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ABSTRACT 
Objective(s): Radiotherapy is a cornerstone of cancer treatment; however, tumor radioresistance remains a major 

limitation. The use of radiosensitizers offers a strategy to selectively enhance the sensitivity of malignant cells to ionizing 

radiation while minimizing toxicity to surrounding normal tissues. In this study, we investigated the radiosensitizing 

potential of silica-coated bismuth ferrite nanoparticles (BFO-Si NPs). 
Material and Methods: Bismuth ferrite nanoparticles (BFO NPs) were synthesized via the sol-gel method and coated with 

silica to produce BFO-Si NPs, and their morphology and structural properties were characterized using FESEM, EDS, 

HR-TEM, XRD, and DLS. Their cytotoxicity against human non-small cell lung carcinoma (NSCLC) SK-MES-1 cells 

was evaluated using the MTT assay. To further assess their efficacy as radiosensitizers, cell viability, colony-forming 

capacity, and apoptotic responses following X-ray irradiation were evaluated.  

Results: The BFO-Si NPs exhibited uniform spherical geometry, a narrow size distribution, and good colloidal stability. 

They significantly increased apoptosis induction and decreased clonogenic survival of SK-MES-1 cells under 6 MV X-

ray irradiation compared with radiation alone. 

Conclusion: These findings demonstrate the potential of silica-coated bismuth ferrite nanoparticles as safe and effective 

radiosensitizers, capable of enhancing radiotherapeutic outcomes in NSCLC. 
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INTRODUCTION 
Lung adenocarcinoma stands as the leading 

contributor to cancer-related mortality, responsible 
for an estimated 1.8 million fatalities reported globally 
in 2020 [1-3]. Patient outcomes remain poor despite 
significant progress in treatment modalities—
including chemotherapy, targeted therapy, and 
radiotherapy [4]. While radiotherapy is fundamental 
to cancer therapy, given its capacity to manage tumor 
proliferation and mitigate metastatic spread, both 
inherent and acquired radioresistance frequently 
impede its therapeutic effectiveness [5]. 
Understanding the molecular mechanisms underlying 
radiosensitivity is therefore essential for improving 
treatment response. Addressing this limitation, 
nanotechnology provides a promising strategy, where 
nanoparticles (NPs) are being investigated as 
radiosensitizers to boost the therapeutic index of 
radiotherapy [6, 7]. Their small size, tunable surface 
chemistry, and multifunctionality have enabled 
applications in both diagnostics and therapeutics [8, 
9]. In oncology, NPs have improved imaging precision 
and modulated tumor radiosensitivity, thereby 
enhancing radiation efficacy [10, 11]. High atomic 
number (Z) nanomaterials are particularly attractive, 
as they exhibit strong photoelectric absorption and 
energy deposition compared to soft tissue, resulting in 
improved radiotherapeutic effects [6]. Bismuth-based 
NPs, owing to their substantial atomic number (Z = 
82), favorable photoelectric absorption, relative 
biocompatibility, and economic feasibility, have 
gained increasing attention as radiosensitizers [12, 
13].  

Historically, bismuth-containing substances have 
found medical applications in treating various 
conditions, including gastrointestinal disorders, 
syphilis, skin diseases, and Helicobacter pylori 
infections. Bismuth NPs have recently been 
investigated as effective CT contrast agents, radiation 
enhancers, and antibacterial agents [13]. As a notable 
multiferroic material, bismuth ferrite (BFO) exhibits 
both ferroelectric and magnetic behavior at ambient 
temperature [14]. The high atomic numbers of 
bismuth (82) and iron (56), combined with its 
magnetic characteristics, make BFO a promising 
candidate for multimodal imaging and image-guided 
Radiotherapy (IGRT). For instance, BFO NPs may serve 
as contrast agents for CT and magnetic resonance 
imaging (MRI), concurrently acting as radiosensitizers 
to augment local radiation dose delivery. Moreover, 
BFO NPs can be synthesized by scalable, cost-effective 
methods such as sol–gel processing [15].  

However, a key challenge with magnetic NPs is 
their tendency to aggregate due to van der Waals 

forces and magnetic interactions, which reduces 
stability and bioavailability [16]. Surface modification 
is therefore essential for biomedical translation. 
Among various strategies, silica coating has emerged 
as particularly advantageous, as it improves 
dispersibility, prevents agglomeration, and confers 
hydrophilicity and biocompatibility. Silica shells also 
offer chemical inertness, thermal resistance, and 
structural stability, making them widely employed in 
nanomedicine [17, 18]. Furthermore, silica-based NPs 
can act as radiosensitizers by augmenting 
mitochondrial reactive oxygen species (ROS) 
production [19-21]. Accordingly, applying a silica shell 
to BFO NPs is expected to enhance their 
physicochemical and radiobiological performance. 

Beyond these properties, silica nanomaterials are 
especially valuable in drug delivery [21]. Mesoporous 
silica nanoparticles (MSNs), characterized by tunable 
pore size, extensive surface area, and facile 
modification, exhibit high drug-loading capacity, 
controlled release, and integration of multifunctional 
therapeutic strategies. Their biodegradability, 
clearance, and translational potential have also 
established silica-based systems as promising 
platforms for cancer theranostics [18, 22]. Although 
bismuth-based nanomaterials such as Bi₂Se₃, Bi₂S₃, 
and uncoated BFO NPs have been evaluated as 
radiosensitizers [7, 23-25], these studies primarily 
focused on dose enhancement without incorporating 
drug-delivery functionality. In contrast, our silica-
coated BFO (BFO-Si) system integrates a high-Z, 
magnetically responsive core with a mesoporous silica 
shell that prevents aggregation, enhances 
dispersibility, enables drug encapsulation with 
controlled release, and allows further 
functionalization for imaging applications. This study 
represents the first systematic evaluation of silica-
coated BFO NPs as a dual radiosensitizing and drug-
delivery/theranostic platform for non-small cell lung 
cancer under clinically relevant 6-MV photon 
irradiation. Thus, a BFO core encapsulated by a silica 
shell offers a multifunctional system that combines 
magnetic and radiosensitizing properties with 
chemical stability, drug-delivery capability, and 
potential for multimodal imaging [26]. However, their 
radiosensitizing efficacy in non-small cell lung cancer 
(NSCLC) has not been evaluated. Therefore, this study 
evaluates the radiosensitizing potential of BFO-Si NPs 
under 6-MV photon irradiation in SK-MES-1 lung 
carcinoma cells, particularly emphasizing their ability 
to enhance radiotherapy efficacy and induce 
apoptosis (Scheme 1). 
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Scheme 1. Schematic overview of the study design. 

MATERIALS AND METHODS 
Materials 

Reagents utilized included bismuth (III) nitrate 
pentahydrate [Bi(NO₃)₃·5H₂O], iron (III) nitrate 
nonahydrate [Fe(NO₃)₃·9H₂O], acetic acid 
(CH₃COOH), ethylene glycol (EG), Tween-80, 
ethanol, ammonium hydroxide, cyclohexane, 
tetraethyl orthosilicate (TEOS), and 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT), all from Sigma-Aldrich. Biological 
reagents, including high-glucose Dulbecco's 
modified Eagle's medium (H-DMEM), fetal bovine 
serum (FBS), phosphate-buffered saline (PBS), 
penicillin-streptomycin (PS), and trypsin, were 
supplied by Gibco. The human NSCLC cell line, SK-
MES-1, was sourced from the Pasteur Institute of 
Iran. 

 
Synthesis of BFO NPs 

Bismuth ferrite NPs (BiFeO₃, BFO) were 
synthesized via a sol-gel method. Briefly, 
Bi(NO₃)₃·5H₂O and Fe(NO₃)₃·9H₂O (purity >99%, 
Sigma-Aldrich) were dissolved in deionized water at 
stoichiometric ratios to obtain a uniform precursor 
solution. Following this, citric acid (2.5 g) was 
subsequently incorporated as a chelating agent. 
The solution was maintained under continuous 
agitation and heated until complete evaporation 
produced a gel residue. During gelation, ethylene 
glycol was added to promote polymerization. The 

detailed procedure has been described elsewhere 
[27]. The resulting gel was dried at 100–120 °C for 
24 h to yield a xerogel. This xerogel subsequently 
underwent calcination at 450 °C for 2–2.5 hours in 
a laboratory furnace (3 °C/min heating rate). The 
calcined product was finely ground to obtain 
nanostructured BFO powders.  

 
Silica Coating of Bismuth Ferrite NPs 

BFO-Si NPs were synthesized using an 
established protocol with some corrections [28]. 
Briefly, 10 mL of cyclohexane containing BFO NPs (1 
mg/mL) was sonicated for 10 min, subsequently 
combined with 8 mL of ethanol containing Tween-
80 (100 mg). The mixture underwent an additional 
10 min of sonication and was stirred under argon 
gas for 6 hours. Subsequently, ammonium 
hydroxide (200 μL, 30%) and TEOS (100 μL in 2 mL 
of ethanol) were added sequentially, and the 
reaction was maintained under continuous 
agitation for 24 hours. The obtained BFO-Si NPs 
were harvested via centrifugation (12,000 rpm, 10 
min) and thoroughly rinsed with ethanol and 
deionized water. 

 
Characterization of nanoparticles 

 The synthesized NPs underwent 
comprehensive characterization to determine their 
properties. 
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Crystalline structure was investigated through 
X-ray diffraction (XRD) on an X'PertPro 
diffractometer (Panalytical, The Netherlands). 
Morphological and compositional characteristics 
were conducted using a field-emission scanning 
electron microscope (FESEM, TESCAN, UK), 
complemented by energy-dispersive X-ray 
spectroscopy (EDX) capabilities, and high-
resolution transmission electron microscopy 
(HRTEM). Furthermore, a Malvern Zetasizer Nano 
ZS was employed to measure the hydrodynamic 
size profile and surface charge of the 
nanocomplexes. 

 
Cell Culture 

SK-MES-1 non-small cell lung carcinoma cells 
were cultivated in high-glucose Dulbecco's 
modified Eagle's medium (H-DMEM) containing 
10% fetal bovine serum (FBS) and 1% penicillin–
streptomycin. Optimal growth conditions were 
provided by a humidified incubator set at 37 °C with 
a 5% CO₂ concentration. 

 
 In vitro cytotoxicity  

The in vitro cytotoxicity of the nanoplatform 
was evaluated in SK-MES-1 cells using the MTT 
assay. During their logarithmic growth phase, cells 
were seeded into 96-well plates (5×10³ cells/well) 
and incubated to permit sufficient adherence. On 
the subsequent day, the medium was exchanged 
with fresh medium containing BFO or BFO-Si NPs at 
concentrations ranging from 1.56 to 200 μg/mL and 
incubated for 6 hours. Then, the treatment medium 
was aspirated, and the cells were further cultured 
in fresh medium for 48 hours. Thereafter, 20 μL of 
MTT reagent (5 mg/mL) was introduced to each 
well, and the plates were incubated for 4 hours to 
allow the formation of formazan crystals by 
metabolically active cells. The MTT solution was 
discarded, and DMSO (100 μL/well) was added to 
dissolve the crystals. A microplate reader 
quantified cell viability by measuring absorbance at 
570/630 nm.  

 

Irradiation procedure on cells 
Cell irradiation (2, 4, 6, and 8 Gy) was performed 

using a 6 M Elekta Compact linear accelerator 
(Sweden). The photon beam was delivered through 
a 20 × 20 cm² radiation field, with culture plates 
positioned on five 1-cm-thick layers of tissue-
equivalent material to ensure uniform dose 
distribution. The procedure was conducted with 
the gantry fixed at 180°, employing the source-to-
axis distance (SAD) technique. 

 

In vitro radio-enhancement of NPs 
The radiosensitizing potential of BFO and BFO-Si 

NPs was quantitatively determined via an MTT 
assay. SK-MES-1 cells were cultured in 96-well 
plates (5×10³ cells/well) and maintained at 37 °C in 
a 5% CO₂ atmosphere for 24 hours. Following 
adherence and initial growth, the cells were 
subjected to a 6-hour co-incubation with BFO-Si 
NPs (15 µg/mL). After this, X-ray radiation was 
applied at target doses of 2 and 4 Gy. After an 
additional 48 h incubation, the MTT assay 
determined cell viability to evaluate the 
radiosensitizing efficiency of the NPs. 

 

Clonogenic Assay for Evaluating the 
Radiosensitizing Effect of Synthesized NPs 

A clonogenic assay was performed to assess the 
radiosensitizing efficacy of the prepared NPs by 
measuring the capacity of SK-MES-1 cells to retain 
proliferative capacity and form colonies after 
irradiation. Cells were initially seeded in 6-well 
plates at varying densities of 800, 1000, 1200, 1400, 
and 2400 cells per well and incubated for 24 hours 
to permit adherence. Following PBS washing, cells 
were treated with BFO-Si NPs (15µg/mL) for 6 
hours. The medium was then exchanged, and cells 
underwent X-ray irradiation. Irradiation doses were 
precisely matched to the initial seeding density: 2 
Gy (1000 cells/well), 4 Gy (1200 cells/well), 6 Gy 
(1400 cells/well), and 8 Gy (2400 cells/well). The 
800-cell group served as the non-irradiated control. 
Following irradiation, cells were incubated for 12 
days to permit colony formation. Post-incubation, 
colonies underwent PBS washing, methanol 
fixation, and Giemsa staining for 30 minutes. Plates 
were then gently rinsed with water and air-dried at 
ambient temperature. Colony enumeration was 
restricted to those comprising over 50 cells. Plating 
Efficiency (PE) was derived from the ratio of formed 
colonies to the initial number of seeded cells. The 
surviving fraction (SF) at each specific radiation 
dose was defined as the PE of irradiated samples 
normalized to that of the non-irradiated control. 

 

Apoptosis assay 

The apoptotic response was estimated via 
Annexin V-FITC/propidium iodide (PI) staining, 
evaluating the effects of X-ray irradiation (2 Gy and 
4 Gy) with and without BFO-Si NPs. SK-MES-1 cells 
were cultured in 12-well plates and grown for 24 
hours before treatment. The medium was then 
exchanged for fresh DMEM containing BFO-Si NPs 
(15 µg/mL) for 6 hours, while control cells received 
only DMEM. Following nanoparticle removal and 
PBS washing, fresh medium was supplied. The 
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cultures were irradiated at 2 Gy and 4 Gy and 
incubated overnight. Post-treatment, cells were 
collected, subjected to two PBS washes, and 
prepared for resuspension in Annexin V binding 
buffer (500 µL). Staining was conducted with 5 µL 
each of Annexin V-FITC and PI. Flow cytometric 
analysis was performed, and data were analyzed 
using FlowJo version 7.6. Non-irradiated samples 
were processed in parallel as controls for 
comparison. 

 

Statistical analysis 
Values are presented as mean ± standard 

deviation (SD). Comparisons among multiple 
groups and the control were conducted using one-
way ANOVA via GraphPad Prism. Statistical 
significance is indicated as P < 0.05 (*), P < 0.01 (**), 
P < 0.001 (***), and P < 0.0001 (****). 

 
RESULTS AND DISCUSSION 
Characterization 
The morphology of BFO and BFO-Si NPs 

The morphology, particle dimensions, and 
spatial distribution of the synthesized NPs were 

investigated using FESEM and EDS. FESEM images 
of BFO and BFO-Si NPs (Fig. 1A, B) revealed 
predominantly spherical morphologies with mean 
diameters of ~40 nm (BFO) and ~65 nm (BFO-Si), 
both smaller than the corresponding hydrodynamic 
sizes obtained by dynamic light scattering (DLS) 
(Table 1). HRTEM confirmed these findings; a 
representative micrograph of BFO-Si (Fig. 1C) 
showed spherical particles with an average 
diameter of ~54 nm. These findings align with 
earlier studies on BFO-based nanostructures of 
comparable dimensions [23, 29]. The EDS spectrum 
of BFO (Fig. 2A) showed only Bi, Fe, and O peaks, 
verifying phase-pure BiFeO₃ construction. The Bi/Fe 
atomic ratio was 1.1028, closely matching the 
theoretical 1:1 stoichiometry. In BFO-Si NPs, EDS 
confirmed the presence of Bi, Fe, Si, O, and C, with 
no extraneous elements, indicating successful silica 
incorporation. Elemental mapping further 
demonstrated the homogeneous distribution of Bi, 
Fe, O, and Si within BFO-Si NPs (Fig. 2B), confirming 
uniform integration of silica with the bismuth 
ferrite matrix. 

 

 
Fig. 1. Morphology and size of NPs. (A) FESEM image of BFO-NPs, (B) BFO-Si NPs, and (C) HRTEM image of BFO-NPs. 

 

 
Fig. 2. (A) EDS analysis for BFO NPs. (B) FESEM-EDS elemental mapping analysis of BFO-Si NPs. 
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Table 1. DLS and zeta potential measurements of the prepared NPs. 

Sample Z-average (nm) PDI Zeta potential (mV) 

BFO 82.73±1.24 0.20±0.015 -37 

BFO-Si 113.78±2.67 0.26±0.02 -30 

XRD analysis 
The crystalline properties of the synthesized 

NPs were characterized using XRD. The diffraction 
pattern of BFO NPs (Fig. 3, A) revealed peaks that 
can be indexed to a rhombohedral perovskite 
phase, consistent with the reference data (JCPDS 
card), confirming the formation of the BFO phase. 
For BFO-Si NPs (Fig. 3, B), a broad halo observed in 
the 2θ range of 10–80° was attributed to the 
amorphous silica, while the characteristic 
reflections of the BFO crystalline core remained 
intact [30]. This indicates that silica coating did not 
disrupt the underlying crystal structure of the BFO 
NPs. The mean BFO crystallite size, derived from 
the (110) reflection using the Scherrer equation, 
was ~45 nm, in close agreement with HRTEM 
observations. Previous studies have similarly 
reported rhombohedral perovskite structures for 
BFO with minimal secondary phases and crystallite 
sizes ranging from 34–48 nm, depending on 

synthesis conditions [31-33]. These results confirm 
that silica modification preserves the intrinsic 
crystallinity of BFO. 

 

Size distribution and zeta potential 
DLS analysis revealed mean hydrodynamic 

diameters of 82.73 nm for BFO and 113.78 nm for 
BFO-Si (Table 1). These values are larger than the 
particle sizes determined by FESEM and HRTEM 
(40–65 nm), as expected due to solvation effects 
and the hydrodynamic layer surrounding the 
particles in suspension. The observed increase in 
size following silica coating further confirms 
successful surface modification. Zeta potential 
measurements yielded −37 mV for BFO and −30 mV 
for BFO-Si, indicating moderately high negative 
surface charges (Table 1). These values reflect good 
colloidal stability in aqueous suspension, which is 
advantageous for biomedical applications by 
minimizing aggregation and supporting drug 
delivery potential. 

 
Fig. 3. (A) XRD pattern of BFO NPs, and (B) BFO-Si NPs. 
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Fig. 4. (A) Viability of SK-MES-1 cells following treatment with different BFO and BFO-Si NPs concentrations. (B) cell viability of SK-MES-

1 cells under 2 Gy and 4 Gy X-ray irradiation, and after treatment with the prepared BFO-Si NPs with and without X-ray irradiation. 
Differences were considered statistically significant at ***p < 0.001, ****p < 0.0001. 

Cytotoxicity assay 
Biocompatibility and low cytotoxicity are 

essential prerequisites for nanoparticle-based 
biomedical applications. The in vitro cytotoxicity of 
BFO and BFO-Si NPs was assessed using the MTT 
assay. Both NPs exhibited cell viability above 70% at 
concentrations up to 25 µg/mL (Fig. 4A), indicating 
favorable biocompatibility and minimal 
cytotoxicity. Accordingly, a 15 µg/mL BFO-Si NPs 
concentration was selected for subsequent 
experiments. These findings are consistent with 
previous reports demonstrating that BFO-based 
nanomaterials possess low cytotoxicity and high 
biocompatibility at similar concentration ranges 
[23, 34, 35].  

 
Effect of BFO-Si NPs under X-ray irradiation on SK-
MES-1 cell viability 

The radiosensitizing effect of BFO-Si NPs was 
assessed in SK-MES-1 cells by MTT assay following 
X-ray irradiation at 2 and 4 Gy, with or without 15 
μg/mL BFO-Si NPs (Fig. 4B). Statistical analysis 
revealed significant differences between groups, 
indicating that irradiation reduced cell viability and 
that BFO-Si NPs further amplified this effect. 
Irradiation with 2 Gy decreased viability to 81.8%, 
whereas co-treatment with BFO-Si NPs reduced it 
to 67.0%, demonstrating enhanced radiation 
sensitivity. A dose-dependent decline in viability 
was observed with X-rays alone, which became 
more pronounced at 4 Gy. The most significant 
effect was achieved with combined treatment at 4 
Gy, lowering viability to 53.3%. These findings 
indicate that BFO-Si NPs potentiate radiation-
induced cytotoxicity in lung cancer cells.  

Comparable results have been reported with 
related nanomaterials. For instance, Feng et al. [36] 
showed that BFO nanocatalysts markedly 
decreased HeLa cell viability under ultrasound (US) 
exposure, with prolonged US treatment further 
amplifying cytotoxicity, underscoring the ability of 
external stimuli to enhance the therapeutic activity 
of catalytic nanomaterials. Similarly, Rajaee et al. 
demonstrated dose-dependent radiosensitization 
by BFO NPs in MCF-7 cells, where increasing 
nanoparticle concentrations produced greater 
reductions in viability under X-ray irradiation [23]. 
Collectively, these studies corroborate the 
radiosensitizing properties of BFO-based 
nanostructures and support the utility of BFO-Si 
NPs in enhancing tumor cell sensitivity to 
radiotherapy. 

 
Clonogenic assay  

The radiosensitizing efficacy of the synthesized 
BFO-Si NPs was examined using clonogenic assays. 
The results showed that the control and BFO-Si NP 
groups displayed the highest colony numbers, 
confirming that the NPs alone did not impair cell 
proliferation and were biocompatible. In contrast, 
X-ray irradiation alone produced only a modest 
reduction in colony formation, consistent with its 
known clinical activity. A pronounced dose-
dependent decrease in survival fraction was 
observed when cells were pretreated with BFO-Si 
NPs before irradiation (2–8 Gy). At 2 Gy, differences 
between irradiated cells with or without NPs were 
minimal; however, at 4 Gy, cells treated with 15 
μg/mL BFO-Si NPs displayed significantly lower 
survival than those exposed to irradiation alone.  
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Fig. 5. In vitro clonogenic assay evaluating the effect of BFO-Si NPs on the proliferative capacity of SK-MES-1 cells subjected to varying 

doses of X-ray irradiation. Values are given as the mean with corresponding standard deviation (n = 3); ****p < 0.0001. 

Similar effects were evident at 6 and 8 Gy. For 
example, pretreatment with 15 μg/mL BFO-Si NPs 6 
hours before 6 Gy irradiation reduced the survival 
fraction (SF6) from 0.47 to 0.12 (Fig. 5). These results 
demonstrate that BFO-Si NPs substantially enhance 
X-ray–induced cytotoxicity by suppressing 
clonogenic survival in a dose-dependent manner. 
Comparable results have been reported for 
uncoated BFO NPs. For instance, Rajaee et al. [23] 
reported that BFO NPs enhanced radiation-induced 
cytotoxicity in MCF-7 breast cancer cells. A linear-
quadratic model predicted sensitizer enhancement 
ratios (SERs) of 1.35 and 1.76 for 0.05 and 0.1 mg/mL 
BFO, respectively. At 4 Gy, colony formation 
decreased from 64% (radiation alone) to 45%, 30%, 
and 12% with 0.05, 0.1, and 0.2 mg/mL BFO NPs, 
respectively. These findings highlight the strong 
radiosensitizing potential of BFO NPs across different 
cancer cell models. Both studies demonstrate that 
bismuth ferrite NPs significantly amplify radiation-
induced cytotoxicity. However, the BFO-Si system 
presented here offers additional advantages, as the 
silica shell is expected to improve nanoparticle 
stability, dispersibility, and biocompatibility, while 
also conferring drug delivery potential and imaging 
capability, thereby providing a more versatile 
theranostic platform for integrated radiotherapy and 
drug delivery applications. 

 
Apoptosis assay with and without X-ray radiation  

Apoptosis induction in SK-MES-1 cells was 
evaluated using Annexin V-FITC/PI staining followed 
by flow cytometric analysis. This assessment was 
performed after cells were subjected to BFO-Si NPs, 
X-ray irradiation, or their combined application. The 

results demonstrated that co-treatment with BFO-Si 
NPs and X-rays markedly increased the percentage 
of apoptotic cells relative to each modality alone or 
untreated controls. X-ray irradiation is known to 
trigger apoptosis, primarily through p53-dependent 
pathways, and nanoradiosensitizers have been 
proposed to amplify this response. Accordingly, 
apoptosis induction in SK-MES-1 cells was quantified 
following X-ray irradiation at different doses (2 and 4 
Gy), with particular emphasis on assessing radiation 
sensitivity in the presence or absence of the 
synthesized BFO-Si NPs. As expected, X-ray exposure 
alone induced apoptosis dose-dependently, rising 
from 13% to 21.5% as the dose increased from 2 to 4 
Gy (Fig. 6B). However, this effect was modest relative 
to the combined treatment, where apoptosis rose 
from 26% to 34.3% across the same dose range, 
indicating that BFO-Si NPs markedly enhanced 
radiosensitivity. 

The radiosensitizing effect of BFO-Si is 
attributable to the high atomic number of bismuth, 
which amplifies local energy deposition during 
irradiation. Secondary photoelectrons and Auger 
electrons generated upon X-ray interaction with 
bismuth promote ROS formation, leading to DNA 
double-strand breaks, oxidative stress, and 
mitochondrial dysfunction that activate intrinsic 
apoptotic pathways. The silica shell may further 
potentiate this response by improving nanoparticle 
dispersibility and cellular uptake while contributing 
to ROS generation [20, 21]. These combined effects 
provide a plausible mechanistic basis for the 
enhanced apoptosis observed in irradiated cells 
treated with BFO-Si NPs. 
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Fig. 6. (A, B) Apoptosis analysis of SK-MES-1 cells exposed to 2 Gy and 4 Gy X-ray irradiation, with or without BFO-Si NPs treatment. 

Differences were considered statistically significant at ***p < 0.001, ****p < 0.0001. 

Comparable findings have been reported in 
other studies employing bismuth-based 
nanomaterials. Specifically, Khosravi et al. [7] 
observed a significant, dose-dependent 
enhancement of X-ray-induced apoptosis in colon 
cancer cells when treated with Bi₂Se₃ NPs, primarily 
through early apoptotic pathways. In contrast, BFO-
Si NPs induced early and late apoptosis, suggesting 
a broader apoptotic impact resulting from ferrite, 

silica, and bismuth synergistic contributions. 
Similarly, Faghfoori et al. [37] demonstrated that 
Bi₂S₃@BSA and methotrexate-conjugated 
Bi₂S₃@BSA nanoparticles significantly enhanced 
apoptosis in SW480 colon cancer cells following 
irradiation, with the conjugated system showing 
the most significant effect. Notably, Bi₂S₃@BSA NPs 
exhibited minimal cytotoxicity, but their 
combination with X-rays pronouncedly increased 
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apoptotic cell death. These findings highlight the 
theranostic potential of engineered bismuth 
nanomaterials and emphasize the importance of 
synergistic designs in maximizing 
radiosensitization. 

Collectively, these results confirm that bismuth-
based nanomaterials can enhance radiation-
induced apoptosis in a dose-dependent manner. 
While Bi₂Se₃ and Bi₂S₃ systems have demonstrated 
radiosensitizing efficacy in colon cancer models, the 
present work provides the first evidence that silica-
coated bismuth ferrite (BFO-Si) nanoparticles 
achieve similar effects in lung cancer cells. 
Furthermore, the incorporation of ferrite and silica 
not only contributes to apoptosis induction but also 
enhances nanoparticle stability, dispersibility, 
biocompatibility, and potential for drug loading, 
offering advantages over single-component 
systems. These results underscore the potential of 
BFO-Si NPs as multifunctional radiosensitizers for 
improving the efficacy of lung cancer radiotherapy. 
Despite these promising findings, a limitation of the 
present study is that all in vitro experiments were 
conducted exclusively in SK-MES-1 cells. While 
these results provide crucial initial evidence of the 
radiosensitizing potential of BFO–Si NPs, cellular 
responses to nanomaterials may vary across 
different tumor types and between malignant and 
normal cells. Therefore, future studies should 
validate these findings in additional lung cancer and 
non-cancerous cell models to establish the broader 
translational relevance of BFO-Si NP. 

 
CONCLUSION  

This study indicates that the combination of 
BFO-Si NPs and RT offers a promising therapeutic 
approach for NSCLC. The low intrinsic cytotoxicity 
of BFO-Si NPs in cultured cells supports their 
potential suitability as therapeutic adjuvants. 
Combined with ionizing radiation, these NPs 
significantly enhance cellular radiosensitivity, 
functioning as effective radiosensitizers. 
Nonetheless, further investigations are needed to 
elucidate the underlying molecular mechanisms 
that govern their radiosensitizing effect. Moreover, 
extensive preclinical evaluations are essential to 
establish their safety and therapeutic efficacy, with 
particular attention to potential off-target effects 
on normal tissues. 
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