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Choriocarcinoma can be cured by chemotherapy, but this causes resistance and severe side effects that
bring about physical and psychological consequences for patients. Therefore, there is still an urgent
need to find other alternative minimally invasive therapies to halt the progression of choriocarcinoma.

Novel carbon-coated selenium nanoparticles (C—Se) were successfully synthesized for choriocarcinoma

photothermal therapy. C-Se combined with near-infrared laser irradiation can inhibit the proliferation of
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human choriocarcinoma (JEG-3) cells and induce cell apoptosis. C-Se killed cells and produced ROS

under near-infrared laser irradiation. Finally, the therapeutic mechanism of C-Se + laser was explored
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1 Introduction

Choriocarcinoma is a gynecological malignancy that can
develop after any type of pregnancy and is caused by abnormal
proliferation and excessive invasion of trophoblast cells."” In
severe cases, choriocarcinoma can metastasize to the lung,
vagina, brain, and liver, causing physical, psychological, and
social sequelae for patients.>* Owing to the semi-alloantigen
immunity feature, choriocarcinoma can be cured by chemo-
therapy, but chemotherapy resistance and severe side effects
bring about patient discomfort, anxiety, and a loss of financial
support for medical treatment.>® Therefore, there is still an
urgent need for current scientific research to find other alter-
native minimally invasive therapies to halt the progression of
choriocarcinoma.

In recent years, photothermal therapy (PTT) has opened up
new avenues for cancer treatment as a minimally invasive
method that uses photothermal agents to convert light energy
into heat energy in order to achieve the purpose of thermal
damage to tumor tissues.”” At present, the main type of pho-
tothermal agents, near-infrared (NIR) absorptive nano-
materials, have been developed for cancer treatment both in
vitro and in vivo.'®** However, the disadvantages of some pho-
tothermal agents, such as poor biological metabolism and high
cost of gold nanomaterials,"* and poor dispersion of carbon
nanomaterials to induce immune responses,'* greatly hinder
their application in the biomedical field. At this time, two-
dimensional (2D) transition metal disulfides (TMDs) provide
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showing that C-Se + laser influenced numerous biological processes. Taken together, C-Se exhibited
significant potential for choriocarcinoma photothermal therapy.

rich application prospects in biomedicines and other fields due
to their strong near-infrared light absorption, high photo-
thermal conversion efficiency, good photothermal stability,
strong loading capacity, and low cost.”®"” As an essential trace
element involved in cellular metabolism for the human body,
selenium-containing nanocarriers have lower cytotoxicity than
other TMD materials and show strong biological activities such
as high bioavailability, regulation of selenoproteins functions,
scavenging free radicals, and preventing oxidative DNA
damage." Se nanoparticles have also been proven to promote
cancer cell apoptosis and autophagy, and selectively kill cancer
cells by inducing reactive oxygen species (ROS) production
through redox regulation.’®* In addition, the surface coating
treatment can isolate selenium nanoparticles from the external
environment, improving the biocompatibility and stability of
selenium nanoparticles to meet the criteria for biological
applications. Bio-derived carbonaceous nanomaterials (Bd-
CNMs) are a new type of materials that have surface modifica-
tion structure, strong hybridization ability, low toxicity and
good biocompatibility, and are widely used in biomedical fields
such as tumor hyperthermia, drug delivery, and biological
imaging.>* For example, carbon nanotubes (CNTs) are typical 1D
nanomaterials with flexible and effective loading structure,
superior stability, biocompatibility, site-targeted drug release,
and exhibit fluorescence emission in the NIR region.**** Sarin
et al*® confirmed that Se/C bifunctional nanoparticles were
highly effective in inducing the death of malignant mesothelial
cells in vitro. On the one hand, selenium nanoparticles can not
only enhance the cytotoxicity to cancer cells but also serve as
a carrier for targeted drug delivery. On the other hand, carbon
coating can enhance cellular uptake, reduce Se to active sele-
nide in cells, and have the potential of high biocompatibility

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra07085a&domain=pdf&date_stamp=2023-12-20
http://orcid.org/0009-0003-9019-6675
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07085a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014001

Open Access Article. Published on 02 January 2024. Downloaded on 11/21/2025 8:41:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and biodegradability, which makes up for the lack of versatility.
Therefore, selenium-carbon composite nanostructures may be
a new type of nanoparticles that can be internalized by target
cells quickly and are stable enough in extracellular fluid to
reach the target cells completely.*

In this study, carbon-coated selenium (C-Se) nanoparticles
were prepared in a high-pressure reactor, and the successful
preparation of C-Se nanoparticles was characterized by a series
of chemical methods. In order to evaluate the therapeutic effi-
cacy of C-Se in treating choriocarcinoma, we used the JEG-3 cell
line, which is the most commonly used, most comprehensive in
function and closest to primary human choriocarcinoma.>**”
Furthermore, there are many studies which evidenced the
powerful utilization of JEG-3 cells as an excellent in vitro model
for nanoparticle assessment in the context of
choriocarcinoma.”®* The uptake behavior of C-Se nano-
particles by choriocarcinoma JEG-3 cells was subsequently
intracellular internalization analyzed by biological trans-
mission electron microscopy. Se nanoparticles and C-Se
nanoparticles have cytotoxicity towards JEG-3 cells, while C-Se
nanoparticles combined with near-infrared laser irradiation
killed more cells. C-Se + laser treatment caused photothermal
therapy to inhibit the proliferation and migration of chorio-
carcinoma cells, induced cell apoptosis, and produced a high
level of ROS. In order to further investigate the mechanism of
C-Se + laser anti-tumor ability, the differentially expressed
genes for affecting choriocarcinoma JEG-3 cells were screened
by bioinformatics methods. The work presented here provides
a detailed analysis of the role of C-Se nanoparticles in the
treatment of choriocarcinoma, which will help to understand
their disordered mechanisms in choriocarcinoma and realize
their possible clinical applications.

2 Experimental
2.1 Materials

Selenium (Se) powder was purchased from Beilian Fine Chem-
icals Development Co., Ltd. (Tianjin, China). Glycerol and acetic
acid were obtained from Chemical Reagent Plant Four (Tianjin,
China). Ethanol was purchased from Damao Chemical Reagent
Factory (Tianjin, China). The reagents and materials applied in
this research were of an analysis grade (AR).

2.2 Preparation of Se nanoparticles

Selenium powder (0.5 g), ethanol (10 mL) and N,H,-H,O (5 mL)
as a strong reducing agent were added to 40 mL of deionized
water and stirred for 30 minutes at 500 rpm using a magnetic
stirrer. Subsequently, the mixture was put into a 100 mL Teflon
high-pressure reactor and kept at 200 °C for 12 hours. After the
autoclave had cooled to room temperature, the complex in the
reactor was extracted and centrifuged three times with deion-
ized water. Finally, Se nanoparticles were generated by drying
the centrifugation-produced sediment at 60 °C for 12 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3 Preparation of C-Se nanoparticles

Glycerol and acetic acid were used to supply carbon sources to
form a coating of carbon on selenium nanoparticles. 0.5 g of Se
powder, 0.5 g of glycerol, 3 mL of acetic acid, and 10 mL of
ethanol were mixed with 40 mL of deionized water. After stirring
with a magnetic agitator at 500 rpm for 30 minutes, the mixture
was then transferred to a 100 mL Teflon high-pressure reactor
and held at 200 °C for 12 hours. After the autoclave had cooled
to room temperature, the contents in the autoclave were
removed and centrifugally washed three times with deionized
water. In order to obtain C-Se nanoparticles, the centrifugation-
derived sediment was further dried at 60 °C for 12 hours.

2.4 Characterization

Transmission electron microscopy (TEM; H-7650, HITACHI,
Japan) and scanning electron microscopy (SEM; OXFORD
instruments, UK) were employed to examine the surface
morphology of nanoparticles. The chemical element composi-
tion and element content of nanoparticles were determined
using an energy-dispersive spectrometer (EDS; OXFORD
instruments, UK). The crystal phase structure of the produced
nanoparticles was investigated by X-ray diffraction (XRD; D8
Advance Diffractometer, Bruker, Germany) (scanning speed:
10° min '; scanning range: 5-80°). The chemical functional
groups of the produced nanoparticles were examined using
Fourier transform infrared spectroscopy (FT-IR; Nicolet iS50
spectrometer, Thermo Fisher Scientific, USA), with a spectral
resolution of 4 cm™" in the range of 530-4000 cm™'. Raman
spectroscopy (Hr800; Horiba Jobin Yvon, Edison, New Jersey,
USA) was used to characterize the interaction between nano-
particles in the range of 100-1650 cm™" at an excitation wave-
length of 532 nm. Thermogravimetric analysis (TGA; NETZSCH
Group, Germany) of the produced nanoparticles was employed
to evaluate their thermal stability from room temperature to
500 °C. With a range of 0-800 eV, X-ray photoelectron spec-
troscopy (XPS; Escalab 250Xi, Thermo Fisher Scientific, USA)
was utilized to analyze the chemical composition of the gener-
ated nanoparticles. XPSpeak41 software was used to perform
multi-peak fitting for elements including O, C, and Se.

2.5 Cell culture

Human choriocarcinoma cell line JEG-3 cells were obtained
from the National Collection of Authenticated Cell Cultures
(Catalog No. TCHu195, Shanghai, China) and grown in DMEM
medium (Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, ExCell Bio), penicillin (100 U mL™") and strepto-
mycin (100 pg mL ™). Cells were grown at 37 °C in a humidified
incubator with 5% CO,. Cells were trypsinized and diluted 1: 3
for passage when they reached 80% confluence.

2.6 Biological transmission electron microscopy (Bio-TEM)
analysis

JEG-3 cells (5 x 10°) were plated overnight in 10 cm dishes and
treated with Se or C-Se (10 pg mL ') for 24 hours. Treated and

untreated cells were collected and fixed with 2.5%
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glutaraldehyde. The samples were dehydrated and prepared for
examination with an H-7650 transmission electron microscope
(Hitachi, Tokyo, Japan).

2.7 Invitro cytotoxicity assay

A 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2 H-tetrazolium
bromide (MTT) assay was used to measure cell viability. JEG-3
cells in the logarithmic growth stage were seeded into 96-well
plates (5 x 10® per well) and incubated overnight. On the
second day, gradient concentrations of C-Se, Se, or GLAC (0.1,
1, 5, 10, 20, 50, 100 pug mL™') were added to each well and
incubated under 37 °C. After treatment for 24 h, 100 pL of
medium containing 10% MTT reagent (0.5 mg mL ", Solarbio)
was added into each well, and the cells were cultured in an
incubator at 37 °C for 4 h. Thereafter, the MTT solution was
removed, and 150 pL of dimethyl sulfoxide (DMSO) was added
into each well. Finally, absorbance was recorded at 570 nm
using a BioTek Synergy NEO2 multi-mode reader (Biotek
Instruments, Winooski, VT). The cell viability was evaluated as
follows: cell viability (%) = (ODsamples — ODblank)/(ODcontrol —
ODpjank) X 100%. To assess the photothermal effect of C-Se,
JEG-3 cells were exposed to NIR laser irradiation (808 nm, 1 W
cm %) for 10 min after being treated with C-Se for 12 h and
incubated for another 12 h. Other operations were performed as
described previously.

2.8 Colony formation assay

JEG-3 cells were seeded and cultured in the six-well plates at
a density of 1000 cells per well in DMEM high glucose con-
taining 10% FBS for 48 h. Next, the cells were treated with
different concentrations of C-Se nanoparticles. After incubating
for 24 h, near-infrared light irradiation (808 nm, 10 min) was
applied to the experimental groups. Cells were cultured in the
5% CO,, 37 °C environments for another 10 days to allow colony
formation. The plate was washed with PBS three times. The
colonies were fixed with 4% polyformaldehyde for 15 min and
dyed with crystal violet staining solution (C0121, Beyotime) for
15 min at room temperature. After washing with PBS 3 times,
the colonies were counted. Three individual experiments were
performed.

2.9 Migration assay

Transwell migration assays were performed using 24-well
transwell chambers with 8 pm pore size filters to assess the
migration activity of JEG-3 cells. JEG-3 cells (5 x 10*) suspended
in 200 pL of serum-free DMEM were seeded in the upper
chamber, whereas 800 pL of medium supplemented with 10%
FBS was placed in the lower chamber. Cells were allowed to
migrate through the chamber for 24 hours. After being washed
with PBS three times, cells were fixed with 4% poly-
formaldehyde for 15 min and stained with crystal violet staining
solution (C0121, Beyotime) for 15 min at room temperature.
The non-migrating cells were wiped away from the upper face of
the filter with a cotton swab. The migrating cells to the lower
face of the filter were counted using an inverted light
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microscope in five randomly selected fields at a magnification
of 100x. Each assay was done in triplicate.

2.10 Live/dead assays

JEG-3 cells were seeded in a 12-well plate and cultured over-
night. On the second day, cells were treated with different
concentrations of C-Se NPs for 24 h. Cells of the laser group
were irradiated by NIR laser irradiation (808 nm, 1 W em~?) for
10 min. Thereafter, the Viability/Cytotoxicity Assay Kit for
Animal Live & Dead Cells (Calcein AM/PI, Proteintech, Cat No.
PF00007, Wuhan, China) was used to assess cytotoxicity. After
being washed with PBS twice, cells were incubated with calcein
AM (2 pM) and propidium iodide (PI, 4.5 uM) for 20 min at room
temperature. Finally, the cells were washed with PBS and
observed via an inverted fluorescence microscope.

2.11 Apoptosis assay

Apoptosis of JEG-3 cells was detected using the Annexin V-FITC/
PI Apoptosis Detection Kit, which was purchased from Yeasen
Biotechnology (Shanghai) Co., Ltd. JEG-3 cells were seeded in 6-
well plates at a density of 1 x 10° cells per well and incubated in
37 °C under 5% CO,. On the second day, the medium was
replaced with fresh DMEM or containing different concentra-
tions of C-Se NPs (1 pg mL ™", 10 ug mL~ ") for 12 h. Then, the C-
Se treated cells were irradiated with an 808 nm laser at 1 W
cm ™~ for 10 min. Following, after incubation for another 12 h,
the cells were digested by trypsin without EDTA and collected by
centrifugation. After being washed with cold PBS twice, the cells
were resuspended in binding buffer, and Annexin V-FITC and PI
solution were added to each sample for 15 min in the dark.
Finally, stained cells were detected by flow cytometry analysis
using an ACEA Novocyte flow cytometer. In the apoptosis map,
Annexin V-FITC+/PI+ (Q2) indicates late apoptosis, Annexin V-
FITC+/PI— (Q4) indicates early apoptosis, Annexin V-FITC—/PI—
(Q3) indicates normal live cells, and Annexin V-FITC—/PI+ (Q1)
indicates necrosis.

2.12 Intracellular ROS generation

Cellular ROS plays a crucial role in tumor therapy. The gener-
ation of intracellular reactive oxygen species (ROS) was deter-
mined by a 2/,7-dichlorodihydrofluorescein diacetate probe
(DCFH-DA, Beyotime, S0033S), a ROS-sensitive probe that can
be oxidized to fluorescent 2/,7'-dichlorodihydrofluorescein
(DCF) with green fluorescence by intracellular peroxides.*® JEG-
3 cells were seeded into a 24-well plate overnight and treated
with different concentrations of C-Se for 12 h. After that, cells
were washed with PBS three times and replaced with fresh
medium. Especially, each laser group was further exposed to
NIR laser irradiation (808 nm, 1 W cm ™) for 10 min. Thereafter,
the cells were washed twice with FBS-free medium and incu-
bated with medium containing 10 pM DCFH-DA for 30 min at
37 °C. Finally, the cells were washed with PBS and observed via
an inverted fluorescence microscope. Quantification of the
fluorescence intensity of DCFH-DA was conducted with Image ]
software. A total of 1 x 10" events of each sample were detected
by flow cytometer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.13 Transcriptome sequencing

JEG-3 cells were seeded overnight in 10 cm dishes and subjected
to individual or combined C-Se treatments (10 pg mL™") in
triplicate for 24 hours. Afterwards, cells treated with C-Se were
exposed to irradiation with NIR laser for 10 minutes before RNA
extraction. According to the manufacturer's protocol, total RNA
was extracted utilizing the TRIzol reagent kit (Invitrogen,
10296010CN, USA). RNA quality was evaluated on an Agilent
2100 Bioanalyzer electrophoresis. Oligo (dT) beads were
employed to concentrate eukaryotic mRNA after total RNA had
been extracted. Then the enriched mRNA was fragmented into
short fragments using fragmentation buffer and reversly tran-
scribed into cDNA by using NEBNext Ultra RNA Library Prep Kit
for Illumina (NEB #7530, New England Biolabs, Ipswich, MA,
USA). The purified double-stranded ¢cDNA fragments were end-
repaired, a base was added and ligated to Illumina sequencing
adapters. The ligation reaction was purified with the AMPure XP
Beads (1.0x). And polymerase chain reaction (PCR) amplified.
The resulting ¢cDNA library was sequenced using Illumina
Novaseq6000 by Gene Denovo Biotechnology Co. (Guangzhou,
China).

Then RNA sequencing and bioinformatic data processing
were performed as part of the high-throughput sequencing by
Gene Denovo Biotechnology Co., Ltd (Guangzhou, China). The
cDNA libraries were sequenced on the Illumina sequencing
platform by Gene Denovo Biotechnology Co., Ltd (Guangzhou,
China). DESeq2_edgeR was used to normalize raw counts and
identify differentially expressed genes. The data were analyzed
online with Omicsmart (https://www.omicsmart.com). The
transcriptomics  study helped to clarify a deeper
understanding of the effect mechanism.

2.14 Statistical analysis

All statistical analyses were performed with GraphPad Prism
8.0. The data were expressed as mean +SD based on at least
three independent experiments. The statistical significance of
the difference among groups was determined using an
unpaired T-test. P value <0.05 was considered statistically
significant.

3 Results and discussion
3.1 TEM and SEM analysis

The morphology of C-Se was investigated using TEM and SEM
at different scales. The irregular circular lamellar structure of C-
Se and the stacking phenomenon between lamellae can be
clearly seen in the TEM images of C-Se (Fig. 1a and b). The
figure demonstrated that the diameter of the C-Se irregular
circular lamellar structure was between 500 and 800 nm, which
was more than the diameter of a single Se nano-sheet.**
Moreover, the SEM images in Fig. 1c and d revealed that C-Se
primarily appeared in the form of a block. Block C-Se appeared
to be made up of smaller lamellae that were stacked on top of
one another in the magnified SEM pictures (Fig. 1e). This result
was in accordance with the TEM findings, which indicate that
the small lamellae have clustered together as a result of the high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a and b) TEM images of C-Se at different scales. (c-f) SEM
images of C-Se at different scales.

energy on the surface. A larger version of the SEM image (Fig. 1f)
showed defects at the edges of the bulk C-Se and cracks
between the lamellae, which may be caused by the dehydration
of C-Se during the heating and drying process of sample
preparation.

3.2 EDS analysis

The elemental analysis of C-Se was performed utilizing EDS,
and Fig. 2 exhibited the EDS spectrum. Fig. 2b-d showed that
the primary components of C-Se were C, O, and Se. As shown in
Fig. 2e, the contents of C and O in C-Se were 5.272% and
39.811%, respectively, and they were mainly derived from

T N T N T T
fCursor= 6 H 10 keV|

Vert=3326

2 4
Window 0.005 - 40.955= 313,692 ent

Fig. 2 (a—d) SEM images and elemental distribution fluorescence
images on the surface, (e) elemental content images, and (f) corre-
sponding elemental energy distribution images of C—Se.
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glycerol. While the element Se made up the majority of C-Se
and accounted for up to 54.917% of the total element content.
Additionally, Fig. 2f confirmed that the main elements in C-Se
were C, O, and Se, with Se having the highest content.

3.3 XRD, FT-IR, Raman and TGA analysis

XRD analysis was used to elucidate the composition and crystal
phase of C-Se, as displayed in Fig. 3a. According to the C-Se
XRD curve, three conspicuous diffraction peaks were found at
23.4°,29.6°, and 43.6° that were indexed to the (100), (101), and
(102) lattice planes of the C-Se crystalline structures, respec-
tively. And it can be seen that eleven weak diffraction peaks at
41.2°, 45.3°, 48.0°, 51.6°, 56.0°, 61.6°, 65.1°, 68.2°, 71.5°, 76.8°,
and 78.1° corresponding to the diffraction peaks of the (110),
(111), (200), (201), (112), (202), (210), (211), (113), (212), and
(301) planes, respectivley. The XRD results of C-Se were
consistent with those of Se/C (JCPDS card no. 06-0362).*

Fig. 3b shows the FT-IR spectral image of C-Se. It can be seen
that the absorption band at 3428.8 cm ™' is mainly attributed to
the stretching of -OH, and the absorption band at 2921.6 cm ™"
is mainly attributed to the vibration of the C-H bond.** The
absorption band at 1641.1 cm ™" and the weak absorption band
at 1385 cm ' may represent the asymmetric and symmetric
tensile vibrations of carboxylate.*® The absorption band at
1049.0 cm ™' are mainly attributed to the vibration of the C-O
bond, and the absorption band at 595.8 cm ™" is mainly attrib-
uted to the tensile vibration of symmetric rings.***

Fig. 3¢ shows the Raman spectral image of C-Se. It can be
seen that a strong front appears at 235 cm™ ', which is the
characteristic front of triangular selenium. The occurrence of
this front is mainly attributed to the stretching vibration of the
spiral selenium chain, and no characteristic front of C is found
in the Raman spectrum, which may be due to the low carbon
content in C-Se.*
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Fig. 3 (a) X-ray diffraction (XRD) patterns, (b) Fourier transform
infrared spectroscopy (FT-IR), (c) Raman spectrum (Raman), and (d)
thermogravimetric analysis (TGA) of C-Se.
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Fig. 3d shows the TGA image of C-Se. It can be seen that
there is a small mass loss of C-Se at 100-350 °C, which may be
caused by the oxidation of part of Se and C in C-Se and the
formation of SeO, and carbon-containing oxides. However, C-
Se has a polar mass loss when the heating temperature is higher
than 350 °C, which may be due to the sublimation of SeO, and
the complete oxidation of the carbon matrix.*”

3.4 XPS analysis

Fig. 4 is the XPS image of C-Se. It can be seen from Fig. 4a that
C-Se is mainly composed of C, O, and Se, in which the energy of
the C element is low, which is similar to the Raman results in
Fig. 3c. Fig. 4b shows the high-resolution spectra of O 1s, and
two fronts of —-OH and C-O are fitted at 532.4 and 533.3 eV,
respectively, which confirms that the O element in C-Se mainly
exists in the form of -OH and C-O, and its main source is
glycerol. Fig. 4c shows the high-resolution spectrum of C 1s, and
the C-H and C-O fronts are fitted at 285 and 287.3 eV, respec-
tively, which confirms that C-H and C-O elements in C-Se
mainly exist in the form of C-H and C-O, and their main
sources are also glycerol. Fig. 4d shows the high-resolution
spectra of Se 3d, and two fronts of Se 3ds,, and Se 3dj,, are
fitted at 55.2 and 56.3 eV, respectively, which are the main forms
of Se in C-Se.*®*

3.5 Intracellular internalization analysis

Fig. 5 depicts the results of biological transmission electron
microscopy (Bio-TEM), which was used to investigate the
cellular uptake behavior of nanoparticles in JEG-3 cells. For
control, no nanoparticles were observed on the TEM grid. Bio-
TME images of Se and C-Se nanoparticles at low- and high-
magnifications proved that these particles easily aggregate to
create larger particles. Choriocarcinoma cell line JEG-3 cells
have high uptake efficiency of these particles, which may be due
to the ligand-mediated intracellular endocytosis pathway. These

Intensity (a.u.)
Intensity (a.u.)

750 600 450 300 150 0 540
Binding Energy (eV)

Binding Energy (eV)

Se 3d

Se 3dg;,
Se 3d;,

Intensity (a.u.)
Intensity (a.u.)

290 288 286 284 282 60 58 56 54 52

Binding Energy (eV) Binding Energy (eV)

Fig. 4 X-ray photoelectron spectroscopy (XPS) spectrum of C-Se: (a)
survey, (b) O 1s, (c) C 1s, and (d) Se 3d.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Low- (4000x) and high-magnification (100 00x) bio-TEM
images of JEG-3 cells incubated with Se and C-Se for 24 h.

particles can be phagocytized by lysosomes implying that the
phagocytosis of particles by lysosomes may be related to cell
apoptosis. Therefore, these particles can enter JEG-3 cells and
suppress cell proliferation by inducing cell apoptosis. The bio-
TEM photographs pointed out that C-Se was endocytosed
when entering JEG-3 cells (Fig. 5).

3.6 Anti-cancer ability of C-Se

MTT assay was used to evaluate the cytotoxicity of different
formulations on JEG-3 cells, in order to verify the appropriate
concentration of nanoparticles for use in the experiments. As
indicated in Fig. 6a, GLAC solution showed no obvious cyto-
toxicity, and the cell viability was higher than 80% when the
concentration was no higher than 100 pg mL™", indicating the
great biocompatibility of GLAC. As shown in Fig. 6b, there was
a significant antiproliferative effect on JEG-3 cells in a dose-
dependent manner when JEG-3 cells were incubated with Se
nanoparticles or C-Se nanoparticles. Particularly, C-Se nano-
particles had greater cytotoxicity against JEG-3 cells compared
with Se nanoparticles. After incubation with C-Se nanoparticles
at 10 ug mL ™", the relative cell viability dramatically decreased
to 40.80 + 15.85%, while that of Se nanoparticles at 10 g mL ™
was 80.33 & 4.12% (P < 0.01). Upon irradiation with a 1 W cm >
power NIR laser, C-Se nanoparticles revealed higher toxicity
against JEG-3 cells compared with in the absence of laser irra-
diation, suggesting that C-Se induces hyperthermic conditions
for PTT upon laser irradiation.

The colony formation assays showed that C-Se had the
lowest number of colonies formed by JEG-3 cells (Fig. 6d),
compared with other groups, suggesting that C-Se significantly
inhibited the colony formation capacity. The numbers of colo-
nies formed in each group were as follows: control: 918.50 +
12.02, laser: 495.5 + 4.95, 0.1 pg mL ™' C-Se: 438.5 & 9.19; 0.1 pg
mL " C-Se with NIR laser: 398.5 & 3.54; 1 ug mL ' C-Se: 348 +
2.83; 1 ug mL ' C-Se with NIR laser: 295 + 2.84 (Fig. 6€). As the
concentration of C-Se increased, the number of colonies was
lower, indicating that C-Se could suppress the colony formation
ability of cells. Additionally, NIR laser irradiation groups had
a lower number of cellular colonies compared with those
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Fig. 6 In vitro cytotoxicity against JEG-3 cells induced by different
formulations (GLAC, Se, C-Se). (a) The cytotoxicity of GLAC solution
against JEG-3 cells. (b) The cytotoxicity of different concentrations of
Se nanoparticles and C-Se nanoparticles against JEG-3 cells. (c)
Viability of JEG-3 cells incubated with C-Se nanoparticles with or
without NIR laser irradiation (808 nm, 1 W cm™2, 10 min). Data are
presented as mean +SD (n = 5). (d and e) Respective images and
quantification of colony formation assays. (f and g) Respective images
and quantification of cell migration assays. *P < 0.05; **P < 0.01; ***P
< 0.001.

without irradiation groups, implying that laser irradiation
groups could significantly inhibit colony formation ability.

Transwell migration assays (Fig. 6f) were undertaken to
identify JEG-3 cells' migration potential since tumor cell
migration is the cytological underpinning for tumor metastasis.
Cells were seeded in the Transwell chamber to allow migration
for 24 hours. The numbers of migrating cells in Transwells in
each group were as follows: control: 178.67 + 33.25, laser:
124.67 +1.53, 0.1 ug mL™" C-Se: 111.33 £ 0.58; 0.1 pg mL™" C~
Se with NIR laser: 84.67 + 4.04; 1 pg mL~ "' C-Se: 54.33 £ 6.11; 1
pg mL~" C-Se with NIR laser: 24.50 + 9.19 (Fig. 6g). Two groups
were analyzed by unpaired 7-test, and the numbers from laser
groups were lower than without group (P < 0.001). These results
revealed that C-Se could inhibit the migration capability of
choriocarcinoma cells, and in combination with laser irradia-
tion this ability could be enhanced.

3.7 C-Se induced apoptosis

There was strong green fluorescence tagged by the AM probe in
JEG-3 cells from the control and low-dose groups, illustrating
that many cells remained viable (Fig. 7a). The cells treated with
C-Se showed some red fluorescence and green fluorescence
became weaker than that in the above group, indicating that
some cells are killed, while most are still alive (Fig. 7a). The C-Se
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Percentage of cell death according to the ratio of red fluorescence
intensity to total fluorescence intensity. (c) Flow cytometry analysis of
apoptosis. (d) Quantification of the apoptosis rate. Laser indicates that
the cells were irradiated by a laser irradiation (808 nm, 1 W cm™2, 10
min). *P < 0.05; **P < 0.01; ***P < 0.001.

with laser irradiation group showed the highest amount of red
fluorescence in the indicated group, demonstrating a high
percentage of dead cells and a high capacity for tumor killing
(Fig. 7b).

To investigate whether treatment with C-Se could induce cell
death in JEG-3 cells, apoptosis was detected using flow cytom-
etry. As demonstrated in Fig. 7c, JEG-3 cells were treated with C-
Se alone, the results exhibit increased apoptosis in JEG-3 cells.
In Fig. 7d, the percentage of apoptotic JEG-3 cells following 0.1
ng mL~" C-Se treatment was 14.43%, and 15.02% under laser
irradiation. When the treatment concentration of C-Se was
increased to 1 ug mL ", the percentage of apoptotic JEG-3 cells
was 16.21%, and 30.12% under the laser irradiation, which had
significantly increased compared with the control group. These
results indicated that cell death induced by C-Se nanoparticles
mainly resulted from apoptosis.

3.8 Intracellular ROS generation

ROS is a crucial intracellular transduction molecule that can be
widely involved in the redox reaction of cells. An increase in ROS
can cause oxidative stress, which can result in damage to bio-
logical macromolecules such as nucleic acids, proteins, and cell
membranes.” Additionally, a high concentration of ROS can
result in apoptosis and control the expression of associated
genes through signal transduction. Cellular ROS has a signifi-
cant impact on tumor therapy.

The higher cytotoxicity of C-Se upon NIR laser irradiation
was probably due to the enhanced catalytic generation of reac-
tive oxygen species (ROS). In order to evaluate intracellular ROS
levels, we used a broad-spectrum ROS fluorescence probe 2',7-
dichlorodihydrofluorescein diacetate probe (DCFH-DA). As
shown in Fig. 8a, JEG-3 cells treated with 0.1 pg mL ™" and 1 pg
mL ™" C-Se upon 808 nm laser irradiation indicated a stronger
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cytometry analysis of ROS generation in JEG-3 cells. (d) Quantification
of ROS production by flow cytometry. Laser indicates that the cells
were irradiated by a laser (808 nm, 1 W cm ™2, 10 min). *P < 0.05; ***P <
0.001.

green fluorescence compared with those without laser irradia-
tion. The green fluorescence intensity of JEG-3 cells becomes
brighter, indicating that higher levels of ROS were induced by
C-Se nanoparticles in the presence of NIR laser irradiation
(Fig. 8b). Moreover, we quantified intracellular ROS levels by
flow cytometry. As shown in Fig. 8c and d, NIR laser irradiation
could induce ROS generation compared to the non-irradiation

group.

3.9 Transcriptome sequencing analysis

To further elucidate the mechanism involved in C-Se + laser
enhancing anti-tumor ability, high-throughput RNA sequencing
(RNA-seq) analysis was carried out on two groups of JEG-3 cells
(control group and C-Se group). For each sample, the mapping
ratio ranged from 97.04% to 97.21% on the reference genome,
suggesting that they are suitable for deeper bioinformatic
analysis. Principal component analysis (PCA) of mRNA expres-
sion data in Fig. 9a corroborated the consistency of biological
replicates, revealing significant variations between the two sets
of JEG-3 cells (n = 3 in each group). Differentially expressed
genes (DEGs) between two groups were identified for 247 genes
using the DESeq2 algorithm, based on fold change =2 and FDR
<0.05. The volcano plot in Fig. 9b illustrated 171 up-regulated
mRNAs and 76 down-regulated mRNAs in C-Se-treated JEG-3
cells as compared to untreated JEG-3 cells. The heat map dis-
played data in a two-dimensional format with each value rep-
resenting a matrix of upregulated (red) and downregulated
(blue) genes, indicating a significant difference in mRNA
profiles between cells treated with C-Se and PBS, as shown in
Fig. 9c.

In light of the genes with discovered differential expression,
a bioinformatics technique was employed to investigate the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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regulators and the functional importance of these alterations.
To ascertain the potential biological functions of the identified
DEGSs, we annotated them by Gene Ontology (GO) analysis. GO
analysis includes three items: Cellular Component (CC),
Molecular Function (MF), and Biological Process (BP). Fig. 10a
showed the Top 20 GO terms in the biological process, domi-
nating terms were positive regulation of biological process,
developmental process, cellular developmental process,
anatomical structure development, and positive regulation of
cellular process. Fig. 10b displayed the Top 20 GO terms in the
cellular component, the main terms were plasma membrane,
cell periphery, membrane-bounded organelle, integral compo-
nent of membrane, and intrinsic component of membrane.
Fig. 10c exhibited the Top 20 GO terms in molecular function,
the majority of DEGs were related to signaling receptor binding,
cis-tegulatory region sequence-specific DNA binding, tran-
scription cis-regulatory region binding, transcription regulatory
region nucleic acid binding, and sequence-specific double-
stranded DNA binding.

A deeper understanding of these DEGs was gained by clas-
sifying and annotating them through the Kyoto Encyclopedia of
Genes and Genomes (KEGG) orthology database to determine
their functional characteristics as well as their main biochem-
ical metabolic pathways and signal transduction pathways. By
taking the Top 20 path terms based on the significance of
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enrichment, a KEGG enrichment bubble diagram was created in
Fig. 10d. According to enrichment analysis of KEGG, most of the
DEGs induced by C-Se + laser were closely correlated with P13K-
Akt signaling pathway, MicroRNAs in cancer, selenocompound
metabolism, cytokine-cytokine receptor interaction, and MAPK
signaling pathway. The phosphatidylinositol 3 kinase/threonine
kinase (PI3K/AKT) signal pathway is associated with apoptosis
damage in organs and tissues.** Guo et al.** reported that PI3K-
AKT signal pathways played a vital role in curcumin-surface
decorated selenium nanoparticles (Se@Cur) to promote intra-
cellular ROS overproduction and induce hepatocellular carci-
noma cell apoptosis. MAPK signaling pathway is involved in
both autophagy and apoptosis,* Wang et al.** found that the
MAPK signaling pathway played an important regulatory role in
the process of hepatocellular carcinoma cell death induced by
selenium compounds combined with oxygen therapy. There-
fore, the mechanism of apoptosis and ROS production induced
by C-Se + laser is related to PI3K-AKT signal pathways and
MAPK signaling pathway induction. These DEGs-enriched
processes and pathways are mainly fulfilled by genes relevant
to the occurrence and development of cancer that are brought
on by C-Se treatment.

Gene set enrichment analysis (GSEA) further revealed
numerous pathways from KEGG with significant enrichment. A
pathway with a negative enrichment score is down-regulated,
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whereas a pathway with a positive enrichment score is up-
regulated.”® Three representative pathways in Fig. 10e are
significantly down-regulated by C-Se + laser treatment,
including nucleocytoplasmic transport (KO03013; normalized
enrichment score —1.93, FDR g-value = 0.004, NOM p-value
<0.001), ribosome biogenesis in eukaryotes (KO03008; normal-
ized enrichment score —1.82, FDR g-value = 0.015, NOM p-value
<0.001) and cell cycle (KO04110; normalized enrichment score
—1.25, NOM p-value = 0.05). These pathways play key roles in
cell survival, and their downregulation may be the mechanism
by which C-Se + laser causes cytotoxicity according to the above
experimental results. Additionally, Hedgehog signaling pathway
(KO04340; normalized enrichment score 1.50, FDR g-value =
0.21, NOM p-value <0.01), Notch signaling pathway (KO04330;
normalized enrichment score 1.69, FDR g-value = 0.24, NOM p-
value <0.001) and galactose metabolism (KO00052; normalized
enrichment score 1.50, FDR g-value = 0.23, NOM p-value <0.05)
were up-regulated by C-Se + laser treatment in Fig. 10f. The
Hedgehog signaling pathway and Notch signaling pathway
played key roles in many developmental processes including
cell proliferation, differentiation, and apoptosis,**** which
further confirmed the previous results.

4 Conclusions

In the present study, one novel carbon-coated selenium nano-
particle (C-Se) was successfully synthesized for choriocarci-
noma photothermal therapy. C-Se showed excellent cellular
uptake in JEG-3 cells. The results showed significant cytotoxicity
in a dose-dependent manner towards JEG-3 cells after incuba-
tion with Se nanoparticles or C-Se nanoparticles. After
combining C-Se nanoparticles with near-infrared laser irradia-
tion, the cytotoxicity increased significantly. C-Se with near-
infrared laser irradiation was superior in suppressing the
proliferation of JEG-3 cells, inducing JEG-3 cell apoptosis and
producing ROS to selectively kill cancer cells in vitro, compared
with other groups. Furthermore, C-Se + laser influenced
numerous functional activities and biochemical metabolic
pathways related to cell survival, as well as signal transduction
pathways that play important roles in cell development, such as
PI3K-AKT signal pathways and MAPK signal pathway. Taken
together, C-Se exhibits significant potential for choriocarci-
noma photothermal therapy, which provides new strategies and
theoretical basis for targeted therapy of choriocarcinoma. It is
helpful to solve the problems of frequent drug resistance and
serious side effects of chemotherapy, the main treatment
method for choriocarcinoma at present. It can be predicted that
C-Se may also have a significant anti-cancer effect on other
solid tumors, and its potential application in targeted therapy of
solid tumors in the future is promising.
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