects
of Se on the treatment of tumors include various mechanisms,
such as reducing DNA damage (Jung et al, 2009), anti-
oxidation (Pourkhalili et al., 2012), anti-inflammatory (Miroliaee
et al,, 2011), enhancing immune response (Ryan-Harshman and
Aldoori, 2005), and changing the DNA methylation of tumor
suppressor genes state (Yu et al., 2007), inducing apoptosis
(Zhang et al., 2013) and blocking the transmission of protein
signaling pathways (Christensen et al., 2007).

In this research, nano-Se was first synthesized, and then the
particle size of nano-Se was observed by TEM. It was observed
by UV spectroscopy that radiation treatment would not destroy
the structure of nano-Se, but could enhance the cytotoxicity
of nano-Se by increasing the concentration of nano-Se. Also,
flow cytometry detected that as the concentration of nano-Se
increased, the absorption of nano-Se by cells increased. On
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this basis, this study used the combination of nano-Se and
radiotherapy in NSCLC cancer cells and discussed the effect
and mechanism of this combined treatment. First, through the
CCK-8 experiment, this study confirmed that the effect of nano-
Se combined with radiotherapy on the proliferation of NSCLC
cells was greater than that of nano-Se exposure treatment alone
or irradiation alone, suggesting that nano-Se and radiotherapy
have a synergistic effect in inhibiting cell proliferation activity
or to promote each other. Metastasis is a major feature of
cancer and the main cause of death of approximately 90% of
cancer patients. During this process, the migration and invasion
functions of cancer cells play an important role, which also
leads to serious consequences of tumor metastasis and poor
prognosis (Lu et al.,, 2017). Therefore, in addition to testing the
impacts of nano-Se and radiotherapy on cell proliferation, this

study also observed the effect of the combination of lung cancer
cell migration and invasion. Consistent with expectations, nano-
Se alone or radiation treatment can inhibit cell migration and
invasion to a certain extent, and the combined effect of the two
is more obvious. In addition to studying the inhibitory effect
of the combination of the two on the biological behavior of
cancer cells, this study also found that nano-Se combined with
radiotherapy can induce apoptosis in lung cancer cells through
flow cytometry. The above results suggest that nano-Se combined
with radiotherapy has a significant anti-cancer effect.

Based on the biological functions of nano-Se combined with
radiotherapy on lung cancer cells, this study also explored the
mechanism, focusing on detecting the expression of several
proteins related to cancer cell proliferation, invasion, metastasis,
and apoptosis. It is known that CCND1 is an important cell
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FIGURE 3 | The uptake of Nano-Se by NSCLC cells. (A-E) Nano-Au, different concentrations of nano-Se (0, 0.5, and 1 wg/mL) treated A549 cells, the cell
absorption of nanoparticles.
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FIGURE 4 | The effects of Nano-Se combined with radiotherapy on cell migration. (A) The migration changes of A549 cells; (B) The migration changes of NCI-H23
cells. Compared with the Control group, *P < 0.05.
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cycle-related protein, and its main function is to regulate
the cell cycle and advance the cell from the G1 phase to
the S phase (Cai et al, 2014). In tumor cells, CCND1 can
accelerate tumor cell division from the G1 phase to the S
phase, thereby improving the proliferation ability of tumor
cells (Yang et al., 2017); c-Myc is a nuclear protein gene with
multiple cell biological functions. It can combine with DNA
and chromosomes to regulate cell proliferation (Ericson et al.,
2015). Since this study has found that nano-Se combined with
radiotherapy can inhibit the proliferation of lung cancer cells
through CCK-8 cell proliferation activity experiments, Western
blot experiments confirmed that the combination of the two
can significantly inhibit the expression levels of CCND1 and
c-Myc proteins, further verifying this conclusion. MMPs are
a group of zinc-dependent metalloproteinases that regulate a
variety of cellular processes, including tumor cell proliferation
and metastasis (Egeblad and Werb, 2002). MMP2 and MMP9
are two specific subgroups of MMPs. They have been studied
in cancer for many years. Past studies have found that MMP2

P < 0.001.
and MMP9 were highly expressed in lung cancer and essential
(e — for the growth and metastasis of lung tumors (Liu et al,
C-myc
/\ 2019). This study found that the combination of nano-Se and
s radiotherapy can significantly inhibit the expression of MMP2
NanoSe ~ —| MMP9 —>m and MMP9 proteins by detecting the expression levels of the

above two proteins. The results are consistent with the results
of Scratch and Transwell. In addition, this study also detected
the levels of apoptosis-related classic proteins Caspase-3 and
Caspase-9. It is known that Caspase-3 is activated by the
proteolytic cleavage of Caspase-9 and is an important apoptosis-
executing Caspase. Caspase signal stimulation and accompanying
PARP cleavage are considered to be the main features of
the apoptotic cascade (Bi et al, 2018), and their levels also
indicate the progress of the apoptotic response. In this study,
the levels of Caspase-3 and Caspase-9 were detected and found
that the expression of cleaved Caspase-3 and Caspase-9 were
increased, suggesting the occurrence of apoptosis. This result
is consistent with the study of Huang et al. (2013) and Jiang
et al. (2014) that nano-Se can induce apoptosis in cancer
cells and exert cytotoxicity. The specific mechanism is shown
in Figure 8.

CONCLUSION

In summary, this study found that nano-Se, as a new form of
Se, exerted anti-cancer activity including inhibition proliferation,
invasion, migration and promotion of apoptosis of NSCLC
cells when combined with radiotherapy. This study provides a
theoretical basis for in vivo evaluation of the inhibitory effect of
nano-Se combined with radiotherapy on lung cancer, but further
research is still needed.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

November 2020 | Volume 8 | Article 598997


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Tian et al.

Nano-Se and Radiotherapy on NSCLC

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the
Animal Care and Use Committee at First People’s
Hospital of Shangqiu.

REFERENCES

Bagcchi, S. (2017). Lung cancer survival only increases by a small amount despite
recent treatment advances. Lancet Respir. Med. 5:169. doi: 10.1016/s2213-
2600(17)30041-3

Bhattacharjee, A., Basu, A., Ghosh, P., Biswas, J., and Bhattacharya, S. (2014).
Protective effect of Selenium nanoparticle against cyclophosphamide induced
hepatotoxicity and genotoxicity in Swiss albino mice. J. Biomater. Appl. 29,
303-317. doi: 10.1177/0885328214523323

Bi, X., Pohl, N,, Dong, H., and Yang, W. (2013). Selenium and sulindac are
synergistic to inhibit intestinal tumorigenesis in Apc/p21 mice. J. Hematol.
Oncol. 6:8. doi: 10.1186/1756-8722-6-8

Bi, Y. L., Min, M., Shen, W, and Liu, Y. (2018). Genistein induced anticancer effects
on pancreatic cancer cell lines involves mitochondrial apoptosis, GO/G1cell
cycle arrest and regulation of STAT3 signalling pathway. Phytomedicine 39,
10-16. doi: 10.1016/j.phymed.2017.12.001

Cai, W., Mastrandrea, N., Tham, K., Monks, T., and Lau, S. (2014). Pentoxifylline
induces GSK-3p—independent proteasomal degradation of cyclin D1 and
arrests renal cancer cells in the G1 phase (616.5). Int. J. Biochem. Cell Biol. 54,
223-235.

Chang, Y., He, L, Li, Z,, Zeng, L., Song, Z., Li, P., et al. (2017). Designing Core-
Shell Gold and Selenium Nanocomposites for Cancer Radiochemotherapy. ACS
Nano. 11, 4848-4858. doi: 10.1021/acsnano.7b01346

Chen, F., Zhang, X. H., Hu, X. D,, Liu, P. D., and Zhang, H. Q. (2018). The effects of
combined selenium nanoparticles and radiation therapy on breast cancer cells
in vitro. Artif Cells Nano. Biotechnol. 46, 937-948. doi: 10.1080/21691401.2017.
1347941

Chen, F., Zhang, X. H., Hu, X. D,, Zhang, W., Lou, Z. C, Xie, L. H,, et al.
(2015). Enhancement of radiotherapy by ceria nanoparticles modified with
neogambogic acid in breast cancer cells. Int. . Nanomed. 10, 4957-4969.

Christensen, M. J., Nartey, E. T., Hada, A. L., Legg, R. L., and Barzee, B. R. (2007).
High selenium reduces NF-kappaB-regulated gene expression in uninduced
human prostate cancer cells. Nutr. Cancer 58, 197-204. doi: 10.1080/
01635580701328701

Ding, J., Chen, J., Gao, L., Jiang, Z., Zhang, Y., Li, M., et al. (2019). Engineered
nanomedicines with enhanced tumor penetration. Nano Today 29:100800. doi:
10.1016/j.nantod.2019.100800

Duma, N., Santana-Davila, R., and Molina, J. R. (2019). Non-Small Cell Lung
Cancer: Epidemiology. Screen. Diagn. Treat. Mayo Clin. Proc. 94, 1623-1640.

Egeblad, M., and Werb, Z. (2002). New functions for the matrix metalloproteinases
in cancer progression. Nat. Rev. Cancer 2, 161-174. doi: 10.1038/nrc745

Ericson, P., Johansson, U. S., and Parsons, T. J. (2015). Major divisions of oscines
revealed by insertions in the nuclear gene c-myc: a novel gene in avian
phylogenetics (vol 117, pg 1077, 2000). Auk 118, 563-563. doi: 10.2307/4089823

Feng, X, Xu, W, Li, Z, Song, W, Ding, J., and Chen, X. (2019).
Immunomodulatory Nanosystems. Adv. Sci. 6:1900101. doi: 10.1002/advs.
201900101

Gao, F., Yuan, Q., Gao, L., Cai, P., Zhu, H,, Liu, R, et al. (2014). Cytotoxicity
and therapeutic effect of irinotecan combined with selenium nanoparticles.
Biomaterials 35, 8854-8866. doi: 10.1016/j.biomaterials.2014.07.004

AUTHOR CONTRIBUTIONS

JT and XW proposed and designed the experiments. JT and WZ
drafted the manuscript, interpreted the data, and carried out the
experiments with the help of AX and XW. XW and AX revised the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was supported by a foundation from Key Scientific
Research Projects of Henan Province (20B320032).

Herbst, R. S., Morgensztern, D., and Boshoff, C. (2018). The biology and
management of non-small cell lung cancer. Nature 553, 446-454.

Huang, Y., He, L, Liu, W., Fan, C., Zheng, W., Wong, Y. S., et al. (2013).
Selective cellular uptake and induction of apoptosis of cancer-targeted selenium
nanoparticles. Biomaterials 34, 7106-7116. doi: 10.1016/j.biomaterials.2013.
04.067

Jiang, W., Fu, Y., Yang, F., Yang, Y. Liu, T, Zheng, W., et al. (2014).
Gracilaria  lemaneiformis integrin-targeting
decorator of selenium nanoparticles to achieve enhanced anticancer
efficacy. ACS Appl. Mater. Interf. 6, 13738-13748. doi: 10.1021/am50
31962

Jung, H. J., Lee, J. H, and Seo, Y. R. (2009). Enhancement of methyl
methanesulfonate-induced base excision repair in the presence of
selenomethionine on p53-dependent pathway. ] Med. Food. 12, 340-344.
doi: 10.1089/jmf.2007.0709

Li, S., Feng, X, Wang, J, Xu, W, Islam, M, Sun, T, et al. (2019).
Multiantigenic Nanoformulations Activate Anticancer Immunity Depending
on Size. Adv. Funct. Mater. 29:1903391. doi:  10.1002/adfm.2019
03391

Li, Y, Li, X, Wong, Y. S, Chen, T., Zhang, H., and Liu, C. (2011).
The reversal of cisplatin-induced nephrotoxicity by selenium nanoparticles
functionalized with 11-mercapto-1-undecanol by inhibition of ROS-mediated
apoptosis. Biomaterials 32, 9068-9076.  doi: 10.1016/j.biomaterials.2011.
08.001

Liu, Z. D., Mou, Z. X, Che, X. H,, Wang, K., Li, H. X, Chen, X. Y,, et al. (2019).
ARHGAPI5 regulates lung cancer cell proliferation and metastasis via the
STAT3 pathway. Eur. Rev. Med. Pharmacol. Sci. 23, 5840-5850.

Lu, W., Zhang, H., Niu, Y., Wu, Y., Sun, W., Li, H,, et al. (2017). Long non-coding
RNA 1inc00673 regulated non-small cell lung cancer proliferation, migration,
invasion and epithelial mesenchymal transition by sponging miR-150-5p. Mol.
Cancer 16:144.

Man, N, Yu, L., Yu, S. H., and Wen, L. P. (2010). Rare earth oxide nanocrystals as
a new class of autophagy inducers. Autophagy 6, 310-311. doi: 10.4161/auto.6.
2.11138

Miroliaee, A. E., Esmaily, H., Vaziri-Bami, A., Baeeri, M., Shahverdi, A. R,
and Abdollahi, M. (2011). Amelioration of experimental colitis by a novel
nanoselenium-silymarin mixture. Toxicol. Mech. Methods 21, 200-208. doi:
10.3109/15376516.2010.547887

Pirker, R. (2020). Chemotherapy remains a cornerstone in the treatment of
nonsmall cell lung cancer. Curr. Opin. Oncol. 32, 63-67. doi: 10.1097/cco.
0000000000000592

Pourkhalili, N., Hosseini, A., Nili-Ahmadabadi, A., Rahimifard, M., Navaei-
Nigjeh, M., Hassani, S., et al. (2012). Improvement of isolated rat pancreatic
islets function by combination of cerium oxide nanoparticles/sodium selenite
through reduction of oxidative stress. Toxicol. Mech. Methods 22, 476-482.
doi: 10.3109/15376516.2012.673093

polysaccharide as surface

Ryan-Harshman, M., and Aldoori, W. (2005). The relevance of
selenium  to  immunity, cancer, and  infectious/inflammatory
diseases. Can. J. Diet. Pract. Res. 66, 98-102. doi: 10.3148/66.2.
2005.98

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

November 2020 | Volume 8 | Article 598997


https://doi.org/10.1016/s2213-2600(17)30041-3
https://doi.org/10.1016/s2213-2600(17)30041-3
https://doi.org/10.1177/0885328214523323
https://doi.org/10.1186/1756-8722-6-8
https://doi.org/10.1016/j.phymed.2017.12.001
https://doi.org/10.1021/acsnano.7b01346
https://doi.org/10.1080/21691401.2017.1347941
https://doi.org/10.1080/21691401.2017.1347941
https://doi.org/10.1080/01635580701328701
https://doi.org/10.1080/01635580701328701
https://doi.org/10.1016/j.nantod.2019.100800
https://doi.org/10.1016/j.nantod.2019.100800
https://doi.org/10.1038/nrc745
https://doi.org/10.2307/4089823
https://doi.org/10.1002/advs.201900101
https://doi.org/10.1002/advs.201900101
https://doi.org/10.1016/j.biomaterials.2014.07.004
https://doi.org/10.1016/j.biomaterials.2013.04.067
https://doi.org/10.1016/j.biomaterials.2013.04.067
https://doi.org/10.1021/am5031962
https://doi.org/10.1021/am5031962
https://doi.org/10.1089/jmf.2007.0709
https://doi.org/10.1002/adfm.201903391
https://doi.org/10.1002/adfm.201903391
https://doi.org/10.1016/j.biomaterials.2011.08.001
https://doi.org/10.1016/j.biomaterials.2011.08.001
https://doi.org/10.4161/auto.6.2.11138
https://doi.org/10.4161/auto.6.2.11138
https://doi.org/10.3109/15376516.2010.547887
https://doi.org/10.3109/15376516.2010.547887
https://doi.org/10.1097/cco.0000000000000592
https://doi.org/10.1097/cco.0000000000000592
https://doi.org/10.3109/15376516.2012.673093
https://doi.org/10.3148/66.2.2005.98
https://doi.org/10.3148/66.2.2005.98
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Tian et al.

Nano-Se and Radiotherapy on NSCLC

Wang, H. L., Zhang, J. S., and Hai-Qing, Y. U. (2007). Effect of elemental selenium
at nano size (Nano-Se) with lower toxicity on the anticancer effect of cisplatin.
Acta Nutr Sin. 29, 445-444.

Wang, H., Zhang, J., and Yu, H. (2007). Elemental selenium at nano size possesses
lower toxicity without compromising the fundamental effect on selenoenzymes:
comparison with selenomethionine in mice. Free Radic. Biol. Med. 42, 1524~
1533. doi: 10.1016/j.freeradbiomed.2007.02.013

Yang, F., Wang, Y. H,, Dong, S. Y., Chen, C. Z., and Huang, D. P. (2017). MLF1IP
promotes cells proliferation and apoptosis by regulating cyclinD1 in breast
cancer. Int. J. Clin. Exp. Pathol. 10, 11554-11562.

Yu, Y. P, Yu, G, Tseng, G., Cieply, K., Nelson, J., Defrances, M., et al. (2007).
Glutathione peroxidase 3, deleted or methylated in prostate cancer, suppresses
prostate cancer growth and metastasis. Cancer Res. 67, 8043-8050. doi: 10.
1158/0008-5472.can-07-0648

Zeng, H., Cheng, W. H,, and Johnson, L. K. (2013). Methylselenol, a selenium
metabolite, modulates p53 pathway and inhibits the growth of colon cancer
xenografts in Balb/c mice. J. Nutr. Biochem. 24,776-780. doi: 10.1016/j.jnutbio.
2012.04.008

Zhang, Y., Li, X., Huang, Z., Zheng, W., Fan, C., and Chen, T. (2013). Enhancement
of cell permeabilization apoptosis-inducing activity of selenium nanoparticles
by ATP surface decoration. Nanomedicine 9, 74-84. doi: 10.1016/j.nano.2012.
04.002

Zhang, Y., Sun, T., and Jiang, C. (2018). Biomacromolecules as carriers in drug
delivery and tissue engineering. Acta Pharm. Sin. B 8, 34-50. doi: 10.1016/j.
apsb.2017.11.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Tian, Wei, Zhang and Xu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

11

November 2020 | Volume 8 | Article 598997


https://doi.org/10.1016/j.freeradbiomed.2007.02.013
https://doi.org/10.1158/0008-5472.can-07-0648
https://doi.org/10.1158/0008-5472.can-07-0648
https://doi.org/10.1016/j.jnutbio.2012.04.008
https://doi.org/10.1016/j.jnutbio.2012.04.008
https://doi.org/10.1016/j.nano.2012.04.002
https://doi.org/10.1016/j.nano.2012.04.002
https://doi.org/10.1016/j.apsb.2017.11.005
https://doi.org/10.1016/j.apsb.2017.11.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Effects of Selenium Nanoparticles Combined With Radiotherapy on Lung Cancer Cells
	Introduction
	Materials and Methods
	Material
	Method
	Preparation, Characterization and Identification of Nano-Se
	Cell Culture
	Detection of Cell Proliferation Activity by CCK-8 Method
	Determination of Nano-Se Uptake of Cells by Flow Cytometry
	Scratch Test to Detect Cell Migration Ability
	Determination of Cell Invasion Ability by Transwell
	Flow Cytometry to Determine the Level of Apoptosis
	Western Blot to Determine Cell Protein Expression

	Statistical Analysis

	Results
	Characterization and Identification of Nano-Se
	The Effects of Nano-Se and Its Combination With Radiotherapy on Cell Proliferation Activity
	Absorption of Nano-Se by NSCLC Cells
	The Effects of Nano-Se Combined With Radiotherapy on Cell Migration
	Effect of Nano-Se Combined With Radiotherapy on Cell Invasion Function
	The Effect of Nano-Se Combined With Radiotherapy on Inducing Cell Apoptosis
	The Effects of Nano-Se Combined With Radiotherapy on Cell Proliferation, Invasion, and Migration and Apoptosis-Related Proteins

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


