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ABSTRACT

Cancer radiotherapy is one of the most effective regimens of cancer treatments, but cancer cell radio-
resistance remains a concern. Radiosensitizers can selectively improve the efficacy of radiotherapy and
reduce inherent damage. The purpose of this work is to evaluate the effect of silica-coated iron oxide
magnetic nanoparticles (SIONPs) as a radiosensitizer and compare their therapeutic effect with that of
Iron oxide magnetic nanoparticles (IONPs). IONPs and SIONPs were characterized using several physical
techniques such as a transmission electron microscope (TEM) and Vibrating sample magnetometer
(VSM). MTT and DNA double-strand breaks (Comet) assays have been used to detect the cytotoxicity, cell
viability, and DNA damage of MCF-7 cells, which were treated with different concentrations of prepared
nanoparticles and exposed to an X-ray beam. In this study, an efficient radiosensitizer, SIONPs, was
successfully prepared and characterized. With 0.5 Gy dose, dose enhancement factor (DEF) values of cells
treated with 5 and 10 pg/ml of IONPs were 1 and 1.09, respectively, while those treated with SIONPs at
these concentrations had DEF of 1.21 and 1.32, respectively. Results demonstrated that SIONPs provide a
potential for improving the radiosensitivity of breast cancer.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Radiotherapy (RT), a noninvasive treatment strategy, was
commonly used for malignant cancers as primary treatment [1,2].
Cancer radioresistance is considered an important obstacle was
limiting the use of RT with hypoxic tumors [3—7].

Reactive oxygen species (ROS) generation is vital for inducing
the indirect effects of RT due to its interaction with biomolecules.
DNA damage, protein oxidation, or lipid peroxidation are all
possible scenarios resulting from this interaction, triggering
apoptosis [8]. Research has indicated that radiation sensitizers can
improve the anticancer output of RT by overcoming the disadvan-
tages of radiation. Recently, designing and developing radio-
sensitizers that can enhance RT's anti-carcinogenic performance
via the stimulation of ROS production is considered a good and
successful strategy for effective cancer treatment [9,10].

Because of their wide applications in biological and medical
sciences, nanoparticles have acquired great attention [11,12].
Nanoparticles are important in nanodiagnostics and cancer
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radiation treatment. They are currently commonly employed to
deliver medications to precise spots in a regulated way, including
whole organs and single cells [13]. Recently the clinical results of
radiation therapy were improved with the use of nano-
radiosensitizers [14,15] because of their ability to improve radia-
tion effectiveness in cancerous cells by improving the generation of
ROS [16].

Because of super-para-magnetism, which enables iron oxide
magnetic nanoparticles (IONPs) to be influenced by external mag-
netic field exposure [17] and biocompatibility, IONPs had been
qualified to be used as theragnostic agents [18,19].

One of the barriers to using magnetic nanoparticles in medical
applications is the van der Waals force and the magnetic attraction
between particles because of the high surface energy, which causes
agglomeration [20]. The coating process of IONPs can overcome this
obstacle by using a biocompatible material that converts IONPs to
hydrophilic, bio-compliant, effective, and stable nanoparticles
[21-23].

Silica is known to be among the most appropriate IONPs coats
[24—26]as it improves the stability of IONPS without influencing its
magnetic properties [27]. The internal magnetic core of iron oxide
supplies magnetic properties of nanoparticles, while chemical
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stability and biological compatibility are provided via silica shell
[26,28]. Silica nanoparticles have been used as radiosensitizing
agents because they improve mitochondrial ROS generation [29].
This means using silica nanoparticles as an IONPs coat can enhance
its radiation effect.

A previous study indicated that the silica coating layer improved
the radiosensitizing effect of IONPs when combined with electron
therapy [27].

According to the author, this is the first research that includes a
study of the radiotherapeutic impact of iron oxide nanoparticles
coated with silica (SIONPs) on the radiological sensitivity of cancer
cells when combined with megavoltage energy X-ray. This study
aims to prepare SIONPs and examine their radioenhnacing effect on
cancerous cells during X-ray photon therapy.

2. Materials and methods
2.1. Materials

Chemicals for IONPs and SIONPs preparation, Ferric chloride
(FeCl3.6H;0), Ferrous chloride (FeCl,. 4H,0), 28% w/v % ammonia
hydroxide solution, Tetraethyl orthosilicate (TEOS), were ordered
from Sigma-Aldrich (Germany).

For MTT and comet assays, Trypsin, 70% (v/v) ethanol,10% fetal
bovine serum (FBS), L-glutamine), Tris-borate- EDTA (TBE), peni-
cillin,  streptomycin,3-(4,5-dimethylthiazol-2-yl)  2,5diphenyl
tetrazolium bromide (MTT), EtBrstain, Phosphate buffered saline
(PBS), RPMI-1640 medium, and dimethyl sulphoxide (DMSO)
werebought through Sigma-Aldrich (Germany).

The human epithelial breast cancer cell line (MCF-7 RRID:
CVCL_0031) was obtained from the American type culture collec-
tion; in Manassas, VA, USA (ATCC®: HTB-22™) via the biological
Commodity and Vaccines holding firm (Vacsera, Cairo, Egypt).

2.2. Methods

2.2.1. Synthesis of IONPs nanoparticles
The co-precipitation protocol by Elbialy et al. has been applied to

viability of the cells treated with radiation dose only
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microscope. Jeol, Tokyo, Japan).

Dynamic light scattering (DLS) was used for the size distribution
measurements of suspended nanoparticles. The size was measured
as a hydrodynamic diameter (NP core + surface-binding solvent
layer) using Zeta Potential/Particle Sizer (NICOMP TM 380 ZLS,
USA), which investigates the size distribution and zeta potential of
IONPs and SIONPs.

The atomic force microscope (AFM) (Wet — SPM9600. Japan)
investigated surface topography, shape, and roughness.

The magnetic properties of IONPs and SIONPs were determined
using the vibrating sample magnetometer (VSM). The super-
paramagnetic behavior of IONPs and SIONPs was investigated using
VSM (LakeShore 7410, LakeShore, and Westerville, USA).

2.24. Irradiation setup

At 37 °C, RPMI-1640 medium supplemented with 10% FBS, L-
glutamine, penicillin, and streptomycin was used as a growing
medium for MCF-7 cells and brooded in a CO, incubator. 6 MeV X-
ray photon beam (precise, Electa, Sweden) was adjusted to irradiate
culture plates with 14 x 14 cm? field size and 100 cm source-to-cell
surface distance [27].

2.2.5. Cell viability assay

In 96 well plates, MCF-7 cells (10* cells/well) were cultivated
and kept for 48 h to attach. Subsequently, the incubation of MCF
7 cells with IONPs and SIONPs at 37 °C with different concentra-
tions (0, 5, 10, 20, 40, and 80 pg/ml). 24hr after incubation, cells
were irradiated with 0, 0.5, 1, 2, and 4 Gy. The percentage of cell
viability was measured 24hr after irradiation by MTT assay after
staining the treated cells with 0.5 MTT stain (25 pl/well) for 2 h. In
0.05 ml of DMSO, the formed MTT formazan crystals were dissolved
on a plate shaker for 30 min. An ELISA plate reader (Biotek 8000;
USA) was used to measure Optical densities (OD) at 570 nm. Cell
viability % was calculated by dividing the OD of treated cells by that
of untreated cells [31].

Dose enhancement factor (DEF) values were calculated by using
the following equation:

[16]

EF= viability of cells treated with combined therapy (prepared NPs + radiation dose)

prepare IONPs with some modifications [30]. By mechanical stir-
ring, 80 mL of deionized water was used to dissolve FeCl,-4H,0 and
FeCl3-6H,0 (1: 2 mg/ml). The reaction was kept at 80 °C for 30 min
with a dropwise addition of 10 ml ammonia solution (28 wt%).

2.2.2. Synthesis of SIONPs nanoparticles

The coating process was carried out using the method described
by Fathy et al. [27]. Briefly, 30 ml of ethanol was added to 120 ml of
deionized water and 100 mg of IONPs. For dispersion, the mixture
was kept in an ultrasonicator for 15 min, then 28 wt % ammonia
hydroxide solution and TEOS were drop wisely added (4.6 ml and
2 ml, respectively). The reaction was magnetically stirred at room
temperature for 24h. The brown product was dried at 80 °C for 10 h
after being rinsed with ethanol and then deionized water many
times.

2.2.3. Physical characteristics of the IONPs and SIONPs
The morphology of IONPs and SIONPs was observed by a
transmission electron microscope (TEM) (JEM 1230 electron
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2.2.6. Comet assay

The comet assay measured the three major parameters, tail
length, % DNA in the tail, and the tail moment. These parameters
reflect the DNA damage caused by IONPs and SIONPs.

In two (6 well) plates, MCF-7 cells were cultivated, then IONPs,
SIONPs, and SIONPs were added at 10 and 40 pg/ml concentrations.
24hr after treatment, each plate was divided into five groups; as
illustrated in Table 1, one plate was irradiated with 0.5 Gy, and the
other plate was irradiated with 1 Gy. 24 hr after irradiation, cells
were re-suspended in 100 pL of PBS after being washed with
trypsin.

The cell suspension was added to melted LM agarose, and 75 uL
of this mixture was fully distributed on the sample area of a pre-
warmed comet slide. Then the slide was kept for 10 min at 4 °C
for solidification. For 40 min in the dark, slides were immersed in
an alkaline medium and then washed with Tris-Borate-EDTA (TBE).
For 20 min, the electrophoresis process was applied over the slides
and kept overnight for air drying.

From 100 cells/sample, averages of comet parameters (the tail
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MCF-7 cells groups that treated with IONPs and SIONPs at (10 and 40 pg/ml) and exposed to x-ray radiation with
doses of 0.5 and 1 Gy.

Groups Treatment regimen

0.5G1 cells exposed to radiation only (0.5 Gy)

0.5G2 cells were treated with 10 pg/ml of IONPs + exposed to radiation (0.5 Gy)
0.5G3 cells were treated with 10 pg/ml of SIONPs + exposed to radiation (0.5 Gy)
0.5G4 cells were treated with 40 pg/ml of IONPs + exposed to radiation (0.5 Gy)
0.5G5 cells were treated with 40 pug/ml of SIONPs + exposed to radiation (0.5 Gy)
1G1 cells exposed to radiation only (1 Gy)

1G2 cells were treated with 10 pg/ml of IONPs + exposed to radiation (1 Gy)
1G3 cells were treated with 10 pg/ml of SIONPs + exposed to radiation (1 Gy)
1G4 cells were treated with 40 pg/ml of IONPs + exposed to radiation (1 Gy)
1G5 cells were treated with 40 pg/ml of SIONPs + exposed to radiation (1 Gy)

length, % DNA in tail and tail moment) were measured using the
software program, comet score, version 5.0.

2.2.7. Statistical analysis
At least three separate experiments were carried out, and results
were specifically collected as average + SD.
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Fig. 1. (A) Particle size distribution of IONPs and SIONPs, (B) Magnetization curves of
IONPs and SIONPs.
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For the comet test, SPSS was used to conduct a one-way Vari-
ance Analysis (ANOVA). With P < 0.05, Scheffe's test was conducted
for independent and dependent groups as a post-hoc comparison.

3. Results and discussion
3.1. Physical characteristics of IONPs and SIONPs

3.1.1. Size distribution

The average particle size of IONPs and SIONPs, analyzed from
the dynamic light scattering (DLS) results, was 18.17 + 4.5 nm and
164.18 + 16.1 nm, respectively (Fig. 1A). Since the DLS technique
measures the diameter of particles in aqueous environments,
including hydration shells, this diameter is known as a hydrody-
namic diameter [32]. The measurements can be impacted by par-
ticle agglomeration [33]and hydrodynamic conditions [34]. The
polydispersity index (PDI) values of IONPs and SIONPs gave the
impression that IONPs have homogenous size distribution while
SIONPs have a slight broadening in their size distribution [35].

3.1.2. Morphological study

Morphological information of the prepared nanoparticles was
obtained using transmission electron microscopy (TEM) and
Atomic force microscopy (AFM). TEM image of IONPs (Fig. 2A)
represents the spherical shape structure with an average diameter
of 13.63 + 1.36 nm. In the core-shell structure of SIONPs demon-
strated in Fig. 2B, the silica coat has been formed into a multi-
layered pattern with a thickness of about 43.35 + 2 nm, and the
average core diameter was about 54.9 + 10.1 nm.

The core-shell structure, multi-layered coverage, and thickness
uniformity of silica coat are well demonstrated in the SIONPs TEM
image. This proves that the silica layer can preclude IONPs aggre-
gation. Yin et al. demonstrated that the thickness of the silica coat
could be affected by changing the TEOS solution concentration and/
or the reaction time [36].

Using AFM, topographic information, particle size, and surface
roughness of IONPs and SIONPs were investigated. In Fig. 2C and D
illustrated that there were several small cavities with a uniform
distribution pattern on the IONPs surface (Fig. 2C), while SIONPs
have a granular surface (Fig. 2D).

From AFM data analysis, the particle size of IONPs and SIONPs
was 15.6 + 3.5 nm and 152.3 + 8.9 nm, respectively. These results
correlate well with the TEM results.

Surface roughness results were found to be1.878 + 0.03 and
2489 + 0.12 nm for IONPs and SIONPs, respectively. Surface
roughness controls the intensity of nanoparticle-cell reactions,
improves cell absorption, and supports cell adhesion [37—39].
Surface roughness changes may change the contact potential be-
tween absorbing molecules and the nanoparticle [40].
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Fig. 2. (A) TEM image of IONPs, (B) TEM image of SIONPs,(C) AFM image of IONPs, (D) AFM image of SIONPs.

3.1.3. Surface charges

Zeta Potential/Particle Sizer detected surface charges of nano-
particles. For IONPs, the net negative surface charges were detected
with an average value of —32 + 1.8 mv due to the FeO™ group on the
IONPs surface [41].

Silanol group (SiO™~) deprotonation on the surface of SIONPs led
to arise in the negative charge of its surface to —41 + 2.3 mV, which
means that the silica layer on the IONPs surface enhances its sta-
bility [42,43].

3.1.4. Magnetic study

At room temperature, the hysteresis loops of IONPs and SIONPs
investigated using VSM are shown in Fig. 1B. IONPs and SIONPs
exhibit an S-shape with no hysteresis loop curves. The retentivity
(M;) and the coercivity are close to zero, which indicates their
superparamagnetic nature [44].

The saturation magnetization (M;) values of IONPs and SIONPs
witnessed a slight change from 0.57 emu/cm?® in case IONPs to 0.39
emu/cm’ in case SIONPs, which confirms that the silica layer did
not negatively affect the magnetic properties of IONPs core.

Because of SIONPs' magnetic characteristics, it has great po-
tential as an MRI contrast agent.

3.2. In vitro studies

3.2.1. Cell viability assay

Survival curves of MCF-7 cells incubated with different con-
centrations of IONPs and SIONPs and exposed to different doses of
X-ray are represented in Fig. 3A—D.

ROS such as superoxide radicals (02°), hydrogen peroxide
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(H203), and hydroxyl radicals (OH®) are produced inside the tumor
cell treated with X-ray. This occurred through decomposing and
ionizing water molecules associated with X-ray treatment leading
to cellular damage and cell death [45]. The presence of high Z
nanoparticles which absorb, and scatter X-ray enhances ROS pro-
duction [46]. Photoelectrons, Compton and auger electrons, and
fluorescence photons emitted in the cellular environment in these
NPs lead to ionization and excitation of biological molecules with
their migration [47]. Therefore, one of the major objectives of this
work is to investigate the radioenhancing effect of IONPs and
SIONPs.

Fig. 3A—D showed that, in the absence of nano-treatment, cells
exposed to 0.5 and 1 Gy showed about 82% and 66.8%, respectively,
while those exposed to 2 and 4 Gy showed the viability of about
46.3% and 44.3%, respectively.

When MCF-7 cells were incubated with different concentrations
of IONPs 24h before irradiation, the effect of radiation damage
increased compared to cells exposed to radiation only (Fig. 3A—D).

In comparison with cells exposed to radiation without nano-
treatment, for 0.5 and 1 Gy, there were no significant decreases
in the viability of cells treated with 5 and 10 pg/ml of IONPs.
Nevertheless, cell viability significantly decreased with higher
concentrations (20, 40, and 80 pg/ml).

DEF values of IONPs and SIONPs, which reflected the effect of
IONPs and SIONPs as radiosensitizers, were tabulated in Table 2.
Cells that were treated with 5 and 10 pg/ml of IONPs and irradiated
with 1 Gy had DEF values of 1.13 and 1.11, respectively. Cells treated
with 20, 40, and 80 pg/ml had DEF values of 1.25, 1.37, and 1.93,
respectively. For 2 and 4 Gy doses, the viability of cells treated with
IONPs showed a non-significant reduction due to the highly potent
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Fig. 3. Survival curves (A—D) of MCF-7 cells treated with different concentrations (0,5, 10, 20, 40 and 80 ug/ml, respectively) of IONPs and SIONPs and exposed to different radiation

doses (0.5, 1, 2 and 4 Gy).

Table 2

Dose enhancement factor (DEF) values from the MTT assay for the MCF-7 cell line.
The cells incubated with IONPs and SIONPs (5,10, 20, 40, 80 pg/ml concentrations)
and irradiated with 6 MeV X-ray photon beam (0.5, 1, 2, 4 Gy).

Dose (Gy) Dose Enhancement Factor (DEF)

Concentration (pg/ml)

SIONPs
5

IONPs
5

10 20 40 80 10

1.32
1.30
1.74
1.75

20

1.39
143
1.72
1.69

40 80

1.16
1.25
1.52
1.70

125
137
1.71
1.72

142
1.93
2.06
1.91

1.21
1.24
147
146

1.46
1.65
1.89
1.96

1.66
2.20
3.00
2.76

1.00
113
1.27
1.50

1.09
111
147
1.65

AN = O

effect of radiation at high doses. The outcomes of the MTT reveal
that IONPs increase the potency of X-ray beam against MCF-7 cells;
it also demonstrates that the radio-enhancing effect of IONPs is
concentration-dependent. The reduction of cell viability with the
concentration may be due to the enhancement of cellular inter-
nalization, which leads to increased ROS production [48,49].

After coating IONPs with silica, the data confirmed that, at low
doses of SIONPs treatment, there was an enhancement in the
radiosensitizing effect over IONPs. With 0.5 Gy dose, DEF values of
cells treated with 5 and 10 pg/ml of IONPs were 1 and 1.09,
respectively, and those treated with SIONPs at these concentrations
had DEF of 1.21 and 1.32, respectively.

This radiosensitization enhancement extended to higher con-
centrations of SIONPs (20, 40, and 80 pg/ml), DEF values of cells
treated with these concentrations and irradiated with 1 Gy were
143, 1.65, and 2.2, respectively. Generally, the DEF of SIONPs,
calculated for each concentration and dose, was higher than that of
IONPs.

MTT results show that the optimum concentration of SIONPs
was 80 ug/ml.

Interestingly, results show more powerful radiosensitization
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effects of SIONPs against MCF-7 cells than IONPs. This can be
attributed to SIONPs surface roughness which increases the
entrance of SIONPs through the cell membrane. This led to
increased ROS generation in cells treated with SIONPs combined
with radiation compared to those treated with IONPs with the same
dose. SIONPs' surface roughness is approximately 1.3 times greater
than those of IONPs, leading to enhanced SIONPs' cellular inter-
nalization compared with IONPs [27,36].

3.2.2. Comet assay

Interactions between ROS and biological molecules can
contribute to breaks in single-strand or double-strand DNA and
DNA—DNA or DNA—protein cross-linking, leading to cell death [50].

DNA damages in cells treated with an X-ray beam combined
with the prepared nanoparticles can be represented by performing
the comet assay. DNA damage has been studied to illustrate the
radioenhancing effects of IONPs and SIONPs on MCF-7 cells. The
DNA damages were expressed as Tail Length, % DNA tail, and tail
moment (Fig. 4A, B).

The comet parameters of 0.5G3 and 1G3 and 0.5G4 and 1G4
showed non-significant differences. Compared with other groups,
the comet parameters of 0.5G5 and 1G5 showed highly significant
differences (Fig. 4A, B).

DNA damage rises with the radiation dose, and so it can be
considered dose-dependent damage.

In contrast to other groups, a more serious significant DNA
damage is shown in groups of cells incubated with 40 pg/ml SIONPs
and irradiated with 0.5 Gy and 1Gy. This suggests a greater number
of double-strand ruptures due to high ROS production [51].

MCF-7 cells incubated with 10 pg/ml SIONPs, 24hr before irra-
diation, demonstrated greater DNA damage with different doses as
opposed to cells incubated with 10 pg/ml IONPs, 24hr before irra-
diation, suggesting increased internalization of SIONPs through
cells and ROS generation in comparison with IONPs.

The results of cells incubated with 10 pg/ml SIONPs, 24hr before
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irradiation, are extremely close to those of cells incubated with 40
pug/ml IONPs. This means that modest amounts of SIONPs can
produce the same ROS proportion as high concentrations of IONPs.
This might be related to SIONPs' improvement of cellular inter-
nalization and increased ROS production in cells compared to
IONPs.

This study is an extension of a previous study that emphasized
many advantages of SIONPs as multifunctional nanoparticles and
explained the prospect of using them as a theragnostic agent in
cancer therapy.

4. Conclusion

IONPs and SIONPs were successfully prepared using the co-
precipitation protocol. The silica layer improved the stability of
the nanocomposite without altering the magnetic behavior of the
core IONPs. Therefore, SIONPs can be used as MRI contrast agents.
When MCF 7 cells treated with an X-ray beam were combined with
SIONPs, ROS generation increased compared to the combination of
X-ray with IONPs. The results of the present study have shown that
SIONPs had an extremely significant impact as radiosensitizing
agents. This was emphasized in the low doses that, when combined
with SIONPs, displayed the same powerful impact as the high ra-
diation doses without using nanoparticles. During the treatment
procedure, this will have a benefit in reducing the radiation dosage
to healthy tissues.
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