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The aim of this study was to assess the radiosensitivity of bismuth sulfide nanoparticles conjugated with a synthetic agonist analog
of gonadotropin-releasing hormones in targeted radiotherapy for breast cancer. After synthesis and characterization of nanopar-
ticles, cytotoxicity of nanoparticles was measured by MTT assay, and the survival fraction was determined by colony formation
assay. Finally, flow cytometry was performed to identify the mechanism of radiosensitization. Characterization results determined
the spherical shape of Bi,S;@BSA with an average size of 8.649 £ 1.6 nm, and Fourier transform infrared confirmed the successful
binding of triptorelin to the surface of the nanoparticles. MTT test results show that the Bi,S;@BSA—triptorelin did not cause any
toxicity (P<0.05) even up to 75ug/ml. At all doses of ionizing radiation, colony formation assays showed that the nontoxic
concentration of Bi,S;@BSA—triptorelin significantly increased cell death in MCF-7 cells compared to Bi,S;@BSA (P<0.05).
The apoptosis test also confirmed colony formation assay results at all doses and introduced apoptosis as a mechanism of
radiosensitivity produced by nanoparticles. Certainly, targeted bismuth sulfide nanoparticles can be a good candidate for increasing

radiosensitivity against tumor cells.

1. Introduction

Cancer is one of the leading causes of death in humans.
Therefore, cancer treatment is currently a major challenge
[1]. Common cancer treatments include surgery, radiation
therapy (RT), chemotherapy, hormonal therapy, or combi-
nation therapy [2]. RT is commonly used to treat over 50% of
cancer patients [3] and 80%—90% of breast cancer patients
[4]. Although RT has significant advantages, it is a nonselec-
tive technic because radiation cannot distinguish between
normal and cancer cells; therefore, the beam must be con-
fined to the target volume [5]. To overcome this disadvan-
tage, different strategies, such as tomotherapy, image-guided
radiotherapy, and intensity-modulated radiotherapy, can be
used to deliver the maximum dose to tumor tissue while
protecting surrounding normal tissue [4, 6]. However, the

equipment-based solution to increase the quality of RT may
be limited because a more accurate irradiation volume can
lead to excluding significant undetectable cancer cells [7].
Improves tumor response to radiation is another mechanism
for enhancement of the radiotherapy ratio [8]. It is possible
with a different mechanism, such as using radiosensitizer
compounds [9] and molecular regulators of mRNAs (miRNA)
[10]. As a definition, when used in combination with radiation,
radiosensitizer compounds enhance the death of cancer cells
while having a minimal effect on healthy tissue [11]. In recent
years, advances in tumor therapy have been attained through
methods such as enhanced cellular internalization (using nano-
particles less than 500 nm in diameter) [12]. Strategies based on
nanomaterial-mediated tumor radiosensitization are mainly
adopted to improve the energy deposition of ionizing radiation
in the irradiated volume. This can accelerate the production of
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FIGURE 1: Schematic illustration of targeted Bi,S; @BSA NPs as a targeted radiosensitizer for radiotherapy.

reactive oxygen species to make cancer cells more sensitive to
radiation [13]. Since metal nanoparticles, such as gold, plati-
num, and bismuth, showed radio-enhancing specifications
[14]. Nanoparticles’ internalization into tumor tissue could ele-
vate localized energy deposition through free electrons and
radical species. As a result, a similar degree of tumor destruc-
tion is achieved with lower radiation doses [15]. Among the
high atomic number nanoparticles, bismuth (the heaviest stable
nonradioactive element) is a better candidate as a radiosensiti-
zer which improves the quality of RT compared to other nano-
particles [14] since, as one of the heaviest metal atoms, it has
shown low toxicity, has a high electron density and is appro-
priate to absorb ionizing X-ray [16]. Another important advan-
tage is that it is (until 2016) ~2,000 times less expensive than
gold per mole [17]. In comparison to other nanoparticles (like
gold), bismuth nanoparticles can better act as radiosensitizers
to elevate the radiation dose delivered to tumors. This is
because the number of photoelectric interactions is more
[18]. Conventional drug-based radiosensitizers that do not
have an efficient targeting function are most effective at the
tumor site, but radiosensitivity heavily depends on the accurate
localization of the radiosensitizers to cancer cells [19]. Paul
Ehrlich introduced the concept of targeted drugs. This hypoth-
esis states that tumors have specific antigens and that some
factors, such as antibodies, can enhance drug delivery to tumor
sites and kill them [20]. Biomolecules that bind to the surface of
nanoparticles can interact with their receptors on the cell’s
plasma membrane. This phenomenon can be used to engineer
the surface of nanoparticles with specific functional ligands
(such as antibodies, proteins, or peptides) to target-specific
receptors on the cell surface for medical purposes [21, 22].
Peptides are inexpensive, have higher activity per mass com-
pared to antibodies, are more stable at room temperature, are
more tissue-penetrating (to tumors or organs), and induce
immune responses to antibodies [23, 24]. Peptide-conjugated

metal nanoparticles have been shown to selectively attack
tumor cells without affecting normal tissues [25]. Triptorelin
(pGlu-His-Trp-Ser-Tyr-DTrp-Leu-Arg-Pro-Gly-NH,) is a spe-
cies of LHRH (luteinizing hormone-releasing hormone) recep-
tor agonist whose action mechanism and affinity for binding
to LHRH or GnRH (gonadotropin-releasing hormone) recep-
tors is similar to natural LHRH [26]. Moreover, direct anti-
proliferative effects of the triptorelin in breast cancer cells that
express GnRH receptors (such as MCF-7) have been demon-
strated [27]. An ideal radiosensitizer should enhance the effi-
cacy of RT by inducing radiosensitivity, good tumor-targeting
ability, and low toxicity [19]. Herein, efforts were made to
develop a novel targeted-radiosensitizer by targeting the
GnRH receptors on the surface of MCF-7 cells (studies
showed that the expression of these receptors and specific
binding sites for LHRH analog in the membrane of MCEF-7
cells had been determined) [27, 28] in order to enhance the
quality and minimize the side effects of RT. In this study, we
investigated the cytotoxicity, radiosensitization effects, and
mechanism of radiosensitivity of targeted Bi,S;@BSA NPs
with Triptorelin after treatment with a 6 MV photon beam
in MCF-7 cell line (Figure 1).

2. Materials and Methods

2.1. Synthesis of Bi,S;@BSA NPs Conjugated with Triptorelin.
Aqueous bismuth nitrate of 2.8 ml in 3 M HNO; solution at
a concentration of 25mM and a temperature of 25°C was
introduced dropwise into 40 ml BSA solutions at a concen-
tration of 66 mg/ml and a temperature of 25°C under vigor-
ous stirring in less than 2min. After 2min, 6 ml NaOH
solution (5M) was added at a single instance, and the color
of the solution began to change from pale yellow to light
brown and then to dark black in 10 min. All synthesis steps
were performed at room temperature. After 12hr aging,
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the resulting compound was centrifuged at 12,000 rpm for
15 min. Finally, in order to purify synthesized nanoparticles,
they were dialyzed for 48 hr against Milli-Q water to elimi-
nate any possible debris. To conjugate Bi,S;@BSA with trip-
torelin, 1 ml of the synthesized nanoparticles was placed on a
magnetic stirrer (6.5 pH), then 0.5 mg of triptorelin peptide
was added. Finally, 0.15mg of EDC (carbodiimide hydro-
chloride) and 0.09 mg of NHS (N-hydroxysulfosuccinimide)
were added. The resulting mixture was stirred at room tem-
perature for 2 hr. Finally, the resulting compounds were dia-
lyzed for 24 hr in a refrigerator.

2.2. Characterization of NPs. A transmission electron micro-
scope (Philips (CM120)) was used to determine the size and
morphology of the Bi,S;@BSA NPs. X-ray diffraction is a
fundamental and important characterization technique that
is used to analysis of all materials. To confirm the Micro-
structure of NPs (GNR EXPLORER) with Cu-Ka radiation
(k=1.542 A) with the Bragg angle ranging from 10° to 80°,
X-ray diffraction was used.

The zeta potential of NPs was measured using a nano/
zeta sizer (HORIBA SZ100) with 25 scans in each spectrum,
and the size of NPs was assessed by dynamic light scattering
(HORIBA SZ100) in an aqueous solution. In addition, to
measure nanoparticle stability in the cellular environment,
Bi,S; @BSA—triptorelin NPs were suspended in the RPMI
1640 +10% FBS and incubated for 24 hr at 37°C. Then the
behavior of the Bi,S; @BSA—triptorelin NPs was measured
by dynamic light scattering. Fourier transform infrared (FT-
IR) spectroscopy was performed to determine the chemical
structure of samples (Thermo Nicolet (AVATAR 370 FT-
IR (USA))).

2.3. Cell Culture. Human breast adenocarcinoma (MCF-7)
cell lines, obtained from the Pasteur Institute of Iran, were
used in the in vitro study. MCF-7 cell lines were cultured in
RPMI 1640 (Roswell Park Memorial Institute) supplemented
with 10% fetal bovine serum (FBS) (Gibco, USA) and 1%
penicillin-streptomycin (Gibco, USA). Subculturing of the
MCE-7 cell lines was performed by detaching the adherent
cells using 0.025% trypsin-EDTA (Gibco, USA). In order to
wash the flask and remove the debris and floated dead cells,
plates, and flasks were washed with phosphate-buffered
saline (PBS) (Gibco, USA). Cells were incubated at 37°C
with humidified 5% CO,. In this study, before performing
all the experiments, cells were carefully observed under a
microscope. Also, all experiments were performed in the
cell logarithmic growth stage.

2.4. Cytotoxicity Tests. Cytotoxicity test was performed by
MTT (2,5-diphenyl-2H-tetrazolium bromide) assay as fol-
lows: an optimal number of MCEF-7 cells were seeded in two
96-well plates (density of 104 per well [29]) and incubated in a
RPMI 1640 supplemented with 10% FBS and 1% penicillin-
streptomycin at 37°C and 5% CO, atmosphere 24 hr before
treatment to allow attachment. The next step was to remove
the culture medium and wash the plates with PBS. Then, the
cells were incubated with 200 yl culture medium (5% FBS) per

well containing Bi,S; @BSA, Bi,S; @ BSA—triptorelin NPs at a
series of concentrations (0 (control) 5, 10, 15, 25, 50, 75, 100,
150, and 200 ug/ml) for 24 hr. After that, the cells were washed
twice with PBS, then were incubated with 90 ul of the fresh
culture medium and 10yl (5mg/ml) of MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) for
4 hr. Finally, MTT formazan crystals were dissolved in the
medium by adding 200 pl dimethyl sulfoxide (DMSO). After
that, the plate was placed on the orbital shaker for 20 min. The
optical density (OD) was measured at 570 nm using a multi-
wall spectrophotometer (ELISA reader (Stat Fax 3200, Aware-
ness Technology, USA)). The viability (%) of cells in different
groups was calculated according to the following formula:

Viability = (mean OD570 nm of the treated group/mean
OD570 nm of the control group) X 100%.

2.5. Irradiation. The cells were irradiated with megavoltage
X-ray (6 MV) using Elekta Compact linear accelerator
(Emam Reza Hospital, Mashhad, Iran) at a dose rate of
3Gy/min with a field size of 20X 20cm?® In this study,
we used five plexiglass (water equivalent) sheets with 1.5cm
thickness placed under the bottom of the plate to sufficiently
production of backscatter.

2.6. Colony Formation Assay. The radiosensitivity caused by
the presence of nanoparticles was assessed in MCF-7 cells by
colony formation assay test. The colony-forming assay is the
gold standard for measuring radiosensitivity. An appropriate
number of MCE-7 cells (400, 1,000, 1,200, 1,400 for irradia-
tion doses of 0, 2, 4, and 6 Gy, respectively) were seeded in 6-
well plates and incubated in RPMI 1640 medium containing
10% FBS and 1% penicillin-streptomycin at 37°C in 5% CO,
atmosphere 24 hr before treatment to allow attachment.
Plates were divided into three groups: in the first group
(without nanoparticles) medium was replaced with 3 ml of
fresh medium. Second, the culture medium was replaced
with fresh media containing Bi,S; @BSA at a concentration
of 75ug/ml. In the third group, the culture medium was
replaced with the fresh media at a concentration of 75 ug/
ml of Bi,S; @BSA-triptorelin, then incubated for 24 hr. Next,
the medium inside each well of all plates was removed. The
cells were washed twice with PBS, and 3 cc fresh culture
medium (10% FBS) was added into each well. Then, the cells
were exposed to radiation doses of 0, 2, 4, 6 Gy irradiated
with 6 MV photon beams (Elekta Compact linear accelera-
tor). Immediately after irradiation, the cells were incubated
(10% FBS and 1% penicillin—streptomycin at 37°C in 5%
CO,) for ten days to allow colony formation. During this
time, the medium was added to the plates as needed.

The colonies were fixed with methanol and acetic acid
(3:1). Performed Giemsa staining after 24 hr. The colonies
exceeding 50 cells were counted. The survival fraction (SF)
was calculated using the following formula:

Number of colonies counted

SF = )
Number of cells cultured x PE/100

(1)



where
|
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Number of colonies counted

PE (plate efficiency) =

The data fitted to the linear-quadratic model with the
equation of SF=exp (—aD—-pD2) and the survival curve
were estimated using GraphPad Prism2018 software. In addi-
tion, o and f§ parameters of the survival curve were calculated
with GraphPad Prism2018 software.

2.7. Apoptosis by Annexin-V FITC Assay. The two major
mechanisms of cell death are apoptosis and necrosis. To
determine the rate of apoptosis and quantify the number
of apoptotic cells, flow cytometry (annexin V) was used.
MCEF-7 cells were cultured in 6-well plates at a density of
5,00,000 cells per well. Then were incubated (24 hr) in an
RPMI 1640 medium containing 10% FBS and 1% penicillin—
streptomycin at 37°C in a 5% CO, atmosphere. Briefly,
the cells were treated with free nanoparticles, Bi,S; @BSA
(75 ug/ml), and Bi,S;@BSA—triptorelin (75 ug/ml) for 24 hr.
The culture medium of all wells of plates was removed. The
cells were washed twice with PBS, and 3cc fresh culture
medium (10% FBS) was added to each well. Then, the cells
were exposed to radiation doses of 0, 2, 4, 6 Gy with 6 MV
photon beams (Elekta Compact linear accelerator). After 24 hr,
the cells were trypsinized and washed twice in PBS. After that,
the harvested cells were collected by centrifugation at 1,500 rpm
for 3 min, then resuspended in 0.5 ml binding buffer. The cell
suspension was incubated with 7yl annexin V-FITC for
15min and 5pl PI for 5min at room temperature in the
dark. Finally, the samples (stained cells) were analyzed imme-
diately with flow cytometry (BD Accuri C6). Quantification of
results was performed using Flowjo 7.6 software. Viable cells
were identified with negative cells of annexin V-FITC and P;
early apoptotic cells were identified with annexin V-FITC
positive cells; late apoptotic cells were identified with positive
annexin V-FITC and PI cells; finally, to determine necrotic
cells, positive PI and negative annexin cells were considered.

2.8. Statistical Analysis. GraphPad Prism2018 software was used
to perform statistical analysis. Differences in percentage cell
viability between groups were analyzed by one-way ANOVA
and Tukey’s multiple comparison tests (P<0.05). All graphs
were plotted by using GraphPad Prism2018 software.

3. Result

3.1. Characteristics. Figure 2(a) shows the transmission electron
microscopy (TEM) image of Bi,S; @BSA NPs. The morphol-
ogy of Bi,S; @BSA NPs was spherical. The average size was
8.649 £ 1.69 nm. Figure 2(b)-2(g) shows the size distribution
and zeta potential of Bi,S;@BSA and Bi,S; @BSA-triptorelin
NPs. The average sizes of Bi,S;@BSA and Bi,S; @BSA—trip-
torelin NPs were about 16 +=2nm and 17.1 &2 nm, with
a zeta potential of —77.8 £3.80mV and —84.7+2.18 mV.
The poly index of Bi,S; @BSA was 0.623 4 0.033. The average

Number of cells cultured without any treatment

X 100. (2)

\
size of Bi,S; NPs was 14.2 nm with a zeta potential of —69.8 +
2.90mV. Moreover, the results showed that the hydrody-
namic size of Bi,S; @BSA—triptorelin NPs after 24 hr incuba-
tion was 17.3 & 1.1 nm, which showed good stability in the
cellular environment. All diffraction peaks of Bi,S; @BSA NPs
almost demonstrated the Bi,S; structure (JCPDS No. 43-1471)
[30]. According to the XRD (X-ray powder diffraction) pat-
tern, all the peaks were well indexed to the orthorhombic
Bi,S; crystal (Figure 3(a)) because Bi,S; NPs coated with
BSA, Bi,S;@BSA NPs are not exactly in agreement with the
standard card (peak in the areas of 20°-30° is related to
the BSA) [31]. To confirm the conjugation of triptorelin on
the surface of Bi,S; @BSA NPs, FT-IR spectroscopy was done.
Figure 3(b) shows the FT-IR spectrum of functionalized
Bi,S;@BSA and Bi,S; @BSA—triptorelin NPs. The formation
of peaks 1,651 and 1,576 cm ™" is related to primary and sec-
ondary amide and amine bonds. It shows the presence of BSA
on the nanoparticle surface. The removal of the thiol peak
at 2,360 cm™ is due to the presence of a complex between
bismuth and thiol, which leads to the formation of a
bismuth—sulfur bond; finally, a sulfide bond is obtained.
Peak 670 cm ™" could also be related to bismuth sulfide bond-
ing. The peptide binds to the nanoparticle surface via an
amide bond. Due to the presence of BSA on the nanoparticle
surface, amide bonds appeared together in 1,663 cm™" because
of the new amid bonds that were in accordance with redshift.
Peak 1,651 cm ™", which corresponds to the BSA amide peak,
disappeared and changed to peak 1,633 cm™" due to the amide
bond between triptorelin and BSA. The presence of peak
702 cm™" indicates the bonding of aromatic hydrocarbon,
which is related to the aromatic ring of the triptorelin pep-
tide compound.

3.2. In Vitro Cytotoxicity Assay. The cytotoxicity of NPs was
measured by the MCF-7 cell line. The MCF-7 cell line was
treated with Bi,S;@BSA NPs, Bi,S;@BSA-triptorelin NPs at
different concentrations (0, 5, 10, 15, 25, 50, 100, 150, and
200 pug/ml) for 24 hr. Figure 4 shows the percentage cell via-
bility of the MCF-7 cell lines incubated with NPs at different
concentrations.

The results of the MTT test presented the viability of cells
incubated with Bi,S;@BSA and Bi,S; @BSA-triptorelin at
different concentrations. There were no significant differ-
ences (not toxic) between the control and test groups
(P<0.05) up to 150 and 75 pug/ml, respectively. Since the
purpose of this study was to use Bi,S;@BSA as a radiosensi-
tizer with low toxicity, concentrations of 75 pg/ml were used
for colony and apoptosis assay.

3.3. In Vitro Radiosensivity Assay. In order to investigate the
effect of nanoparticles as a radiosensitizer, colony formation
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assay as the “Gold Standard” of radiosensitivity was per-
formed, and the survival curve was plotted (Figure 5 (vertical
axis at logarithmic scale)). The results showed that a non-
toxic concentration of nanoparticles (75pug/ml) at RT
reduced the viability of MCF7 cells. The viability of cells
treated with Bi,S; @BSA—triptorelin, Bi,S;@BSA, and cells
that were not treated with nanoparticles at all doses was
significantly decreased (P<0.05). SFs for groups of cells

not treated with nanoparticles and were just exposed to radi-
ation doses 2, 4, and 6 Gy, also radiation as well as triptorelin
(irradiated with 6 MV photon beams), were 79.49%, 54.21%,
22.24%, and 79.1%, 54.6%, 21.9%, respectively. There was no
difference between the groups of cells treated with radiation
alone and radiation plus triptorelin (P <0.05). In the presence
of Bi,S;@BSA (75 ug/ml), they were 53%, 31%, and 12%,
respectively, and decreased to 35%, 12.5%, and 2% in the
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FIGURE 4: Percentage cell viability of the MCF-7 cells incubated with
different concentrations of Bi,S; @BSA NPs and Bi,S; @BSA—trip-
torelin NPs. Error bars indicate the standard error of the mean
(SEM) for n=3 independent experiments. *Indicates significant
difference with P<0.05.

presence of Bi,S; @BSA—triptorelin. Table 1 shows a and f
parameters of the survival curve for different groups.

3.4. Effects of NPs on MCF-7 Cell Apoptosis. In the current
study, to investigate the mechanism of nanoparticle radio-
sensitivity, annexin V-FITC/PI staining was used. The result
indicated that when cells were treated with Bi,S; @BSA—trip-
torelin (75 pug/ml) of nanoparticles in combination with radi-
ation, apoptotic percentage induced in the MCF-7 cells was
significantly higher compared to cells treated with Bi,S; @BSA
and radiation (P<0.05). In addition, MCF-7 cells treated with
Bi,S;@BSA and exposed to 6 MV irradiation induced a signif-
icant increase in apoptosis compared to MCF-7 cells irradiated
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FiGure 5: Survival curves of MCF-7 cells with 75 ug/ml concentra-
tions of Bi,S;@BSA NPs and Bi,S;@BSA—triptorelin NPs irradi-
ated with 6 MV. Error bars indicate the standard error of the mean
(SEM) for n =3 independent experiments.

alone. There was no difference between the groups of cells
treated with radiation alone and radiation plus triptorelin
(P<0.05). Figures 6 and 7 show the result of flow cytometry.
Percentages of necrotic cells were not significantly different
among the cells treated with targeted and nontargeted nano-
particles in combination with RT or those treated with radia-
tion alone.

4. Discussion

It is usually suggested that one crucial factor that affects
cytotoxicity is nanoparticle size. Smaller nanoparticles have
a larger surface-area-to-volume ratio and could decrease cell
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TasLE 1: Values of a, f (£SD) of MCF-7 cells in different groups.
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FIGURE 6: Percentage (%) of living, apoptotic, and necrotic in MCF-7 cells treated or not treated with Bi,S; @BSA NPs and Bi,S; @ BSA—triptorelin
induced after (a) 2 Gy, (b) 4 Gy, and (c) 6 Gy radiation doses and control (no any treatment. Error bars indicate the standard error of the mean
(SEM) for n =3 independent experiments. *indicates significant difference with P<0.05.

viability. Many studies also show that the cytotoxicity of
several types of nanoparticles was size-dependent [32]. A
study by Algethami et al. [33] investigated the toxicity of
Bi,S; (PVP coated) nanoparticles with a diameter of 3-5nm
on PC3 cell lines for 48hr. Even at concentrations of 0.5 mM,
the nanoparticles are not toxic. Our results show that in MCF-7
cells treated with different concentrations of Bi,S;@BSA, no
significant toxicity was observed, even up to 150 ug/ml con-
centration. This difference could be due to the surface coating
of the nanoparticles and the type of cell line used for the
experiment. In the study of Azizi et al. [34], the cytotoxicity
of Bi,S;@BSA nanoparticles with a hydrodynamic size of
107.6 £6.81 nm on 4T1 cell lines was evaluated, and the via-
bility of the 4T1 cells treated with Bi,S; @BSA (200 pg/ml)
nanoparticles was significantly reduced, which almost follow
the results of our study. In addition, there are no appropriate
studies to compare the biocompatibility of nanoparticles in
this study, as the toxicity of Bi-based compounds varies with
cell lines and concentrations. Also, other studies have shown
that BSA improves the biocompatibility of Bi,S; nanoparti-
cles [35-37].

The radiosensitivity effect of nanoparticles in combination
with high energy is suggested in nanoparticle-treated cells
[38, 39]. Recently, bismuth-based nanomaterials have demon-
strated their ability to increase radiation dose, their application
in multimodal imaging, their ability to act as computed tomog-
raphy (CT) contrast agents, and their biocompatibility [40].
The results of this study demonstrate that Bi,S; @BSA increases
the radiosensitivity of MCF-7 cells at all doses using low linear

energy transfer. Our results are consistent with Ma et al.’s [41]
study, which treated PC3 cells with Bi,S;-embedded mesopor-
ous silica nanoparticles and investigated the radiosensitizing
effects of these nanoparticles in radionuclide combination ther-
apy (P-32). They suggested that the inhibition rate of the cell
group treated with P-32 treatment was only 16.1% (24 hr),
whereas the inhibition rate after treatment with nanoparticles
(50 ug/ml) and RT was 57% (24 hr), which was significantly
enhanced. These results are supported by Huang et al. [42].
They reported less than 20% cell inhibition (after 48 hr) in the
PC3 cell line (P-32) treated with radiation. While Bi,S;-PLGA
capsules (200 ug/ml) and irradiation (P-32) resulted in greater
than 30% cell inhibition. Finally, declared that cell inhibition is
a concentration-dependent cell inhibition in the PC3 cell lines.
Apart from that, Azizi et al. [34] observed that Bi,S;@BSA
nanoparticles as radiosensitizers increased the sensitivity of
cancer cells to radiation. Given the radiosensitivity effects of
Bi,S; nanoparticles at megavoltage energies, there is a report
published by Abhari et al. [43]. They reported that increasing
concentrations of Bi,S;-BSA enhanced the inhibition of cell
proliferation (4T1). Other studies on the use of Bi,S; nanopar-
ticles in RT have been limited to kilovoltage energies. This
study may provide researchers with useful data in the field of
radiosensitivity of bismuth-based nanoparticles at megavoltage
energies.

This in vitro study demonstrated that nontoxic concen-
trations of bovine serum albumin-coated Bi,S; nanoparticles
significantly (P <0.05) induced radiosensitivity in the MCF-7
cell line when exposed to MV X-rays at all doses. These
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Ficure 7: Flow cytometry analysis of apoptosis in MCF-7 cells stained with annexin V-FITC and PI: (a) control (no treatment), (b) X-ray alone
(2Gy), (¢) X-ray (2Gy) +Bi,S;@BSA, (d) X-ray (2 Gy) + Bi,S;@BSA—triptorelin, (e) X-ray alone (4 Gy), (f) X-ray (4 Gy) + Bi,S; @BSA,
(g) X-ray (4 Gy) + Bi,S;@BSA-—triptorelin, (h) X-ray alone (6 Gy), (i) X-ray (6 Gy) + Bi,S; @BSA, (j) X-ray (6 Gy) + Bi,S; @BSA—triptorelin.

results are fully consistent with the study by Abhari et al.
[43]. The study conducted by Ai et al. [44] suggested that
Bi,S; NPs are internalized into cells via endocytosis. This
enhancement in radiosensitivity can be attributed to the
fact that the internalized NPs in target cells in interaction
with ionization radiation may produce high numbers of free
radicals through photoelectric and Compton interactions.
These additional free radicals would increase the probability

of DNA damage and subsequent cell death, thus enhancing
the radiosensitivity [33]. The surviving fractions of MCEF-7
cells were determined to assess the radiosensitization effect
of nanoparticles. Colony formation assay results showed
significantly lower viability of MCEF-7 cells treated with
Bi,S;@BSA-triptorelin nanoparticles + X-rays at all doses
compared to Bi,S;@BSA nanoparticles + X-rays (P<0.05).
Also, the decrease in viability of targeted and nontargeted
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nanoparticles was dependent on the X-ray exposure dose.
Maybe the triptorelin conjugated with Bi,S;@BSA could
enhance the internalization of Bi,S;@BSA nanoparticles
through the GnRH receptors in MCE-7 cells. A parallel study
by Mohammadi et al. [45] was performed on bismuth sulfide
nanoparticles coated with BSA and targeted with a triptorelin
peptide (nanoparticles similar to this study). CT imaging was
used to identify differences in MCF-7 cellular uptake between
targeted and nontargeted nanoparticles at 75 yg/ml concen-
tration at 90 kVp; the X-ray attenuation intensity of cells in
the presence of targeted nanoparticles is 1.4 times greater than
cells in the presence of nontargeted nanoparticles, which indi-
cates an increase in the uptake of targeted nanoparticles by
MCE-7 cells.

Zoghi et al. [46] showed that the biodistribution of a
tracer targeted by triptorelin showed significant uptake in
tumors expressing GnRH receptors. The results of our study
in this section are consistent with those obtained by Yu et al.
[47]. Their results showed Bi-NPs exhibited higher tumor
accumulation after binding with the tumor-homing peptide
LyP-1. BiLyP-1 NPs exhibited a significant radiosensitizing
effect in interaction with ionizing radiation (because of more
internalization into cells). Also, our results are in agreement
with the Obayemi et al. [48] report, which demonstrated that
LHRH-conjugated nanoparticles specifically bind to recep-
tors overexpressed on the surface of most breast cancer
cell types.

After treatment, the flow cytometry analyses on MCEF-7
cells were performed to investigate the possible mechanism
of radiosensitivity. Our results (Figures 6 and 7) showed that
the amount of apoptosis was significantly higher than that of
necrosis in all groups. This observation may introduce apo-
ptosis as the major mechanism that determines radiosensi-
tivity. Our results were consistent with those obtained by
Ma et al. [41]. They introduced apoptosis as mainly contrib-
uting to the antiproliferative effects of Bi,S;-embedded
mesoporous silica nanoparticles in combination with P-32
radiation. Li et al. [49] suggested that in 4T1 cells treated with
Fe@Bi,S; + radiation, apoptosis more than necrosis induces
cell death, which is consistent with our results. In our study,
targeted nanoparticles compared to nontargeted induced sig-
nificantly more apoptosis nanoparticles (P<0.05), which
confirmed the colony formation assay results. In this study,
we observed an increase in radiosensitization by targeted
nanoparticles. It can be inferred that apoptosis was related
to the radiosensitivity and cell death induced by nanoparticles
plus radiation. More studies are needed to specify the role of
nanoparticles in biological pathways affecting apoptosis and
other biological interactions.

5. Conclusion

For the first time, novel targets based on Bi,S; @BSA and
triptorelin were developed using an inexpensive functionali-
zation process with a spherical shape, small size, and appro-
priate zeta potential to improve quality and reduce breast
cancer radiotherapy side effects. In this study, we have suc-
cessfully improved the stability of Bi,S; nanoparticles by

using BSA because of its chemical stability and nontoxicity.
Bi,S;@BSA conjugated with triptorelin can target the GnRH
receptors expressed on breast cancer cells membrane. The toxic
effect of Bi,S;@BSA nanoparticles conjugated with triptorelin
on the MCF-7 cell lines under megavoltage X-ray radiation
demonstrated that Bi,S; @BSA—triptorelin nanoparticles, as a
targeted radiosensitizer, increased the radiosensitivity of
breast cancer cells. These properties of nanoparticles have
raised the possibility of using them as a promising candidate
for in vitro and in vivo (in future studies) therapeutic experi-
ments aimed at developing and achieving cancer medication
for cancer therapy.
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