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Introduction

Nanotechnology has unveiled breakthroughs 
in the medical field, especially in radiotherapy 
(RT) through diagnostic as well as therapeutic 
application, leading to improved treatment effi-
cacy [1–4]. RT treatment comprises the delivery 
of high-intensity radiation dose in situ to initiate 
cancer cell death. Unfortunately, treatment by RT 

not only induces DNA damage to the malignant 
tumour cells but simultaneously prompts destruc-
tion of the neighboring normal tissues [5–7]. The 
survived destructed cells might be able to recover 
or be incapable of repairing themselves properly, 
causing DNA mutation and secondary cancers. 
Radioresistant cancer cells also impose a high risk 
to healthy tissue where the treatment might re-
quire elevated radiation dose that will jeopardize 
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the normal cells. Therefore, increasing the efficien-
cy of RT has been one of the top priorities in the 
oncology field not only to achieve more significant 
tumour cell killing but also to salvage the normal 
cells surrounding it [8]. In this intricate challenge, 
it is reported that the use of nanoparticles (NPs) 
as radiosensitizers aid in increasing the efficacy of 
RT, reducing radiation dose to the normal cells, 
and reduce the development of radioresistant can-
cer cells [8–24]. The NP is the agent lower than 
100 nm in size that allows radiation to be targeted 
at the tumor site and absorbed, resulting in radio-
sensitization [20]. In radiotherapy, metal NPs have 
been reported in several studies to have a high 
radiosensitization ratio (SER), due to their high 
atomic (Z) number [21–24]. This occurrence is 
explained by the boosted DNA damage induced 
by the photoelectric and Compton scattering ef-
fect via the metal NPs. Despite the discovery of the 
therapeutic function of metal NPs, the radiosen-
sitization effectiveness is dependent on different 
factors such as the NP shape, surface properties, 
size, concentration, radiation energy delivered, 
spectral composition, intracellular uptake efficien-
cy, intracellular transport properties, adsorption 
of protein molecules on the NPs and not limited to 
NPs administration route [23–24]. Consequently, 
it is crucial to conduct more evidence-based ex-
perimental studies on the factors affecting radio-
sensitization effects. 

Owing to its higher atomic number (Z), good 
energy absorption, and low toxicity, bismuth has 
a higher potential in comparison to gold and plat-
inum nanoparticles for cancer treatment. Careful 
bismuth synthesis is required so that its mor-
phology, size and pharmacokinetics will not have 
negative side effects, especially for in vivo applica-
tion. Through many synthesis methods, various 
sizes of bismuth nanoparticles ranging from 0.5 
to 200 nm have been produced [25, 26]. Beside 
the size, bismuth nanoparticles can also be syn-
thesized in many shapes such as sphere, nanow-
ire, nanobelt, needle, and nanocube [27–29]. The 
variety of nanoparticle morphologies gives big-
ger opportunity for this material to be applied 
in various fields. Methods of bismuth nanopar-
ticle synthesis include slow oxidation, precipita-
tion, atomic-pressure chemical vapor deposition 
(CVD), metal-organic deposition, oxidative metal 
vapor-phase deposition, and dispersion [30, 31]. 

All of these methods require the use of complex 
tools, high temperature, and longer reaction 
time. Therefore, hydrothermal method was used 
in this study because of cost effectiveness and 
simple protocol. Hydrothermal method is one of 
the methods to produce different chemical com-
pounds and materials using high temperature and 
pressure for a long time. Material synthesis via the 
hydrothermal method involved the crystallization 
process directly from solution that occurs in two 
stages which is the crystal nucleation and sub-
sequent controls growth [32, 33]. Following the 
crystal nucleation and control growth is the mor-
phological formation of the hydrothermal prod-
ucts where the particle size, morphology and the 
degree of crystallinity can be controlled by simply 
changing the experimental parameters. Hence, 
this study is focused on investigating the optimal 
size of bismuth nanorods (Bi2O3-NR) to induce 
significant radiosensitization effect on MCF-7 
and HeLa cells for megavoltage photon and elec-
tron beam radiotherapy.

Materials and methods

Cell culture protocol
MCF-7 (breast carcinoma) and HeLa (cervical 

carcinoma) cell lines were obtained from American 
Type Culture Collection (ATCC, USA), maintained 
in completed Dulbecco’s Modified Eagle Medium 
(DMEM, Life Technologies, USA). The completed 
media was supplemented with 10% fetal bovine 
serum (FBS, Life Technologies, USA) and 1% pen-
icillin-streptomycin (Life Technologies, USA). The 
cells cultured was incubated at 37ºC in humidified 
condition with 5% carbon dioxide (CO2).

Cell passaging routine was performed when 
the cells reached at least 70 % confluency to in-
crease the proliferation rate and to provide new 
media to the newly divided cell in culture flasks. 
Excess debris and dead cells were washed twice 
using 2 mL phosphate buffer saline (PBS, Life 
Technologies, USA) before 1 mL cell detaching 
reagent, TrypLE (Life Technologies, USA) was 
applied to the cells and left incubated for 2 min-
utes. 2 mL of complete DMEM was used to neu-
tralize the TrypLE enzyme, and the cells were 
transferred into the 15 mL falcon tube (Falcon, 
Fisher Scientific, USA) for centrifugation of 1500 
rpm for 5 minutes. 
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Synthesis of Bi2O3-NR 
Bi2O3-NR was synthesized using a hydrother-

mal method. Glassware was washed using aqua 
regia solution of (HCl:HNO3, 3:1, v/v). First, vary-
ing weights of bismuth (III) nitrate pentahydrate 
(Sigma Aldrich, U.S.A.) were dissolved in 40 mL 
of distilled water. Subsequently, under 45 minutes 
of continuous stirring, 3 mMol/L of sodium sul-
fate (Sigma Aldrich, USA) was added to the solu-
tion. Next, 18 mM of sodium hydroxide (NaOH) 
was added slowly into the solution using a drop-
per until yellowish precipitates were formed. The 
yellowish precipitate was then transferred into 
a Schott bottle and sealed tightly. Then the pre-
cipitation was incubated in an oven at 60°C for 10 
minutes. The samples were then allowed to cool 
at room temperature. The sample produced was 
washed with distilled water thrice, followed by 
70% ethanol before being dried in an oven at 80°C 
to obtain the final yellowish-white Bi2O3-NR pow-
der. The dried samples were labelled and stored at 
room temperature.

Characterization of Bi2O3-NR
The synthesized Bi2O3-NR sample was character-

ized physically to confirm size, morphology, chemi-
cal element details and bonding between bismuth 
and oxygen of the nanoparticles sample. 

Phase identification 
The 1.0 g of synthesized Bi2O3-NR was weighed 

for phase identification and crystalline material 
using X-ray diffractometer (XRD, Bruker AXS 
D8, USA). On zero-reflective fused silica, a thin 
layer of vacuum grease was applied before load-
ing the Bi2O3-NR sample. Excess powder was re-
moved by turning the fused silica upside down 
to get a thin layer of powder before being loaded 
into the system. The XRD machine operated at 
a voltage of 30 kV and current 30 mA with Cu-Kα 
as a radiation source to analyze the sample in θ to 
2θ. The scattering angle was set up in the range 
of 10° to 90° to concentrate the X-ray interac-
tion with Bi2O3-NR sample and produce a specif-
ic wavelength that were detected, processed and 
counted by Expert software. The software gener-
ated the diffraction peaks of the sample that has 
a unique characteristic in comparison to standard 
reference patterns.

Morphology and elemental analysis
To analyze the morphology of the nanoparticles, 

Field-Emission Scanning Electron Microscope 
(FESEM, Zeiss Supra 35VP) was used. This FE-
SEM produces images of a sample by scanning the 
sample with a focused electron beam. Preparation 
of the sample was conducted by sprinkling 10 µg 
of Bi2O3-NR powder onto sample stage of FESEM. 
The Bi2O3-NR was first dissolved in ethanol and 
subjected to ultrasonicator for 10 minutes. Then, 
the dissolved solution was dropped onto a carbon 
coated 200 mesh copper 62 grid and left for 3 min-
utes. Any excess suspension was removed by air 
gun to prevent the sample from agglomerate and 
gently placed a filter paper on the copper grid. The 
sample was inserted into the sample chamber and 
the FESEM was operated at 5 kV to get topogra-
phy of nanomaterial under various magnifications. 
The FESEM that generates electron source from 
field emission will produce a high resolution image. 
Then the image was analyzed using ImageJ software 
by counting approximately 100 nanoparticles to de-
termine the average size of Bi2O3-NR.

Element composition
To analyze the chemical element composition 

of materials, the Energy Dispersive X-Ray analysis 
(EDX) was used. The EDX that is mounted to Scan-
ning Electron Microscope (SEM) generates x-ray 
source to produce a spectrum and image. First, the 
sample of Bi2O3-NR was cleaned using an ultrasonic 
cleaner and then coated with a carbon coater. Then 
the sample was mounted onto a specimen holder 
and inserted into the FESEM chamber to capture 
the image. The focus zooming was adjusted accord-
ingly to produce a sharp image. Further analysis 
using liquid nitrogen was conducted by opening 
the valve and 8 µA gun box power to start EDX 
analysis. The data generated by EDX analysis con-
sist of spectra showing peaks corresponding to the 
elements making up the true composition of the 
analyzed sample. 

Bismuth–oxygen bonding 
The bonding of Bi2O3-NR element was carried 

out using fourier-transform infrared spectroscopy 
(FTIR, Spectrum One, Perkin Elmer, USA). The 
Bi2O3-NR was mixed by ratio of 1:10 with potas-
sium bromide (KBr). Then the sample was inserted 
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into a mold and compacted with 1 PSA pressure to 
produce transparent pallet. The machine was oper-
ated at a wavelength of 4000cm-1 to 400cm-1 with 
4 times resolution configuration. Further result 
analysis was performed to determine the chemical 
structure of the Bi2O3-NR by the Spectrum soft-
ware.

Nanoparticles and cells preparation
The NPs were prepared by taking a total of 80 

mg of powdered bismuth oxide nanorods that were 
added to distilled water to produce 86 mMol/L of 
Bi2O3-NR solution. Then, the sample was sonicated 
using an ultrasonic bath (INPG 0315) for one hour 
for homogenization of the NP and was kept at 4ºC 
temperature. The concentration used for the irra-
diation experiment was 0.5 µMol/L.

The cell samples were prepared before irradia-
tion with 1 x 104 cells of MCF-7 and HeLa cells 
were well mixed with Bi2O3-NR in sterile micro vial 
tubes (200 µL, Eppendorf). For the control groups, 
MCF-7 and HeLa cells were prepared without the 
treatment of Bi2O3-NR. The samples were prepared 
for every nanoparticle size (60, 70, 80, and 90 nm) 
including control, and were exposed using different 
radiation doses (0–10 Gy).

Megavoltage photon and electron beam 
irradiation

The irradiation of the samples with and without 
Bi2O3-NR was conducted at Radiotherapy section, 
Advanced Medical and Dental Institute, Univer-
siti Sains Malaysia. Linear accelerator or LINAC 
(Elekta Synergy, Sweden) was used to irradiate the 
samples with different energy of megavoltage pho-
ton and electron beam. 

Irradiation of samples was made by placing the 
samples onto a solid water phantom (10 cm), and 
then the bolus of 1.5 cm (depth of maximum dose) 
was placed on top of the samples for 6 MV photon 
beam irradiation. Meanwhile, a 2.5 cm bolus was 
used for 10 MV photon beam energy to deliver 
the maximum dose. The source-to-surface distance 
(SSD) was kept constant at 100 cm. The irradiation 
field size was collimated to 10 x 10 cm2. Subse-
quently, the sample was exposed to various radia-
tion dose, starting from 0.0, 0.5, 1.0, 1.5, 2.0, 4.0, 
6.0, 8.0, 9.0 and 10.0 Gy. Each radiation dose was 
done in a single fraction with a dose rate of 599 
MU/min.

The samples for electron beam irradiation were 
set up according to the photon beam procedure, in 
which the sample was put on a solid water phantom 
(10 cm) and covered with 2.5 cm bolus to deliver 
maximum dose for 6 MeV and bolus 3.5 cm for 12 
MeV. The SSD was designated at 100 cm, and the 10 
x 10 cm2 electron applicator was used to minimize 
scattering effects. The samples were irradiated with 
different radiation dose, starting from 0.0, 0.5, 1.0, 
1.5, 2.0, 4.0, 6.0, 8.0, 9.0 and 10.0 Gy. The dose rate 
was kept constant at 599 MU/min, and it was also 
done in a single fraction.

Clonogenic assays
The irradiated samples were sub-cultured into 

the 6-well plates, with added 2 ml completed 
DMEM to disperse the cells. All plates were incu-
bated at 37 ºC with a humidified condition of 5% 
CO2 for 5 days. After a 5-day incubation period, 
culture media were carefully discarded from each 
well of 6-well plates. Rinsing with PBS was done 
three times. Next, 2 mL of ice-cold methanol (Sig-
ma Aldrich, U.S.A.) was added to each well and left 
to fix in the incubator for 30 minutes. The samples 
were stained using 2 mL crystal violet after the fix-
ing agent was removed. The plate was incubated 
at room temperature for 1 hour. Finally, the plates 
were immersed in tap water to rinse off crystal 
violet and were left to dry at room temperature 
overnight.

Cell survival analysis
The formation of cell colony after irradiation was 

counted, and the cell survival curve was plotted 
using OriginLab 8.5 software (OriginLab Corpora-
tion, Northampton, USA) based on the linear-qua-
dratic model as shown in equation 1.

S(D) = exp-αD+βD2     (1)

The survival fraction was generated to fit the 
experimental data point to the linear model, which 
automatically determined the value of α and β. 
Where the S(D) is the fraction of cells surviving 
a dose (D), α is a constant describing the linear 
slope of the cell survival curve, and β is a quadratic 
component of cell killing. Then, SER can be deter-
mined through this graph to indicate the radiosen-
sitizing effects of Bi2O3-NR to MCF-7 and HeLa cell 
lines. In this study, the survival fraction was set to 
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50% to get the radiation dose for control and treat-
ment. The SER value for each size and concentra-
tion could be used to measure lethal dose for the 
loss of proliferative capacity to 50% in the presence 
of Bi2O3-NR using equation 2.

SER = 

Dose at 50% cell survival 
(without NPs)

(2)
Dose at 50% cell survival 

(with NPs)

Results

Characterization of Bi2O3-NR
The XRD was carried out to determine the crys-

talline phase of the nanoparticle’s powders. Fig-
ure 1 shows the XRD diffraction pattern of Bi2O3 
for different concentration of the Bi(NO3)3•5H2O 
samples. The XRD pattern shows the samples syn-
thesized are in crystalline state which matched the 
Bi2O3-NR reference. However, sample synthesized 
with 0.05 and 0.1 Mol/L of Bi(NO3)3•5H2O exhibit 
typical strong and sharp peaks, while samples pre-
pared with 0.2 and 0.3 Mol/L of Bi(NO3)3·5H2O had 
smaller and broad peaks. 

This indicates the concentration of Bi(NO3)3•5H2O 
directly affect the size of nanoparticles that will be 
produced. All of the reflections of the XRD patterns 
also show that no peaks of any other phases were 
detected, which indicates the high purity of synthe-
sized Bi2O3 particles. These reveals that Bi2O3 parti-
cles can be produced by this method with low tem-
perature, short time and simple sealed container.

As previously mentioned, the hydrothermal 
method involved the crystallization process directly 
from solution that occurs in two stages which is the 
crystal nucleation and subsequent controls growth 
[32]. During the hydrothermal reaction at 60°C 
for 10 min, the amount of Bi(NO3)3 concentration 
that was mixed with Na2SO4 and NaOH directly af-
fected the number of nuclei, which determined the 
nucleation and growth process. Since the number 
of nuclei increased with increasing Bi(NO3)3•5H2O, 
less ions could diffuse per nuclei. Thus, particle size 
will decrease and produce small size nanoparticles. 

Hydrothermal process is usually carried out in 
a sealed container such as Teflon coated autoclave 
or sealed container. The reaction which takes place 
in an aqueous solution occurs at a temperature 
higher than room temperature, and at a pressure 
higher than 100 kPa. Under this condition, crystals 
started to grow in the form of powder or film [34]. 
Interaction between bismuth reactant and surfac-
tant template stabilizes the Bi2O3 framework, thus 
preventing it from collapsing caused by pressure 
and internal stress during the drying process. Sev-
eral works on the synthesis of Bi2O3 nanoparticles 
using the hydrothermal method with different pa-
rameters such as temperature, time, starting mate-
rial concentration, and amount of surfactant have 
been reported [28, 35–36].

In an instance of Bi2O3 needles synthesis, they 
were hydrothermally fabricated by adjusting the 
starting materials, mineralizers, reaction tempera-
ture and time [37]. At a low temperature of 120°C 
in 0.5 hours, Bi2O3 needles of a monoclinic struc-
ture could be fabricated rapidly. It was shown that 
the diameter of the Bi2O3 needles increased with the 
increasing reaction temperature and time.

Morphology and elemental analysis
The morphologies of samples were investigat-

ed by TEM that produces images to analyze size 
and shape of particles. Figure 2 shows typical FE-
SEM images of Bi2O3 nanostructures synthesized 
at 60ºC for 10 minutes. The samples demonstrate 
that the synthesized Bi2O3 has a rod shape with 
several nanometers in size. The Bi2O3-NR are rela-
tively crystallite in a single crystal without agglom-
eration. Then the size of dispersed nanorods was 
measured using ImageJ software and the uniform 
sizes from 60, 70, 80 and 90 nm were obtained with 
Bi(NO3)3•5H2O concentration of 0.3, 0.2, 0.1 and 

Figure 1. XRD patterns of Bi2O3-NR synthesized using 
the hydrothermal method with varying Bi(NO3)3•5H2O 
concentration, 0.05, 0.1, 0.2 and 0.3 Mol/L

2theta

In
te

ns
ity

 (a
.u

)



Reports of Practical Oncology and Radiotherapy 2021, vol. 26, no. 5

https://journals.viamedica.pl/rpor778

0.05 Mol/L, respectively. Table 1 summarized the 
effect of Bi(NO3)3•5H2O concentration in produc-
ing different sizes of Bi2O3-NR.

In the hydrothermal technique, the formation 
process of bismuth oxide nanorods is proposed 
from dissolution-crystallization, where the basic 
dissolution mechanism of Bi(NO3)3•5H2O and oth-
er reactants like Na2SO4 and NaOH strongly depend 
on each other while crystallization only occurs in 
the supersaturated fluid [38]. At the beginning, 
Na2SO4 reduced Bi(NO3)3•5H2O to Bi2O(OH)2SO4 
in the solution and formed nanorods at room tem-
perature. This formation is a template in the follow-
ing step of the reaction. Then by dropping NaOH 
solution into the reaction system, OH- interacts 
with Bi2O(OH)2SO4 leading to the formation of 
Bi(OH)3. The Bi(OH)3 finally subjected to hydro-
thermal treatment at 60°C, will be dehydrated and 
converted into Bi2O3-NR. This principle is similar 
to the synthesis process of ZnO nanowires [39–40].

The purpose for adopting Na2SO4 in Bi2O3-NR 
synthesis was to produce nano-size particle or 
structure. Study by Wu et. al. (2011), found that 
Na2SO4 plays an important role in reducing the 
particle size and without adding Na2SO4, the Bi2O3 

could only be produced as micro rods [36]. The dis-
solution is another important factor in the hydro-
thermal method, as it produces more stable phases 
in precipitating once the supersaturation for the 
phases is achieved. The formation mechanism sug-

gests that precipitation processes in homogeneous 
Bi(NO3)3•5H2O solutions can be controlled via the 
hydrothermal method to yield Bi2O3-NR.

The formation of nanorod is an important char-
acteristic for the enhancement of radiation therapy 
effects. Study of metallic nanoparticles showed that 
the morphology and size of nanoparticles influenced 
the result of toxicity and degree of radiosensitivity. 
Metallic nanoparticles smaller than 5 nm interact 
directly with DNA after diffusing freely into the cells, 
resulting in necrosis [41, 42]. Consequently, these 
nanoparticles induced toxicity to the cell treatment. 
Thus, the hydrothermal method is used in this study 
to synthesize Bi2O3-NR with size 60, 70, 80 and 90 
nm (Tab. 1). Beside size, the morphology is the main 
point that influences the increase of radiotherapy 
effect which in this study used rods shaped particles.

Element composition 
In order to analyze the elemental aspect of the 

synthesized sample, energy dispersive X-ray spec-
troscopy (EDX) was done. Each sample or chemi-
cal has a unique atomic number to generate sets of 
peaks based on its electromagnetic emission spec-
trum. This unique spectrum-like fingerprint al-
lows the elemental composition of the synthesized 
sample to be measured by EDX. Figure 3 shows the 
EDX spectrum obtained from Bi2O3-NR at random 
spot area. The spectrum reveals that only bismuth 
and oxygen peaks were observed that indicated the 
high purity of synthesized Bi2O3-NR. This result 
is consistent with the XRD pattern in Figure 1. 
The EDX micrographs revealed the morphology of 
Bi2O3 is a rod form.

Bismuth–oxygen bonding
Further result analysis was performed to de-

termine the consistency of synthesized Bi2O3-NR. 
Figure 4 showed the FTIR spectra with absorption 
band at 845 cm-1. The absorption band at 845 cm-1 is 

Table 1. Crystallite and particle size (diameter) of Bi2O3-NR 
with varying Bi(NO3)3•5H2O concentration

Bi(NO3)3•5H2O
concentration [Mol/L]

Particle size  
[nm]

0.05 90

0.1 80

0.2 70

0.3 60

Figure 2. FESEM images of Bi2O3-NR obtained at 60 °C for 
10 minutes with varying Bi(NO3)3•5H2O concentration. The 
Bi(NO3)3•5H2O with (A) 0.05 Mol/L produced 90 nm, (B) 0.1 
Mol/L produced 80 nm, (C) 0.2 Mol/L produced 70 nm, and 
(D) 0.3 Mol/L produced 60 nm of Bi2O3-NR

A B

C D
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a consequence of Bi-O-Bi bonds. The FTIR spectra 
also show that the absorption band at 424 cm-1 was 
ascribed to the stretching mode of Bi–O. Similar data 
were also reported by Carrazán and team [43]. Three 
distinct spectra bands at 424 cm-1, 470 cm-1 and 510 
cm-1 were also recorded, which indicated that the 
synthesized nanorods were attributed to the mono-
clinic Bi2O3. Moreover, the result of the study by 
Irmawati et al. (2004) which used Bi2O3 nanocrystals 
prepared using the precipitation method, showed 
that EDX spectra bands of all samples display pure 
monoclinic Bi2O3 that are similar to our result [44].

The effect of Bi2O3-NR sizes on SER
The small size of Bi2O3-NR influences the en-

hancement of radiosensitization effects based on 
the results obtained. From Figure 5, the result re-
veals that the SER value was higher for Bi2O3-NR 

of 60 nm size upon radiation of 6 MV photon 
beam. Furthermore, upon irradiation with 10 
MV photon beam, 60 nm size Bi2O3-NR yielded 
the highest SER value. The radiosensitization ef-
fect using the electron beam, as shown in Fig-
ure  6, showed that the size of Bi2O3-NR was an 
essential factor in enhancing the radiotherapy 
effect. It was found that 60 nm Bi2O3-NR yielded 
the highest SER value for both 6 and 12 MeV 
electron beams.

Meanwhile, for 70 nm, the SER value was the 
second-highest followed by 80 and 90 nm in size. 
Results produced from this study showed that 60 
nm size Bi2O3-NR resulted in the most optimum 
enhancement of radiosensitization, followed by 70 
nm. Meanwhile, 80 and 90 nm sizes were not effec-
tive in radiosensitization.

Figure 3. EDX spectrum of Bi2O3-NR synthesized at (A) 
10 minutes reaction time and (B) image captured from 
random spot area

A B

Figure 4. FTIR spectra of Bi2O3-NR
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Figure 5. The effect of 60, 70, 80 and 90 nm Bi2O3-NR 
on MCF-7 cell using 6 and 10 MV photon beam
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Particle sizes play an essential role in influencing 
the ability of nanoparticles to penetrate the layer of 
the cell membrane. Studies showed that particles 
larger than 300 nm have a higher probability of 
being eliminated by macrophages, while nanopar-
ticles smaller than 100 nm are less challenging to 
enter cells. The optimal size of nanoparticles to be 
absorbed into cells is 50 nm, while smaller nanopar-
ticles of 30 nm in size will leave the cell via passive 
diffusion. Comparatively, this study clarified that 60 
nm Bi2O3-NR has a higher potential to be absorbed 
into the cells as a radiosensitizer. This finding was 
supported by a previous report that showed that the 
radiosensitization effect is dependent on smaller 
size nanoparticles [45]. The research was further 
supported by in vivo studies in which mice hav-
ing subcutaneous EMT-6 mammary cancer expe-
rienced a higher survival rate (86%) when treated 
with small gold nanoparticles as compared to X-ray 
alone [46].

The role of particle size in enhancing radiother-
apy is still debatable because it was reported that 
particles of a smaller size than 10 nm had been 
shown to be toxic to cells as they tended to be 
localized within organelles such as mitochondria. 
Furthermore, nanoparticles of diameter less than 
5 nm could freely diffuse into the nucleus and in-
teract directly with DNA [47]. In the context of in-
teraction, smaller sizes reduce the ability to absorb 
radiation, hence, reducing the production of the 
secondary electron. As reported by Brun, Sanche, 
and Sicard-Roselli, 2009, it was discovered that 
the optimum enhancement effect occurred when 
a larger size was used, which gave a 6-fold improve-
ment compared to the control [48]. Chithrani et 
al., 2010, in their study used nanoparticles sized 
between 14 and 74 nm, and they found that size 
plays an essential role in the enhancement of dose 
to the cancer cell. For 50 nm size, gold nanopar-
ticles yielded more radiosensitivity because bigger 
size has a higher content of gold atoms, which, in 
turn, increases the radiation interaction cross-sec-
tion and production of a secondary electron [49]. 
Therefore, to get an optimal radiation effect, every 
nanoparticle should be evaluated for its ability to 
penetrate the cell membrane and localize within 
organelles, both of which are important in maxi-
mizing the effect of cell killing. 

Besides, the morphology of nanoparticles 
also affects the enhancement of radiation effects. 

A study that used Monte Carlo simulation showed 
that different morphology of bismuth nanoparticles 
displayed different enhancement in radiotherapy 
dose [50]. This study showed that Bi2O3 nanopar-
ticles could increase the radiosensitivity of cell can-
cer glioblastoma (9L) with the SER value of 1.48 
and 1.25 for the energy of 125 kV and 10 MV, 
respectively. A simulation study using Monte Carlo 
showed that the platelet morphology per unit of 
Bi2O3 mass is the most effective for enhancing the 
dose, compared to the cubic and spherical mor-
phologies. Comparatively, in this study, Bi2O3-NR 
also resulted in high SER values of 1.42 and 2.29 
when MCF-7 was exposed to 6 MeV electron and 
10 MV photon beam energy, respectively. An in-
crease in the radiation dose can also be attributed 
to the surface area to volume ratio (SA/V). With 
high SA/V, the ability of metal nanoparticles to ab-
sorb high radiation dose is higher, which, in turn, 
generates many electron pairs due to the contribu-
tion from Compton scattering. However, genera-
tion of pair production is not the leading cause of 
cell death because radiosensitization that occurs at 
this megavoltage energy is caused by the interaction 
of metal nanoparticles with secondary species pro-
duced by ionization of a water medium rather than 
with the radiation itself [51]. Secondary species 
are often associated with the production of ROS, 
which triggers apoptosis and thus contributes to the 
enhanced radiosensitization. 

The effect of Bi2O3-NR on different 
cell types

MCF-7 and HeLa cell lines have been used to 
compare the cell radiosensitivity towards Bi2O3-NR 
and megavoltage external beam radiotherapy. Both 
cells were tested with 0.5 uMol/L of Bi2O3-NR and 
irradiated with a megavoltage photon and electron 
beam. Figures 7 and 8 demonstrated that the sur-
vival of MCF-7 cells was lower than the HeLa cell. 
At 6 MV photon beam, SER produced by MCF-7 
was 1.88 while HeLa cells were 1.02 only. Mean-
while, at 10 MV energy, the value was 2.29, which 
is higher than the HeLa cell (1.07).

The cell survival curve also showed the differ-
ence in radiosensitivity in Figures 9 and 10. Upon 
irradiation with the electron beam at 6 MeV, the 
SER value of MCF-7 was 1.42 while HeLa was 1.39. 
At 12 MeV energy, Bi2O3-NR increased the radio-
therapy effect up to 1.31, which means enhance-
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ment of about 31 % of radiosensitization to MCF-7 
cell. Meanwhile, the radiosensitization effect of 
Bi2O3-NR was not apparent when HeLa was irradi-
ated at 12 MeV. Comparison of SER between both 
cells was summarized in Table 2. 

Cell survival curves from Figure 7 to 10 showed 
that MCF-7 cells experienced more death com-
pared to HeLa cells when irradiated with photon 
and electron beam. These results indicated that 
the Bi2O3-NR influenced radiosensitization more 
in MCF-7 cells. Khoshgard (2017) reported that 
dextran-coated iron oxide nanoparticles increase 
the effect of radiosensitivity when irradiated with 
a 6 MV photon beam. It was discovered from the 
study that MCF-7 cells produced higher SER values 
(1.21 ± 0.06) compared to HeLa cells (1.19 ± 0.04) 
[52]. The difference is presumably due to the differ-
ent characteristics of the cells such as type of recep-
tors, number of mitochondria, chromatin structure, 
all of which affect radiation sensitivity. 

Mitochondria play a role in regulating the oxida-
tive stress level inside cells. A study conducted by 
Anookumar-Dukie and team (2009) showed HeLa 
cells have a higher resistance to radiation by se-

creting MPT blocker cyclosporin A. MPT blocker 
cyclosporin A functions to attenuate irradiation-in-
duced ROS production, thereby, protecting the cells 
from radiation that can damage DNA and other 
organelles [53].

Based on Table 2, the highest SER is marked at 6 
MV and 10 MV energy photon beam compared to 
the electron beam using the MCF-7 cell line. This 
event is explained in previous studies that MV pho-
tons exhibit an excellent radiosensitization using 
nanoparticles with a high-Z number [54–57]. This 
event is due to electron impact and photoioniza-
tion occurrence in the collimated area of dose-build 
up, hence, radiosensitization by Bi2O3-NR in 6 MV 
and 10 MV photon beam is higher because the 
multiple interaction occurrence, which decrease 
the primary radiation before interaction with the 
samples, thus, increasing radiation absorption. The 
Compton scattering within the water-phantom- 
and bolus-sandwiched samples might also indirect-
ly produce higher radiosensitization by Bi2O3-NR 
by decreasing the mean photon energy surround-
ing Bi2O3-NR, recovering photoelectric interaction 
probability, which increases the Auger cascades. 

Table 2. SER comparison of MCF-7 and HeLa cell line for Bi2O3-NR size 60 nm. The result show MCF-7 is more radiosensitive 
than HeLa, mainly when irradiated with a 10 MV photon beam. 

Photon beam Electron beam

6 MV 10 MV 6 MeV 12 MeV

MCF-7 1.88 2.29 1.42 1.31

HeLa 1.02 1.07 1.39 0.74

Figure 8. The cell survival curves of MCF-7 and HeLa cell 
line treated with and without Bi2O3-NR irradiated using 
10 MV photon beam
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Figure 7. The cell survival curves of MCF-7 and HeLa cell 
line treated with and without Bi2O3-NR irradiated using 
6 MV photon beam

Su
rv

iv
al

 fr
ac

tio
n

Dose [Gy]



Reports of Practical Oncology and Radiotherapy 2021, vol. 26, no. 5

https://journals.viamedica.pl/rpor782

High SER in photon beam compared to electron 
beam radiotherapy and brachytherapy when using 
high-Z nanoparticles is also mentioned in another 
study by Talik Sisin et al., 2020 [58].

Conclusion

In this study, Bi2O3-NR of 60 nm size gener-
ated the highest SER, which indicates the poten-
tial to reduce cancer cells survival. Data generated 
from this study suggest that the use of smaller 
size Bi2O3-NR is the main factor that determines 
the effectiveness of radiotherapy. This study also 
discovered that MCF-7 had higher radiosensitivity 
compared to HeLa when Bi2O3-NR was used and 
proved that different cell types exhibit different 
levels of radiosensitivity. Lastly, the SER in photon 
beam radiotherapy marked the highest compared 
to electron beam radiotherapy energy due to in-
creased interaction within the samples, resulting 
in decreased primary radiation energy and higher 
Compton scattering.
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