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A B S T R A C T   

Janus heterostructures based on bimetallic nanoparticles have emerged as effective radiosensitizers owing to 
their radiosensitization capabilities in cancer cells. In this context, this study aims at developing a novel bime
tallic nanoradiosensitizer, Bi2S3-Fe3O4, to enhance tumor accumulation and promote radiation-induced DNA 
damage while reducing adverse effects. Due to the presence of both iron oxide and bismuth sulfide metallic 
nanoparticles in these newly developed nanoparticle, strong radiosensitizing capacity is anticipated through the 
generation of reactive oxygen species (ROS) to induce DNA damage under X-Ray irradiation. To improve blood 
circulation time, biocompatibility, colloidal stability, and tuning surface functionalization, the surface of Bi2S3- 
Fe3O4 bimetallic nanoparticles was coated with bovine serum albumin (BSA). Moreover, to achieve higher 
cellular uptake and efficient tumor site specificity, folic acid (FA) as a targeting moiety was conjugated onto the 
bimetallic nanoparticles, termed Bi2S3@BSA-Fe3O4-FA. Biocompatibility, safety, radiation-induced DNA damage 
by ROS activation and generation, and radiosensitizing ability were confirmed via in vitro and in vivo assays. The 
administration of Bi2S3@BSA-Fe3O4-FA in 4T1 breast cancer murine model upon X-ray radiation revealed highly 
effective tumor eradication without causing any mortality or severe toxicity in healthy tissues. These findings 
offer compelling evidence for the potential capability of Bi2S3@BSA-Fe3O4-FA as an ideal nanoparticle for 
radiation-induced cancer therapy and open interesting avenues of future research in this area.   

1. Introduction 

Cancer is among the leading causes of morbidity and mortality 
worldwide, accounting for >10 million deaths in 2020 [1,2]. It is 
anticipated that the next decade is likely to witness a considerable rise in 
cancer incidence, morbidity and mortality globally [2,3]. Among the 

using of nanoparticle (NPs) for biological applications [4,5], there are a 
series of cancer therapy which harness nanoparticle for combatting 
cancer [6,7]. Radiation therapy (RT) as an efficient and palliative mo
dality is employed for at least 50 % of all solid malignancies and extends 
the life expectancy of cancer patient through radiation-induced DNA 
damage of rapidly proliferating tumor cells [8]. In this context, ionizing 
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radiation is used directly to treat tumor tissues or applied as a supple
mentary tool along with other common methods of cancer treatment. It 
has been well documented that to fully eradicate cancer cells and 
effectively shrink tumors, high doses of radiation are required, which 
may cause a serious risk of damage to neighboring healthy tissues, and 
this clinical problem has yet to be resolved [9]. Acute and/or late 
toxicity such as fibrosis, edema, and telangiectasia may occur in healthy 
tissues during radiation therapy and represent major obstacles for ra
diation dose escalation. Accordingly, effective radiation therapy has 
faced with the dilemma of how to maximally kill the tumor cells while 
not damaging the surrounding normal tissues. To address these, many 
research efforts have been conducted and among them, radiosensitizers 
have enormous potential in cancer radiotherapy [10]. These auspicious 
chemical or pharmacological agents make tumor cells more vulnerable 
to ionizing radiation by contributing to free radical formation and 
accelerating DNA damage through various mechanisms. Recent times 
have witnessed a rapid progress in the development of nanotechnology- 
based materials and advent of new medical technologies which provided 
promising nanoparticles for the rational design and development of 
radiation sensitizers characterized with low toxicity to the healthy tis
sues [11,12]. Nowadays, nanomaterial-based radiosensitizers have 
drawn great attention due to their excellent physicochemical features, 
including intrinsic radiosensitivity, high drug loading capacity, good 
biocompatibility, and effective tumor-targeting capability by enhanced 
permeability retention (EPR) effect [13,14]. Nanomaterial-based radi
osensitizers can augment direct and indirect DNA damage upon radia
tion therapy, diminish radioresistance, and promote radioprotection of 
healthy tissues to accomplish successful radiation-induced cancer ther
apy [15]. Lately, in radiation-induced cancer therapy, high-Z materials 
have gained increased attention for their radiation dose-enhancement 
effect [16,17]. Nanomaterials comprising high-Z elements as potential 
radiosensitizers can absorb radiation and deposit the ionizing energy 
selectively and locally within tumors, then promote radiotherapy effi
cacy via radiation dose-enhancement effect. High-Z metallic nano
particles, in particular bismuth sulfide nanoparticles (Bi2S3), are 
competent radiosensitizing agents with capability of augmenting the 
radiotherapy efficacy through several mechanisms [18,19]. In addition, 
over the past few years, bismuth as a biocompatible and inexpensive 
heavy metal element along with its derivatives such as Cu3BiS3 [20], 
Bi2Se3 [21], and Bi2S3@BSA [22,23] have been applied to cancer im
aging and cancer radiotherapy. Bismuth sulfide nanoparticles (Bi2S3) 
owing to large X-ray attenuation coefficient (5.74 keV) and narrow 
direct bandgap (≈1.3 eV) of bismuth have been employed for X-ray 
computed tomography (CT) imaging and cancer radiotherapy 
[22,24,25]. 

Nosrati et al. prepared a heterostructure containing Bi2S3@BSA and 
gold nanoparticles, and evaluate their radiosensitizing ability in vitro 
and in vivo [23]. In another study, Huang et al. evaluated radio
enhancing effect of dumbbell-shaped heterogeneous copper seleni
de‑gold nanoparticles in murine model [26]. 

The advent of multifunctional nanosystems, along with advances in 
developing highly integrated bimetallic nanoparticles and rational 
design, would be a very promising strategy, due to the fact that, com
bined therapy offers superior performance over monotherapy in dealing 
with cancer [27]. Accordingly, there has been a shift of focus in clinical 
research from a single treatment modality to a combined therapy [23]. 
Generally, combination-based cancer therapy exhibits a better treat
ment outcome than the individual therapeutic agents, leading to dose 
reductions of prescription drugs [28]. 

It was found that the 50 nm-sized Au nanoparticles have a stronger 
radiosensitization effect than the 14 and 74 nm-sized ones because the 
50 nm-sized gold nanoparticles have the highest cellular uptake [29]. 

There are studies in the literature on the radiosensitizing activities' of 
magnetic particles (like Fe3O4) [30] and semiconductor (like Bi2S3) 
nanoparticles [18]. However, there is no study investigating the radio
sensitizing performance of “magnetic” Bi2S3 nanoparticles in cancer 

radiotherapy. The magnetic Bi2S3 synthesis attempts available in the 
literature have been carried out by solvothermal or hydrothermal syn
thesis approaches to date [31–34]. Apart from this novelty regarding the 
application, the synthesis method and structures of the nanoparticles 
obtained are also completely innovative compared to those in the 
literature. 

None of the magnetic bismuth particles obtained in these high- 
temperature syntheses are Janus nanoparticles with promising hetero
junctions, and moreover, they are “micron” in size. 

In this regard, we developed an effective heterostructured radio
sensitizer based on Bi2S3 and Fe3O4 nanoparticles to induce radiation 
therapy effect. However, in the current work, we present the Janus-type 
magnetic Bi2S3 “nano”particle formation for the first time. Moreover, we 
do this by being inspired by nature. The synthesis of the Janus nano
particles were carried out in a very similar way to the biomineralization 
process of living organisms, where selective interactions with inorganic 
ions are involved and scaffolds for minerals are provided, mostly 
through functional proteins. Without any additional modification, the 
resulting Janus nanoparticles were also stabilized by BSA and exhibited 
high biocompatibility and targeting ability thanks to their envelop. 
Janus nanoparticles obtained by this method have promising hetero
junctions, in addition to being completely nanosized and uniformly 
distributed. 

Due to the presence of both iron oxide and bismuth sulfide nano
particle in the structure, great tumor radiosensitivity is expected 
through reactive oxygen species (ROS) generation and DNA damage. To 
improve the targeting specificity, folic acid (FA) was covalently conju
gated onto the Bi2S3@BSA-Fe3O4 nanoparticles (Fig. 1). Bi2S3@BSA- 
Fe3O4–FA nanoradiosensitizers not only make tumor cells more prone to 
radiation-induced damage, but also exert a high targeting capability due 
to the presence of FA. By a single dose injection of the bimetallic 
nanoparticles, a strong anticancer effect was observed under X-Ray 
irradiation. 

2. Materials and methods 

2.1. Materials 

Bi2(NO3)3. 5H2O, BSA, FA, 1-ethyl-3-(3-(dimethylamine)-propyl) 
carbodiimide (EDC), N-hydroxysuccinimide (NHS), 3-(4,5-dimethylth
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), fluorescein iso
thiocyanate (FITC), 2,7-dichlorodihydrofluorescein diacetate (DCFH- 
DA), Calcein-AM and Propidium Iodide (PI), and crystal violet were 
purchased from Sigma-Aldrich (St. Louis, USA). FeCl2.4H2O, 
FeCl3.6H2O, and NH4OH were purchased from Merck (Kenilworth, 
USA). 

2.2. Methods 

2.2.1. Synthesis of BSA coated bismuth sulfide nanoparticles (Bi2S3@BSA) 
Bismuth nitrate solution with a portion of Bi(NO3)3 (50 mM) in 1 mL 

nitric acid (2 M) was gradually added to 8 mL of BSA solution (31.25 
mg/ mL) under vigorous stirring. After the complex of BSA and Bi was 
formed, by simply adding of NaOH(aq) to the formed complex solution 
(Bi-BSA) and stirring for 12 h, the colorless solution was changed to 
black color, and the BSA coated bismuth sulfide nanoparticles were 
formed through biomineralization process. The resulting product was 
then dialyzed against distilled water for 48 h to obtain the impurity-free 
Bi2S3@BSA nanoparticles. 

2.2.2. Synthesis of iron oxide–bismuth sulfide bimetallic nanoparticles 
(Bi2S3@BSA-Fe3O4) 

For the preparation of Bi2S3@BSA-Fe3O4 hybrid nanoparticles, Fe3O4 
nanoparticles were synthesized in the presence of pre-obtained 
Bi2S3@BSA nanoparticles. In brief, a known amount of NH4OH was 
introduced dropwise to an aqueous solution containing 40.0 mg 
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FeCl2.4H2O, 110.0 mg FeCl3.6H2O and 500 mg of pre-synthesized 
Bi2S3@BSA nanoparticles under vigorous stirring in N2 atmosphere 
and heating at 60 ◦C. The reaction mixture was stirred for 12 h and the 
resulting product, Bi2S3@BSA-Fe3O4, were then dialyzed against 
distilled water for 48 h to obtain the impurity-free Bi2S3@BSA-Fe3O4 
nanoparticles. 

2.2.3. Preparation of folic acid conjugated nanoparticles (Bi2S3@BSA- 
Fe3O4-FA) 

To achieve higher cellular uptake as well as efficient tumor site 
specificity, folic acid (FA) as a targeting moiety was conjugated to the 
bimetallic nanoparticles. In this context, the carboxylic acid groups of 
FA were first activated by EDC and NHS. In brief, 31.6 mg EDC and 20.0 
mg of NHS along with 15.0 mg FA were mixed in 1.0 mL dime
thylsulfoxide (DMSO). Then, this mixture was gradually added to the 
aqueous solution containing 150.0 mg of bimetallic Bi2S3@BSA-Fe3O4 
nanoparticles. NaOH solution (3.0 M) was also used to maintain the pH 
value at 8.2, and the reaction was stirred for 24 h. The resulting product 
was dialyzed against distilled water for 48 h to obtain the impurity-free 
Bi2S3@BSA-Fe3O4-FA nanoparticles. 

2.2.4. Bi2S3@BSA-Fe3O4-FA characterization 
Several characterization techniques were used to determine and 

analyze the synthesized hybrid structure. Field emission scanning elec
tron microscopy and X-ray mapping (FESEM, ZEISS, GEMINI 500), 
scanning transmission electron microscope (STEM, ZEISS, GEMINI 500), 
transmission electron microscopy and X-ray mapping (TEM, FEI 120 kV) 
were applied to characterize the structure and morphology of the pre
pared nanoparticles. Energy dispersive spectroscopy (EDS) is generally 
used to qualitatively determine the amount of the main elements and 
produce elemental distribution maps. To obtain XRD patterns, a powder 
X-ray diffractometer system (PANalytical X'Pert Powder Diffractometer) 
was used. A mono-chromatized Al Ka X-ray source (Thermo Scientific) 
was employed for X-Ray photoelectron studies. UV–vis absorption 
spectra was acquired by a UV/Vis spectrophotometer (T80 double beam 
spectrophotometer, PG Instruments Limited). Fourier-transform 
infrared (FTIR) spectra were documented by FTIR spectroscopy (FTIR; 
SHIMADZU, Model IRTRACER-100). Both mean particle size and hy
drodynamic size distribution as well as zeta potential of developed 
hybrid system were determined by using dynamic light scattering (DLS) 
on a nano/zetasizer (Malvern Instruments, Worcestershire, UK, ZEN 
3600 model Nano ZS). 

2.2.5. Determination of the FA conjugation amount onto Bi2S3@BSA- 
Fe3O4 

To determine the amount of covalently bound FA moieties on the 
surface of Bi2S3@BSA-Fe3O4 nanoparticles, UV–Vis spectrophotometer 
was employed. In brief, 0.50 mg Bi2S3@BSA-Fe3O4-FA along with 0.50 
mg proteinase K enzyme were dispersed in 1.0 mL of PBS:Ethanol 
(70:30) (pH: 7.4). Then, this mixture was incubated overnight at 37 ◦C 
with gentle shaking. After completion of the incubation period, the 
mixture was centrifuged for 10 min at 13,000 rpm, and the absorbance 
of the supernatant containing FA was determined by a UV–Vis spec
trophotometer at 352 nm. 

2.2.6. In vitro assays 

2.2.6.1. Analysis of hemocompatibility. Human erythrocytes were 
collected and washed with sterile PBS (pH: 7.4). Then, 0.5 mL of 
erythrocyte suspension was introduced to vials containing Bi2S3@BSA, 
Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA with different concentra
tions (25, 75 and 225 mg/mL). Deionized water and PBS were used as 
positive and negative controls, respectively. Next, the suspension was 
incubated at 37 ◦C for 4 h with gentle shaking. After completion of the 
incubation period, the suspension containing erythrocytes and nano
particles was centrifuged for 15 min at 13,000 rpm, the absorbance of 
the supernatant containing hemoglobin was determined by a UV–Vis 
spectrophotometer at 540 nm, and the hemolysis value was determined 
using the following equation (Eq. (2)): 

%Hemolysis =
A (sample) − A (negative)
A (positive) − A (negative)

× 100 (1) 

Hemolysis assay for each concentration was carried out in triplicates 
(n = 3). 

2.2.6.2. Analysis of cytotoxicity against healthy cells. In vitro cytotoxicity 
assay was conducted to reveal that cytotoxic effects of the prepared 
nanoparticles on healthy cells (HFF-2 cells). Accordingly, once HFF-2 
cells reached to the desired confluency and density, they were seeded 
in a 96-well plate at a density of 5 × 103 cells per well and incubated for 
24 h. Then, the medium was discarded and new media containing 25, 75 
and 225 mg mL of Bi2S3@BSA-Fe3O4-FA was introduced to the each 
well. After incubation for 5 h, the medium was removed and replaced 
with fresh medium and incubated for an additional 24 h. After that, MTT 
solution (20 μL with concentration of 5 mg/mL) was added to each well. 
The purple formazan crystals are formed during the incubation period of 
4 h, and after removing media, DMSO (100 mL per well) was added to 
dissolve these insoluble crystals. The optical density (OD) was recorded 

Fig. 1. (a) Schematic representation of the three steps in preparation of Bi2S3@BSA-Fe3O4-FA nanoradiosensitizers.  
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using a microplate reader (Bio-Tek, USA) at 570 nm. This analysis was 
performed in quintuplicates (n = 5). 

2.2.6.3. In vitro anti-cancer activity. Cytotoxicity potential of 
Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles 
was investigated against the mouse breast carcinoma cell line (4T1 
cells). Similarly, this assay was performed by MTT test according to the 
above-mentioned protocols but in the presence and absence of X-ray 
irradiation. Briefly, after 4T1 cells were seeded and incubated in a 96- 
well plate (5 × 103 cells per well), they were treated with Bi2S3@BSA, 
Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA with different concentra
tions (25, 75 and 225 mg / mL). Wells with no treatment were consid
ered as negative controls. After 5 h of incubation, the medium 
containing nanoparticles was removed and the wells were washed with 
PBS, and then fresh medium was then added. In this step, cells were 
exposed to X-ray (4 Gy, 6 MV) followed by incubation for 24 h. Finally, 
as previously explained in the above section, MTT assay was used to 
ascertain the efficacy of the developed nanoparticles against 4T1 cells 
upon X-ray radiation. Of note, MTT assay was also performed without X- 
ray radiation to evaluate whether the radiotherapy is effective or not in 
reducing the cell viability of cancer cells. 

2.2.6.4. Cellular uptake and internalization efficacy. Both Bi2S3@BSA- 
Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles were labeled with FITC 
to determine whether the conjugation of FA was effective in enhancing 
the cellular uptake and targeting capability of developed nanoparticles. 
In this context, 4T1 cells were seeded in a 24-well plate at a density of 
1.5 × 105 cells per well. After the confluency of cells reached to the 
desired amount (80 %), they were co-incubated with as prepared FITC- 
labeled nanoparticles (50 μg/mL) for 5 h. Cells were then washed to 
remove any impurities such as debris prior to analysis by flow cytometer 
(BD Biosciences, San Jose, CA). 

2.2.6.5. Intracellular ROS generation. 4T1 cells were seeded in a 96-well 
culture plate at a density of 5 × 105 cells per well and incubated over
night. Then, cells were co-incubated with different treatment groups 
including Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA for 
5 h. Next, cells were washed and incubated for further 1 h in RPMI-1640 
medium containing 10 μM DCFH-DA. Finally, the cells were exposed to 
X-ray radiation (4 Gy, 6 MV), visualized by a fluorescence microscope, 
and assessed using ImageJ software. 

2.2.6.6. Calcein AM/PI cell staining assay. Nanoradiosensitizer-trig
gered death of 4T1 cells upon X-ray irradiation was exploited via Calcein 
AM/PI staining method. In brief, 4T1 cells were seeded in a 8-well 
chamber slide (3 × 105 cell per well) and incubated for 24 h, then it 
was subjected to various treatment groups including control, X-ray, 
Bi2S3@BSA + X-ray, Bi2S3@BSA-Fe3O4 + X-ray and Bi2S3@BSA-Fe3O4- 
FA + X-ray for another 24 h. Afterwards, Calcein AM (3 μM) was added 
and incubated for 30 min followed by incubation with PI (4 μM) for 5 
min. Eventually, green (live) and red (dead) fluorescence images of 4T1 
cells were observed. 

2.2.6.7. Apoptosis assay. Apoptosis is a favorable process in cancer 
radiotherapy, and it can be enhanced by nanoparticles. Apoptosis assay 
was performed according to the previously reported protocol [30]. 

2.2.6.8. Clonogenic assay. In order to evaluate the radiosensitizing ca
pacity of developed Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and Bi2S3@BSA- 
Fe3O4-FA nanoparticles in the presence of X-ray irradiation, the clono
genic assay was performed according to the previously reported method 
[35]. 

2.2.7. In vivo assays 

2.2.7.1. LD50 analysis as an in vivo safety indicator. LD50 test was per
formed using BALB/c female mice (~20 g weight). Bi2S3@BSA-Fe3O4- 
FA nanoparticles with different concentrations of 0, 50, 150 and 450 
mg/kg were administrated to mice by intravenous injection. To deter
mine the LD50, mice were then monitored for any changes in their body 
weight and survival rate for three weeks. Each test was performed in 
quadruplicates (n = 4 mice per dose). 

2.2.7.2. In vivo antitumor activity. In vivo antitumor activity of 
Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles 
was investigated against the mouse breast cancer model in the presence 
and absence of X-ray radiation. Murine breast tumor model was estab
lished by subcutaneous injection of 1 × 106 4T1 cells into the right flank 
of BALB/c female mice. After two weeks of inoculation, the tumor vol
ume was determined by means of a digital caliper in two directions of 
length (L) and width (W) using the following formula: V = 0.5 × L × W2. 
To initiate the assessment, tumor volumes must reach to the volume of 
100 mm3, and once this has reached the mice were randomly divided 
into six groups (N = 7). Randomized mice groups were then treated with 
different regimens as follows: (1) Bi2S3@BSA-Fe3O4-FA, (2) Bi2S3@BSA- 
Fe3O4-FA with 4Gy X-ray, (3) Bi2S3@BSA-Fe3O4 with 4Gy X-ray, (4) 
Bi2S3@BSA with 4Gy X-ray, (5) PBS and (6) X-ray. Of note, all the 
aforementioned materials were intravenously injected into the mice 
through the tail vein. Then, both body weight and tumor volume of each 
mouse were precisely monitored during the experimental time periods. 

2.3. Histopathology analysis 

To investigate tumor histopathology, on the second day of treatment, 
and also for histopathology study of the key organs of mice such as the 
kidney, spleen, liver and heart, on the 15th day of treatment, mice from 
different groups were euthanized, their organs were collected, fixed in 4 
% paraformaldehyde, embedded in paraffin and sectioned at a thickness 
of 5 mm. All sections were stained with hematoxylin and eosin (H&E) 
prior to microscopic analysis. 

2.4. Statistical analysis 

All of the quantitative data were expressed as mean with standard 
deviation (mean ± SD) unless otherwise stated. Statistical analysis was 
performed using GraphPad Prism software (GraphPad Prism 8). 

3. Results and discussion 

3.1. Synthesis procedure of Bi2S3@BSA-Fe3O4-FA nanoradiosensitizers 

Synthesis of Bi2S3@BSA-Fe3O4-FA nanoradiosensitizers was con
ducted by following steps. I) Synthesis of Bi2S3@BSA: The preparation of 
BSA@Bi2S3 nanoparticles is very similar to the biomineralization pro
cess of living organisms, where selective interactions with inorganic ions 
are involved and scaffolds for minerals are provided, mostly through 
functional proteins [36,37]. After adding Bi3+ ions to the aqueous BSA 
solution, the protein molecules sequester and trap Bi3+ to form BSA-Bi3+

complexes. By adjusting the pH to 12.00, BSA denatures to release res
idues such as 35 cysteine, an excellent source of sulfur, which leads to 
the formation of Bi2S3 [37]. During this biomineralization process, Bi2S3 
nanoparticles are covered with BSA, making them highly stable, 
biocompatible, and suitable for further modifications. Preparation of the 
hybrid bimetallic Bi2S3@BSA-Fe3O4 nanoparticles: For the preparation 
of the dual hybrid nanoparticles, Fe3O4 nanoparticles were synthesized 
via co-precipitation method using FeCl2.4H2O and FeCl3.6H2O. During 
their formation in the presence of pre-synthesized Bi2S3@BSA, Fe3O4 
nanoparticles were stabilized by BSA and added as a new component to 
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the hybrid nanoparticle structure. Preparation of Bi2S3@BSA-Fe3O4-FA 
nanoradiosensitizers: This process was accomplished by activating the 
carboxylic acid groups of FA using EDC and NHS, followed by the re
action of amine groups of Bi2S3@BSA with carboxylic acid groups of FA 
to form amide bonds. Schematic representation of all these three steps of 
Bi2S3@BSA-Fe3O4-FA nanoradiosensitizer synthesis is shown in Fig. 1a. 
EDS survey scans (Fig. S1b) further confirmed the synthesis of each 
nanostructure. The full-range spectrum of Bi2S3@BSA-Fe3O4-FA nano
radiosensitizers showed the presence of each element in the structure. 
SEM-EDS-mapping was used to confirm the presence of Fe and Bi metals 
in bimetallic nanoparticles. The EDS mapping images of Bi, S, C, N, O, 
and Fe confirmed the presence of all these elements in the final formu
lation (Fig. 1c). UV–Vis spectrophotometry analysis was applied to 
determine the amount of FA conjugated to the surface of Bi2S3@BSA- 
Fe3O4. The amount of conjugated FA was found to be 8.81 μg per 100 μg 
of the final formulation. The cellular uptake and targeting capability of 
the designed nanoparticles are expected to be significantly enhanced by 
FA conjugation compared to non-targeted nanoparticles [38–40]. It was 
recently reported that PNIPAM-co-PβCD@FA nanostructured copolymer 

brushes could effectively kill cancer cells compared to the non-targeted 
copolymer [41]. 

3.2. Bi2S3@BSA-Fe3O4-FA nanoradiosensitizers characterization 

Different characterization techniques were used to elucidate the 
morphology and structure of the as-prepared bimetallic nanoparticles. 
The size and morphology of Bi2S3@BSA and Bi2S3@BSA-Fe3O4 nano
particles were investigated by TEM. Before the incorporation of Fe3O4 
NPs into the heterodimer structure, Bi2S3@BSA nanoparticles are in 
spherical shape with a diameter of approximately 5–25 nm (Fig. 2a). 
Spherical and polygonal Fe3O4 nanoparticles display lighter contrast 
compared to Bi2S3 in the TEM image of Bi2S3@BSA-Fe3O4 dual hybrid 
nanoparticles (Fig. 2a, b, c). For Fe3O4 NPs obtained by co-precipitation, 
polygonal geometries have been reported previously [42,43]. The 
contrast that nanoparticles will exhibit in TEM analysis is closely related 
to their electron densities. Since bismuth (Bi) has a higher electron 
density than Fe3O4, Bi2S3 appears darker than Fe3O4 in TEM images as 
lower electron density of Fe allows more electrons to be transmitted. 

Fig. 2. Characterization: TEM image of (a) Bi2S3@BSA and (b, c) Bi2S3@BSA-Fe3O4; STEM image of (d) Bi2S3@BSA and (e) Bi2S3@BSA-Fe3O4; FESEM image of (f) 
Bi2S3@BSA and (g) Bi2S3@BSA-Fe3O4 (scale bar for STEM images is 50 nm); (h) TEM-EDS mapping analysis of Bi2S3@BSA-Fe3O4; (i) UV–Vis spectra of Bi2S3@BSA, 
Bi2S3@BSA-Fe3O4, Bi2S3@BSA-Fe3O4-FA, and FA; (j) XRD patterns of Bi2S3@BSA, Fe3O4, and Bi2S3@BSA-Fe3O4 (k) Expanded XRD pattern of Bi2S3@BSA-Fe3O4; (l) 
Fe2p core-level XPS spectrum of Bi2S3@BSA-Fe3O4; (m) Bi4f core-level XPS spectra of Bi2S3@BSA (top spectrum) and Bi2S3@BSA-Fe3O4 (bottom spectrum). 
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Also, BSA is clearly visible in Fig. 2d as a thin organic layer covering the 
surface of the heterodimers. This figure is notable such that it shows 
Bi2S3 and Fe3O4 nanoparticles with dark and light contrasts, respec
tively. After the addition of Fe3O4 to Bi2S3@BSA nanoparticles, mean 
particle size gradually increased which was validated by TEM and STEM 
imaging (Fig. 2b, c, e). FESEM analysis (Fig. 2g) highlights uniform 
nanoparticle size distributions and increase in nanoparticle sizes after 
the formation of Bi2S3@BSA-Fe3O4 heterodimer, compared to 
Bi2S3@BSA (Fig. 2d and f). EDS-mapping was used to confirm the 
presence of Fe and Bi metals in bimetallic hybrids. TEM-EDS mapping 
analysis of Bi2S3@BSA-Fe3O4 is shown in Fig. 2h, where the EDS map
ping of Bi, S and Fe is represented, and the results confirmed the pres
ence of all these elements in the final nanoformulation. UV–Vis 
spectrophotometer was also applied to study possible interactions of 
different components of the bimetallic hybrids as well as to confirm 
successful synthesis of the Bi2S3@BSA-Fe3O4-FA nanoparticles. UV–Vis 
spectra of FA, Bi2S3@BSA, Bi2S3@BSA-Fe3O4, and Bi2S3@BSA-Fe3O4-FA 
are shown in Fig. 2i, where the main absorbance peak of BSA in 
Bi2S3@BSA nanoparticles is clearly assigned at 263 nm. BSA-related 
absorbance peaks in Bi2S3@BSA-Fe3O4-FA exhibit a shift to higher 
wavelengths (redshift) compared to Bi2S3@BSA nanoparticles. Pure folic 
acid displayed two absorption peaks at 283 nm and 352 nm, where the 
former peak was observed in Bi2S3@BSA-Fe3O4-FA as well with a slight 
shift at 284 nm. These results confirmed the presence of BSA and FA in 
the structure of final formulation and thus the successful synthesis of 
Bi2S3@BSA-Fe3O4-FA nanoradiosensitizers. 

In FT-IR spectrum (Fig. S2) of Bi2S3@BSA Characteristics peaks of 
BSA, amid I and amid II, appeared in at 1646 cm− 1 and 1532 cm− 1, 
respectively. Strong peak at 1392 cm− 1 was due to C–N bending vi
bration and the broad band around 660 and 601 cm− 1 are attributed to 
Bi vibration [44,45]. In Bi2S3@BSA-Fe3O4 spectrum, peak positions at 
1634 cm− 1 and 1525 cm− 1 (with a slight blue shift) matches well with 
Bi2S3@BSA. Moreover absorption peak at 531 cm− 1, which is in 
consistence with previous study, represents F–O bond indicating Fe3O4 
existence and thus successful dual hybrid formation [46]. 

XRD is another technique for the characterization of Bi2S3@BSA- 
Fe3O4-FA nanoradiosensitizers. This technique is a frequently used tool 
in the characterization of nanoparticles, especially because of its speed 
and simplicity. Besides, XRD can provide useful information regarding 
the crystalline grain size, lattice parameters, nature of the phase and 
crystalline structure [47]. Accordingly, the latter parameter was 
exploited for the bare Fe3O4, Bi2S3@BSA and Bi2S3@BSA-Fe3O4-FA 
nanoparticles. The metallic character of iron and bismuth in Fe3O4 
(JCPDS 019-0629) and Bi2S3@BSA (JCPDS 17-0320) nanoparticles, 
respectively, was verified by the JCPDS database (Fig. 2j). The XRD 
pattern of Bi2S3@BSA-Fe3O4 nanoparticles exhibited the characteristic 
peaks of both Fe and Bi, confirming the successful synthesis of bimetallic 
nanoradiosensitizers (Fig. 2k). X-ray photoelectron spectroscopy (XPS) 
is a common approach to determine the electronic structure and 
chemical states of materials through shifts in core-level binding energies 
induced by the immediate chemical environment of an atom. The core- 
level Fe2p spectrum of Bi2S3@BSA-Fe3O4 heterodimer, consisting of the 
doublet corresponding to Fe2p3/2 and Fe2p1/2, is shown in Fig. 2l. Fe3O4 
contains both Fe2+ and Fe3+ ions. The Fe2p doublet is well- 
deconvoluted into four peaks corresponding to Fe2+ (710.6, 724.2 eV) 
and Fe3+ (713.1, 727.1 eV) ions in the Fe3O4 phase and is in a very good 
agreement with the standard Fe3O4 XPS spectrum [48–50]. The Fe2p3/2 
and Fe2p1/2 spin orbit peaks are accompanied by their satellites at 
around 719.2 eV and 732.7 eV, respectively. These satellites are 
commonly regarded as the characteristics of γ-Fe2O3 phase [48,49]. It is 
noteworthy to observe these satellites to distinguish between Fe3O4 
(magnetite) and γ-Fe2O3 (maghemite), because the two have the same 
crystal structure but differ only in the valence state of the iron ions [49]. 
The core-level Fe2p spectrum of Bi2S3@BSA-Fe3O4 therefore clearly 
confirms Fe3O4 as the main phase, while showing that some γ-Fe2O3 
phase accompanies the structure (Fig. 2l). The Bi 4f core-level XPS 

spectrum of Bi2S3@BSA (upper spectrum, Fig. 2m) shows a spin–orbit 
doublet centered at 159.1 eV and 164.4 eV, which are assigned to Bi4f7/2 
and Bi4f5/2 peaks, respectively. The S2p1/2 spin–orbit peak of S2p 
doublet overlaps with the Bi4f5/2 peak, while the S2p3/2 component 
appears as a separate slight peak at 160.7 eV [51]. These assignments 
are consistent with previous reports on Bi2S3 crystals [23,51,52]. The 
core-level binding energies measured by XPS for nanostructures are not 
determined solely by the chemical environment of the atoms of interest. 
Additionally, electrostatic energy changes play an equivalently impor
tant role. Peak shifts of several tens of electron-volts can be caused by 
the rearrangement of interfacial charges or changes in the polarities of 
the structures under study [53]. As shown in Fig. 2m (lower spectrum), 
the Bi4f spin orbit doublet peaks become narrower, and both shift to a 
lower binding energy of approximately 0.3 eV once the Bi2S3-Fe3O4 
heterodimers are formed. This is attributed to the changes in the elec
trostatic interactions at the heterojunctions of the Bi2S3 and Fe3O4 
nanoparticles, indicating the formation of the heterodimer structure. 

Hydrodynamic size of nanoparticles has a great impact on their 
biological applications; therefore, determination of this key feature is 
essential prior to in vitro and in vivo investigation. Accordingly, the hy
drodynamic diameter of the final formulation was determined by DLS 
method. The mean hydrodynamic size of Bi2S3@BSA, Bi2S3@BSA- 
Fe3O4, and Bi2S3@BSA-Fe3O4-FA nanoparticles were 57, 71 and 86 nm, 
respectively (Fig. S3a). The size obtained by DLS measurement differs 
from that of it by SEM and TEM, which may be attributed to the fact that 
particles undergo hydration in DLS method (Fig. 2d-g). Finally, the size 
of final formulation (Bi2S3@BSA-Fe3O4-FA) was monitored for 30 days 
to further evaluate its potential stability (Fig. S3b). It was found that, 
there was no significant change in the size of Bi2S3@BSA-Fe3O4-FA 
formulation for over one month. 

3.3. In vitro assays 

3.3.1. Analysis of hemocompatibility 
In order to achieve desired therapeutic effects, nanoparticles must 

enter the bloodstream, where they come into direct contact with blood 
components (platelets, proteins, white cells, red cells, etc.). Therefore, 
hemocompatibility is a major criterion for the clinical applicability of 
blood-contacting nanomaterials. Accordingly, blood compatibility of the 
developed Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA 
nanoparticles was investigated against human red blood cells (HRBCs). 
The degree of hemolysis caused by these nanoparticles revealed that 
Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles 
did not cause severe hemolysis even at high nanoparticle concentrations 
(Fig. 3a). Although the hemolytic effects of Bi2S3@BSA, Bi2S3@BSA- 
Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles were concentration- 
dependent, their hemolysis activity did not exceed 5 % even at the 
maximum concentration of nanoparticles. These findings demonstrate 
that the novel bimetallic nanoparticles are practically nontoxic (hemo
lysis <5 %), and this is well supported by previously published data 
[54]. These results offer unprecedented evidence for the safe clinical 
application of the prepared bimetallic nanoradiosensitizers. 

3.3.2. Analysis of cytotoxicity against healthy cells 
Cytotoxicity assay is carried out to ascertain the cytotoxic potential 

of nanoparticles or other synthetic agents at the preclinical level and 
provides cell death rate against various doses of fabricated agents. 
Verification of toxicity potential of nanosystems on healthy cells is one 
of the required tests prior to determining their anticancer efficacy in 
vitro. Accordingly, HFF-2 cells as a normal cell line were incubated with 
different concentrations of Bi2S3@BSA-Fe3O4-FA ranging from 25 to 
225 mg/mL. The MTT assay revealed that Bi2S3@BSA-Fe3O4-FA at all 
treated doses (25–225 mg/mL) had no adverse effect on survival rate of 
HFF-2 cells, underlining the biosafety of the synthesized nanoparticles 
(Fig. 3b). The cell viability was close to 100 % even at the concentration 
of 225 mg/mL (the highest concentration tested). These findings are 
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consistent with those reported by other researchers, for instance, amino 
acid-coated magnetic nanoparticles exhibited no potential cytotoxicity 
against HFF-2 cells over a wide concentration range [55]. 

3.3.3. In vitro anti-cancer activity 
After establishing the excellent biosafety, biocompatibility and 

hemocompatibility of nanoparticles developed through hemolysis test 
and MTT assay, we then evaluated the radiosensitization effect and 
anticancer activity by in vitro cell growth inhibition assay. The thera
peutic effect of the nanoparticles in the presence and absence of X-ray 
irradiation at three different concentration (25, 75 and 225 mg/mL) 
were fully elucidated. The radiosensitizing capacities of Bi2S3@BSA, 
Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles against the 
mouse breast carcinoma cell line (4T1 cells) are shown in Fig. 3c. The 
results showed that X-ray radiation at a dose of 4 Gy slightly reduced cell 
viability, decreasing cell survival rate to 88 %, which underlines the 
importance of X-ray radiation (4 Gy), yet it did not reveal whether this 
technique alone is effective enough to battle and eradicate cancer cells. 
It is interesting to note that Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and 
Bi2S3@BSA-Fe3O4-FA nanoparticles in the absence of X-ray radiation 
had no significant effects on the survival rate of 4T1 cells, and the same 
result was also observed in the analysis of cytotoxicity against normal 
HFF2 cells (Fig. 3b). However, once the nanoparticles are combined 
with X-ray radiation, significant anti-cancer activity was realized, rein
forcing the superiority of the combined therapy over monotherapy. 
These results further confirm the radiation sensitizing capacity of the 
prepared nanoparticles against cancer. The cell survival rate for 
Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles 
upon X-ray irradiation at 25 mg/mL concentration were 84 %, 78 % and 
71 %, respectively. These findings indicate that there is a statistically 
significant difference between Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and 
Bi2S3@BSA-Fe3O4-FA nanoparticles in the presence of X-ray irradiation 
compared to the absence of irradiation. This can be explained by 
nanoparticle-triggered ROS production within cells upon X-ray irradia
tion. The addition of Fe3O4 and FA to the Bi2S3@BSA structure increased 

the ROS generation efficiency, intracellular trafficking and targeting 
capability under X-ray irradiation and led to obvious decline in viability 
of cells [18,56]. The cell viability declined to 55 % when the cells were 
treated with Bi2S3@BSA-Fe3O4-FA (225 mg/mL) along with X-ray. The 
correlation between cell survival rate and nanoparticle concentration is 
noteworthy because by increasing the nanoparticle concentration, the 
cell survival rate dramatically decreases. The nanoparticles exhibited 
dose-dependent toxicity behavior, where the cell survival rate for 
Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles 
upon X-ray irradiation at concentration of 225 mg/mL were 71 %, 64 % 
and 55 %, respectively (Fig. 3c). The cytotoxicity effect was enhanced 
for all nanoparticle groups as the concentration increased from 25 mg/ 
mL to 225 mg/mL. These results coincide with the previous findings in 
the literature that reported significant improvement in radio
sensitization of cancer cells using folic acid modified metallic nano
particles. Magnesium oxide (MgO) nanoparticles decorated with FA and 
hyaluronic acid (HA) fabricated by Askar et al. for enhanced radio
sensitization of breast cancer, showed high selectivity and uptake along 
with high anticancer activity, which are in line with our findings [57]. 
Altogether, MTT test results prove that cells are more sensitive to radi
ation in the presence of nanoparticles, indicating the benefit of radio
sensitizers in radiation-induced cancer therapy. 

3.3.4. Cellular uptake and internalization efficacy 
Nanoparticles with no specific targeting motif(s) can be internalized 

by both cancer and healthy cells, causing toxicity to healthy cells and 
poor treatment efficacy. Herein, we covalently conjugated FA moieties 
to the nanoparticles, as folate receptor-mediated endocytosis is consid
ered as a significant uptake mechanism in cancer cells. Accordingly, 
higher cellular internalization is anticipated for the FA-conjugated 
particles compared to nonconjugated ones. Both Bi2S3@BSA-Fe3O4 
and Bi2S3@BSA-Fe3O4-FA nanoparticles with different concentrations 
were labeled with fluorescein isothiocyanate (FITC) and their cellular 
uptake was exploited. Intracellular trafficking and targeting capability 
of Bi2S3@BSA-Fe3O4 nanoparticles are effectively enhanced by 

Fig. 3. In vitro assays: (a) Hemolytic activity of different nanoparticles; (b) cytotoxicity assay of Bi2S3@BSA-Fe3O4-FA on healthy cells; (c) cellular uptake of 
Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles. (c) In vitro studies of antitumor effects on 4T1 cells for various samples with or without X-ray irradiation. 
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conjugation of FA on their surface compared to non-targeted nano
particles (Fig. 3d). Besides, a concentration-dependent cellular uptake 
behavior was observed as illustrated in Fig. 3d, indicating that FA 
moieties can facilitate the cellular uptake of nanoparticles, which un
derlines the importance of targeting moieties in cell internalization [58]. 
Liu et al. developed Fe3O4@C/ZnO nanocomposites decorated with FA 
for enhanced synergistic tumor therapy. The cellular uptake studies 
revealed that Fe3O4@C/ZnO-FA nanocomposites could be efficiently 
internalized by HeLa cells due to the presence of FA on the surface of 
bimetallic nanocomposites, which agrees well with our results [59]. 
Therefore, to restrict the broad biodistribution of nanoparticles and 
effectively direct them toward the intended site of actions, conjugation 
of targeting motifs is required. 

3.3.5. Calcein-AM/PI cell staining assay 
In order to evaluate the potential of nanoparticles to induce cell 

death, the Calcein-AM/PI cell staining assay was performed. In this 
method, Calcein-AM and PI solutions are used to stain viable and dead 
cells, respectively. Accordingly, the potential of the Bi2S3@BSA, 
Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles in killing 
cells upon X-ray irradiation was investigated via Calcein AM/PI cell 
staining assay (Fig. 4a). The increasing intensity of red colored dots in 

the fluorescence image indicates a higher rate of cell death, whereas the 
green color represents viable cells. It is clearly depicted that the X-ray 
irradiation has little effect (little red spots observed) on 4T1 cells 
without nanoparticle treatment. However, co-treatment of 4T1 cells by 
X-ray and nanoradiosensitizers resulted in higher cell death. As shown in 
Fig. 4a, the highest rate of cell death occurred when cells were treated 
with Bi2S3@BSA-Fe3O4-FA and X-ray. This is due to the use of high-Z 
metals such as Bi and Fe in the structure of nanoparticles, which leads 
to generation of more oxygen-sensitive species in the presence of X-rays 
irradiation. Higher cell death was observed when high-Z metallic 
nanoparticles and irradiation were applied together [60]. DNA damage 
brought on by radiation has typically been seen as the primary factor in 
mutation and cell death. However, radiation-induced mitochondrial 
damage is also getting more and more attention [61]. Notably, mito
chondria are the only sites where extranuclear DNA resides. Ionizing 
radiation can induce various lesions in the circular mitochondrial DNA, 
such as strand breaks, base mismatches, and large deletions, which are 
also observed in nuclear DNA [61,62]. As a result, in addition to the cell 
nucleus, mitochondria are expected to be a primary target of ionizing 
radiation [63]. 

Fig. 4. In vitro antitumor activity assays, radiosensitization ability of Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles. (a) Fluorescence 
images of 4T1 cells after different treatments with calcein-AM/PI staining (the scale bar represents 100 μm); (b& c) Apoptotic analysis of 4T1 cells after different 
treatments with annexin V-FITC/PI staining and detected by flow cytometry. (d) ROS production of developed nanoparticles upon X-ray irradiation within 4T1 cells 
after treatment with DCFH-DA; (e) Representative photographs and f) quantitative analysis of colony formation of cells after treatment with different nanoparticles in 
the presence of X-ray irradiation. 
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3.3.6. Apoptosis activation 
It has been reported that apoptotic cell death often occurs by the 

induction of DNA damages during radiotherapy of cancer cells. In this 
case, apoptosis is a favorable process in cancer radiotherapy and may be 
promoted by some newly developed effective nanoplatforms [64]. Using 
flow cytometry assay, the apoptotic potential of Bi2S3@BSA, 
Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles upon X-ray 
radiation was investigated under the hypoxia condition, a hallmark of 
almost all solid malignancy features. As shown in Fig. 4b, apoptotic 
results clearly indicated that Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and 
Bi2S3@BSA-Fe3O4-FA nanoparticles effectively induced cell apoptosis, 
but the population of cell apoptosis caused by these nanoparticles differ 
from each other. The potential capability of these nanoparticles to 
induce cell apoptosis in the presence of X-ray irradiation is as follows: 
Bi2S3@BSA-Fe3O4-FA > Bi2S3@BSA-Fe3O4 > Bi2S3@BSA. The rate of 
both late and early apoptosis in cells treated with Bi2S3@BSA, 
Bi2S3@BSA-Fe3O4 and Bi2S3@BSA-Fe3O4-FA nanoparticles were higher 
compared to the control group. Indeed, the order of induction of late 
apoptosis by various treatment regimens is as follows: Bi2S3@BSA- 
Fe3O4-FA + X-ray > Bi2S3@BSA-Fe3O4 + X-ray > Bi2S3@BSA + X-ray >
X-ray > control group. While these findings disclose that X-ray radiation 
can also induce cell apoptosis, they do not announce that it would be 
efficient enough to be used alone. In fact, the rate of cell apoptosis via 
this modality was not as much as cell apoptosis when combined with 
other developed nanoparticles, in particular Bi2S3@BSA-Fe3O4-FA. 
Bi2S3@BSA nanoparticles administered with X-ray induced higher cell 
apoptosis in comparison to X-ray alone, indicating the importance of 
bismuth (Bi) metal in the construction of developed radiosensitizers. 
Similar findings were obtained for Bi2S3@BSA-Fe3O4, where it exhibited 
a higher rate of cell apoptosis compared to Bi2S3@BSA due to the 
presence of Fe as well as Bi. Ultimately, following the addition of FA to 
Bi2S3@BSA-Fe3O4 nanoparticles, cell apoptosis increased to the highest 
level when this nanoformulation was co-administrated with X-ray irra
diation. These findings further strengthened our conviction that 
Bi2S3@BSA-Fe3O4-FA is a potential nanoradiosensitizer for high- 
throughput radiotherapy of nearly all solid malignancies characterized 
by low level of oxygen. The presence of Bi2S3 and Fe3O4 segments po
tentiates reactive oxygen species (ROS) production and DNA damage 
upon X-ray irradiation. Besides, the intracellular trafficking and tar
geting capability of this system are improved by the addition of FA, 
consistent with enhancing radio-mediated cell death reported for high- 
Z-based gold nanostars decorated with FA [65]. Our results emphasize 
that great programmed cell death can be achieved when Bi2S3@BSA- 
Fe3O4-FA nanoparticles are co-administered with X-ray irradiation. 
Altogether, the utility of Bi2S3@BSA-Fe3O4-FA nanoparticle as a prom
ising nanoradiosensitizer agent is thus underlined. 

3.3.7. Intracellular ROS generation 
X-rays lead to ROS production, which improves the efficacy of cancer 

treatment by radiation-induced DNA damage [66]. Intracellular ROS 
generation was determined using DCFH-DA, a dye that can be oxidized 
to emit bright green fluorescence. The control group, which was neither 
X-ray irradiated nor treated with nanoparticles, showed no green fluo
rescence, indicating no ROS production (Fig. 4c). Under X-ray radiation 
alone, green fluorescence was barely detected. The fluorescence in
tensity enhanced when the cells were co-treated with nanoparticles and 
then X-ray irradiation. Superior ROS production was observed when X- 
rays were used in conjunction with Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and 
Bi2S3@BSA-Fe3O4-FA nanoparticles. This significant increase in fluo
rescence intensity reveals the importance of combined therapy in cancer 
treatment, which is more effective compared to the monotherapy. These 
findings also suggest that Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and 
Bi2S3@BSA-Fe3O4-FA nanoparticles synergistically induce ROS genera
tion under X-ray irradiation, which is also well supported by previous 
findings [67]. These results further strengthened our conviction that the 
fabricated nanoparticles can potentially induce ROS generation under X- 

ray irradiation and are effective radiosensitizers. The following order 
reflects the radiosensitization potential of the developed nanoparticles 
upon X-ray irradiation: Bi2S3@BSA-Fe3O4-FA > Bi2S3@BSA-Fe3O4 >

Bi2S3@BSA. Indeed, it can be concluded that high level of ROS pro
duction and great radiosensitization effect will be obtained when 
Bi2S3@BSA-Fe3O4-FA nanoparticles are applied together with X-ray 
irradiation due to the presence of high-atomic-number Bi and Fe ele
ments in the structure. On the one hand, Bi2S3-based semiconductor 
nanoparticles are well-known for their promise to enhance the efficacy 
of radiotherapy by promoting reactive oxygen species (ROS) generation 
and ultimately DNA double-strand breaks [68–70]. On the other hand, 
like many other nanomaterials with rich high-Z elements, Fe3O4-based 
nanoparticles induce ROS generation through the catalysis of the Fenton 
reaction [71]. Yu et al. reported that Fe5C2@Fe3O4 nanoparticles with 
high-Z Fe content take advantage of the acidic microenvironment of 
tumors to liberate ferrous ions to disproportionate H2O2 into •OH rad
icals, leading to the suppression of tumor cells. Moreover, these nano
particles are favorable for both magnetic targeting and T2-weighted 
magnetic resonance imaging [71]. Although some nanoparticles, such as 
porous platinum (Pt) nanoparticles, do not increase the intracellular 
ROS level when administered alone, it has been reported that when 
applied in conjunction with radiotherapy, they significantly enhance 
intracellular ROS generation compared to Pt nanoparticles (33.8 fold) or 
RT (3.3 fold) administrated alone [67]. Altogether, the combined ther
apy applied will lead to higher levels of DNA damage and thus improve 
treatment efficacy. 

3.3.8. In vitro colony formation 
After demonstrating the efficient cellular uptake, ROS generation, 

induction of cell apoptosis and good biocompatibility of Bi2S3@BSA- 
Fe3O4-FA nanoparticles, in vitro cell survival test was carried out by 
clonogenic assay, which is regarded as a common technique for assess
ing the cell reproductive death after irradiation [72]. The in vitro colony 
formation in cells treated with different nanoparticles after X-ray irra
diation is depicted in Fig. 4d and e. The colony formation was statisti
cally decreased in cells treated with X-ray alone and all of the 
nanoparticle groups along with X-ray compared to the control group. 
These results clearly indicate that Bi2S3@BSA, Bi2S3@BSA-Fe3O4 and 
Bi2S3@BSA-Fe3O4-FA nanoparticles can effectively induce cell death in 
varying amounts. The colony formation in cells treated with Bi2S3@BSA- 
Fe3O4-FA nanoparticles together with X-ray irradiation markedly 
decreased compared to other groups (Fig. 4e). This finding provides 
further evidence for the usefulness of high-Z metals in the construction 
of nanoradiosensitizers to generate effective ROS products in the pres
ence of X-ray irradiation and, consequently, in restricting the repopu
lation ability of cancer cells [73]. These promising results were observed 
not only in clonogenic assay, but also in the cellular uptake, ROS gen
eration, apoptosis, cytotoxicity, and live/dead cell staining (Calcein- 
AM/PI) with the same in vitro treatments, supporting our findings. 

3.4. In vivo assays 

3.4.1. LD50 as an in vivo biosafety indicator 
To ensure in vivo biosafety of nanoparticles and, consequently, in

crease their potential in becoming appropriate candidates for preclinical 
studies, in vivo biosafety was exploited. Different doses of nanoparticles 
were injected intravenously, and the behavior and survival rate of mice 
were monitored. The results are shown in Cox Regression diagram 
(Fig. S4). No deaths were recorded at any of the injected doses, and body 
weight monitoring did not differ significantly from the control group. 
These tests highlighted that the nanoparticles had no deleterious effects, 
further strengthening our confidence in the in vivo biosafety of 
Bi2S3@BSA-Fe3O4-FA nanoparticles for preclinical investigation. 

3.4.2. In vivo antitumor activity by enhanced X-ray radiation therapy 
In recent years, many efforts have been devoted to radiation therapy 
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aimed at preferentially sensitizing tumor cells to ionizing radiation 
while minimizing the deleterious effects on healthy cells [74]. In cancer 
radiotherapy, enhancing the response of tumor to radiation and 
improving the therapeutic index by using metallic radiosensitizers have 
emerged as a promising approach [75]. Recent advances in the devel
opment of innovative radiosensitizers along with harnessing the power 
of nanotechnology have launched a novel treatment modality in cancer 
radiotherapy. Fascinated by the in vitro outcomes such as cellular up
take, ROS generation, apoptosis, cytotoxicity, clonogenic assay and the 
live/dead cell staining (Calcein-AM/PI), we complementary evaluated 
the in vivo antitumor effects of Bi2S3@BSA-Fe3O4-FA nanoparticles. This 
assay was performed once tumors reached a mean volume of ~100 mm3, 
then mice were randomly divided into six groups of five mice each. In 
vivo mouse models of breast cancer were then treated with the following 
regimens: Bi2S3@BSA-Fe3O4-FA, (2) Bi2S3@BSA-Fe3O4-FA with 4Gy X- 

ray, (3) Bi2S3@BSA-Fe3O4 with 4Gy X-ray, (4) Bi2S3@BSA with 4Gy X- 
ray, (5) PBS and X-ray. The in vivo tumor suppression effects of the 
groups following intravenous injection are shown in Fig. 5a. It was 
found that implementation of the conventional X-ray dose (4 Gy) alone 
could not effectively suppress tumor growth. Similar ineffective anti
tumor activity was observed following intravenous injection of 
Bi2S3@BSA-Fe3O4-FA, Bi2S3@BSA-Fe3O4 and Bi2S3@BSA nanoparticles, 
while once the treatment was combined with X-ray radiation (4 Gy), 
their effectiveness changed dramatically. Bi2S3@BSA-Fe3O4-FA nano
particles with the aid of X-ray radiation can effectively suppress the 
tumor growth just by a single dose injection. Complete ablation of tu
mors was observed in three mice out of five within 15 days following a 
single intravenous injection of Bi2S3@BSA-Fe3O4-FA nanoparticles 
combined with X-ray radiation. 

This indicates the strong radiosensitization capacity of bimetallic 

Fig. 5. In vivo studies of antitumor effects: (a) Tumor volumes following different treatments with or without X-ray irradiation; (b) Body weight of mice with different 
treatments (c) Representative tumors' photographs of mice treated with various treatment plans, and H&E staining of the tumor and main organs in the presence and 
absence of X-ray (Scale bar: 50 μm). 
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Bi2S3@BSA-Fe3O4-FA structure, where the generation of ROS upon X- 
ray irradiation along with great targeting capability owing to the FA has 
been concluded. FA potentiates the accumulation of bimetallic nano
radiosensitizers within the tumor site, and X-ray irradiation provides the 
degree of ROS level increase. Our results are in agreement with another 
study in which high levels of tumor suppression were observed in mice 
intravenously injected with a biocompatible FA functionalized gold 
nanorod@polypyrrole@Fe3O4 nanoparticles after irradiation [76]. 
Furthermore, any changes in body weight of mice involved in this assay 
were precisely monitored over the experimental time periods (Fig. 5b). 
It is notable that no significant changes in body weight were observed 
for all experimental groups, which reinforces the usefulness of 
Bi2S3@BSA-Fe3O4-FA nanoparticles as a safe radiation sensitizer in 
cancer radiotherapy. 

3.4.3. Histopathology analysis 
Pathological hematoxylin & eosin (H&E) images of tumor tissue 

were analyzed to assess tissue damages in the tumor cells. The results 
clearly showed that Bi2S3@BSA-Fe3O4-FA with X-ray irradiation could 
potentially damage tumor cells, as evidenced by the presence of more 
necrotic-shaped cells as well as extensive shadow area, which is highly 
consistent with previous reported data [77]. On the 15th day of the 
treatment, mice from different groups were euthanized and their major 
organs such as the kidney, spleen, liver and heart were collected for 
further analysis. Ultimately, H&E staining was used to reveal whether 
these nanoparticles can cause any toxicity or not (Fig. 5c). As expected, 
the groups treated with the nanoparticles showed no obvious abnor
malities in the above-mentioned organs compared to the control group, 
thus reaffirming the safety of Bi2S3@BSA-Fe3O4-FA. 

4. Conclusions 

In the current study, a novel bimetallic nanoradiosensitizer with 
effective tumor-targeting capability, high stability, favorable 
morphology, and size was developed. The nanoradiosensitizer was 
designed to provide all essential influencing factors in a single multi
functional nanoplatform for enhanced anticancer efficacy while atten
uating adverse effects. Accordingly, the results of both in vivo and in vitro 
investigations disclosed that the foregoing objectives are completely 
reachable by the developed nanoformulation. Fe3O4–Bi2S3–BSA–FA 
presented a great capacity in radiosensitization of tumor cells. Exploi
tation of biological safety revealed that the final formulation did not 
cause any adverse effects. The biosafety of nanoparticles, along with 
other exceptional physiochemical properties, can hasten their applica
tion to reach into the clinical translation. The most remarkable result is 
that the implementation of this bimetallic nanocomposite along with X- 
ray radiation leads to complete ablation of tumors in a murine model via 
radiation-induced DNA damage. Altogether, this versatile nanoplatform 
offers new insights toward the application of multifunctional high-Z 
bimetallic nanoradiosensitizers for cancer radiotherapy with synergis
tic antitumor effects. 
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[42] A. Radoń, A. Drygała, Ł. Hawełek, D. Łukowiec, Structure and optical properties of 
Fe3O4 nanoparticles synthesized by co-precipitation method with different organic 
modifiers, Mater. Charact. 131 (2017) 148–156. 

[43] A. Roca, M. Morales, C. Serna, Synthesis of monodispersed magnetite particles 
from different organometallic precursors, IEEE Trans. Magn. 42 (10) (2006) 
3025–3029. 

[44] C. Tang, C. Wang, F. Su, C. Zang, Y. Yang, Z. Zong, et al., Controlled synthesis of 
urchin-like Bi2S3 via hydrothermal method, Solid State Sci. 12 (8) (2010) 
1352–1356. 

[45] A. Jana, C. Bhattacharya, S. Sinha, J. Datta, Study of the optimal condition for 
electroplating of Bi 2 S 3 thin films and their photoelectrochemical characteristics, 
J. Solid State Electrochem. 13 (9) (2009) 1339–1350. 

[46] S. Husain, M. Irfansyah, N.H. Haryanti, S. Suryajaya, S. Arjo, A. Maddu, Synthesis 
and characterization of Fe3O4 magnetic nanoparticles from iron ore, J. Phys. Conf. 
Ser. 1242 (1) (2019), 012021. 

[47] S. Mourdikoudis, R.M. Pallares, N.T. Thanh, Characterization techniques for 
nanoparticles: comparison and complementarity upon studying nanoparticle 
properties, Nanoscale 10 (27) (2018) 12871–12934. 

[48] X. Li, L. Zhang, G. He, Fe3O4 doped double-shelled hollow carbon spheres with 
hierarchical pore network for durable high-performance supercapacitor, Carbon 99 
(2016) 514–522. 

[49] J. Luo, J. Liu, Z. Zeng, C.F. Ng, L. Ma, H. Zhang, et al., Three-dimensional graphene 
foam supported Fe3O4 lithium battery anodes with long cycle life and high rate 
capability, Nano Lett. 13 (12) (2013) 6136–6143. 

[50] W. Zhang, C. Kong, G. Lu, Super-paramagnetic nano-Fe 3 O 4/graphene for visible- 
light-driven hydrogen evolution, Chem. Commun. 51 (50) (2015) 10158–10161. 

[51] J. Grigas, E. Talik, V. Lazauskas, X-ray photoelectron spectra and electronic 
structure of Bi2S3 crystals, Phys. Status Solidi (b) 232 (2) (2002) 220–230. 

[52] K. Ai, Y. Liu, J. Liu, Q. Yuan, Y. He, L. Lu, Large-scale synthesis of Bi2S3 nanodots 
as a contrast agent for in vivo X-ray computed tomography imaging, Adv. Mater. 
23 (42) (2011) 4886–4891. 

[53] T.C. Taucher, I. Hehn, O.T. Hofmann, M. Zharnikov, E. Zojer, Understanding 
chemical versus electrostatic shifts in X-ray photoelectron spectra of organic self- 
assembled monolayers, J. Phys. Chem. C 120 (6) (2016) 3428–3437. 

[54] I. Greco, N. Molchanova, E. Holmedal, H. Jenssen, B.D. Hummel, J.L. Watts, et al., 
Correlation between hemolytic activity, cytotoxicity and systemic in vivo toxicity 
of synthetic antimicrobial peptides, Sci. Rep. 10 (1) (2020) 1–13. 

[55] N. Malhotra, J.-S. Lee, R.A.D. Liman, J.M.S. Ruallo, O.B. Villaflores, T.-R. Ger, et 
al., Potential toxicity of iron oxide magnetic nanoparticles: a review, Molecules 25 
(14) (2020) 3159. 

[56] J. Chen, S. Klem, A.K. Jones, B. Orr, M.M. Banaszak Holl, Folate-binding protein 
self-aggregation drives agglomeration of folic acid targeted iron oxide 
nanoparticles, Bioconjug. Chem. 28 (1) (2017) 81–87. 

[57] M.A. Askar, N.M. Thabet, G.S. El-Sayyad, A.I. El-Batal, M. Abd Elkodous, O.E. El 
Shawi, et al., Dual hyaluronic acid and folic acid targeting pH-sensitive 
multifunctional 2DG@ DCA@ MgO-nano-core–shell-radiosensitizer for breast 
cancer therapy, Cancers 13 (21) (2021) 5571. 

[58] A. Sathiyaseelan, K. Saravanakumar, P. Manivasagan, M.S. Jeong, E.-S. Jang, M.- 
H. Wang, Folic acid conjugated chitosan encapsulated palladium nanoclusters for 
NIR triggered photothermal breast cancer treatment, Carbohydr. Polym. 119021 
(2021). 

[59] X. Liu, C. Wang, X. Wang, C. Tian, Y. Shen, M. Zhu, A dual-targeting Fe3O4@ C/ 
ZnO-DOX-FA nanoplatform with pH-responsive drug release and synergetic chemo- 
photothermal antitumor in vitro and in vivo, Mater. Sci. Eng. C 118 (2021), 
111455. 

[60] H. Zhu, X. Cao, X. Cai, Y. Tian, D. Wang, J. Qi, et al., Pifithrin-μ incorporated in 
gold nanoparticle amplifies pro-apoptotic unfolded protein response cascades to 
potentiate synergistic glioblastoma therapy, Biomaterials 232 (2020), 119677. 

[61] W.W.-Y. Kam, R.B. Banati, Effects of ionizing radiation on mitochondria, Free 
Radic. Biol. Med. 65 (2013) 607–619. 

[62] X. Jin, F. Li, B. Liu, X. Zheng, H. Li, F. Ye, et al., Different mitochondrial 
fragmentation after irradiation with X-rays and carbon ions in HeLa cells and its 
influence on cellular apoptosis, Biochem. Biophys. Res. Commun. 500 (4) (2018) 
958–965. 

[63] Y. Chen, N. Li, J. Wang, X. Zhang, W. Pan, L. Yu, et al., Enhancement of 
mitochondrial ROS accumulation and radiotherapeutic efficacy using a Gd-doped 
titania nanosensitizer, Theranostics 9 (1) (2019) 167–178. 

[64] S. Elmore, Apoptosis: a review of programmed cell death, Toxicol. Pathol. 35 (4) 
(2007) 495–516. 

[65] P. Hu, X. Hou, X. Yu, X. Wei, Y. Li, D. Yang, et al., Folic acid-conjugated gold 
nanostars for computed tomography imaging and photothermal/radiation 
combined therapy, ACS Appl.Bio Mater. 4 (2021) 4862–4871. 

[66] K. Ni, G. Lan, W. Lin, Nanoscale metal–organic frameworks generate reactive 
oxygen species for cancer therapy, ACS Cent.Sci. 6 (6) (2020) 861–868. 

[67] Y. Li, K.-H. Yun, H. Lee, S.-H. Goh, Y.-G. Suh, Y. Choi, Porous platinum 
nanoparticles as a high-Z and oxygen generating nanozyme for enhanced 
radiotherapy in vivo, Biomaterials 197 (2019) 12–19. 

H. Nosrati et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220152386461
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220152386461
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220152386461
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220152386461
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156266698
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156266698
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156266698
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220152396581
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220152396581
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220152585050
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220152585050
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220152585050
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156278718
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156278718
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156278718
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156278718
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156307618
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156307618
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156307618
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156307618
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156320718
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156320718
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156320718
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156336478
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156336478
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156336478
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156425127
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156425127
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156425127
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156425127
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156507477
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156507477
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156507477
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156519797
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156519797
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156519797
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153002870
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153002870
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153002870
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156557257
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156557257
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156557257
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156557257
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156571917
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156571917
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156571917
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156571917
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156585547
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156585547
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156599317
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156599317
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220156599317
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157085847
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157085847
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157085847
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157085847
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153036990
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153036990
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153036990
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153036990
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157107437
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157107437
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157107437
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153182560
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153182560
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153182560
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157122597
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157122597
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157122597
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153295250
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153295250
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153295250
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153295250
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157131987
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157131987
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157185077
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157185077
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157185077
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157240927
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157240927
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157240927
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157240927
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157382776
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157382776
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157382776
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157382776
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157408836
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157408836
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157408836
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157408836
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157424116
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157424116
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157424116
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157442106
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157442106
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157442106
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153308530
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153308530
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153308530
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157455056
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157455056
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157455056
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157513306
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157513306
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157513306
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157547955
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157547955
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157547955
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153320980
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153320980
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153320980
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157564925
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157564925
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157564925
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157591845
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157591845
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220157591845
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158045165
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158045165
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155348529
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155348529
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158066624
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158066624
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158066624
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158133674
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158133674
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158133674
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153332150
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153332150
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153332150
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158144864
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158144864
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158144864
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158155254
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158155254
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158155254
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158261563
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158261563
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158261563
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158261563
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153343650
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153343650
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153343650
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153343650
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158289413
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158289413
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158289413
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158289413
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158304313
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158304313
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158304313
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158311563
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158311563
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158329693
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158329693
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158329693
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158329693
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158397813
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158397813
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158397813
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158407953
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158407953
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153473059
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153473059
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153473059
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158486092
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158486092
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158525652
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158525652
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158525652


Biomaterials Advances 140 (2022) 213090

13

[68] Z. Guo, S. Zhu, Y. Yong, X. Zhang, X. Dong, J. Du, et al., Synthesis of BSA-coated 
BiOI@ Bi2S3 semiconductor heterojunction nanoparticles and their applications 
for radio/photodynamic/photothermal synergistic therapy of tumor, Adv. Mater. 
29 (44) (2017) 1704136. 

[69] X. Wang, C. Zhang, J. Du, X. Dong, S. Jian, L. Yan, et al., Enhanced generation of 
non-oxygen dependent free radicals by schottky-type heterostructures of Au–Bi2S3 
nanoparticles via X-ray-induced catalytic reaction for radiosensitization, ACS Nano 
13 (5) (2019) 5947–5958. 

[70] H. Nosrati, E. Attari, F. Abhari, M. Barsbay, M. Ghaffarlou, N. Mousazadeh, et al., 
Complete ablation of tumors using synchronous chemoradiation with bimetallic 
theranostic nanoparticles, Bioact.Mater. 7 (2021) 74–84. 

[71] J. Yu, F. Zhao, W. Gao, X. Yang, Y. Ju, L. Zhao, et al., Magnetic reactive oxygen 
species nanoreactor for switchable magnetic resonance imaging guided cancer 
therapy based on pH-sensitive Fe5C2@ Fe3O4 nanoparticles, ACS Nano 13 (9) 
(2019) 10002–10014. 

[72] N.A. Franken, H.M. Rodermond, J. Stap, J. Haveman, C. Van Bree, Clonogenic 
assay of cells in vitro, Nat. Protoc. 1 (5) (2006) 2315–2319. 

[73] X. Dong, R. Cheng, S. Zhu, H. Liu, R. Zhou, C. Zhang, et al., A heterojunction 
structured WO2. 9-WSe2 nanoradiosensitizer increases local tumor ablation and 
checkpoint blockade immunotherapy upon low radiation dose, ACS Nano 14 (5) 
(2020) 5400–5416. 

[74] E.J. Moding, M.B. Kastan, D.G. Kirsch, Strategies for optimizing the response of 
cancer and normal tissues to radiation, Nat. Rev. Drug Discov. 12 (7) (2013) 
526–542. 

[75] F. Moradi, K.R.E. Saraee, S.A. Sani, D. Bradley, Metallic nanoparticle 
radiosensitization: the role of Monte Carlo simulations towards progress, Radiat. 
Phys. Chem. 180 (2021), 109294. 

[76] W. Cao, X. Wang, L. Song, P. Wang, X. Hou, H. Zhang, et al., Folic acid-conjugated 
gold nanorod@ polypyrrole@ Fe 3 O 4 nanocomposites for targeted MR/CT/PA 
multimodal imaging and chemo-photothermal therapy, RSC Adv. 9 (33) (2019) 
18874–18887. 

[77] H. Nosrati, Y. Baghdadchi, R. Abbasi, M. Barsbay, M. Ghaffarlou, F. Abhari, et al., 
Iron oxide and gold bimetallic radiosensitizers for synchronous tumor 
chemoradiation therapy in 4T1 breast cancer murine model, J. Mater. Chem. B 9 
(2021) 4510–4522. 

H. Nosrati et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158576012
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158576012
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158576012
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158576012
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158597722
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158597722
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158597722
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220158597722
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153556509
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153556509
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220153556509
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155388849
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155388849
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155388849
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155388849
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220149252614
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220149252614
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155423989
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155423989
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155423989
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155423989
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155435159
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155435159
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155435159
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220149264494
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220149264494
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220149264494
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155487798
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155487798
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155487798
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155487798
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155508968
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155508968
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155508968
http://refhub.elsevier.com/S2772-9508(22)00367-3/rf202208220155508968

	Magnetite and bismuth sulfide Janus heterostructures as radiosensitizers for in vivo enhanced radiotherapy in breast cancer
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Synthesis of BSA coated bismuth sulfide nanoparticles (Bi2S3@BSA)
	2.2.2 Synthesis of iron oxide–bismuth sulfide bimetallic nanoparticles (Bi2S3@BSA-Fe3O4)
	2.2.3 Preparation of folic acid conjugated nanoparticles (Bi2S3@BSA-Fe3O4-FA)
	2.2.4 Bi2S3@BSA-Fe3O4-FA characterization
	2.2.5 Determination of the FA conjugation amount onto Bi2S3@BSA-Fe3O4
	2.2.6 In vitro assays
	2.2.6.1 Analysis of hemocompatibility
	2.2.6.2 Analysis of cytotoxicity against healthy cells
	2.2.6.3 In vitro anti-cancer activity
	2.2.6.4 Cellular uptake and internalization efficacy
	2.2.6.5 Intracellular ROS generation
	2.2.6.6 Calcein AM/PI cell staining assay
	2.2.6.7 Apoptosis assay
	2.2.6.8 Clonogenic assay

	2.2.7 In vivo assays
	2.2.7.1 LD50 analysis as an in vivo safety indicator
	2.2.7.2 In vivo antitumor activity


	2.3 Histopathology analysis
	2.4 Statistical analysis

	3 Results and discussion
	3.1 Synthesis procedure of Bi2S3@BSA-Fe3O4-FA nanoradiosensitizers
	3.2 Bi2S3@BSA-Fe3O4-FA nanoradiosensitizers characterization
	3.3 In vitro assays
	3.3.1 Analysis of hemocompatibility
	3.3.2 Analysis of cytotoxicity against healthy cells
	3.3.3 In vitro anti-cancer activity
	3.3.4 Cellular uptake and internalization efficacy
	3.3.5 Calcein-AM/PI cell staining assay
	3.3.6 Apoptosis activation
	3.3.7 Intracellular ROS generation
	3.3.8 In vitro colony formation

	3.4 In vivo assays
	3.4.1 LD50 as an in vivo biosafety indicator
	3.4.2 In vivo antitumor activity by enhanced X-ray radiation therapy
	3.4.3 Histopathology analysis


	4 Conclusions
	Ethical considerations
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


