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Abstract

Vol 31, Issue 2

Introduction: The goals of radiotherapy to achieve a therapeutic dose for the cancer cells and lower the dose for the sur-
rounding healthy tissues might be possible with highly localized proton beam therapy. The lethal effects can further be
increased by using nanomaterials as a radiosensitizer.

Material and methods: In this study, the effects of bismuth oxide nanoparticles (BiONPs) in combination with a proton
beam on the targeted and bystander cells were investigated by measuring the level of reactive oxygen species (ROS)
generated. Human colon carcinoma cells (HCT 116) were incubated with 0.5 mM of BiONPs and then were exposed
to 150 MeV proton beams with doses of 2 to 12 Gy at the dose rate of 0.1 Gy/s in a single fraction. ROS was measured
for targeted cells after irradiation, and the effect on the bystander cells was measured using irradiated cell-conditioned
medium (ICCM) with and without BiONPs.

Results: The results show an increase in the ROS generation for irradiated cells treated with BIONPs. Meanwhile in
bystander cells, the results indicated the increment in the ROS generation for cells with BIONPs ICCM compared to
those with ICCM only. Nevertheless, the population means difference in ROS levels among bystander cells at different
incubation times is insignificant (p<0.05). The bystander cells treated with ICCM @ 12 Gy also did not significantly
differ from unirradiated cells with BIONPs ICCM @ 0 Gy (p<0.05).

Conclusion: The application of BiONPs as a radiosensitizer in combination with proton beam therapy could improve

tumor control with minimal risk of normal tissue complication.

Keywords: Bystander, bismuth oxide nanoparticles, reactive oxygen species, proton beams.

1. Introduction

Radiotherapy (RT) uses high-energy ionizing radiation to de-
stroy cancer cells directly and may potentially produce genetic
alterations that result in cancer cell death'. High-intensity ra-
diation is directed at the primary target of cells, deoxyribonu-
cleic acid (DNA), causing genetic material damage and imped-
ing the cell’s capacity to divide and multiply. Ionizing radiation
can indirectly injure cells by causing free radical formation
and damaging cell DNA?®. Nanomaterials have been used to

boost radiotoxicity to the malignant region while minimizing
the biological effect on normal cells to improve the efficacy of
cancer treatment®. Researchers have conducted an extensive
study on the increase of radiation toxicity on targeted tumor
cells using radiosensitizer.

Metallic nanoparticle radiosensitizers such as gold nanopar-
ticles (AuNPs), platinum nanoparticles (PtNPs), and iron oxide
nanoparticles (Fe,O, NPs) have been found as radiosensitizers
capable of boosting the effect of radiation on malignant regions
by increasing dose deposition in the desired quantity*”. Further-
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more, as compared to other metals, Bi,O, and bismuth-based
compounds are among the least poisonous and biologically
non-reactive heavy metals, biodegradable, and biocompatible,
making them more appropriate for in-vivo applications®. Bis-
muth has a greater Z number (Z = 83) than gold (Z = 79), in
theory. As a result, it is considered to have much potential as
a dose-enhancing agent in radiation therapy'®".

In addition, prior studies had shown that bismuth oxide
nanoparticles (Bi,0, NPs; BiONPs) could operate as a radio-
sensitizer in RT'>'*. BiONPs are a low-cost and promising
choice for a high-Z radiosensitizer. However, research on its
significance in the bystander impact of radiation treatment is
sparse'®. We are not aware of any research that investigates
the effects of metallic BIONPs in response to bystander effects
from proton beam radiotherapy. The key concern is if the use
of NPs in proton beam radiotherapy results in a bystander ef-
fect or a non-targeted effect on nearby tissues.

Radiation-induced bystander effects (RIBE) are the reac-
tions of non-irradiated cells to indirect radiation exposure
and are harmed by surrounding irradiated cells'®"”. RIBE re-
sponses vary significantly across the cells studied. Depending
on the cell lines, radiation dose, experimental end objectives,
and experiment time and duration, they might be helpful or
dangerous'®. Detrimental effects because of cellular damages
in non-targeted cells might be triggered due to a bystander
reaction from targeted cells". The lack of clarity on RIBE pro-
cesses and the wide range of outcomes from multiple experi-
mental experiments showed that bystander effects research is
an exciting subject for debate in radiobiology studies®.

In general, the destructive action of RIBE on malignant
cells may aid in improving radiation efficacy. According to
prior research, irradiated cells can emit reactive oxygen spe-
cies (ROS) into the media, ultimately impacting bystander
cells?!. ROS molecules generated directly from irradiated cells
cannot affect bystander cells due to their short half-lives and
small diffusion range. These ROS are expected to trigger the
formation of long-lived soluble variables and their release into
the medium?*. ROS would react with or exceptionally close
to its source or the biomolecule that generated it**. Following
irradiation, a wide range of ROS was produced from diverse
sources, which can have a cumulative impact causing DNA
damage and the development of signaling pathways for in-
flammation, apoptosis, cell cycle arrest, aging, and cancer®.
The current work aimed to investigate the potential of BIONPs
as radiosensitizer for proton beam therapy. The cellular con-
dition of bystander effects due to BIONPs application during
proton beam irradiation were also quantified through ROS
generation.

2. Materials and Methods

2.1. BiONPs Preparation

As outlined in the previous work, bismuth oxide NPs (Bi-
ONPs) were synthesized using the hydrothermal process®*?.
Then, in 40 ml of distilled water, 2 mMol/L of bismuth (III)
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nitrate pentahydrate (Bi(NO,),.5H,0, Sigma-Aldrich, U.S.A)
and 3 mMol/L of sodium sulfate (Na,SO,, Sigma-Aldrich,
USA) were dissolved and agitated for 45 minutes at room
temperature. The solution was then mixed with 18 mMol/L of
sodium hydroxide (NaOH) (Sigma-Aldrich, USA) and con-
stantly agitated until yellowish precipitates developed. The so-
lution was then hydrothermally mixed at 60°C. Deionized wa-
ter and ethanol were used to wash the yellow precipitates. The
powders of BIONPs were obtained by air-drying the mixture
at 80°C. In the present study, 80 nm of rod-shaped BiONPs

were utilized!>?%¥

2.2. Cell Culture Preparation

Human Colon Carcinoma (HCT 116) cell lines were used in
the investigation for irradiation. The cell lines were grown in
McCoy’s 5A medium (Gibco, UK), which was supplemented
with 10% fetal bovine serum (FBS) (Gibco, South America)
and 1% penicillin-streptomycin antibiotics (Gibco, CA, USA).
The cells were cultivated to the 80 to 90 % confluence at 37°C
in a humidified environment of 5% CO, and harvested with
0.25% of Trypsin-EDTA (Gibco, CA, USA).

Targeted cells experiments: HCT 116 cells (1 x 10* cells/
well) were seeded in 96 well-plates with McCoy’s 5A me-
dia mixture, then treated with 0.005 mMol/L of BiONPs for
24 hours before irradiation.

Bystander cells experiment: The 2 x 10° cells/ml cells were
seeded in 25cm? flasks up to 2.965 ml of media and cell suspen-
sion. When the cells were 80% confluent, the cells were ready
for treatment. 4 ml of fresh media were added into all flasks
and 35 pl of 1 mM BiONPs into the treatment flask (0.5%). The
cells with BIONPs were incubated for 24 hours before irradia-
tion, similar to the targeted cells experiment.

The medium transfer approach was used in this work to
assess the bystander impact generated by proton beam on non-
targeted cells'”?*?. A human breast cancer (MCF-7) cell line
was employed for the subsequent ROS measurement assays.
Conditioned medium from irradiated cells was transplanted
to MCF-7 cells from bystanders or non-irradiated cells. The
cells were maintained at 37°C in a humidified environment
of 5% CO, in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Nacalai Tesque, Kyoto, Japan) supplemented with 10% fe-
tal bovine serum and 1% penicillin-streptomycin antibiotics
(Nacalai Tesque, Kyoto, Japan). The cells were collected using
0.25% Trypsin-EDTA (Gibco, CA, USA) for the subsequent
experiments.

2.3. Proton Beam Irradiation Set Up

The irradiations were carried out with a proton beam ma-
chine (Mitsubishi Electric, Kobe, Japan). Cells were irradi-
ated with a 150 MeV proton beam transmitted via a ridge
filter with a Spread-out Bragg Peak (SOBP) width of 6 cm x
6 cm and SOBP depth of 6 cm. Other irradiation parameters
are similar to our previous studies®** including field size of
20 cm x 20 cm, source-to-axis distance (SAD) of 100 cm, and
dose rate of 0.1 Gy/sec. The flasks and well-plates were placed
between a 6 cm solid water phantom on the top and a 10 cm
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Figure 1. Proton beam irradiation was set up with 6 cm solid
water phantoms on the top and 10 cm solid water phantoms
at the bottom of the flasks.

solid water phantom below the flasks as shown in Figure 1.
This is to ensure that the cell samples were at depth within the
SOBP zone. The delivered radiation doses were in the range
of 0 to 12 Gy". Table 1 shows the treatment components for
this study.

Table 1. Treatment components for the ROS measurement study

Treatment Components

Irradiation 0 (positive control), 2 Gy, and 12 Gy

Negative control
ICCM
BiONPs ICCM

Cells + media only

Cells + media+ irradiation

Cells + media + BiONPs + irradiation

2.4. Harvesting of ICCM for Bystander Cells

The media from the flasks were filtered using 0.22 um poly-
ether sulfone (PES) membrane filters 2 hours after irradiation
to guarantee that no cells were present in the medium'. The
ICCM were sorted into 15 ml centrifuge tubes according to the
treatment components. The ICCM were kept around -20°C for
48 hours, before transferred to -80°C for storage until it was
needed for the experiment®**.

2.5. ROS Measurements of Targeted and Bystander
Cells

The dye 2',7'-Dichlorofluorescin diacetate (DCFH-DA) eval-

uated intracellular ROS levels in bystander cells (Sigma-Al-

drich). The oxidative conversion of cell-permeable DCFH-DA

to fluorescent dichlorofluorescein (DCF) was used to identify

general intracellular ROS*.

For the targeted cells’ ROS level measurements, the me-
dia in the 96 well-plates were directly measured with a Fluo-
roskan Ascent FL flourescence microplate reader (Thermo
Labsystems Inc., Philadelphia, PA, USA) was used with the
wavelength of 485 nm excitation and 538 nm emission. The
measurements were taken before the irradiation, immediately
after irradiation (0 hour), and continue for 1 hour after that.
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For the following bystander cells experiment, the frozen
ICCM media were thawed at 37°C and introduced to by-
stander cells, following the procedure described by Jella and
colleagues.”® The MCF-7 cells were seeded into 96-well plates
at 1 x 10° cells/well and incubated until 70 to 80% confluency.
The cells were rinsed with PBS twice, and 5 umol/L DCFH-DA
dye in buffer was loaded. The plates were incubated in the dark
at 37°C for 30 minutes. The cultures were rinsed with Hanks
Balanced Salt Solution (HBSS) (Sigma-Aldrich) after dye in-
cubation before ICCM and BIONPs ICCM were administered
to the cells®.

A microplate reader (Varioskan Flash, Thermo Scientific)
with excitation and emission wavelengths set at 485 and 530
nm, respectively, was employed for the ROS measurement.
The fluorescence intensities were determined immediately
following the ICCM treatment and at two-hour intervals until
the 4™ hour, as it was found that the ROS would start to de-
cline at the 5" hour after the ICCM treatment®. The amount
of fluorescence intensity corresponds to the level of ROS gen-
erated in the bystander cells. The mean fluorescence intensity
of cells treated with BIONPs ICCM was compared to control
cells treated with 0 Gy ICCM. The relative quantity of ROS in
targeted and bystander cells was calculated as shown in Equa-
tion 1.

DCF treatment

% of ROS =
DCF control(O Gy ICCM of respective hour)

x100 (1)

2.6. Dose Enhancement Factor of ROS levels

The dose enhancement factor (DEF) for the targeted cells was
calculated to evaluate the effects of the BIONPS’ presence in
the media during each irradiation dose. The calculation is
shown as in Equation 2:

B DCEF of BiONPs treatment
~ DCF without BIONPs at respective dose

DEF x100  (2)

2.7. Statistical Tests

All of the tests were carried out in quadruplicate. The data
analysis in the measurement of ROS production employed
one-way ANOVA followed by the Bonferroni post hoc test.
The statistical significance criteria were chosen at p < 0.05,
the values shown in standard error of the mean (SEM). The
analysis was using OriginPro 2018 software (OriginLab Cor-
poration, US).

3. Results

3.1. Intracellular ROS Generation in Targeted Cells.

The general intracellular ROS level from the HCT 116 cells was
measured before irradiation, 0 and 1 hour after irradiation. It
was demonstrated that the ROS production at the first reading
after irradiation significantly increased but slightly decreased
after 1 hour from the previous reading, as shown in Figure 2.



Raizulnasuha Ab Rashid et al: BIONP with Proton Beam

Pol J Med Phys Eng 2025;31(2):164-170

Compared to other treatments, the cells treated with BIONPs,
and 12 Gy of radiation dose generated a significant amount
of ROS. The DEF due to the BiONPs presence at 0 hour were
calculated and stated in Table 2.
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Figure 2. Percentage of relative ROS level in HCT 116 cells with-
out and with BiONPs, pre-and after irradiations. The values are
shown as means + SEM (n=4). All values of SEM were less than 1.

Table 2. Dose enhancement of ROS at 0 hours in targeted cells.

Irradiation Doses DEF values
2Gy 1.58
12 Gy 1.93

3.2 ROS Generation in Bystander Cells.

Several analyses could have been conducted to assess the pos-
sible radiation effect induced in the bystander cells, including
cell viability assay, clonogenic assay, and ROS generation. In
this study, the correlation of bystander effect with ROS gen-
eration was evaluated, and the result is illustrated in Figure 3.
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Figure 3. Percentage of relative ROS level in MCF-7 bystander
cells receiving ICCM from 150 MeV proton beam.
The values are shown as means + SEM (n=4).
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The findings showed that the ROS generated from the Bi-
ONPs ICCM treatment are higher than the ROS level pro-
duced by MCEF-7 cells treated with ICCM only. The incuba-
tion periods after the ICCM and BiONPs ICCM treatments
did not cause any significant difference (p > 0.05). For both
treatments, the ROS level increased from unirradiated 0 Gy
to 2 Gy radiation doses. It is also found that the ROS levels
induced by the bystander cells treated with ICCM @ 12 Gy
were not significantly different from the ROS by unirradiated
BiONPs ICCM @ 0 Gy (p > 0.05). On the other hand, the Bi-
ONPs ICCM @ 12 Gy induced lower ROS levels than BIONPs
ICCM @ 2 Gy.

4, Discussion

Generally, intracellular ROS levels would increase after irra-
diations due to the oxidative stresses induced by the high doses
of radiation directly onto the cells?®*. In the current study,
NPs’ presence further amplifies the intracellular ROS produc-
tion, from 100% to 1012% for the BIONPs + 12 Gy radiation
dose treatment. This statement is supported by several works
that introduced metallic nanoparticles such as gold NPs on KB
mouth carcinoma cells¥”, gold NPs in vivo®, iron oxide NPs
on MCF-7 breast cancer cells*, as well as BIONPs on MDA-
MB-231 breast cancer cells and NIH/3T3 normal cells®. The
existence of NPs inside or near the cells would interact with the
protons, produce water radiolysis, and induce higher ROS*-%2.
The enhancement of ROS suggested potential radiosensitiza-
tion during the radiotherapy*.

According to the findings, the addition of ICCM increased
the fluorescence intensity compared to the control group for
all radiation doses. Our previous study supported these re-
sults, which used a different RT source, HDR brachytherapy,
with 0 to 8 Gy of radiation doses on MCEF-7 cells®. Studies of
RIBE on normal cell lines such as osteoblast cells and keratino-
cytes also showed an increment in ROS level after irradiation
with y-rays®*.

Nevertheless, no significant different of intracellular ROS
was observed among 0, 2 and 4-hours incubation periods in
the bystander cells, without or with BIONPs. This result could
be supported by several research. In a study on A375 mela-
noma cells exposed to non-ionizing ultrasound, cell viabilities
of cells with ICCM after 1- and 12-hours incubation were also
comparable to the control*. Another research on bystander
effects of BiONPs with 6 MV photon beam on MCEF-7 cells
also demonstrated the insignificant different of cell viabilities
after 24 hours and 48 hours incubation®. Our similar works
with BiONPs and brachytherapy found insignificant difference
of ROS level at 0-, 1-, 2-, and 4-hours incubations in MCF-7
cells?®. However, the study also demonstrated significant dif-
ferences of ROS amounts in hFoB 1.19 cells?®, which indicated
that the bystander ROS effects could be cell-types dependent.
Research on RIBE for glucose-coated gold NPs and X-rays had
observed low and high RIBE in MCF-7 and QUDB cells, re-
spectively®. It was also implied that MCF-7 cells could reach
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saturation in RIBE at maximum dose of 0.5 Gy*. Thus, at
higher radiation dose, the production of intracellular ROS was
similar regardless the incubation time.

Besides, it was observed that the addition of BiONPs in the
media could significantly contribute to the ROS production in
the bystander cells without any radiation, similar to the ICCM
@ 12 Gy. There is a scarce study on ROS induction as bystand-
er effects from the addition of NPs in ICCM. The mechanisms
that significantly caused cellular damage to the bystander cell
is postulated due to the ROS generation by the interactions
of NP and cell. Previous study reported that Bismuth based
NPs may lead to cell death caused of oxidative stress*. More-
over NPs highly will induce cell apoptosis and necrosis, where
their existence may disturb cell's membrane through different
signaling pathways, thus effecting cell environment stability*.

Nevertheless, a previous work of ICCM with two-dimen-
sional (2D) transition metal dichalcogenide nanosheets dem-
onstrated the 10% elevation of ROS level in THP-1 monocytes
bystander cells compared to ICCM alone*’. Although the obser-
vation in this study suggested that the BIONPs are toxic to the
non-targeted cells, the RIBE’s damaging activity on tumor tis-
sues such as MCF-7 cells may serve to boost radiation efficacy.

On the other hand, ROS generation by bystander cells with
the BIONPs ICCM @ 12 Gy was lower than BIONPs ICCM @
2 Gy. This result revealed that the presence of BiONPs at dif-
ferent doses of radiation gives different reactions to the cells.
Research on radio-phototherapy discovered that bismuth
NPs could be damaged when irradiated, especially with high
doses®. It was determined that 12 Gy of X-rays could cause
changes to the original bismuth NPs’ shape and size*®. These
deviations could weaken the radiosensitization effects ** and
influence the bystander effects. It is also proposed that the
high dose induced destructive effect into the bystander emit-
ting cells, hindering the bystander signal'’. Another study on
a new CHWO09 anticancer drug also expressed that 12 Gy of
X-ray induced a contradiction than the expected anticancer
effects on oral cancer cells*. Wang and his colleagues inferred
that ROS produced dual-functional signaling: DNA damage
pathway and protective autophagic pathway*’. Similar to the
present study, it is hypothesized that a high dose of proton
radiation to the BIONPs ICCM would render a lowered ROS
generation and protect the bystander cells.

Furthermore, the mechanism of RIBE in cancer cells were
mediated by several signals, such as micronuclei, mitochon-
drial dysfunction, autophagy, LC3-1I/LC3-I, Beclin-1, AMPK-
and NF-kp protein markers****. Meanwhile, the addition of
silver NPs during the TK6 normal cells’ irradiations had
shown to induce higher COX2, but low H2AX an 8-OHdG
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