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ABSTRACT 
Background: The use of nanomaterial-based radiosensitizers to improve the therapeutic ratio has gained attraction 

in radiotherapy. Increased radiotoxicity applied to the tumor region may result in an adverse impact on the 

unexposed normal cells to the radiation, a phenomenon known as Radiation-Induced Bystander Effect (RIBE). 

Objective: This study aimed to investigate the effect of Bi2S3@BSA Nanoparticles (NPs) as radiosensitizers on the 

enhancement of bystander response in non-irradiated cells. Methods: Lung carcinoma epithelial cells were exposed 

to 6 MV x-ray photons at different doses of 2 and 8 Gy, with and without Bi2S3@BSA NPs. The Irradiated Cells 

Conditioned Medium (ICCM) was collected and incubated with MCR-5 human fetal lung fibroblasts. Results: This 

study showed that ICCM collected from 2-Gy-irradiated A549 cells in the presence of Bi2S3@BSA NPs reduced the 
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cell viability of MCR-5 Bystander cells more than ICCM collected from irradiated cells without NPs (p<0.05), 

whereas such a difference was not observed after 8-Gy radiation. The mRNA expression of the BAX and XPA genes, 

as well as the cell death rate in MCR-5 bystander cells, revealed that the Bi2S3@BSA NPs significantly improved 

bystander response at 2 Gy (p<0.05), but the efficacy was not statistically significant after 8 Gy Irradiation. 

Conclusions: The results indicated that the presence of NPs did not affect bystander response enhancement at 

higher concentrations. These findings highlighted the potential use of radiation-enhancing agents and their benefits 

in radiotherapy techniques with high doses per fraction. 

Keywords: Bismuth nanoparticles, Lung cancer, Radiation therapy, Bystander effect 

INTRODUCTION 

Lung cancer is the most commonly diagnosed cancer and the leading cause of death worldwide, accounting for 1.6 
million deaths each year. Ionizing radiation therapy is a common treatment for lung cancer at all stages [1]. One of 
the major concerns related to radiation therapy is the side effects on normal tissues. To address this issue, advanced 
technologies such as Intensity-Modulated Radiotherapy (IMRT) have been developed, which allowed high doses to 
be delivered to irregularly shaped target volumes while minimizing doses to nearby vulnerable normal structures. 
Despite the high dose conformity provided by advanced radiation therapy modalities, complete sparing of normal 
tissue would be impossible, and the volume of normal tissue exposed to low-dose radiation would be more in 
conventional radiotherapy due to the use of multiple field sources [2]. Another strategy for reducing unwanted 
adverse impacts on normal tissue is to use radio-sensitizers, which increase radiation efficiency only in the tumor 
site. Because NPs preferentially accumulate in tumor regions as a result of Enhanced Permeability and Retention 
(EPR), they can be used as a radiosensitizer [3]. Active targeting of NPs can improve their absorbance by cancer 
cells in addition to the EPR effect [4-6]. In this regard, the use of metal-based nanomaterials as radio-sensitizers has 
piqued the interest of many researchers [7-10]. Bismuth-based NPs, such as Bismuth Sulfide (Bi2S3), have been 
proposed as a suitable candidates for use in conjunction with ionizing radiation treatment. This choice was made for 
several reasons, including its high photoelectric absorption coefficient due to its high atomic number, low toxicity, 
and low cost [11-13]. Furthermore, bismuth-containing compounds are widely used in current medicine, e.g., 
gastritis due to Helicobacter pylori infection, demonstrating their biocompatibility [14].  
Furthermore, it is well established that unirradiated cells outside the treatment field would show some characteristics 
of irradiated cells such as altered apoptosis, increased mutation, and reduced clonogenicity. This is known as the 
Radiation-Induced Bystander Effect (RIBE) [15,16]. Bystander signal transmission appears to occur via cell-to-cell 
contact or via released soluble factors in the culture medium. Many studies have been conducted to investigate the 
relationship between bystander signals and oxidative stress. Nitric Oxide (NO), Transforming Growth Factor-Beta-1 
(TGF-1), Interleukin (IL-1), (IL-2), (IL-8), and Tumor Necrosis Factor (TNF) have all been identified as bystander 
signaling factors [17,18].  

Although it has been demonstrated that NPs alter ROS production, cytokine profile, gene expression pattern, and 
thus bystander signaling a few studies have investigated the impact of radiation-enhancing agents to induce 
bystander responses [19-21]. 

This study aimed to examine the effects of Bismuth Sulfide NPs on the induction of bystander responses to MCR-5, 
human fetal lung fibroblast cells, as well as its Radiation-Enhancing Efficiency in A549, lung carcinoma epithelial 
cells, and how this affects therapeutic ratio.   
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Cell Culture 
In this study, MCR-5, human fetal lung fibroblast cells, and A549, lung carcinoma epithelial cells, were used as 
bystander and target cells, respectively. Both cell lines were cultured in Dulbecco's Modified Eagle's Medium 
(DMEM) supplemented with 10% FBS, Penicillin (100 U/mL), and Streptomycin (1%) (100 mg/mL) at 37°C in a 
humidified incubator with 5% carbon dioxide. 

Synthesis and Characterization of NPs 
Bi2S3 coated with bovine Serum Albumin (Bi2S3@BSA) was synthesized and characterized using the processes 
described in a previous study [22]. To reduce NP aggregation and agglomeration, they were suspended in the 
medium and vortexed for 30 seconds before use. 

Irradiation of Cells 
The A549 cells were seeded at a density of 2×105 cells per flask (25 cm2) and used as target cells. The cells were 
incubated for 24 hours with 40 μg mL-1 of Bi2S3@BSA NPs. The confluency of cells was about 50% at the time of 
irradiation. This cell density primarily allows cell-cell contact only through released soluble factors in the medium. 
The cells in flasks were exposed to 2 Gy and 8 Gy of a 6 MV photon beam generated by a linear accelerator 
(Siemens, Germany) at Valiasr Hospital under the following conditions beam field of 1.01 m and distance of 100 cm 
between the radiation source and flask bottom. 

Medium Transfer 
The flasks were incubated at 37°C for 4 hours following the irradiation. The medium was then transferred using the 
technique developed by Mothersill and Seymour [23]. To avoid irradiated cells entering the transferred medium, the 
Irradiated-Cell Conditioned Medium (ICCM) was extracted from the flasks and filtered through 0.22 m 
Polyethersulfone (PES) membrane filters. For further experiments, the ICCM was transferred into MCR-5 cells. 

Viability Assay 
The MTT viability assay was used to assess the effect of Bi2S3@BSA NPs on radiation-induced bystander response 
in MCR-5 cells, as well as their cytotoxicity and radiosensitizing efficacy in A549 target cells. The A549 target cells 
were cultured in a 96-well plate at a density of 3×103 cells per well in a medium to investigate the radiosensitization 
of NPs. The cells were incubated with different concentrations (5 μg/mL,10 μg/mL,20 μg/mL,40 μg/mL, and 80 
μg/mL) of Bi2S3@BSA NPs for 24 hours before being exposed to radiation. MCR-5 cells were seeded in a 96-well 
plate at a density of 5×103 in ICCM extracted from treated flasks of the target cells to assess the effect of the 
Bi2S3@BSA NPs on bystander response. The plate was incubated for 24 hours. Following that, the cells were 
washed and treated with 5 mg/ml MTT before incubation at 37°C for 4 hours in the dark. The MTT solution was 
then discarded, and 100 µl of Dimethyl Sulfoxide (DMSO) was added to dissolve the formazan crystals. After 15 
minutes, the absorbance was measured at 570 nm using a microplate reader (BioTek, Winooski, VT). To determine 
cell viability, the absorbance values were normalized to those of control cells. 

Gene Expression Study Using Quantitative Real-time PCR (qPCR) 
After treatment, the cells were harvested with trypsin and washed with PBS. Then Trizol reagent was used to extract 
the total RNA from all samples according to the manufacturer's instructions (Invitrogen Life Technologies Co., 
Waltham, MA). The concentration and purity of extracted RNA were determined using a NanoDrop 
OneSpectrophotometer (Thermo Scientific, USA). Then, according to the instructions of the cDNA Synthesis kit 
(Fermentas), 2 g of total RNA from each sample was used to synthesize complementary DNA (cDNA). The cDNA 
was then subjected to real-time PCR to investigate the gene expression of BAX and XPA, which are key players in 
apoptosis and DNA repair pathways, respectively. The XPA gene has been linked to Double-Strand Break (DSB) 
repair via the Nucleotide Excision Repair (NER) pathway [24]. 

METHODS 
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As a housekeeping gene, β-ACTIN was used. The reaction mixture was prepared according to the instructions of 
PCR Master Mix Green (Ampliqon, Denmark) using a specific primer sequence and transferred to real-time PCR 
Step One Plus (Applied Biosystems, USA). The reaction conditions were as follows: initial denaturation at 95°C for 
15 minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds, and annealing/extension at 60°C for 60 
seconds. The expression of the BAX and XPA genes was calculated using 2-ΔΔCT.  

 Flow Cytometry Analysis of Cell Apoptosis 

The Annexin V-FITC Apoptosis Detection Kit (eBioscience) was used to examine the rate of apoptosis and necrosis 
in the A549 target and MCR-5 bystander cells, according to the manufacturer's instructions. Cells were detached, 
counted, and washed with cold PBS before being suspended in 100 µL of binding buffer 1X. The cells were then 
incubated for 15 minutes at room temperature in dark with 5 µL of Annexin V-FITC. The cells were then washed 
and resuspended in 400 µL of binding buffer 1X. Following that, the fluorescent intensity of each sample was 
measured after adding 5 µL PI to generate an FL-1 vs. FL-2 plot using the BD FACS Calibur (BD, San Jose, CA, 
USA). 

Data Analysis 

The data were analyzed using one-way analysis of variance (ANOVA) in GraphPad prism. The cut-off level of 
significance was considered p<0.05 (n=3). The results were represented as Mean ± SD. 

RESULTS 
MTT Viability Assay

MTT assay was employed to assess the effect of Bi2S3@BSA NPs on the viability of A549 target cells and MCR-5 
bystander cells. The viability of nanoparticle-incubated A549 cells at both doses of 2 Gy and 8 Gy was significantly 
lower than that of cells that were exposed to radiation alone at all used concentrations of Bi2S3@BSA NPs. This 
effect was enhanced as the concentration of NPs increased. Additionally, Bi2S3@BSA NPs showed higher radio-
sensitizing enhancement for the 8 Gy dose of radiation. 

The viability of MCR-5 bystander cells that received ICCM from 2 Gy irradiated A549 cells incubated with 
Bi2S3@BSA NPs at concentrations more than 10 µg/L was significantly lower than that of groups that received 
ICCM from A549 cells exposed only to radiation (p<0.05). However, at a radiation dose of 8 Gy, this difference 
appeared to be insignificant at all concentrations. This finding indicates that Bi2S3@BSA NPs had no efficacy in 
improving bystander responses in MCR-5 at a higher dose of 8 Gy (Figure 1). 
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Figure 1 Cell Viability, the effect of different concentrations of Bi2S3@BSA NPs with and without radiation on the viability of (A) 
A549 target cells and (B) MCR-5 bystander cells was assessed by MTT assay. The signs of *, **, ***, and **** are represented for p ≤ 

0.05, p ≤ 0.01, p ≤ 0.001, and p ≤ 0.0001respectively 
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Gene Expression Analysis (qPCR) 

Molecular studies were conducted to investigate the effect of Bi2S3@BSA NPs on A549 target cells and MCR-5 
bystander cells as radio-sensitizers and bystander response inducers, respectively. At both doses of 2 Gy and 8 Gy, 
significant up-regulation of BAX, a proapoptotic gene, and XPA, a DNA repair-involved gene, was observed in 
A549 target cells (p<0.001). Furthermore, expressions of both the BAX and XPA genes increased with irradiation 
(at both 2 Gy and 8 Gy doses) in the presence of Bi2S3@BSA NPs (p<0.05). This demonstrates the nanoparticle's 
efficient radiosensitizing property.  

At the radiation dose of 2 Gy, the expression of the BAX and XPA genes was upregulated in MCR-5 bystander 
cells, and the upregulation was even more when radiation and NPs were combined. However, at radiation doses of 8 
Gy, these upregulations decreased and were less than upregulations at 2 Gy. Surprisingly, no significant difference 
in BAX and XPA gene expression was observed between 8 Gy/NPs treatment and 8 Gy alone. Furthermore, the 
XPA/BAX ratio was determined in both target and bystander cells to compare the roles of repair and apoptotic 
pathways. In MCR-5 bystander cells, there was no significant difference in the XPA/BAX ratio between the groups, 
whereas this ratio decreased in A549 target cells as treatment was intensified (Figure 2). 
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Analysis of Induced Apoptosis and Necrosis 
The apoptotic and necrotic rates in the A549 target and MCR-5 bystander cells were determined using flow 
cytometry and Annexin V-FITC/PI staining (Figure 3). Flow cytometry analysis revealed that the mean percentage 
of overall cell death (early apoptosis+late apoptosis+necrosis) caused by 2 Gy and 8 Gy of 6 MV x-ray photons was 
23.2% and 41.8%, respectively, 24 hours after irradiation in A549 target cells. As irradiation was applied in the 
presence of Bi2S3@BSA NPs, these death rates increased to 34.2% and 47.6%, respectively. These differences in 
cell death with and without Bi2S3@BSA NPs demonstrate that the aforementioned NPs efficiently played the role of 
a radio-sensitizing agent at both radiation doses. The amount of cell death in MCR-5 cells incubated with ICCM 
extracted from treated A549 cells was measured to assess the bystander response-inducing ability of Bi2S3@BSA 
NPs. The percentage of live cells in MCR-5 cells incubated with ICCM from 2 Gy and 8 Gy radiated cells was 
84.13.62% and 82.82.54%, respectively (Figure 3). When combined with Bi2S3@BSA NPs, these rates increased to 
76.52.2% and 82.12.48%, respectively. This supports the efficacy of Bi2S3@BSA NPs as bystander-inducing 
enhancers only at 2 Gy (p<0.01).   

Figure 2 Gene expression analysis; A) Gene expression of BAX and XPA in A549 cells. B) Gene expression of BAX and XPA in 
MCR-5 bystander cells. The signs of *, **, and ***, are represented for p ≤ 0.05, p ≤ 0.01, p ≤ 0.001 respectively 
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Figure 3 Apoptosis, the treatments induced apoptosis in A) A549 and B) MCR-5 bystander cells C) quantitative representation of live cell 
population. The signs of *, **, and ***, are represented for p ≤ 0.05, p ≤ 0.01, p ≤ 0.001 respectively 

DISCUSSION 
The Radiation-Induced Bystander Effect (RIBE) is a phenomenon in which unirradiated cells outside of the 
radiation field appear to be affected by radiation by receiving signals from nearby irradiated cells [25]. The use of 
NPs as radiation enhancers has been shown to protect normal tissue from the effects of direct radiation [26,27]. 
Nonetheless, a few studies have dealt with the effects of NPs on normal tissue via bystander signaling. Evaluating 
the role of NPs as bystander response inducers in normal cells could be critical in clinical applications. If NPs 
delivered to cancer cells increase bystander responses in surrounding normal cells, their efficacy for increasing the 
therapeutic ratio will be diminished or even neutralized. 
This study investigated the effect of Bi2S3@BSA NPs as an inducer of bystander responses. It also aimed to 
determine whether the ability of these NPs to enhance bystander signaling is comparable to their ability to 
radiosensitize directly irradiated cells. This comparison helped to estimate the effects of NPs on the therapeutic 
ratio. Although designing and developing new radio sensitizers have received great attention in the last decade, a 
limited number of studies investigated the effects of radiosensitizers on bystander responses [20,21]. The findings of 
a study showed that Bi2O3 NPs could not improve bystander response in MCF-7 cancer cells or human fetal 
osteoblast (hFOB 1.19) as normal cells at doses less than 10 Gy [20]. Another study reported that glucose-coated 
gold NPs (Glu-GNPs) increased bystander response in QUDB cells at a dose of 2 Gy of 100 kVp X-rays, but did not 
affect RIBE in MCF-7 cells [21]. Furthermore, cell type may be one of the factors influencing the efficacy of NPs 
on bystander response. The gene expression experiments in this study revealed that the BAX and XPA genes were 
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upregulated at a radiation dose of 2 Gy and that this upregulation was enhanced when radiation and NPs were 
combined. However, these increases were lower at radiation doses of 8 Gy compared to upregulations at 2 Gy. 
However, there was no statistically significant difference in BAX and XPA gene expression between 8 Gy radiation 
combined with NPs and the same radiation alone. This pattern of variations suggests that bystander signaling may be 
more effective at lower ionizing radiation doses. The lack of difference between 8 Gy and 8 Gy /NPs demonstrated 
that bystander signaling would not increase even with NPs. These findings could imply that bystander signaling can 
become saturated in more intense treatments. Consistent with the findings of this study, Researcher reported down-
regulation of BAX gene expression at 6 Gy and 8 Gy of gamma rays, as well as a significant reduction of the XPA 
repair gene at 8 Gy compared to lower doses in QU-DB bystander cells [28]. Researcher discovered that transferring 
medium extracted from 0.5 Gy and 5 Gy irradiated cells to bystander cells reduces bystander cell survival fraction. 
Bystander response was eliminated in both electron beam and gamma irradiation as the dose reached 10 Gy. This 
finding leads to the hypothesis that higher doses of radiation cause negative feedback in bystander cells. This 
negative feedback appears to be caused by increased TGF-β-related signaling from target cells, which reduces 
bystander response [29]. This hypothesis was also tested by diluting ICCM extracted from QU-DB cells that had 
been irradiated with 6 Gy and 8 Gy. It was discovered that 8% diluted medium from 6 Gy and 6% diluted medium 
from 8 Gy resulted in the greatest number of micronucleated cells [30]. Consistent with the above-mentioned study, 
this study demonstrated that, in bystander cells, the application of higher doses of 8 Gy resulted in increased 
viability, decreased overall cell death, and decreased upregulation of the BAX proapoptotic gene and the XPA repair 
gene. Furthermore, the presence of NPs did not affect bystander responses at an 8 Gy radiation dose. The findings 
hence agreed with the previously mentioned negative feedback. Bystander cells also have enhanced DNA repair 
mechanisms, which help them avoid cell death and, as a result, promote radioresistance. In this regard, Iyer et al. 
found that human fibroblast cells previously exposed to conditioned media from irradiated fibroblasts exhibited 
increased radioresistance due to an increase in AP-Endonuclease, a DNA base excision repair enzyme [31]. The 
main factor in the development of carcinogenesis is the promotion of cell death evasion. As a result, bystander 
signals may cause tumor induction in other healthy tissues [32].  
Our findings suggested that the use of NPs as a radiation enhancer agent in some radiotherapy techniques, such as 
IMRT, stereotactic radiosurgery, brachytherapy, intraoperative radiotherapy, and hypofractionated treatments, which 
apply a high dose per fraction, seems to be more beneficial than using them in techniques based on a low-dose per 
fraction. This is due to the adverse effects of bystanders on normal tissues. 

CONCLUSION 
This study assessed the effect of nano-radiosensitizer on the outcomes of ionizing radiation treatments. Based on our 
findings, the application of NPs did not increase bystander signals at higher doses of radiation. This finding may 
emphasize the safe and beneficial use of these NPs in radiotherapy techniques with higher doses per fraction. 
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