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ARTICLE INFO ABSTRACT

Keywords: Janus heterostructures based on bimetallic nanoparticles have emerged as effective radiosensitizers owing to
Bismuth sulfide their radiosensitization capabilities in cancer cells. In this context, this study aims at developing a novel bime-
Iron oxide

tallic nanoradiosensitizer, BiS3-Fe304, 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 BizSs-
Fe304 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 BixS3@BSA-Fe304-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 BipS3@BSA-Fe304-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 BipS3@BSA-Fe304-FA as an ideal nanoparticle for
radiation-induced cancer therapy and open interesting avenues of future research in this area.

Janus nanoparticles
X-ray irradiation
Radiosensitizer
ROS generation

1. Introduction using of nanoparticle (NPs) for biological applications [4,5], there are a
series of cancer therapy which harness nanoparticle for combatting

Cancer is among the leading causes of morbidity and mortality cancer [6,7]. Radiation therapy (RT) as an efficient and palliative mo-
worldwide, accounting for >10 million deaths in 2020 [1,2]. It is dality is employed for at least 50 % of all solid malignancies and extends
anticipated that the next decade is likely to witness a considerable rise in the life expectancy of cancer patient through radiation-induced DNA
cancer incidence, morbidity and mortality globally [2,3]. Among the damage of rapidly proliferating tumor cells [8]. In this context, ionizing

* Correspondence to: A. Ramazani, Department of Biotechnology, Research Institute of Modern Biological Techniques (RIMBT), University of Zanjan, Zanjan
45371-38791, Iran.
** Corresponding authors.
E-mail addresses: aliramazani@znu.ac.ir (A. Ramazani), joao.conde@nms.unl.pt (J. Conde), danafar@zums.ac.ir (H. Danafar).

https://doi.org/10.1016/j.bioadv.2022.213090

Received 7 July 2022; Received in revised form 17 August 2022; Accepted 20 August 2022
Available online 22 August 2022

2772-9508/© 2022 Elsevier B.V. All rights reserved.


mailto:aliramazani@znu.ac.ir
mailto:joao.conde@nms.unl.pt
mailto:danafar@zums.ac.ir
www.sciencedirect.com/science/journal/27729508
https://www.journals.elsevier.com/materials-science-and-engineering-c
https://doi.org/10.1016/j.bioadv.2022.213090
https://doi.org/10.1016/j.bioadv.2022.213090
https://doi.org/10.1016/j.bioadv.2022.213090
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioadv.2022.213090&domain=pdf

H. Nosrati et al.

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 (BiySs), 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 CusBiS3 [20],
BisSes [21], and BisS3@BSA [22,23] have been applied to cancer im-
aging and cancer radiotherapy. Bismuth sulfide nanoparticles (BizSs)
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 Bi;S3@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 Fe304) [30] and semiconductor (like Bi2S3)
nanoparticles [18]. However, there is no study investigating the radio-
sensitizing performance of “magnetic” BisS3 nanoparticles in cancer
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radiotherapy. The magnetic Bi;S3 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 BiyS3 and Fe3O4 nanoparticles to induce radiation
therapy effect. However, in the current work, we present the Janus-type
magnetic BiS3 “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 BizS3@BSA-Fe3sO4 nanoparticles (Fig. 1). BiaS3@BSA-
Fe304-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

Bip(NOs3)s. 5H30, 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). FeCl,.4H50,
FeCl3.6H0, and NH4OH were purchased from Merck (Kenilworth,
USA).

2.2. Methods

2.2.1. Synthesis of BSA coated bismuth sulfide nanoparticles (Bi;Ss@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(,q) 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
BiyS3@BSA nanoparticles.

2.2.2. Synthesis of iron oxide-bismuth sulfide bimetallic nanoparticles
(BigSg@BSA-F6304)

For the preparation of Bi;S3@BSA-Fe304 hybrid nanoparticles, FegO4
nanoparticles were synthesized in the presence of pre-obtained
BiyS3@BSA nanoparticles. In brief, a known amount of NH4OH was
introduced dropwise to an aqueous solution containing 40.0 mg
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FeCls.6H:0

FeCl..4H.0
——

NH.OH

Bi:S:@BSA

BizSa@ BSA-Fe:0.
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Bist@ BSA-Fe:04-FA

Fig. 1. (a) Schematic representation of the three steps in preparation of Bi,S3@BSA-Fe304-FA nanoradiosensitizers.

FeCly.4H20, 110.0 mg FeCl3.6H20 and 500 mg of pre-synthesized
Bi>S3@BSA nanoparticles under vigorous stirring in Ny atmosphere
and heating at 60 °C. The reaction mixture was stirred for 12 h and the
resulting product, Bi;S3@BSA-Fe3O4, were then dialyzed against
distilled water for 48 h to obtain the impurity-free BioS3@BSA-Fe304
nanoparticles.

2.2.3. Preparation of folic acid conjugated nanoparticles (BizS3@BSA-
Fes04-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 Bi;S3@BSA-Fe304
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
BisS3@BSA-Fe304-FA nanoparticles.

2.2.4. BiS3@BSA-Fes04-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 Bi;S3@BSA-
F€304

To determine the amount of covalently bound FA moieties on the
surface of BisS3@BSA-Fe304 nanoparticles, UV-Vis spectrophotometer
was employed. In brief, 0.50 mg Bi>S3@BSA-Fe304-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. Invitro 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 Bi,S3@BSA,
BisS3@BSA-Fe304 and BisS3@BSA-Fe304-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)):

A (sample) — A (negative)

1
A (positive) — A (negative) M

%Hemolysis =

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 x 10° cells per well and incubated for
24 h. Then, the medium was discarded and new media containing 25, 75
and 225 mg mL of BisS3@BSA-Fe304-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 pL 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
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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
BipS3@BSA, BisS3@BSA-Fe304 and BisS3s@BSA-FesO4-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 x 10° cells per well), they were treated with BiyS3@BSA,
BisS3@BSA-Fe304 and BisS3@BSA-Fes04-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 BixS3@BSA-
Fe304 and BisS3@BSA-Fe304-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 x 10° 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 pg/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 x 10° cells per well and incubated over-
night. Then, cells were co-incubated with different treatment groups
including BizSg@BSA, BizSg@BSA-F6304 and BizS3@BSA-Fe304—FA for
5 h. Next, cells were washed and incubated for further 1 h in RPMI-1640
medium containing 10 pM 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 x 10° cell per well) and incubated for 24 h, then it
was subjected to various treatment groups including control, X-ray,
Bi;S3@BSA + X-ray, BisS3@BSA-Fe30,4 + X-ray and BixS3@BSA-Fe304-
FA + X-ray for another 24 h. Afterwards, Calcein AM (3 pM) was added
and incubated for 30 min followed by incubation with PI (4 pM) 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 BiyS3@BSA, BiyS3@BSA-FesO4 and BipS3@BSA-
Fe304-FA nanoparticles in the presence of X-ray irradiation, the clono-
genic assay was performed according to the previously reported method
[35].
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2.2.7. Invivo assays

2.2.7.1. LDsy analysis as an in vivo safety indicator. LDs( test was per-
formed using BALB/c female mice (~20 g weight). Bi;S3s@BSA-Fe304-
FA nanoparticles with different concentrations of 0, 50, 150 and 450
mg/kg were administrated to mice by intravenous injection. To deter-
mine the LDso 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
BisS3@BSA, BixS3@BSA-Fe304 and BipS3@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 x 10° 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 x L x W2,
To initiate the assessment, tumor volumes must reach to the volume of
100 mm?, 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) BisS3s@BSA-Fe304-FA, (2) BiaS3@BSA-
Fe304-FA with 4Gy X-ray, (3) BisSs@BSA-Fes0, with 4Gy X-ray, (4)
BisS3@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 Bi;S3s@BSA-Fe304-FA nanoradiosensitizers

Synthesis of BixS3@BSA-Fe304-FA nanoradiosensitizers was con-
ducted by following steps. I) Synthesis of BioS3@BSA: The preparation of
BSA@Bi,S3 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 Bi" ions to the aqueous BSA
solution, the protein molecules sequester and trap Bi®* to form BSA-Bi®*
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 BiyS3 [37]. During this biomineralization process, BisS3
nanoparticles are covered with BSA, making them highly stable,
biocompatible, and suitable for further modifications. Preparation of the
hybrid bimetallic Bi;S3@BSA-Fe304 nanoparticles: For the preparation
of the dual hybrid nanoparticles, Fe304 nanoparticles were synthesized
via co-precipitation method using FeCl,.4H20 and FeCls.6H0. During
their formation in the presence of pre-synthesized BisS3@BSA, Fe3O4
nanoparticles were stabilized by BSA and added as a new component to
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the hybrid nanoparticle structure. Preparation of BisS3s@BSA-Fe304-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 BixSs@BSA with carboxylic acid groups of FA
to form amide bonds. Schematic representation of all these three steps of
BiyS3@BSA-Fe304-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 Bi;S3@BSA-Fe304-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 Bi;S3@BSA-
Fe304. The amount of conjugated FA was found to be 8.81 pg per 100 pug
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-PBCD@FA nanostructured copolymer

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

3.2. BiyS3@BSA-Fe304-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 Bi;S3@BSA and BiyS3@BSA-Fe304 nano-
particles were investigated by TEM. Before the incorporation of FezO4
NPs into the heterodimer structure, Bi;S3@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 BiySs in the TEM image of BixS3@BSA-Fe304 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 Fe3Oy4, BisS3 appears darker than Fe3O4 in TEM images as
lower electron density of Fe allows more electrons to be transmitted.
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Fig. 2. Characterization: TEM image of (a) Bi>S3@BSA and (b, ¢) Bi;S3@BSA-Fe304; STEM image of (d) Bi,S3@BSA and (e) Bi»S3@BSA-Fe304; FESEM image of (f)
Bi>S3@BSA and (g) Bi>S3@BSA-Fe304 (scale bar for STEM images is 50 nm); (h) TEM-EDS mapping analysis of Bi,S3@BSA-Fe304; (i) UV-Vis spectra of Bi;S3;@BSA,
Bi>S3@BSA-Fe30y4, BioS3@BSA-Fe304-FA, and FA; (j) XRD patterns of Bi»S3@BSA, Fe304, and Bi>S3@BSA-Fe304 (k) Expanded XRD pattern of BiS3@BSA-Fe3z0y4; (1)
Fe2p core-level XPS spectrum of Bi;S3@BSA-Fe304; (m) Bi4f core-level XPS spectra of Bi»S3@BSA (top spectrum) and Bi»S3;@BSA-Fe304 (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
BiyS3 and Fe3O4 nanoparticles with dark and light contrasts, respec-
tively. After the addition of Fe3O4 to BixS3@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 BiS3@BSA-FesO4 heterodimer, compared to
BisS3s@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 BipS3@BSA-Fe304 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 Bi;S3@BSA-Fe304-FA nanoparticles. UV-Vis
spectra of FA, BisS3@BSA, BizS3@BSA-Fe30y4, and BisS3@BSA-Fe304-FA
are shown in Fig. 2i, where the main absorbance peak of BSA in
Bi»S3@BSA nanoparticles is clearly assigned at 263 nm. BSA-related
absorbance peaks in BisS3@BSA-Fe304-FA exhibit a shift to higher
wavelengths (redshift) compared to Bi,S3@BSA nanoparticles. Pure folic
acid displayed two absorption peaks at 283 nm and 352 nm, where the
former peak was observed in BioS3@BSA-Fe304-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
BiyS3@BSA-Fe304-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 ™! and 1532 cm ™7,
respectively. Strong peak at 1392 cm ™! was due to C—N bending vi-
bration and the broad band around 660 and 601 cm ™! are attributed to
Bi vibration [44,45]. In Bi3S3@BSA-Fe304 spectrum, peak positions at
1634 cm ! and 1525 cm ! (with a slight blue shift) matches well with
BisS3s@BSA. Moreover absorption peak at 531 cmfl, which is in
consistence with previous study, represents F—O bond indicating Fe304
existence and thus successful dual hybrid formation [46].

XRD is another technique for the characterization of Bi;S3@BSA-
Fe304-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, BisS3@BSA and BisS3@BSA-Fe3O4-FA
nanoparticles. The metallic character of iron and bismuth in Fe3O4
(JCPDS 019-0629) and BiyS3@BSA (JCPDS 17-0320) nanoparticles,
respectively, was verified by the JCPDS database (Fig. 2j). The XRD
pattern of Bi;S3@BSA-Fe304 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 BizS3@BSA-Fe304 heterodimer, consisting of the
doublet corresponding to Fe2ps3,5 and Fe2p; /5, is shown in Fig. 21. Fe304
contains both Fe?™ and Fe3* ions. The Fe2p doublet is well-
deconvoluted into four peaks corresponding to Fe?t (710.6, 724.2 eV)
and Fe®* (713.1, 727.1 eV) ions in the Fe30, phase and is in a very good
agreement with the standard Fe3O4 XPS spectrum [48-50]. The Fe2ps,2
and Fe2p;,» 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 y-Fe;O3 phase [48,49]. It is
noteworthy to observe these satellites to distinguish between Fe3O4
(magnetite) and y-FepO3 (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 BipS3@BSA-Fe3O4 therefore clearly
confirms FegO4 as the main phase, while showing that some y-Fe;O3
phase accompanies the structure (Fig. 21). The Bi 4f core-level XPS
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spectrum of Bi;S3@BSA (upper spectrum, Fig. 2m) shows a spin—-orbit
doublet centered at 159.1 eV and 164.4 eV, which are assigned to Bi4f;,,
and Bi4fs,, peaks, respectively. The S2p;,» spin-orbit peak of S2p
doublet overlaps with the Bi4fs,» peak, while the S2ps,, component
appears as a separate slight peak at 160.7 eV [51]. These assignments
are consistent with previous reports on BiyS3 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 BiyS3-Fe304
heterodimers are formed. This is attributed to the changes in the elec-
trostatic interactions at the heterojunctions of the BiySs 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 BixS3@BSA, BiS3s@BSA-
Fe304, and BisS3@BSA-Fe304-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 (BiS3@BSA-Fe304-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 Bi;S3@BSA-Fe304-FA
formulation for over one month.

3.3. Invitro 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 BizS3@BSA, BizSg@BSA—F8304 and BizSg@BSA—Fe304—FA
nanoparticles was investigated against human red blood cells (HRBCs).
The degree of hemolysis caused by these nanoparticles revealed that
BiyS3@BSA, BizS3@BSA-Fe304 and BisS3@BSA-Fe304-FA nanoparticles
did not cause severe hemolysis even at high nanoparticle concentrations
(Fig. 3a). Although the hemolytic effects of BizS3@BSA, BiS3@BSA-
Fe3O4 and BisS3@BSA-Fe304-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 BisS3@BSA-Fe304-FA ranging from 25 to
225 mg/mL. The MTT assay revealed that Bi;S3@BSA-Fe304-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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Fig. 3. In vitro assays: (a) Hemolytic activity of different nanoparticles; (b) cytotoxicity assay of Bi,Sz@BSA-Fe304-FA on healthy cells; (c) cellular uptake of
Bi>S3@BSA-Fe304 and Bi;S3@BSA-Fe304-FA nanoparticles. (c) In vitro studies of antitumor effects on 4T1 cells for various samples with or without X-ray irradiation.

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. Invitro 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 BisS3@BSA,
BisS3@BSA-Fe304 and BipS3@BSA-Fe304-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 BiS3@BSA, BiyS3@BSA-FesO4 and
Bi;S3@BSA-Fe304-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
BisS3@BSA, BisS3@BSA-Fe304 and BipS3@BSA-Fe304-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 BiS3@BSA, BiyS3@BSA-Fes04 and
BisS3@BSA-Fe304-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 Fe304 and FA to the Bi;S3@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 BipS3@BSA-Fe304-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
BisS3@BSA, BisS3@BSA-Fe304 and BipS3@BSA-Fe304-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 BiS3@BSA-Fe304
and BiyS3@BSA-Fe304-FA nanoparticles with different concentrations
were labeled with fluorescein isothiocyanate (FITC) and their cellular
uptake was exploited. Intracellular trafficking and targeting capability
of BiyS3@BSA-Fe3O4 nanoparticles are effectively enhanced by
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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 Fe304@C/ZnO nanocomposites decorated with FA
for enhanced synergistic tumor therapy. The cellular uptake studies
revealed that Fe304@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 Bi;S3@BSA,
BisS3@BSA-Fe3O4 and BisS3@BSA-Fe304-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
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+ X-Ray

+ X-Ray
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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 BiS3@BSA-Fe304-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].

Bi,S;@BSA-Fe30, Bi,S;@BSA-Fe30,-FA b
+X-Ray

mE Bi,S;@BSA-Fe;0,-FA + X-Ray

m Bi,S;@BSA-Fe;0, + X-Ray
50- B Bi,S;@BSA + X-Ray

mm X-Ray .
40+ = Control ) H
30+

Apoptotic cell (%)

*
*
*
20+
*
10- i
oL o

C Control Bi,S;@BSA Bi,S;@BSA-Fe;0, Bi,S;@BSA-Fe;0,-FA
+ X-Ray + X-Ray + X-Ray
Tar @ @ at @ “Tan @ “Tan @
{113 238 720 346 137 109 259 {956 7
bs |
¥ Y
i~ [
H ;
Vi Q3 L3
953 119 an
v v v
Coition X-Ray Bi,S;@BSA Bi,S;@BSA-Fe;0;  Bi,S;@BSA-Fe;0,-FA f [@ Bi,S;@BSA-Fe;0,-FA + X-Ray
+X-Ray +X-Ray + X-Ray

B Bi,S;@BSA-Fe;0, + X-Ray
[ Bi,S;@BSA + X-Ray
B X-rRay

15 H Control

Survival Fraction

Fig. 4. In vitro antitumor activity assays, radiosensitization ability of Bi,S3@BSA, Bi»S3@BSA-Fe304 and BiyS3@BSA-Fe304-FA nanoparticles. (a) Fluorescence
images of 4T1 cells after different treatments with calcein-AM/PI staining (the scale bar represents 100 pm); (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 BiS3@BSA,
Bi;S3@BSA-Fe304 and BipS3@BSA-Fe304-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 BiyS3@BSA, BisS3@BSA-FesO4 and
BisS3@BSA-Fe304-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:
BipS3@BSA-Fe304-FA > BisS3s@BSA-FesO4 > BipsS3@BSA. The rate of
both late and early apoptosis in cells treated with BiyS3@BSA,
BiyS3@BSA-Fe304 and BisS3@BSA-Fe304-FA nanoparticles were higher
compared to the control group. Indeed, the order of induction of late
apoptosis by various treatment regimens is as follows: BiS3@BSA-
Fe304-FA + X-ray > BisS3@BSA-Fe30, + X-ray > Bi»S3@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 BisS3@BSA-Fe304-FA.
BiyS3@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 Bi;S3@BSA-Fe304, where it exhibited
a higher rate of cell apoptosis compared to BisS3@BSA due to the
presence of Fe as well as Bi. Ultimately, following the addition of FA to
BiyS3@BSA-Fe304 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
BisS3@BSA-Fe304-FA is a potential nanoradiosensitizer for high-
throughput radiotherapy of nearly all solid malignancies characterized
by low level of oxygen. The presence of BisS3 and Fe304 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 Bi;S3@BSA-
Fe304-FA nanoparticles are co-administered with X-ray irradiation.
Altogether, the utility of BizS3@BSA-Fe304-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 Bi;S3@BSA, BizS3@BSA-Fe304 and
BisS3@BSA-Fe304-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 BiyS3@BSA, BiS3s@BSA-FesO4 and
BiyS3@BSA-Fe304-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-
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ray irradiation and are effective radiosensitizers. The following order
reflects the radiosensitization potential of the developed nanoparticles
upon X-ray irradiation: BisS3@BSA-Fe304-FA > BisS3@BSA-Fe3O4 >
BisS3@BSA. Indeed, it can be concluded that high level of ROS pro-
duction and great radiosensitization effect will be obtained when
BisS3@BSA-Fe304-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, BisSs3-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, Fe304-based
nanoparticles induce ROS generation through the catalysis of the Fenton
reaction [71]. Yu et al. reported that FesCy@Fe304 nanoparticles with
high-Z Fe content take advantage of the acidic microenvironment of
tumors to liberate ferrous ions to disproportionate HyO5 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. Invitro colony formation

After demonstrating the efficient cellular uptake, ROS generation,
induction of cell apoptosis and good biocompatibility of BizS3@BSA-
Fe304-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 Bi;S3@BSA, BisS3@BSA-Fe304 and
BisS3@BSA-Fe304-FA nanoparticles can effectively induce cell death in
varying amounts. The colony formation in cells treated with Bi;S3@BSA-
Fe304-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. LDsp 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
BisS3@BSA-Fe304-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 BisS3@BSA-Fe304-FA nanoparticles. This
assay was performed once tumors reached a mean volume of ~100 mm?,
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: BipS3@BSA-Fe304-FA, (2) BisS3@BSA-Fe304-FA with 4Gy X-
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ray, (3) BioS3@BSA-Fe304 with 4Gy X-ray, (4) BisSs@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
BizS3@BSA—F6304—FA, BizSg@BSA—F6304 and BizSg@BSA nanoparticles,
while once the treatment was combined with X-ray radiation (4 Gy),
their effectiveness changed dramatically. Bi»S3@BSA-Fe304-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 BiyS3@BSA-Fe304-FA nanoparticles
combined with X-ray radiation.

This indicates the strong radiosensitization capacity of bimetallic

Control
a - x::a;o b - Control
- : = X-Ray
25 - Bi,S;@BSA+ X-Ray — Bi,S;@BSA+ X-Ray
204 ~ Bi,S;@BSA-Fe;0, + X-Ray " - BiyS;@BSA-Fe;04+ X-Ray
5 Bi,S;@BSA-Fe;0,-FA = ~ Bi,S3@BSA-Fe30,-FA
> < Bi;S;@BSA-Fe;0,-FA+X-Ray o - Bi;S3@BSA-Fe;0,-FA + X-Ray
< o2 : ‘
> 10 ] M
E 10
1 <
(=]
<]
o 2 5 8 11 15
Time (d) Time (d)
C Bi,S;@BSA-Fe;0, Bi,S;@BSA
Po— %R Bi,S;@BSA +X-Ray  Bi,S;@BSA -Fe;0,-FA
ontro ay + X-Ray
Tumor
Liver
Heart
Kidney
Spleen

Fig. 5. Invivo 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 pm).
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BisS3@BSA-Fe304-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@Fe304 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
BisS3@BSA-Fe304-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 Bi»S3@BSA-Fe304-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. 5¢). 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 Bi;S3s@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-BizS3-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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