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Bismuth sulfide nanorods are promising for biomedical use due to their high atomic number and 
biocompatibility. This paper presents their surface modification through ligand exchange with 
polyethylene glycol (PEG) of various molecular weights to enhance dispersibility and biocompatibility in 
physiological media. PEGylation was confirmed, ensuring structural integrity. The optimized formulation 
maintained morphology, with a hydrodynamic size of 134 nm and a zeta potential of –11.3 mV. Stability 
and interaction in DMEM with fetal bovine serum and artificial plasma were evaluated, showing a 
reversible protein corona with low association constants. Cytotoxicity assays showed minimal toxicity 
across concentrations. The radiosensitizing effect of PEGylated nanorods was tested under three X-ray 
doses, revealing a dose-dependent increase in cancer cell death, with dose enhancement factors of 1.3 
and 1.6 for MCF7 and A549 cells respectively, at a survival factor of 37. These findings support PEGylated 
Bi2S3 nanorods as stable, biocompatible platforms for enhancing radiotherapy efficacy.
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Introduction
Cancer remains the second leading cause of death worldwide, 
with nearly 10 million deaths reported in 2020 according to 
the World Health Organization. Radiotherapy is a widely used 
therapeutic modality, employed in over half of all cancer treat-
ments [1]. However, its effectiveness is frequently constrained 
by the need to limit radiation exposure to surrounding healthy 
tissues, which restricts the maximum therapeutic dose deliver-
able to tumors. This challenge has motivated the development 
of different strategies, including the radiosensitizing agents [2]. 
These agents can enhance the local effects of ionizing radiation 
selectively within tumor tissues [3].

Among these strategies, nanomaterials containing high 
atomic number (Z) elements have shown significant promise as 
radiosensitizers. Their potential lies in their ability to amplify 
radiation-induced damage through enhanced photoelectric 
absorption, secondary electron emission, and reactive oxygen 
species (ROS) generation [4]. Bismuth sulfide (Bi2S3) in par-
ticular, stands out for this purpose, due to bismuth’s high atomic 
number (Z = 83), excellent X-ray attenuation capacity, intrinsic 
chemical stability, and favorable biocompatibility profile. Bi2S3 
nanostructures have demonstrated radiosensitizing effects in in 
vivo and preclinical models by increasing localized radiation 
dose and promoting ROS-mediated cytotoxicity in cancer cells 
[5, 6].

While several synthetic routes have been developed for the 
preparation of Bi2S3 nanostructures—including hydrothermal, 
solvothermal, and hot-injection approaches—translation of 
these materials to biomedical applications requires more than 
structural control [7, 8]. Surface properties play a critical role in 
determining biological interactions, including biodistribution, 
cellular uptake, and immune recognition. A key factor influenc-
ing nanoparticle circulation time is the formation of the protein 
corona—a dynamic layer of biomolecules that adsorbs onto the 
nanoparticle surface upon exposure to biological fluids. This 
corona modifies physicochemical properties such as size and 
surface charge, effectively redefining the nanoparticle’s biologi-
cal identity and dictating its interaction with cells and biological 
barriers [9]. The presence of opsonins can promote clearance by 
phagocytic cells, whereas selective enrichment of specific plasma 
proteins may reduce immune recognition. While PEGylation is 
commonly used to extend circulation time by reducing protein 
adsorption, it does not entirely prevent corona formation, and its 
effectiveness depends on factors such as PEG molecular weight 
and surface density [10, 11].

To modulate protein corona composition and improve in 
vivo performance, surface functionalization with biocompat-
ible ligands has proven essential. Polyethylene glycol (PEG), a 
hydrophilic polymer widely used in nanomedicine, can reduce 
nonspecific protein adsorption, enhance colloidal stability in 

physiological environments, and prolong systemic circulation 
by evading immune clearance [12, 13].

In this work, we investigate the functionalization of Bi2S3 
nanorods with polyethylene glycol (PEG) with different molecu-
lar weights. We provide a comprehensive structural and surface 
characterization of Bi2S3 PEG functionalized nanorods and 
evaluate their behavior in complex biological media, with par-
ticular attention to protein corona formation and surface charge 
modulation. Finally, we assess the cytotoxicity of the PEGylated 
nanorods in healthy and cancerous human cell lines and exam-
ine their radiosensitizing effect under different X-ray irradiation 
doses. Our findings contribute to the rational design of surface-
engineered nanomaterials for advanced biomedical applications, 
particularly in the new advanced radiotherapy treatments.

Results and discussion
Nanorod characterization and ligand exchange

Ligand exchange with PEG, using either low (400 g/mol) or 
high (4000 g/mol) molecular weight variants, was verified by 
FTIR spectroscopy (Fig 1) for all the samples. The presence of 
characteristic C–O–C and C–C–O vibrational bands confirmed 
successful PEGylation. At 1101 cm−1 and 611 cm−1 we observed 
the PEG 400 C–O–C stretching and bending bands respectively. 
The same bands but for PEG 4000 were observed at 1111 and 
617 cm−1. Regarding the C–C–O bands, we observed them at 
1034 and 525 cm−1 for PEG 400 and at 1061 and 530 cm−1 for 
PEG 4000 [14, 15]. Complete ligand exchange was achieved 
for PEG 400 after 4 h and for PEG 4000 after 24 h of reaction. 
Intermediate spectra at 4 h with PEG 4000 showed similarities 
with the Bi2S3-PEG400, suggesting partial exchange and a time-
dependent reorganization of PEG on the nanoparticle surface. 
However, these particles exhibited significant handling chal-
lenges; their isolation was particularly difficult, and substantial 
material losses were observed during purification. Consequently, 
we opted to proceed with further characterization and biological 
studies using Bi2S3 nanoparticles coated with PEG4000, which 
demonstrated greater stability and recoverability.

Thermal analysis by DSC-TG of samples with PEG 4000 
and different reflux time provided further evidence of surface 
modification, as can be seen in Fig. 1 (c and d). An increase 
in the organic content from 14 to 32% was observed for PEG 
4000-functionalized nanorods when the reaction time increased 
from 4 to 24 h, indicating a higher degree of PEG coating. This 
trend is supported by small endothermic peaks in the DSC 
curves. Additionally, in both 4 and 24 h samples, a mass loss 
of approximately 5–6% was detected at lower temperatures, 
which may be attributed to residual OLA that was not com-
pletely exchanged. This interpretation is further supported by 
small endothermic events observed around 300 °C in the DSC 
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curves. This OLA signal is not observable in the IR spectra, pos-
sibly due to its low concentration and overlap with the domi-
nant PEG absorption bands. Despite that, these results verified 
effective surface functionalization and improved dispersibility, 
which is essential for ensuring suspension stability and bio-
compatibility in biological environments. Taking all this into 
account, and knowing that the PEG improves dispersibility and 
biocompatibility, all subsequent analyses were conducted using 
the Bi2S3-PEG4000_24 sample.

TEM analysis of sample Bi2S3-PEG4000_24 showed uniform 
nanorods with well-defined morphology and narrow size dis-
tribution; an image of the nanorods can be seen in Fig. 2. The 
size distribution was fitted to lognormal, with an average size 
of 3.6 and a standard deviation 0.6 nm. We confirmed that the 
rod morphology after the ligand exchange has been maintained.

The crystalline identity of the Bi2S3-PEG4000_24 nanorods 
was confirmed by XRD and Raman spectroscopy [Fig 3(a and 
b), respectively]. In the XRD diagram, we can see that the 
positions of the peaks agree with the ones of the ICSD file 
89,324. Besides, a characteristic broadening of the peaks is 

observed, which correlates with the nanometric size of the 
particles [16]. The vibrational modes observed in Raman 
spectra summarized in Table S1 are consistent with reported 
Bi2S3 lattice vibrations [17, 18]. Results of hydrodynamic size 
and Z potential are presented in Table 1 and in Fig. S1 of Sup-
plementary Information. In all cases, a correlation between the 
results obtained by DLS and NTA was observed, despite the 
differences between the techniques. DLS measurements tend 
to yield slightly larger sizes due to their intensity-weighted 
nature, which emphasizes larger particles, whereas NTA pro-
vides number-based distributions that more accurately reflect 
the actual particle population, particularly in polydisperse sys-
tems. Furthermore, the sample Bi2S3-PEG4000_24 exhibited a 
slightly negative Z-potential of − 11,3 (± 5,82) mV, which is 
advantageous for potential intravenous administration of the 
radiosensitizer, as neutral or negatively charged nanoparti-
cles exhibit enhanced stability due to reduced plasma protein 
adsorption (i.e., reduced opsonization) and lower nonspecific 
cellular uptake, which together contribute to prolonged cir-
culation times [19, 20].

Figure 1:   (a) FTIR spectra of nanoparticles with PEG 400 and (b) with PEG 4000, prepared at different reflux time, in comparison with the spectra of the 
corresponding PEG and OLA, (c) DSC-TG for sample with reflux time 4 h, (d) DSC-TG for sampe with reflux time 24 h.
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Protein corona formation

To evaluate nanoparticle interaction with biological media, 
sample Bi2S3-PEG4000_24 was incubated in DMEM with 10% 
FBS and in artificial blood plasma (aBPF). DLS and zeta 
potential measurements were taken over 48  h (Fig4 and 
Table 2). The hydrodynamic size remained stable in both 
media, with values ranging between 122–242 nm, and zeta 
potential values between –26.5 and –6.1 mV, indicating good 

behavior of the suspension in the solvents and moderate sur-
face charge.

The absence of significant aggregation and minimal shifts 
in surface charge imply limited nonspecific protein adsorption, 
consistent with the formation of a soft corona.

ITC is a label-free, in-solution technique that quantitatively 
measures the heat change associated with molecular interac-
tions under constant temperature. When applied to the study of 
protein adsorption onto nanoparticles, ITC enables the direct 
characterization of the thermodynamics of corona formation, 
including the binding affinity (Kₐ), binding enthalpy varia-
tion (ΔH) and entropy (ΔS). This data provides insights into 
the driving forces governing protein-nanoparticle interactions, 
which are crucial for understanding nanoparticle behavior in 
biological environments and their biocompatibility. In this work, 
ITC (Table 3 and Figure S2) revealed exothermic interactions 

Figure 2:   (a) TEM image of Bi2S3-PEG4000_24 nanorods and (b) particle size distribution histogram.

Figure 3:   (a) XRD diagram with the main peaks indexed and (b): Raman spectra of sample Bi2S3-PEG4000_24 with PEG4000 and OLA as ligands.

TABLE 1:   Zeta potential and particle size obtained by DLS and NTA of 
PEG-4000 and OLA-coated nanoparticles.

Nanoparticle Z (mV) Size by DLS (nm) Size by NTA (nm)

Bi2S3-OLA − 3,62 (± 0,56) 278,0 (± 78,8) 133,8 (± 56,2)

Bi2S3-PEG4000_24 − 11,3 (± 5,82) 124,4 (± 28,1) 134,1 (± 64,2)
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(ΔH < 0) and unfavorable entropy changes (ΔS < 0) for both 
media, which means that the interactions between the fluids 
and the nanoparticles are enthalpically favoured. It also confirms 
that Van der Waals forces, electrostatics, and hydrogen bond-
ing are the main drivers of corona formation [21, 22]. As it was 
expected, the association constant for aBPF is lower than the one 
for DMEM + FBS, indicating that the association is stronger for 
the media with proteins. However, the low value of association 
constants for both media (Ka = 12.1 kM⁻1 in DMEM + FBS and 
0.72 kM⁻1 in aBPF) confirm the absence of strong binding or 
extensive desolvation effects. These results are consistent with a 

reversible and weakly adsorbed soft corona, largely mediated by 
the PEG surface layer. They also align with other findings where 
a reduced number of proteins and a less complex protein pattern 
were found on PEGylated PLGA nanoparticles [9].

This weak corona is advantageous in systemic applications, 
as it minimizes immune recognition, reduces opsonization, and 
promotes prolonged circulation. Overall, the data demonstrate 
that PEGylation provides effective steric stabilization of Bi2S3 
nanorods and supports their use as a platform for biomedical 
applications requiring controlled nano–bio interactions.

Cytotoxicity assays

Firstly, we determined the nanoparticles uptake by confocal 
microscopy. Images of the MCF7 and A549 cells showing the 
Bi2S3-PEG4000_24 nanoparticles inside the cells (representative 
concentration of 25 and 50 μg/mL) are showed in Fig. S3. The 
biocompatibility of PEGylated Bi2S3 nanorods was assessed 
using two cancer cell lines (MCF7 and A549) and three non-
cancerous cell lines (MRC5, BHK-570, and HepaRG), as is 
shown in Fig. 5. In normal cell lines, PEG-coated Bi2S3 nano-
particles exhibited generally low cytotoxicity, though some 
variability was observed depending on the cell type. BHK-570 
cells showed a clearer dose- and time-dependent decrease in 
viability, while MRC5 cells displayed only modest effects at 
higher concentrations and longer exposures. HepaRG cells 
were the most tolerant, with viability largely maintained across 
conditions except for slight reductions at the highest doses. 
The nanoparticles also exhibited time- and dose-dependent 

Figure 4:   DLS and zeta potential of Bi2S3-PEG4000_24 nanorods in (a, b) DMEM + FBS and (c, d) artificial blood plasma.

TABLE 2:   DLS and zeta potential of Bi2S3 nanorods in biological media.

Nanoparticle Medium Size range (nm)
Zeta potential range 

(mV)

Bi2S3-PEG4000_24 DMEM + FBS 158.4—242.2 − 26.5 to − 14.3

Bi2S3-PEG4000_24 aBPF 122.2—177.9 − 21.9 to − 6.1

TABLE 3:   Binding Enthalpy (ΔH), entropy (ΔS), and association constant 
(K) data for the interaction of Bi2S3-PEG with DMEM medium containing 
10% FBS and aBPF.

Nanoparticles Medium ΔH (kcal/mol) ΔS (cal/moloC) Ka (kM−1)

Bi2S3-
PEG4000_24

DMEM + SFB − 34.1 − 95.7 12.1

Bi2S3-
PEG4000_24

aBPF − 2121 − 7100 0.72
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effects on cell viability in both MCF7 and A549 cancer cell 
lines. While MCF7 cells showed minimal response at early 
time points, a slight decrease in viability was observed at later 
time points. In contrast, A549 cells were more responsive, 
showing subtle changes in viability over time and a progressive 
trend throughout the experiment. A more detailed explana-
tion of the statistical treatment is explained in tables S2 and 

S3. Given the size of the nanorods, their primary elimination 
route is expected to be hepatic rather than renal, making this 
observation unlikely to pose a limitation for future in vivo 
applications. These results support the low intrinsic cytotox-
icity of Bi2S3 and demonstrate that PEG surface functionali-
zation does not introduce additional toxicity. The inclusion 

Figure 5:   Cell viability of MCF-7, A549, BHK-570, HepaRG and MRC5 cells after 24, 48 and 72 h of exposure to Bi₂S₃-PEG4000_24 nanorods. Differences 
were considered statistically significant at p < 0.05.
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of multiple healthy cell lines further reinforces the biosafety 
profile of the material and supports its potential for selective 
radiosensitization in therapeutic contexts.

Radiosensitization studies

To evaluate the radiosensitizing potential of PEGylated Bi₂S₃ 
nanorods, MCF7 and A549 cells were irradiated with X-rays 
at doses of 0, 2, 4, and 8 Gy, 24 h after nanoparticle exposure. 
The MTT assay showed a dose-dependent reduction in viabil-
ity in nanoparticle-treated groups compared to irradiated-only 
ones [Fig 6 (a and b)] for A549 cells. In MCF7 cells, no strong 
dependence of cell death on radiation dose was observed at 48 h 
after irradiation; however, a dose-dependent variation became 
apparent 72 h post-irradiation.

Despite the inherent difficulty of comparing radiosensitizing 
efficacy across studies due to differences in experimental design, 
cell lines, radiation sources, and nanoparticle concentrations, the 
NER values obtained for our PEGylated Bi2S3 nanorods indicate 
promising performance. At a concentration of nanoparticles of 
100 μg/mL and with an irradiation dose of 2 Gy, NER values of 

1.42 (MCF7) and 1.21 (A549) were recorded at 48 h post-irradi-
ation, increasing to 1.95 and 1.39 respectively at 72 h. Compared 
to our previous work using Bi2S3-PVP nanorods (NER = 1.71 at 
2 Gy), the PEGylated system offers a similar radiosensitizing 
effect, considering that this results were obtained using a differ-
ent evaluation method (MTT assay), as opposed to the Trypan 
Blue assay used in our previously reported work, but with the 
added advantages of improved dispersibility [5]. Still, our cur-
rent values compare favorably with previous reports, such as 
Bi2S3@SiO2 mesoporous nanoparticles (NER = 1.36–1.48 with 
50 μg/mL and P-32 irradiation for 24–72 h) and Bi2S3@BSA-FA-
CUR (NER = 1.14–1.67 under 2–6 Gy with 50 μg/mL) [23, p. 3], 
[24, p. 3]. Notably, higher NERs reported for Bi2S3-PLGA (up to 
7.64) required significantly higher nanoparticle concentrations 
(up to 5 mg/mL) [25]. Altogether, these findings underscore the 
potential of PEGylated Bi2S3 nanorods as effective and biocom-
patible radiosensitizers.

These findings demonstrate that PEG-coated Bi2S3 nanorods 
can act as effective radiosensitizers in vitro, enhancing the cyto-
toxic effects of ionizing radiation in cancer cells without harm-
ing healthy cells at therapeutic concentrations. These results 

Figure 6:   (a) Cell viability of MCF7 and (b) A549 cell lines obtained by the MTT assay, irradiated in the presence of nanorods Bi2S3-PEG4000_24 with 2, 4 
or 8 Gy, evaluated after 48 and 72 h after irradiation (differences were considered statistically significant at p < 0.05); (c) survival curves as a function of 
radiation dose for A549 and MCF7 cell lines treated with Bi2S3-PEG4000_24 nanorods, obtained from clonogenic assay.
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support their continued development for advanced radiotherapy 
treatments.

The clonogenic survival curves [see Fig6 (c)] clearly dem-
onstrate that pre-treatment with Bi2S3-PEG4000_24 nanorods 
significantly enhances the radiosensitivity of both A549 and 
MCF7 cancer cells. In the absence of nanorods (control), both 
cell lines exhibited a dose-dependent reduction in survival frac-
tion, but retained a relatively high proliferative capacity, espe-
cially at intermediate radiation doses (2–4 Gy). However, when 
cells were pre-treated for 24 h with Bi2S3-PEG4000_24 nanorods, 
a marked decrease in survival was observed across all radiation 
doses, indicating effective radiosensitization.

The radiosensitizing effect was more pronounced in the 
MCF7 breast cancer cells, which showed a sharper drop in 
survival fraction, particularly at 4 Gy and 8 Gy, suggesting a 
higher susceptibility of this cell type to the synergistic action of 
radiation and Bi2S3-PEG4000_24 nanorods. In contrast, A549 lung 
cancer cells exhibited a more moderate, yet consistent, radiosen-
sitizing response. These differences may reflect intrinsic varia-
tions in DNA repair efficiency, redox status, or nanorods uptake 
between the two cell lines.

The Bi2S3-PEG formulation used in this study showed effec-
tive performance without causing significant toxicity in the 
absence of radiation (as suggested by the similar survival at 0 Gy 
between treated and control groups in the clonogenic assay), 
reinforcing its potential as a biocompatible radiosensitizer. 
Taken together, these findings support the utility of Bi2S3-PEG 
nanorods as a promising platform for enhancing radiotherapy 
efficacy, especially in tumors that are typically resistant to con-
ventional radiation doses.

The calculated Dose Enhancement Factors (DEF) provide 
quantitative evidence of the radiosensitizing effect induced by 
Bi2S3-PEG4000_24 nanoparticles in both A549 and MCF7 cell 
lines. In MCF7 breast cancer cells, a DEF of 1.3 was observed at 
both SF₃₇ (surviving fraction at 37%, a standard reference point 
in radiobiology, that corresponds to the radiation dose at which 
the fraction of surviving cells decreases to 37% of the initial pop-
ulation, assuming an exponential survival curve) and SF50 (sur-
viving fraction at 50%), indicating a consistent enhancement in 
radiosensitivity across moderate and higher survival thresholds. 
This suggests that the PEGylated Bi2S3 nanorods sensitize MCF7 
cells to radiation in a dose-independent manner within this 
range. In contrast, A549 lung cancer cells exhibited a DEF of 1.6 
at SF₃₇ and 1.2 at SF50, reflecting a more pronounced radiosen-
sitizing effect at lower survival fractions. This differential sug-
gests that the nanoparticles are particularly effective in reduc-
ing clonogenic capacity at higher radiation doses in A549 cells. 
The higher DEF observed in A549 cells at SF37, compared to 
MCF7, highlights cell-line-specific responses to Bi2S3-PEG4000_24 
nanoparticles and supports their potential utility in enhancing 
the therapeutic ratio of radiotherapy. Overall, the DEF values 

obtained fall within a biologically relevant range, supporting 
the use of PEGylated bismuth sulfide nanorods as promising 
radiosensitizers for both breast and lung cancer models.

A well-established mechanism for inorganic nanoparticles 
acting as radiosensitizers involves the production of secondary 
emissions due to their high-Z nature and interaction with radia-
tion. In the case of PEGylated Bi2S3 nanoparticles, cell death 
can be induced either through the direct disruption of DNA by 
the ionizing radiation itself or by these secondary emissions, 
or via the generation of reactive oxygen species (ROS) upon 
interaction with the biological environment. Significant ROS 
generation has been observed for bismuth sulfide nanoparti-
cles in combination with radiotherapy [26, 27], supporting their 
potential role as radiosensitizers. A schematic overview of the 
proposed mechanism is presented in Fig. S4.

This work highlights several key aspects relevant to the 
development of functional nanomaterials. First, the choice of 
synthetic method directly impacts the crystallinity, aspect ratio, 
and surface chemistry of the resulting nanostructures. The 
hot-injection approach used here enables precise control over 
nucleation and growth kinetics, resulting in uniform nanorods 
with high crystallinity, which is essential for consistent optical 
and electronic behavior.

Moreover, surface engineering through ligand exchange 
represents a critical strategy for tuning interfacial interactions 
between nanoparticles and their surrounding environment. The 
ability to switch from hydrophobic (OLA) to hydrophilic ligands 
(PEG) allows tailoring of behavior without compromising struc-
tural integrity. The PEG coating, in particular, not only improves 
stability but also enhances biocompatibility and stealth behavior, 
reducing protein adsorption and immune clearance—features 
directly translatable to drug delivery and imaging applications.

This study exemplifies how systematic characterization—
combining TEM, DLS, FTIR, and zeta potential analysis—can be 
used to establish clear structure–function relationships. Under-
standing how nanoscale morphology and surface chemistry 
influence macroscopic behavior (e.g., stability, cytotoxicity, pro-
tein corona formation) is central for advancing in the rational 
design of nanomaterials for targeted biomedical applications.

PEGylation remains one of the most established strategies 
to improve the stability and pharmacokinetics of nanomedi-
cines, and several PEGylated drugs are already approved and 
used in clinical practice [28]. Nevertheless, growing evidence 
indicates that PEG can induce anti-PEG antibodies, potentially 
accelerating clearance or triggering hypersensitivity reactions. 
Similar responses have also been reported for several proposed 
PEG alternatives, suggesting that immunogenicity is not an issue 
exclusive to PEG. Importantly, the clinical impact of these reac-
tions is highly context-dependent, influenced by formulation 
type, dose, administration route, and patient immune status. In 
this regard, PEGylated Bi2S3 nanoparticles show translational 
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potential due to their improved colloidal stability, reduced 
opsonization, and prolonged circulation, which may favor tumor 
accumulation, while the very low solubility of the Bi2S3 core may 
limit acute ion-related toxicity. At the same time, the long-term 
fate of these nanoparticles in vivo is not yet fully established, 
as PEG coatings may undergo gradual desorption or oxidative 
degradation, altering nanoparticle–protein interactions, and 
although extensive dissolution of Bi2S3 is unlikely, partial sur-
face transformation or limited ion release cannot be excluded. 
Together, these considerations indicate that PEG-coated Bi2S3 
nanoparticles are promising candidates for biomedical applica-
tions, while also highlighting the importance of complementary 
in vivo studies to clarify their clearance pathways, immuno-
genicity, and long-term biosafety.

Conclusions
This study presents a systematic approach for developing sta-
ble and biocompatible suspensions of Bi2S3 nanorods, aiming 
at their applications as radiosensitizers in biomedical settings. 
Using a hot-injection synthesis, we produced uniform nanorods 
and functionalized their surfaces via ligand exchange with PEG. 
Comprehensive characterization by TG/DSC and FTIR con-
firmed successful functionalization, while DLS analysis dem-
onstrated the stability of the nanoparticle suspension.

Among the tested formulations, Bi2S3-PEG4000_24 emerged 
as the most suitable candidate for biological evaluation due to 
its recoverability, enhanced functionalization, superior stabil-
ity, minimal aggregation, and compatibility with physiological 
environments. Collectively, these findings highlight the poten-
tial of PEG-modified Bi2S3 nanorods for biomedical applications 
requiring prolonged circulation time, reduced immune recogni-
tion, and predictable nano–bio interactions.

In vitro assays confirmed high cell viability across a wide 
range of concentrations, and protein corona studies showed 
negligible changes in particle size and surface charge over 48 h. 
The Bi2S3-PEG4000_24 nanorods significantly increase the radio-
sensitivity of cancer cells without inducing notable toxicity in 
the absence of radiation. The effect was observed in both lung 
and breast cancer cell lines, with a stronger response in the latter, 
suggesting cell-type-specific differences in susceptibility. These 
findings establish a robust formulation and processing strategy 
for Bi2S3 nanorods, supporting their future application in pre-
clinical in vivo studies for enhanced radiotherapy.

Overall, the systematic evaluation of surface chemistry, sol-
vent environment, and processing conditions demonstrates the 
importance of integrating physicochemical parameters when 
designing nanomaterials for biomedical use. This integrative 
characterization approach bridges the gap between nanoscale 
structure and macroscopic biological function, advancing the 
rational design of nanomaterials for theranostic applications.

Materials and methods
Synthesis of Bi2S3 nanorods

Bi2S3 nanorods were synthesized via a hot-injection method pre-
viously reported [5]. Briefly, the bismuth precursor solution was 
prepared by dissolving Bismuth neodecanoate (10 mM, Aldrich, 
99%) in 20 mL of octadecene (ODE, Aldrich, 90%) and 5 mL 
of oleic acid (OA, Aldrich, 90%). This mixture was heated to 
180 °C under a Nitrogen atmosphere. The sulfur precursor, con-
sisting of elemental sulfur powder (50 mM, Aldrich) dissolved in 
2.5 mL of oleylamine (OLA, Aldrich, > 98%) and 10 mL of ODE, 
was rapidly injected into the hot bismuth solution. The reaction 
proceeded for 40 s before being quenched with 70 mL of cold 
toluene and rapidly cooled with compressed air. Nanorods were 
recovered by centrifugation and washed multiple times with a 
mixture of ethanol (EtOH) and ethyl acetate (EtOAc) prior to 
characterization.

Ligand exchange

Ligand exchange from OLA to polyethylene glycol (PEG), either 
Mw ~ 400 or Mw ~ 40,000, Aldrich was performed. Nanorods 
were dispersed in 90 mL of a 2:1 EtOH:EtOAc mixture contain-
ing 17.5 mM of the selected ligand and refluxed at 130 °C for 4 
or 24 h, according to Table 4. The suspension was cooled, cen-
trifuged, and washed repeatedly with EtOH:EtOAc.

Characterization

X-ray diffraction (XRD) analysis was conducted using a 
PANalytical Empyrean diffractometer with Cu Kα radiation 
(λ = 1.5418 Å) in Bragg–Brentano geometry over a 2θ range 
of 10°–50°. The identity of the samples was also confirmed 
by Raman spectroscopy (inVia Raman confocal microscope, 
Renishaw). Morphology and size were evaluated via transmis-
sion electron microscopy (TEM) and high-resolution TEM 
(HRTEM) using a JEOL 2100 microscope operated at 200 kV. 
The hydrodynamic size and Z potential of nanoparticles was 
determined by dynamic light scattering (DLS, Zetasizer Nano-
SZ90 from Malvern Panalytical) and nanoparticle tracking 
analysis (NTA, NS300 Nanosight). Samples were drop-casted 
onto carbon-coated copper grids. ImageJ (v1.51w) was used for 
image analysis. The presence of the ligands, both before and after 
the ligand exchange procedure was analyzed by diffuse infrared 

TABLE 4:   Ligand exchange conditions.

Sample Molecular weight (g/mol) Time (h)

Bi2S3-PEG400 400 4

Bi2S3-PEG4000_4 4000 4

Bi2S3-PEG4000_24 4000 24
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spectroscopy (Shimadzu IRPrestige-21, with a diffuse reflectance 
DiffusIR Pike Technology accessory). Thermogravimetry (TG) 
and differential scanning calorimetry (DSC) analyses were used 
to quantify and study ligands’ thermal decomposition events. A 
Netzsch F5 TGDSC simultaneous thermal analyzer was used, 
with 7.4 mg of sample in an alumina pan, under 50 mL/ min 
of nitrogen flow rate, and heated from room temperature up 
to 400 °C.

Protein corona formation

Protein corona formation was studied by measuring DLS and 
zeta potential (Zetasizer Nano-SZ90 from Malvern Panalytical) 
after dispersing nanoparticles in DMEM with 10% FBS or in 
aBPF, which has a ionic concentration similar to blood [29]. 
These studies were carried out with a nanoparticle concentra-
tion of 50 µg/mL and an incubation time between 0 and 48 h, 
by triplicate. Isothermal titration calorimetry experiments (ITC, 
Microcalorimeter ITC200, Malvern Instruments Ltd) were per-
formed to investigate the interactions between Bi2S3-PEG nano-
particles with DMEM medium containing 10% FBS and aBPF.

Cell culture

Human cancer cell lines MCF-7 (mammary adenocarcinoma, 
ATCC® HTB-22™) and A549 (lung carcinoma, ATCC® CCL-
185™), and normal cell lines Hepa-RG (human liver fibroblasts, 
ATCC® HB-8065™) and BHK-570 (hamster kidney fibroblasts, 
ATCC® CRL-10314™) and MRC5 (human lung fibroblasts, 
ATCC® CCL-171™) were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM, PanReac AppliChem) with Phenol red as pH 
indicator and supplemented with 10% fetal bovine serum (FBS), 
100 U/mL penicillin, and 100 µg/mL streptomycin.

Microscope confocal images

MCF7 and A549 cells were seeded on sterile coverslips in 
24-well plates (1 × 104 cells/well) and incubated overnight. Cells 
were incubated during 24 h with Bi2S3-PEG4000_24 nanoparti-
cles at 25 and 50 μg/mL for 24 h at 37 °C/5% CO2. After that, 
cells were fixed with 4% paraformaldehyde during 10 min and 
washed twice with PBS. The membrane was stained with Cell-
Mask Deep Red Plasma Membrane Stain (λex/λem = 649/666 nm, 
Thermo Fischer Scientific) and nuclei with Hoechst 33,342 (λex/
λem = 350/461 nm, Thermo Fischer Scientific). Images were 
acquired using a confocal fluorescence microscope (Zeiss LSM 
710) with 40 × oil-immersion objectives, in bright field and exci-
tation lasers at 405 nm and 633 nm. Image analysis was carried 
out with Zen 3.2 Blue edition Software.

Cytotoxicity assay

Cells were seeded into 96-well plates at a density of 2.5 × 104 
cells/mL and incubated in a humidified atmosphere at 37 °C 
with 5% CO2. After 24 h, nanorods suspensions were added. Fol-
lowing incubation, medium was removed, and cells were incu-
bated with 0.5 mg/ml MTT reagent for two hours. Formazane 
crystals were dissolved in dimethyl sulfoxide and the sample 
absorbance was measured at 540 nm.

Cytotoxicity was evaluated by MTT assay after 24, 48 and 
72 h incubation with Bi2S3 nanorods at six concentrations rang-
ing from 1 to 1000 µg/mL. A control group without nanoparti-
cles was included. All assays were carried out in triplicate and 
repeated independently three times. Results were expressed as 
the mean values and SD deviation.

Radiosensitization studies

MCF7 and A549 cells were incubated as previously mentioned. 
Cells were incubated 24 h after seeded, with nanoparticles 
Bi2S3-PEG4000_24, and after another 24 h cells were irradi-
ated with a small animal irradiator (Precision, X-Rad225XL) 
with doses of 2, 4 or 8 Gy. Cells viability was evaluated by 
MTT assay 48 and 72 h after irradiation. All assays were car-
ried out in triplicate and repeated independently three times. 
Results were expressed as the mean values and SD deviation. 
The nanoparticle-mediated enhanced ratio (NER) was calcu-
lated as the cell viability after radiotherapy/the viability after 
radiotherapy + nanoparticles.

Statistical analyses

All statistical analyses were performed using the RStudio soft-
ware (RStudio version 2024.12.0 + 467). Data were analyzed 
using one-way ANOVA to determine significant differences 
among groups. Post hoc comparisons were conducted using 
Tukey’s honestly significant difference (HSD) test to identify 
pairwise differences between means. Grouping of means was 
performed using compact letter display (CLD) to represent sta-
tistically significant differences between treatments, using the 
agricolae package. The Interaction effect was analyses using a 
generalized lineal model (GLM). Results were considered sta-
tistically significant at p < 0.05.

Clonogenic assay

A clonogenic assay was performed to evaluate the long-term 
proliferative capacity of A549 and MCF7 cells after exposure 
to Bi2S3-PEG4000_24 nanoparticles (50  µg/mL) and ionizing 
radiation (0, 2, 4, and 8 Gy). 300 cells/well were seeded in a 6 
well plate, incubated overnight, treated with nanoparticles for 
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24 h, and then irradiated. The cells were incubated until colo-
nies formed (10 days for A549 and 14 days for MCF7), with 
the medium replaced every two days. Colonies were fixed with 
4% of paraformaldehyde (PFA, Aldrich), washed with PBS, and 
stained using a hematological kit (Laborclin). For MCF7 and 
A549 cells, two independent replicates were performed and the 
results were expressed as the mean values. Stained wells were 
scanned and analyzed using ImageJ (v1.53c) with a custom 
macro: ROI = 1100 px, contrast enhancement = 1%, background 
subtraction = 10 px, noise = 2 px, Renyi Entropy threshold (cut-
off = 197), and particle analysis with circularity 0.3–1.0. Plating 
efficiency (PE) and surviving fraction (SF) were calculated using 
standard formulas. SF values were fitted and the dose enhance-
ment factor (DEF) were calculated as the dose to produce an 
effect without nanoparticles/Dose to produce the same effect 
with nanoparticles.
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