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Purpose: This study aimed to quantify synergetic effects induced by bismuth oxide nano-
particles (BiONPs), cisplatin (Cis) and baicalein-rich fraction (BRF) natural-based agent on 
the reactive oxygen species (ROS) generation and radiosensitization effects under irradiation 
of clinical radiotherapy beams of photon, electron and HDR-brachytherapy. The combined 
therapeutic responses of each compound and clinical radiotherapy beam were evaluated on 
breast cancer and normal fibroblast cell line.
Methods: In this study, individual BiONPs, Cis, and BRF, as well as combinations of 
BiONPs-Cis (BC), BiONPs-BRF (BB) and BiONPs-Cis-BRF (BCB) were treated to the cells 
before irradiation using HDR brachytherapy with 0.38 MeV iridium-192 source, 6 MV 
photon beam and 6 MeV electron beam. The individual or synergetic effects from the 
application of the treatment components during the radiotherapy were elucidated by quanti-
fying the ROS generation and radiosensitization effects on MCF-7 and MDA-MB-231 breast 
cancer cell lines as well as NIH/3T3 normal cell line.
Results: The ROS generated in the presence of Cis stimulated the most substantial amount of 
ROS compared to the BiONPs and BRF. Meanwhile, the combination of the components had 
induced the higher ROS levels for photon beam than the brachytherapy and electron beam. The 
highest ROS enhancement relative to the control is attributable to the presence of BC combination 
in MDA-MB-231 cells, in comparison to the BB and BCB combinations. The radiosensitization 
effects which were quantified using the sensitization enhancement ratio (SER) indicate the highest 
value by BC in MCF-7 cells, followed by BCB and BB treatment. The radiosensitization effects are 
found to be more prominent for brachytherapy in comparison to photon and electron beam.
Conclusion: The BiONPs, Cis and BRF are the potential radiosensitizers that could 
improve the efficiency of radiotherapy to eradicate the cancer cells. The combination of 
these potent radiosensitizers might produce multiple effects when applied in radiotherapy. 
The BC combination is found to have the highest SER, followed by the BCB combination. 
This study is also the first to investigate the effect of BRF in combination with BiONPs (BB) 
and BC (BCB) treatments.
Keywords: cisplatin, bismuth oxide, baicalein, radiosensitization, reactive oxygen species

Introduction
Radiotherapy (RT) is the most common type of curative and palliative treatment for 
all cancer patients, including breast cancer patients.1,2 Worldwide, breast cancers 
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had totaled up to 2 million new cancer cases in the year 
2018, which was approximately closed to the number of 
lung cancers and followed by colorectal, prostate and 
stomach cancers.3 In particular, breast cancers are the 
leading causes of death among females in 103 countries.3 

The incidence rates were highest in Western and Northern 
Europe, as well as Australia and New Zealand.4

Clinically, the regular mode of RT for breast cancer 
patients is the fractionated whole breast radiation therapy, 
implemented for over a month.5 The current methods of 
RT, unfortunately, would expose ionizing radiations 
towards the surrounding healthy tissues with significant 
doses that can induce harmful complications towards the 
normal cells. The application of radiosensitizers to 
increase more radiation absorption onto the cancerous 
cells while sparing healthy tissue and other organs at risk 
are currently an active research area in RT. Goswami et al 
had defined four critical features of a radiosensitizer, 
which are (1) capable of enhancing the low radiation 
dose given profoundly, (2) an excellent cancer-targeting 
capability, (3) low toxicity and biocompatible with cells, 
and (4) could be rapidly cleared from the body through 
renal clearance mechanism.6

In the recent decade, various types of radiosensitizers 
have been developed such as the metallic nanoparticles 
(NPs), enzyme inhibitors, protein inhibitors as well as 
traditional Chinese herbs as the agents that could sensitize 
cancer cells towards radiation.7 Applications on metallic 
NPs in RT had shown some potentials for the further 
development, such as 1 mM of gold NPs has been to be 
a potential dose enhancer with a given dose enhancement 
factor up to 25 times for an 80 kVp x-ray energy, while 
70 mg/g of bismuth oxide was estimated to enhance the 
dose by 18 times for131Cs source.8–10 Several prior studies 
had established that gold and bismuth oxide NPs could be 
the radiosensitizers for some clinical radiotherapy modal-
ities such as photon beam (6 and 10 MV), electron beam 
(6 and 15 MeV) and brachytherapy with iridium-192 (Ir- 
192) source.11–14 Apart from gold and bismuth oxide NPs, 
platinum and superparamagnetic iron oxide NPs (SPIONs) 
also had the potential to be a radiosensitizer, as our pre-
vious research on the four types of NPs under 150 MeV 
proton beam found to have sensitization enhancement ratio 
(SER) values of 1.95 to 4.93.15 The dendrite-shaped plati-
num NPs with the sizes of 29 to 52 nm were also dis-
covered to cause the radiosensitization effect with SER of 
1.77 to 2.31 for photon beam radiotherapy, while a smaller 

size of platinum NPs (1.7 nm) demonstrated the amplifica-
tion of the effect from cobalt-60 radiation by 37%.16,17

Current translational applications of NPs observed that 
gadolinium, SPIONs and hafnium oxide NPs had accom-
plished the radiosensitization effects in Phase 1 of clinical 
trials.18–20 Earlier, hafnium oxide NPs radioenhancer, 
called NBTXR3, was injected percutaneously into soft 
tissue sarcoma (STS) patients as a pre-operative treatment 
and irradiated with external beam RT.19 Adverse effect 
from the NPs are found to be reversible and 
manageable.19 Later, SPIONs (known as NanoTherm®) 
and gadolinium NPs (known as AGuIX) were investigated 
in glioblastoma and brain metastases patients.18,20 The 
phase 1 clinical trial of the NanoTherm® was combined 
with intracavitary thermotherapy as well as image-guided 
RT.18 Substantial side effects were not observed through-
out the therapy phase; however, a strong inflammatory 
reaction was developed after two to five months.18 

Additionally, the AGuIX was combined with whole-brain 
RT for the multiple brain metastases patients after its 
radiosensitizing effects were confirmed in pre-clinical 
research and this study is still ongoing.20 However, the 
few clinical investigations of the NPs were only limited to 
the STS and brain cancer patients.

Therapeutic values of these NPs could be widened by 
the combination with the existing chemotherapeutic drugs. 
Some of the commercial drugs have been used clinically 
as radiosensitizers. The platinum-based clinical drug, cis-
platin, is found to induce a high volume of ROS intracel-
lularly, as well as heighten the radiosensitivity of HT-29 
and SW-480 colorectal cancer cells.21 Low-dose fractio-
nated radiation has been detected to enhance the effects of 
cisplatin independently of the hyper-radiation sensitivity 
of H-157, H460, A549, and UKY-29 lung cancer cells.22 

Liu and his colleagues also had determined that radiation 
with the presence of cisplatin could increase cell death 
through apoptosis and autophagy.23

Nevertheless, the metal-based radiosensitizers hold 
a compromising biocompatibility and contribute to 
toxic effects. Alternatively, plant-derived radiosensitizers 
or chemotherapeutic drugs that contain effective phyto-
chemicals are considered safer and biocompatible as 
compared to the conventional drugs. Natural anticancer 
agents from plants such as Oroxylum indicum (OI) plant 
extract, curcumin, usnic acid, and Dictyota dichotoma 
brown alga extract are discovered to have radiosensitiz-
ing or radioprotective properties towards ionizing 
radiations.24–29 Previously, Rahman et al have indicated 
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that OI leaves extract could enhance the radiation dose 
of 6 MV and 10 MV photon beams on HeLa cancer 
cells.30 The OI leaves extract provides a newly isolated 
baicalein-rich fraction (BRF) that has been validated to 
have anti-cancer, anti-virus and anti-oxidant 
properties.31,32 While OI leaves extract has been proven 
to hold the radiosensitizing properties, it is still unknown 
whether the BRF from the same plant gives the similar 
effects, as the composition of the compounds from the 
BRF was different from the OI leaves extracts. Thus, it 
is interesting to investigate the natural BRF effects with 
ionizing radiations of clinical RT beams on cancer and 
normal cells, in comparison to commercial drug 
and NPs.

Most of the previous works on NPs emphasized on the 
dose enhancement by individual NPs as well as 
a combination with commercial drug only, but in the 
present study, three components; bismuth oxide nanopar-
ticles (BiONPs), cisplatin drug (Cis), and a baicalein-rich 
fraction (BRF) are applied as the prospective radiosensi-
tizers. In the cancer treatments, triple drug-based che-
motherapy research is common as it was clinically 
proven to improve the therapeutic responses than 
a combination of two drugs.33,34 Each drug would attack 
the cancer cells through different mechanisms and hence 
produce the optimal outcome with the RT. The mechan-
ism of cell death by ionizing radiation also involved all 
physical, chemical, and biological effects.35 Byproducts 
of radiation interaction are the generation of reactive 
oxygen species (ROS), which includes both radical and 
non-radical species. The ROS was induced due to the 
breakage of the chemical bonds of tissue molecules, espe-
cially water molecules after the irradiation, leading to 
DNA, RNA, and protein damages.1,36 Following the 
induction of the high amount of ROS, it could initiate 
the cell apoptosis and cell cycle redistribution.37,38 The 
presence of radiosensitizers could amplify the ROS 
production.

In this present study, the primary objectives are to 
quantify synergetic effects induced by BiONPs, Cis and 
BRF natural-based agent on the ROS generation and 
radiosensitization effects under irradiation of clinical 
radiotherapy beams of photon, electron and HDR- 
brachytherapy. The combination of the three individual 
components may able to achieve the aforementioned four 
critical features of the radiosensitizer. This study is the 
first to investigate the combination of the three compo-
nents, especially involving the natural compound BRF in 

combination with the BiONPs and Cis for the clinical RT 
beams. This study also evaluates whether the triple com-
bination of prospective radiosensitizers was more success-
ful than the double combination or single radiosensitizer 
in stimulating ROS generation, their interactions, and 
radiosensitizing effects on breast cancer and fibroblast 
cells.

Materials and Methods
BiONPs, Cis and BRF Preparations
Bismuth oxide nanoparticles (BiONPs) were synthesized 
using hydrothermal methods as in the established 
processes.39 The synthesis was started with a dilution 
of 5.82 g bismuth (III) nitrate pentahydrate 
(Bi(NO3)3.5H2O) and 1.7 g sodium sulfate (Na2SO4) in 
distilled water. During the stirring process, 2.88 
g sodium hydroxide (NaOH) was added slowly into the 
beaker. Yellow precipitates were formed after 45 minutes 
of stirring. The suspension was transferred into a Schott 
bottle and sealed to undergo hydrothermal reactions at 
60°C. After 10 minutes, the bottle containing the yellow 
precipitates was left to cool at room temperature and 
centrifuged in a 50 mL tube with deionized water before 
washing twice with ethanol. Lastly, the precipitates were 
filtered and dried in an incubator at a temperature of 80° 
C. The product was the bismuth oxide particles in the 
nano-sized form of 60 nm in diameter and rod-shaped. 
The BiONPs were dispersed in Dulbecco’s Modified 
Eagle Media (DMEM) and stored at 4°C for the 
in vitro studies. In a previous study, we have conducted 
in vitro cytotoxic effect which concluded the 0.5 mM as 
the biocompatible concentration used in this study.13

Cisplatin (Cis) (Tokyo Chemical Industry) was pre-
pared as 41.7 µM in dimethyl sulfoxide (DMSO) (Fisher 
Scientific) solvent and stored at −20°C. Cis was treated 
onto the cells to a final concentration of 1.30 µM within 
the well, based on the cytotoxicity assay in our recently 
published work.12

Baicalein-rich fraction (BRF) was targeted and isolated 
from the extract of Oroxylum indicum plant leaves using 
preparative thin layer chromatography as the methods 
published by our team previously.32 It was verified using 
high-performance liquid chromatography that 75% of the 
BRF is the baicalein compound.32 In this study, the BRF 
was dissolved in the DMSO solution and stored at −20ºC 
for future use. The final concentration of 2.71 µg/mL of 
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BRF was chosen after a preliminary study, as it could 
cause a 25% inhibition concentration (unpublished data).40

Cell Culture
Human breast cancer cell lines (MCF-7 and MDA-MB 
-231) and a mouse fibroblast cell line (NIH/3T3), which 
commercially purchased from ATCC®, were used in this 
work. The MCF-7 and MDA-MB-231 represented two 
breast cancer cell lines with different subtypes.41 The 
NIH/3T3 cells were selected as normal cells model 
because they are widely used in biomaterial cytotoxicity 
testing due to their characteristics, infinite life span, easily 
handled, and robust.42,43 The cells were grown in flasks of 
25 cm2 with Dulbecco’s Modified Eagles Medium 
(DMEM, Gibco, USA), supplemented with 5% of fetal 
bovine serum (FBS) (Gibco, USA) and 1% penicillin- 
streptomycin (Gibco, USA), before being trypsinized and 
re-seeded into 96-well plates (for ROS study) or prepared 
in 0.2 mL tube for radiosensitization study. The treatment 
details are presented in Table 1.

Cell Irradiation Set Up
The normal fibroblast cell line (NIH/3T3) and breast cancer 
cell lines (MCF-7 and MDA-MB-231) were prepared in 
suspensions in a 0.2 mL tube at a density of 1 x 105 cells 
per mL before being treated with each treatment component, 
as the results in Table 1. The treatment components were co- 
cultured with the cells for a maximum of 1 hour before 
irradiation with the total maximum volume of 150 µL of 
cell suspension. The cell samples were positioned on top of 
tissue-equivalent water phantom, as depicted in Figure 1. 
A superflab bolus was laid on the top of cell sample tubes 
with a thickness of 1.4 cm for the electron beam and 1.5 cm 
for the photon beam and brachytherapy for the dose build-up. 
Radiation doses were verified using GafchromicTM EBT3 
films, which were underneath the cell sample tubes. The 
samples were exposed to 6 MV photon and 6 MeV electron 
beams from a medical linear accelerator (Siemens Primus) 
with radiation doses ranging from 0 to 10 Gy of single 
fractions.

The brachytherapy irradiation was performed with 
Iridium-192 source of 0.38 MeV gamma-ray emitter using 
Microselectron HDR Brachytherapy (Nucletron Corp, 
Columbia, Maryland). Typically, the routine clinical sche-
dules of breast cancer radiotherapy involved 2–3 Gy frac-
tionation (external beam radiation) for several weeks as to 
give times for the healthy normal cells to recover.44–46 

Irradiation dose applied for brachytherapy irradiation were 

0, 3, and 6 Gy. All cell irradiation experiment setups are 
depicted in Figure 1 and performed at Nuclear Medicine, 
Radiotherapy and Oncology Department, Hospital 
Universiti Sains Malaysia.

Reactive Oxygen Species Measurement
In the ROS measurement, approximately 5 x 104 cells per mL 
of MCF-7 and MDA-MB-231 cell lines were grown in 96- 
wells plates and incubated until the confluency reached 90%. 
The cells were incubated with fresh cell culture media before 
treatment with single or combinations of BiONPs, BRF, and 
Cis, as tabulated in Table 1.

Approximately 1 hour before irradiation, the cells were 
exposed to 2ʹ,7ʹ- dichlorodihydro-fluorescein diacetate (DCH2 

F-DA, Sigma-Aldrich) with a final concentration of 9 µM per 
well. It was recommended to use a concentration of lower than 
25 µM.47 DCH2F-DA is a fluorometric dye and is widely used 
to test the presence of ROS in cells quantitatively.47–49 This 
dye would be internalized into cellular cytoplasm and under-
gone a hydrolyzation process to be retained in the cells.50,51 

The presence of ROS within the cells would oxidize the 
products into 2ʹ,7ʹ-dichlorofluorescein (DCF) that has fluor-
escent properties.51 Thus, the generation of intracellular ROS 
caused by any stimulus could be quantified by the detection of 
the highly fluorescent DCF.

The immediate ROS reading before (control) and after 
(0 hours) irradiation (0, 3, and 6 Gy doses) were measured, 
without removing any compounds, using spectral scanning 
multimode reader (Varioskan Flash, Thermo Scientific) at 
485 nm excitation and 530 nm emission. This protocol is 
a quantitative method as the measurements were expressed 
in numbers, the dimension of the number was computed 
from the intensity of the DCF fluorescence, and no micro-
scopic observation was made.52–54 The percentage of ROS 

Table 1 Treatment Components for ROS and Radiosensitization 
Effect Measurement

Treatment Components

Negative 

Control

No treatment (cells only)

Positive 

Control

3 and 6 Gy of radiation doses by the 3 clinical RT 

sources

BiONPs 0.5 mM of 60 nm of BiONPs
Cis 1.30 µM of Cis

BRF 2.71 µg/mL of BRF

BB 0.5 mM BiONPs + 2.71 µg/mL BRF
BC 0.5 mM BiONPs + 1.30 µM Cis

BCB 0.5 mM BiONPs + 1.30 µM Cis + 2.71 µg/mL BRF
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generation relative to the overall initial ROS level was 
calculated as Equation 1.

% of ROS =

DCF value of treatment
DCF value of control for 0Gy before irradiation

x100

(1) 

The percentage of ROS generation was then interpreted for 
their types and potential interactions for the BB and BC 
combinations based on the individual components, accord-
ing to a conceptual approach by Piggott et al.55 This 
modelling is a system that classifies the addition, syner-
gism or antagonism interactions based on the magnitude of 
two response variables (for examples, “a” and “b”), and 
the interaction or cumulative effect of the “a+b” combina-
tion. The probable interactions for BCB combination are 
not interpreted as this concept is limited to the combina-
tion of two components only.

Clonogenic Survival Assay
The irradiated cell samples in the vials were immediately 
transferred into 6- well plates for clonogenic assay. A total 
of 1.5 mL of new media were added into each well. The 
plates were incubated for 10 days for MDA-MB-231 cells 
and 5 days for MCF-7 cells as well as NIH/3T3 cells12 

(without changing the media). After the incubation period, 

the cells media were discarded and the cells were washed 
with phosphate buffer saline. The cells were then fixed in 
cold methanol for 30 minutes prior to staining process 
with crystal violet solution for 1 hour. Later, the cells 
were washed with tap water and left to dry at room 
temperature. The stained cell colonies were scanned 
using a flatbed scanner to be counted and analyzed using 
ImageJ software.56 The percentage of the area covered by 
the stained cells were measure and counted.

Cell Survival Analysis
The cell survivals were analysed using survival fraction 
(SF). The SF was calculated as shown in Equation 2.

SF =

Percentage of the stained area of irradiated cells colonies
Percentage of the stained area of control cell colonies

(2) 

OriginPro 2018 software was used to plot the SF curves, 
employing the linear-quadratic (LQ) model, which is 
a gold standard in clinical RT. The parameters from the 
LQ formula given by Equation 3 were analyzed, in which 
S is the survival fraction, while D is the dose (Gy).

S ¼ exp� αDþβD2ð Þ (3) 

The model is represented by the linear component [exp 
(- αD)], which is designated for a single hit to the 

Figure 1 The schematic diagrams of irradiation setup for each source and beam: (A) brachytherapy (B) photon, and (C) electron. 
Abbreviations: Dmax, depth of maximum dose; SSD, source-to-surface distance; mM, millimolar.
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double-strand of DNA breakage and a quadratic compo-
nent [exp (-βD2)] which denoted the double hits that 
induce double-strand damage of the chromosomes.12,13 

The sensitization enhancement ratio (SER) was extrapo-
lated from the LQ graph fittings. The values indicated 
the radiosensitization effect by each treatment compo-
nent and were calculated using the formula as in 
Equation 4.

SER =

Dose at 50% of cells survived in the control
Dose at 50% of cells survived with treatment

(4) 

Statistical Analysis
All data were stated as the mean ± standard error of the 
mean (SEM). The graphs and statistical tests were con-
ducted using OriginPro 2019 software (OriginLab 
Corporation, US). Three-way ANOVA was used to inter-
pret the interactions between the variables, and Bonferroni 
post-hoc test was also employed.

Results
Intracellular ROS Induced by Radiation 
with BiONPs, Cisplatin or BRF 
Individually
The ROS generations by the individual effect of each 
BiONPs, Cis, and BRF, as illustrated in Figure 2. The graphs 
for each irradiation type imply that percentages of ROS 
generated by photon beam are higher than brachytherapy 
and electron beam. Notably, the presence of Cis had stimu-
lated the most substantial amount of ROS compared to the 
BiONPs in both breast cancer cell lines. While the magnitude 
of ROS triggered was less in brachytherapy compared to 
photon and electron beams, the gap of the ROS produced in 
the presence of the Cis as compared to the control was always 
significant in brachytherapy. Additionally, the percentage of 
ROS formed in the presence of BRF was higher than the 
control for brachytherapy but lower than the control for 
photon and electron beams.

Intracellular ROS Induced by Radiation 
with BB, BC, and BCB Combinations
The ROS generated among the combinations of BB, BC, 
and BCB are illustrated in Figure 3. Among the BB, BC, 
and BCB combinations, the highest percentage of ROS 
(6779%) obtained after irradiation with 6 Gy dose was 
attributable to the presence of BC in MDA-MB-231 cells 

after photon beam therapy (Figure 3B), followed closely by 
HDR brachytherapy (Figure 3A). Meanwhile, the lowest 
ROS percentage (3190%) after irradiation with 6 Gy dose 
was caused by the presence of BB in MCF-7 cells after the 
HDR brachytherapy. Most data resulted from 3 Gy and 6 Gy 
irradiation doses illustrated a similar pattern in which the 
ROS in the presence of BC is the highest, followed by BCB, 
and lastly, BB for each type of beams. However, a few 
results show that the ROS percentage of the positive control 
cells were more elevated or comparable to the BB and BCB 
treatments during photon (6 Gy) and electron (both 3 Gy 
and 6 Gy, Figure 3C) beams.

As the BC combination was observed to induce the high-
est ROS enhancement, the comparisons of the BC combina-
tion treatment based on the beams’ quality on both cancer 
cells and for 0, 3 and 6 Gy of radiation doses are illustrated in 
Figure 3D. Generally, different types of cells and radiation 
doses would significantly influence the ROS generation 
(p<0.05). However, the overall ROS effects between the 
HDR brachytherapy with Ir-192, and 6 MV photon beam in 
the presence of the BC combination were not significantly 
different (p >0.05). At 6 Gy of dose, there is also no sig-
nificant difference in the ROS induced between the photon 
and electron beams (p >0.05).

In order to understand the possible interactions (syner-
gism, antagonism, or additive effect) among the individual 
components for the combination treatments of BB and BC, 
the conceptual modelling from Piggott et al’s work was 
conducted.55 Figure 4 presents two types of interactions 
which might transpire for the ROS production after 6 Gy 
of irradiation doses; (A) double-positive interaction, in 
which the level of ROS responses by the individual 
BiONPs, Cis or BRF were higher than the responses in 
the Control, and (B) opposing interaction, in which the 
magnitude of ROS responses in the Control was higher 
than one of the individual BiONPs and BRF components.

Based on the two categories, the notions of synergism, 
antagonism or additive effects were specified to address 
the possible ROS processes in the presence of the BC and 
BB treatment components. Additive effects were predicted 
in both breast cancer cells during the brachytherapy, 
photon and electron beams irradiations with the BC com-
bination (BC (1)). Additionally, the positive antagonism 
effect could also possibly occur in both cancer cells during 
the brachytherapy in the presence of BB combination (BB 
(2)). Apart from that, the presence of BB combination in 
the MDA-MB-231 cells during both photon and electron 
beam irradiations might prompt the negative synergism 
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Figure 2 Percentage of ROS generation in MCF-7 and MDA-MB-231 cells in brachytherapy (A, B), photon beam (C, D), and electron beam (E, F) in the presence of 
individual BiONPs, Cis and BRF in comparison to control. All values after each irradiation dose (0, 3, and 6 Gy) are calculated against the control value of each cell line 
immediately before irradiation. 
Notes: Error bars represent the standard error of the mean (SEM). The results of individual control, BiONPs and Cis for brachytherapy were published in our previous 
work.12 

Abbreviations: BiONPs, bismuth oxide nanoparticles; Cis, cisplatin; BRF, baicalein-rich fraction.
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effects (BB (3)). Meanwhile, positive antagonism could 
also happen in the MCF-7 cells for both photon and 
electron beam irradiation by the opposing interaction 
(BB (4)). Overall, the most favorable interaction was the 
additive effect by BC (1).

Radiosensitization Effects Induced by 
BB, BC, and BCB Combinations
The cells survival curves for BB, BC, and BCB treatments 
for brachytherapy, photon and electron beam irradiations 

in MCF-7, MDA-MB-231, and NIH/3T3 cells are dis-
played in Figure 5. The radiosensitization effects are 
shown in all cell lines with the BC treatment dominated 
as the most effective to lower the cells survival in MCF-7 
and MDA-MB-231 cancer cells. Meanwhile, the NIH/3T3 
cells are profoundly affected by BCB treatments in both 
radiation beams.

The sensitization enhancement ratio (SER) quantified 
for the BB, BC, and BCB treatments irradiated with the 
three types of clinical RT beams in three types of cell lines 

Figure 3 Percentage of ROS generation in the presence of BB, BC, as well as BCB combinations, in comparison to the negative control (before irradiation time) at doses of 
3 and 6 Gy on MDA-MB-231 cells and MCF-7 cells under irradiation of (A) HDR brachytherapy Ir-192, (B) photon beam and (C) electron beam. (D) Sum-up of the ROS 
generation induced in the presence of BC combination for all the radiation beams. 
Notes: Error bars represent the standard error of the mean (SEM). Data for the part (D) were tested against 3-way ANOVA with Bonferroni post-hoc test. The results of 
BC combination for brachytherapy only were published in our previous work.12 

Abbreviations: Ir, iridium; BiONPs, bismuth oxide nanoparticles; Cis, cisplatin; BRF, baicalein-rich fraction; BB, BiONPs-BRF combination; BC, BiONPs-Cis combination; 
BCB, BiONPs-Cis-BRF combination.
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are tabulated in Table 2. It is observed that most of the 
treatment combinations resulted in the SER value of more 
than 1, including in NIH/3T3 normal cell line. Apart from 
the highest SER value of 4.29 observed from BC combi-
nation for brachytherapy, which had been discussed in our 
previous work,12 the leading radiosensitization effects 
were elicited by the BC for the electron beam (SER of 
2.98) in the MCF-7 cell line. Photon beam irradiation with 
the presence of BC also stimulates the radiosensitization 
effects with SER of 2.37 and 2.05 in MDA-MB-231 and 
MCF-7 cell lines, respectively.

On the other hand, the lowest SER values of 0.97 and 
1.18 were reflected by the BB treatments for brachyther-
apy in NIH/3T3 cells and MDA-MB-231 cells, respec-
tively. All other SER values obtained during all 
irradiation in combination with BB did not exceed the 
values of 2, with the maximum value of 1.80 in MCF-7 
cells during 6 MV photon beam irradiation.

Additionally, the presence of BCB during the radia-
tions triggered eminent effects of radiosensitization in 
both MCF-7 and MDA-MB-231 cell lines with the SER 
values in the range of 1.31 to 2.61. Nevertheless, 
the BC treatments in the NIH/3T3 normal cell line 
could induce high SER values of 1.83, 2.04 and 2.06 
for the photon beam, brachytherapy and electron 
beams, respectively.

Discussion
Intracellular ROS Induced by Radiation 
with BiONPs, Cisplatin or BRF 
Individually
Generally, the ROS productions after irradiation were ana-
lyzed in two sub-types of breast cancer cell lines, which 
might affect the responses toward NPs, drugs and radiation. 
MDA-MB-231 cells were more sensitive to free radical gen-
eration, and MCF-7 cells have a low degree of cell sensitivity 
towards the nanoparticles and drug. Han et al discovered that 
MCF-7 cells are more resistant than MDA-MB-231 cells 
because of the low level of dynamin-related protein 1 
(Drp1) gene expression in former cells, which would 
decrease mitochondrial fission, apoptosis, and metastasis of 
the cells.57 The insensitivity of cells towards DCH2F-DA 
reagent would also be one of the factors, as such cells with 
a low concentration of esterase enzymes might only emit low 
DCF fluorescence light.48 Metastatic breast cancer cells, such 
as MDA-MB-231, also possessed a high amount of intracel-
lular esterase enzymes and could enhance the rate of the 
probe entrance into the cells.58 While MDA-MB-231 cells 
are known in lacking estrogen receptor (ER), progesterone 
receptor (PR), and human epidermal growth factor receptor 2 
(HER2) receptors, they are more aggressive and metastatic 
than MCF-7 cells.59,60

Figure 4 Conceptual modelling of the probable interactions for BC and BB combinations based on the ROS generation responses. In relative to the control, the interactions 
could be categorized into (A) double-positive and (B) opposing interactions. The interactions are further classified into negative synergism (-S), positive antagonism (+An), 
additive (Ad), negative antagonism (-An), and positive synergism (+S). The bracketed numbers (1) to (4) referred to the number of the interaction which might ensue for 
the BC (white bar) and BB (bars with lines) combination treatments. 
Notes: The X-axis is the treatment component, while the y-axis is the level of responses from the treatments (in this case, % of ROS production). The interaction models 
are modified from Piggott et al.55 There is another category; double negative interaction, in which the level of response by the Control is higher than responses by both 
individual components, but it may not happen in the present study. 
Abbreviations: BiONPs, bismuth oxide nanoparticles; Cis, cisplatin; BRF, baicalein-rich fraction, BB, BiONPs-BRF combination; BC, BiONPs-Cis combination.
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In this study, each component comprised BiONPs, Cis, 
and BRF was individually tested for intracellular ROS for-
mation. The presence of Cis during the irradiations notably 
showed a high level of ROS production. Fundamentally, Cis 
is also known as platinum diamodichloride, and 65% of its 
content is platinum.61 The Cis elicited the down-regulation of 
multidrug resistance-associated protein 1 (MRP1) expres-
sion, lowered the glutathione content, and reinforced the 
intracellular ROS generation, as presented by a research on 
a ROS generator, emodin, in T24 and J82 human bladder 
cancer cell lines.62 The Cis could also substantially increase 
the ROS, nitric oxide and lipid peroxidation levels in the 
kidney of mice, as well as in Cis-resistant IMC-3CR cells due 
to the suppression of Sestrins-1 (SESN1) protein.63,64 

However, they also suggested that the SESN1 protein did 
not influence the radiosensitivity and viability of the cells.64 

The present findings verify that the presence of Cis during 
irradiation might activate or subdue ROS-associated proteins 
within the cells as supported by the previously mentioned 
studies.

Subsequently, the ROS production stimulated by the pre-
sence of bismuth oxide nanoparticles (BiONPs) during the 
irradiations was higher than the BRF in both MCF-7 and 
MDA-MB-231 cell lines. Exposure of metallic nanoparticles 
(NPs) to and into cells had built up oxidative stress and 
toxicity to the mitochondria.65 The bismuth-based NPs are 
hypothesized to be more effective than other metallic NPs. 
Recent investigations had highlighted the effects of high 

Figure 5 Cell survival curves of control, BB, BC, and BCB treatment combinations treated on MCF-7, MDA-MB-231 and NIH/3T3 cell lines irradiated with the 
brachytherapy, 6 MV photon beam and 6 MeV electron beam. 
Notes: Error bars represent the standard error of the mean (SEM). The survival curve of BC combination for brachytherapy only was published in our previous work.12 

Abbreviations: BB, BiONPs-BRF combination; BC, BiONPs-Cis combination; BCB, BiONPs-Cis-BRF combination.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2020:15 7814

Talik Sisin et al                                                                                                                                                       Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


atomic number (Z) metallic NPs such as platinum (Z=78), 
gold (Z=79), and bismuth (Z=83).9,15,66 Hossain and Su also 
simulated the radiosensitizing effects of several diagnostic 
X-ray energies among bismuth, gold as well as platinum, and 
stated that the irradiations which released photoelectrons and 
Auger electrons could cause water molecules to be lysed 
and formed various free radicals.67 The assumption is also 
particularly correct in which the ROS induced in HCT-116 
cells after irradiated by proton beam in the presence of 
BiONPs surpassed the ROS induced in the presence of 
platinum, gold, or superparamagnetic iron oxide NPs.15 

Although the physical interaction of the proton beam with 
cells is disparate from the clinical beams in the present study, 
the authors also implied that ROS production was firmly 
related to the radiosensitization effect and found that 
BiONPs could produce the highest SER among other NPs 
tested.15 Other bismuth-based NPs such as folic acid (FA) 
modified bismuth sulfide NPs, folate-inserted RBC mem-
branes-coated bismuth NPs, and 5-Aminolevulinic acid-FA- 
conjugated BiONPs, which were tested against X-ray and 
photodynamic irradiations, also showed the enhancement of 
ROS levels relative to respective controls.68–70

Even though bismuth has a higher atomic number than 
platinum or gold, the oxide element that presents with the 
bismuth had caused molecular changes and decreased the 
atomic number of Bi2O3 to a comparable platinum element 
(Zeff =78).12 Thus, the platinum-based Cis drug had able to 
trigger more ROS generation when compared to the 
BiONPs, as another 35% of molecules within the Cis 
may also contribute to the escalation of intracellular ROS 
level. However, the in-depth mechanism is not yet been 
studied. The high ROS production might also occur due to 

the increments of other oxidative stress parameters, several 
types of serum, and other oxide molecules. Earlier work 
on chemoradiotherapy showed an increase in blood ROS 
levels due to elevated ceruloplasmin, albumin thiols, and 
malondialdehyde serum.71

Ting Guo had introduced the term of chemical 
enhancement (CE) for the increase of ROS production 
by X-rays due to the presence of NPs.72 Research by the 
same team on free radicals generated by gold and platinum 
NPs upon exposure to irradiation had demonstrated that 
the CE might lead to biological enhancement such as 
double-strand breakages, polymerization, and hydroxyla-
tion of DNA.73,74 One of the mechanisms associated with 
the CE involved the binding of NPs to the cellular repair 
proteins, but the cells could still function normally. 
However, a combination of NPs with radiations would 
cause the NPs to induce more ROS and cellular damages 
due to the repair proteins’ responses inhibition.72 This CE 
connotation had justified the results in the current study in 
which the BiONPs presence in the cell samples without 
RT would diminish the amount of intracellular ROS when 
the cells were not exposed to the RT, as the maximum 
percentage of ROS was found to be only 92% and 88% in 
MCF-7 and MDA-MB-231 cells, respectively. When 
a dose of 3 Gy of the electron beam was given, then the 
ROS would accumulate to a minimum of 1496%.

The CE occurrence may correlate with several pro-
cesses such as the asymmetric electrical coupling and 
electron transfer modulation at the interfaces of the high 
Z metals with dielectric oxides, as well as the generation 
of electron-hole pairs after the absorption of X-rays by the 
NPs.38,72,75–77 BiONPs features indicated the 

Table 2 SER Values for BB, BC and BCB Treatment Combination After Irradiation with Brachytherapy, Photon and Electron Beams

Treatments Sources Brachytherapy Photon (6 MV) Electron (6 MeV)

Cells SER SER SER

BB MCF-7 1.76 1.80 1.37
MDA-MB-231 1.18 1.42 1.24

NIH/3T3 0.97 1.51 1.67

BC12 MCF-7 4.29 2.37 2.98
MDA-MB-231 1.41 2.05 1.91

NIH/3T3 1.65 1.46 1.79

BCB MCF-7 2.61 2.09 1.87

MDA-MB-231 1.31 1.58 1.51
NIH/3T3 2.04 1.83 2.06

Notes: The SER results of BC combination for brachytherapy only were published in our previous work.12 

Abbreviations: BB, BiONPs-BRF combination; BC, BiONPs-Cis combination; BCB, BiONPs-Cis-BRF combination.
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characteristics of a semiconductor and a photocatalyst.78 

Thus, it could react by absorbing the bandgap energy and 
creating the electron-hole pairs when irradiated with 
X-rays.72 It is proposed that the pairs transferred to the 
NPs surfaces and experienced the catalysis reactions or 
responded to the water or oxygen to form the ROS.72,76

Meanwhile, the ROS triggered by the presence of 
baicalein-rich fraction (BRF) in brachytherapy is inter-
mediate between BiONPs and Control. Nevertheless, in 
photon and electron therapies, the ROS values for BRF 
are below the control level, and this condition signified the 
possible radioprotective activity of the BRF. The presence 
of BRF might activate the reduction-oxidation (redox) 
reaction in the cells, which might involve enzymes such 
as thioredoxin reductase, superoxide dismutase (SOD), 
catalase, and glutathione peroxidase (Gpx), thus reduce 
the ROS level after irradiation.48 The baicalein compound 
could decrease the ROS production and protecting neural 
progenitor cells of the brain against radiation.79 The course 
of actions might involve not only free radical scavenging 
activity but also upregulation of pro-survival transcription 
factors, and consequently, increase the tolerance level of 
the cells towards oxidative stress.25 The present findings 
may also be attributed to the presence of naturally- 
occurring phenols and flavonoids, as well as trace metals 
in the plant compounds.80,81 The previous research is in 
agreement with the current study in which the natural- 
based anti-cancer compounds carried the antioxidant and 
radioprotective properties.82

While the overall magnitude of ROS triggered was less 
in brachytherapy compared to photon and electron beams, 
the gap of the ROS produced in the presence of the 
BiONPs, Cis and BRF, as compared to the control, were 
always significant in brachytherapy. Final findings high-
lighted that the existence of Cis in the cells promoted the 
highest chemical reactions during the brachytherapy, rela-
tive to the participation of BONPs and BRFs.

Intracellular ROS Induced by Radiation 
with BB, BC, and BCB Combinations
Apart from the ROS effect from individual BiONPs, Cis, and 
BRF after irradiations, the effects of the three individual 
component combinations were also examined. The percen-
tages of ROS stimulated by the BB or BCB were lower than 
the positive controls for the photon and electron beams. The 
results are comparable to the ROS induced by the BRF alone 
in the previous part of the study and strengthen the inference 

of the BRF acting as the radioprotector at the high energy 
radiations. Meanwhile, the BC combination had initiated the 
highest ROS responses. Nonetheless, it is also marked that 
the general ROS levels triggered by the photon beam and 
brachytherapy with BC combination were not significantly 
different. The situation may indicate the applicability of 
the BC combination as the radiosensitizer in both RT mod-
alities, as well as suggest that the ROS could be intrinsically 
influenced by the photons, compared to the electron particles. 
While the charged electron particles can directly ionize the 
cells, photons are considered as the indirectly ionizing radia-
tions as they induced secondary electrons.83 The energy of 
the secondary electrons emitted from the radiosensitizers 
might be incorporated back into the surrounding medium, 
typically in the ROS molecule forms.84

The observations established in the present study are 
likely related to the possible interactions among the pro- 
oxidants (BiONPs and Cis) as well as the anti-oxidant 
(BRF). Four different natures of interactions might occur 
when BC and BB combinations were tested with bra-
chytherapy, photon, and electron irradiations; additive 
effects by the BC, as well as negative synergism and 
positive antagonisms (from double-positive and opposing 
interactions) by the BB.

The BiONPs and Cis were additively supported each other 
when combined, yet they did not give off the synergetic effect. 
Interestingly, Shakibaie et al discoveries supported this current 
study, in which bismuth nanoparticles possessed moderate 
radical scavenging properties but might also stimulate oxida-
tive stress in facilitating cell killing mechanisms.85 In a report 
of irradiated Bi2Se3-treated mice, it was indicated that the ROS 
induced in the blood could be oxidized by the nanoparticles.86 

The anti-radical properties of BiONPs could be instigated by 
the deficiency of oxygen in the material’s surface, which might 
undergo a combination with the ROS.87 Stewart also had 
validated that this redox system by BiONPs is irreversible 
and would continue up to 48 hours only.87 Other biological 
points, such as components in cell culture media and the 
presence of naturally-occurring reducing agents in the cells, 
might also affect the oxidative stress within the cell system.88 

Thus, the ROS levels were elevated only slightly higher than 
both BiONPs and Cis such as BC (1).

On the other hand, the BiONPs and BRF were nega-
tively synergized or positively antagonized each other 
when mixed and irradiated. Fundamentally, these reactions 
occurred due to the presence of BRF that acted as radical 
scavengers. These reactions further confirm the conflicting 
roles of Cis and BRF as both are anti-cancer agents but 
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have differed oxidative properties. The BRF could be 
comparable to a selenium-based compound, in which it 
was able to enhance the reduction of radical species 
induced by the Cis.63 The present finding is also in agree-
ment with a previous study that mentioned the baicalein 
could down-regulate mitogen-activated protein kinases 
(MAPKs) and nuclear factor kappa B (NF-κB) signaling 
pathways, while up-regulated antioxidant mechanisms in 
restoring renal damages by Cis.89 Baicalein also demon-
strated a protective effect on keratinocytes by scavenging 
the ROS-induced by ultraviolet B radiation.90

Nevertheless, none of the BB and BC combinations inter-
action could possibly undergo the positive synergism, as the 
ROS generations by the combinations did not exceed the 
summation of two individual treatments.55,91 Additionally, 
the BCB combination interactions were not able to be inter-
preted by Piggott et al’s model as it involved more than two 
components. Reasonably, it can be deduced that the pro- 
oxidant Cis and anti-radical BRF counterbalanced the inter-
mediate level of ROS by BCB combination. Primarily, the 
most favorable probable interaction was the additive effect 
by BC (1). Thus, the present study proposed that combina-
tions of radiation and nanomaterials, such as BiONPs and 
Cis, could further amplify the ROS formation in cancer cells 
over the time from the additive to the synergistic effect with 
the formula of “1+1>2”.55 This response is described as 
a cumulative interaction.92

The increment of ROS level may correlate to the indir-
ect DNA damage processes attributable to apoptosis cell 
death mechanism, which may happen within 24 to 72 
hours after irradiation.90,93–95 A previous study deduced 
that ROS has a role in cell cycle redistribution and the 
apoptosis process, involving the cellular repair system. 
Chen et al investigated the ROS accumulation in mito-
chondria and revealed that this ROS overabundance would 
activate caspase 3 protein, which in return disturbed the 
electron transport chain.96 The prolonged ROS accession 
would further damage the mitochondria functions and lead 
to the apoptotic cellular death.96 Apoptosis is highly cor-
related to the radiosensitization process.37,93,94,97–99

Radiosensitization Effects Induced by 
BB, BC, and BCB Combinations
The primary principle in radiotherapy is delivering a low 
radiation dose to normal cells while providing higher 
radiation doses to target cancer sites. Thus, this part of 
the radiosensitization study also involved normal fibroblast 

cell line, NIH/3T3, with other two breast cancer cells, 
MCF-7 and MDA-MB-231. Our recently published 
research had demonstrated the radiosensitization effect of 
BiONPs, Cis, and BC in brachytherapy.12 Subsequently, 
this study proposed to determine the sensitization enhance-
ment of additional BB and BCB for brachytherapy as well 
as effects of BB, BC and BCB for photon and electron 
beams.

Based on Table 2, it can be discerned that the sensiti-
zation enhancement ratio (SER) values in MCF-7 and 
MDA-MB-231 cells had been heightened in the presence 
of the three combinations in the following decreasing 
manner: BC, BCB and BB treatments. This data is sup-
ported by the ROS productions in the previous discussion. 
Despite that, the SER values were contradictory to ROS 
formation concerning the type of cells and type of radia-
tion beams. The ROS was higher from photon irradiation, 
but the electron irradiation shows more sensitization 
enhancement, whereas the ROS generation was higher in 
MDA-MB-231 cells while the SER values are more sig-
nificant in MCF-7 cells.

Although MDA-MB-231 cells were more sensitive to 
biological components like ROS production, they might 
have a highly active repair system that leads to the radia-
tion resistance and lower SER values compared to MCF-7 
cells. The molecular analysis had highlighted the up- 
regulation of 12 selected genes involved in radioresistance 
within irradiated MDA-MB-231 cells.100 These up- 
regulated genes are associated with drug resistance and 
stem cell-like processes such as activation of cell division, 
RNA polymerase II promoter transcription, and protein 
phosphorylation as well as the binding of ATP, chromatin, 
and interleukin-1 (IL-1) receptor.100 Boo et al also sup-
ported the outcomes in which their study found more 
basal-like cellular receptors (CD44+/CD24− and ALDH 
+) were expressed in MDA-MB-231 compared to MCF-7 
cells.59 In contrast, the high MCF-7 cells’ SER values may 
be caused by the amplification of the expression of caspase 
3, caspase 9, and cytochrome C proteins when NPs were 
present during irradiation that could initiate mitochondrial- 
associated cellular apoptosis.96 Wang and Zhang also 
concluded that their ROS levels did not influence the 
effectiveness of radiation in both cell lines.101 Likewise, 
the proposition of ROS as the auxiliary factor to the radio-
sensitization process in our previous published study12 had 
justified the present findings that showed contrary results 
between ROS output and SER values in MCF-7 and 
MDA-MB-231 cells.
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Extensive research on the combination of radiation and 
NPs as a radiosensitizer was positively established. 
Theoretically, a Monte Carlo simulation for 6 MV x-rays on 
materials with the atomic number of 25 to 90 had exhibited the 
dose enhancement only up to a maximum value of 1.007.102 In 
silico simulation tests on BiONPs of various sizes, shapes and 
concentrations had been performed for 125kVp, 6 MV, 10 MV 
and different brachytherapy sources.9,103–107 Experimentally, 
in vitro studies also presented different SER and DEF values 
by BiONPs, which were influenced by the type of radiation 
beam, type of cell lines used, as well as the concentrations, 
shapes and sizes of the BiONPs.15,103,108 NPs may induce 
ROS formation in high amounts and lead to low survival 
fraction.15 The studies above may suggest that BiONPs also 
contribute to the sensitization enhancement caused in BB, BC, 
and BCB combinations.

On the other hand, cisplatin is a standard drug that has 
been used in clinical settings as one of the chemothera-
peutic agents. Roles of cisplatin as a radiosensitizer are 
also have been evaluated in concurrent chemoradiotherapy 
investigations.109–111 Combination of other material with 
low usage of cisplatin concentration is also currently being 
to further increase the radiosensitization effects on target 
cancer cells. Cisplatin had been combined with organose-
lenium compound or gold NPs that results in the achieve-
ment of additive effects as well as successful enhancement 
of radiosensitization.63,112,113 However, there is still scarce 
study on the combination of cisplatin with bismuth-based 
nanoparticles for radiosensitization effects.

A combination of BC for brachytherapy had given the 
highest effect of radiosensitization, which might be caused 
by the synergism reaction between the individual BiONPs 
and Cis.12 The SER value of 4.29 is especially doubled 
from the SER of BC for photon and electron irradiations. 
The differences may signify the BC treatment is highly 
efficient at low-energy radiation. The findings are compa-
tible with a series of relevant reports that have shown 
a relatively higher doses enhancement from radionuclide 
sources and low-energy x-ray beams relative to external 
megavoltage beam sources.8,102,114 In comparison between 
photon and electron beams, the two beams are used in RT 
for cancers in different cases. Electron beam with energies 
up to 21 MeV is usually used for superficial tumors, while 
the photon beam is generally applied for deep-seated 
tumors.108,115,116 In this study, BC treatment for electron 
beam radiation cause higher SER value than photon beam 
in MCF-7 and NIH/3T3 cell lines. This data was supported 
by research on the treatment of polyethylene glycol 

(PEG)-coated BiONPs in MCF-7 cells, which could pro-
duce an SER value of 1.13 for electron irradiation.108 In 
contrast, photon beam irradiation would give an SER 
value of 1.12.108 However, this case was contradictory to 
our previous work of the uncoated-BiONPs on the MCF-7 
cells, in which 6 MV photon had been induced the SER of 
1.88 while 6 MeV generated the SER of 1.42.13 The 
different findings may indicate that the functionalization 
of BiONPs with PEG would lower the radiosensitization 
effects in MCF-7 cells. The presence of Cis in the BC 
treatment might have reacted similarly to the PEG coating. 
While for MDA-MB-231 cells, it was found that, in the 
presence of NPs, the electron beam could cause a lower 
SER value (1.04) than SER for the photon beam (1.29),117 

which also agrees with our results on MDA-MB-231 cells.
Apart from that, this study is the first to present the 

radiosensitization effect of baicalein-based compound BRF 
in combination with other materials. The BRF in the present 
work is not a completely pure baicalein compound, as eval-
uated in other previous studies.79,100,118 Baicalein was found 
to protect irradiated C17.2 neural progenitor cells from 
necrosis through ROS rectification and upregulation of brain- 
derived neurotrophic factor-phosphorylated cAMP response 
element-binding (BDNF-pCREB) pathway.79 A more recent 
study irradiated MDA-MB-231 breast cancer cells in the 
presence of baicalein compound testified the up-regulation 
of apoptosis-affiliated proteins such as tumor necrosis factor 
(TNF), nuclear factor κB (NF-κB), Toll-like receptor (TLR), 
and interferon-induced protein with tetratricopeptide repeats 
2 (IFIT2) signaling pathways.100,118 They also observed the 
down-regulation of cellular invasion-related mRNAs, such 
as urokinase-type plasminogen activator (u-PA), matrix 
metalloproteinase 2 (MMP-2) and MMP-9.100,118 Hence, it 
was surmised that baicalein-rich fraction (BRF) could pro-
mote radiosensitization, but maybe with a lower capacity 
than BiONPs and Cis due to its anti-radical properties.

Besides, the survival curves in Figure 5 were config-
ured with the LQ model, defining the α and β values as 
single and double hits of DNA breakages, respectively. 
The survival curves revealed that the BC, BB and BCB 
therapies had higher α levels, reflecting a significant 
amount of single radiation occurring at the early initial 
dose level. During radiation therapy alone (control), all α 
and β values are positive, suggesting that both single and 
double-strand DNA ruptures have occurred.15 The para-
meter values indicate that the combination therapies are 
exemplary therapeutic strategies relative to regular con-
ventional treatment.
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Furthermore, BB, BC, and BCB combination treat-
ments had evoked radiosensitization enhancement in all 
three types of cells. However, BB and BCB treatments 
were perceived to sensitize NIH/3T3 normal cells more 
than MDA-MB-231 breast cancer cells for photon and 
electron beams radiotherapy. This circumstance indicates 
that the healthy cells near the cancer target site would be 
more susceptible to the radiation. Even though irradiation 
with the presence of BC could slightly increase the radio-
sensitivity of NIH/3T3 normal cells, it could be considered 
as insignificant as the side effects observed during the 
concurrent cisplatin chemoradiotherapy randomized clini-
cal trials.110,111 In contrast to the BC, the BCB combina-
tion could cause more detrimental effects on NIH/3T3 
normal cells. Therefore, the current study hypothesized 
that BC combination is a more appropriate radiosensitizer 
for brachytherapy, photon and electron beams RT, in com-
parison to BB and BCB combinations.

Conclusion
The intracellular ROS induced in the presence of individual 
BiONPs, Cis and BRF were notably high in the ratio for the 
HDR brachytherapy. Meanwhile, the highest ROS enhance-
ment was observed due to the presence of BC combination for 
HDR brachytherapy and 6 MV photon beam irradiation. The 
SER values for MCF-7 and MDA-MB-231 cells indicate that 
the radiosensitization effects in the presence of the compound 
combinations are decreasing in the following manner: BC, 
BCB, and BB treatments. The highest SER value was demon-
strated by the presence of BC combination during the HDR 
brachytherapy. Interestingly, BCB combination also presented 
a high radiosensitization enhancement but collaterally 
affected the normal cells as well. The BiONPs-Cis (BC) 
shows potential as an effective radiosensitizer for clinical 
RT with further cellular and molecular aspects of analysis 
are required to elucidate the radiosensitization mechanism.
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