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ARTICLE INFO ABSTRACT

Aims: Conventional radiotherapy is mainly restricted by the low radiation absorption efficiency of tumors tissues
and the hypoxic tumor cells radio-resistance. In this paper, novel nano-radiosensitizers, magnetic nanoparticles
core coated with silica, were successfully prepared to overcome these limitations.

Main methods: The prepared nanoparticles have been characterized by transmission electron microscope (TEM),
Dynamic light scattering (DLS), atomic force microscope (AFM) and vibration sample magnetometer (VSM).
MTT cytotoxicity and DNA double-strand breaks (Comet) assays have been used to assess the radio-enhancing
effect of iron oxide magnetic nanoparticles (I0-MNPs) and silica-coated iron oxide magnetic nanoparticles (SIO-
MNPs) against MCF7 breast cancer cells. MCF7 cells were treated with different concentrations of the prepared
nanoformulations and exposed to an electron beam at doses 0, 0.5, 1, 2, 4 Gy.

Key findings: DLS measurements revealed that the main hydrodynamic diameter of the prepared I0-MNPs and
SIO-MNPs was 18.17 = 4.5nm and 164.18 + 16.1 nm, respectively, which was confirmed by TEM micro-
graphs. MTT and comet assays results showed that the radiosensitizing effect of the prepared nanoformulations
was dose and concentration dependent. Interestingly, the dose enhancement factor (DEF) for SIO-MNPs was, on
average, 1.3-fold greater than that of I0-MNPs.

Significance: Coating of IO-MNPs with silica led to enhance their electron radiosensitization and consequently
their therapeutic efficacy. Therefore, SIO-MNPs represent a promising engineered nano-formulation for en-
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hancing breast cancer radiosensitivity.

1. Introduction

Cancer is one of the most remarkable causes of death globally,
Breast cancer is the most widespread malignancy which is the major
reason for cancer-related deaths in females worldwide [1-3]. For more
than a century, one of the most widely used, non-surgical procedures in
cancer therapy was the radiation therapy [4].

The primary aim of radiation therapy (RT) is the reduction of de-
livering dose for surrounding healthy tissues [5,6].

Because of the intrinsic radioresistance of cancer cells, radiation dose
needs to be increased, but this can lead to early and long-term side-ef-
fects restricting its medical utilization and so, RT is not effective against
cancers like breast cancer and glioblastoma [7,8]. This is considered as
an obstacle, which embed the use of RT alone to treat tumors [9,10].

Recently, there have been several attempts to enhance the clinical
outcome of radiotherapy using the high-atomic number nanoparticles
as radiosensitizer agents in cells [11] due to their ability to increase the

efficiency of radiation therapy of cancerous cells through enhancing the
production of reactive oxygen species (ROS) [12].

I0-MNPs have been used as theragnostic agents because of two
main interesting properties: their superparamagnetism [13,14] which
allows them to be directed and localized to a target organ by using
external magnetic force [15] and their excellent biocompatibility
[16,17].

Klein et al. [18] have been reported that the uptake of I0-MNPs by
MCF7 cells increased the radiosensitivity of kilovoltage energy by in-
creasing the production of ROS.

Recently, the radiosensitivity of IO-MNPs has been approved in the
presence of megavoltage energy [6,12,19]. The tendency for agglom-
eration due to high surface energy powerful magnetic attractions be-
tween particles and the van der Waals force is one of the obstacles that
hinders the use of MNPs in medical applications [20]. So, Coating IO-
MNPs by a biocompatible material makes them hydrophilic, compatible
to bio-environments, functionalized and increases their stability [21-23].
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Silica is considered as one of the most ideal coats for IO-MNPs
[24-26]. The inner magnetic iron oxide core supplies the nanoparticles
with magnetic properties, while the outer silica shell shows high che-
mical stability and biocompatibility [26,27].

Arvand et al. [28] tested silica-Coated IO-MNPs as a detector for
sunset in food samples. Fudimura et al. [29] prepared and characterized
methylene blue (MB)-containing silica-coated I0-MNPs and examined
their impact on photodynamic therapy.

Silica nanoparticles have been reported as a radiosensitizer through
the enhancing the mitochondrial ROS production [30] which means
that using of Silica nanoparticles as a coat for IO-MNPs may facilitate
their radiotherapeutic impact.

Although most of the previous research works were focused on the
preparation of silica-coated magnetite nanoparticles (SIO-MNPs), yet
there is still a lack of reports discussing their medical applications.

Up to the authors' knowledge, this is the first study on the evalua-
tion of the radio sensitizing effect of silica-coated iron oxide nano-
particles SIO-MNPs. The aim of the present work is to synthesize SIO-
MNPs and to investigate their radiotherapeutic impact on cancerous
cell radiosensitivity using electron therapy.

2. Materials and methods
2.1. Materials

Iron (III) chloride hexahydrate (FeCly-6H,0), Iron (II) chloride tet-
rahydrate (FeCly4H,0), 28% w/v % ammonia hydroxide solution,
Tetraethyl orthosilicate (TEOS), trypsin, 10% fetal bovine serum (FBS),
RPMI-1640 medium, i-glutamine, penicillin, streptomycin,3-(4,5-di-
methylthiazol-2-yl) 2,5diphenyl tetrazolium bromide (MTT), Tris-bo-
rate- EDTA (TBE), EtBrstain, Phosphate buffered saline (PBS), dimethyl
sulphoxide (DMSO), and 70% (v/v) ethanol were purchased from
Sigma-Aldrich (Germany). MCF7; the human epithelial breast carci-
noma cell lines (ATCC®: HTB-22™) was imported from ATCC (The
American Type Culture Collection; Manassas, VA, USA) via Vacsera (the
holding company for biological products and vaccines; Cairo, Egypt).

2.2. Methods

2.2.1. Preparation of I0O-MNPs nanoparticles

I0-MNPs were prepared using the co-precipitation method of Lu
et al. [31] and Elbialy et al. [32] with some modifications. Briefly,
0.01 M of FeCl,4H,0 and 0.02M of FeCly6H,O were dissolved in
80 mL of deionized water with vigorous mechanical stirring. Then,
10 mL of ammonia solution (28 wt%) was dropwise added, and the
reaction was maintained over stirrer at 80 °C for 30 min. Finally, a
permanent magnet was used to separate the black precipitates (IO-
MNPs) which were washed several times with deionized water and
ethanol to remove the unreacted chemicals.

2.2.2. Preparation of silica-coated iron oxide nanoparticles (SIO-MNPs)

Coating of IO-MNPs surface with silica shell was obtained as fol-
lows: 100 mg of I0-MNPs was dispersed in ethanol deionized water
solution (4: 1, v/v) by ultrasonication for 15min. Then, 4.6 mL of
ammonia solution (28 wt%) and 2mL of TEOS were added into the
above solution with vigorous stirring. The reaction proceeded at room
temperature for 24h with continuous stirring. The resultant product
was washed several times with ethanol and deionized water and dried
in an oven at 80 °C for 10h [28].

2.2.3. Characterization of the IO-MNPs and SIO-MNPs

Morphological information of nanoparticles was examined using a
transmission electron microscope (TEM) (JEM 1230 electron micro-
scope. Jeol, Tokyo, Japan). A drop of solution was applied to a copper-
coated carbon grid. In addition, a filter was used to draw the sample
and the grid was left 5min to dry at room temperature before the
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examination began. Dynamic light scattering (DLS) was used for mea-
suring the size distribution of nanoparticles and molecules in suspen-
sion. The size measured by DLS was determined as hydrodynamic
diameter (NP core together with a layer of surface-bound solvent). The
size distribution and the surface potential of IO-MNPs and SIO-MNPs
were investigated using Zeta Potential/Particle Seizer (NICOMP TM
380 ZLS, USA). The surface topography, shape and roughness of IO-
MNPs and SIO-MNPs have been obtained using the atomic force mi-
croscope (AFM) (Wet — SPM9600. Japan). In AFM, the sample is
scanned by a tip, during the scanning process, the force between the tip
and the sample is evaluated by observing the cantilever deflection in-
stalled on the top of the tip. The deflection of the cantilever versus its
location on the sample, produced a topographic picture of the sample
[33].

Vibrating sample magnetometer (VSM) has been used to evaluate
the saturation of magnetization (Ms) of IO-MNPs and SIO-MNPs
(LakeShore 7410, LakeShore, and Westerville, USA).

2.2.4. Cell culture and irradiation setup

MCF-7 cells were grown in RPMI-1640 medium supplemented with
10% FBS, 1-glutamine, penicillin, and streptomycin and were incubated
at 37°C in a humidified 5% CO, sterile incubator. Cell plates were
exposed to electron beam using the linear accelerator (600C DBX,
Varian, USA) operating at 6 MeV, the source-to-surfaces distance was
adjusted at 100 cm for the irradiated culture plates at a radiation field
size of 14 x 14 cm® [34].

2.2.5. MTT assay

MCF7 cells were cultured in 96 well plates (10* cells/well) and
lifted for 48 h for attaching. After that MCF7 cells have been incubated
with different concentrations (0, 5, 10, 20, 40 and 80 ug/ml) of I0-
MNPs and SIO-MNPs. After 24 h, the cells were irradiated with different
radiation doses (0, 0.5, 1, 2 and 4 Gy) and incubated at 37 °C. 24 h after
irradiation, the cell viability % was assessed using MTT assay by in-
cubating the cells for 2h in a medium containing 0.5% MTT stain
(25 pl/well). The developed intracytoplasmic MTT formazan crystals
were dissolved using 0.05ml DMSO for 30min on a plate shaker.
Optical densities (OD) were read at a wavelength of 570 nm using an
ELISA plate reader (Biotek 8000; USA(.Viability percentage was cal-
culated as follows: Cell viability percentage = (OD of treated cells / OD
of untreated cells) X 100% [35]. Dose enhancement factor (DEF) values
were obtained by dividing the viability of the cells exposed to radiation
only by that of cells treated with the prepared nanoparticles and ex-
posed to the same dose [12].

2.2.6. Revelation of DNA damage by using single cell gel electrophoresis
assay (Comet assay)

The Comet assay was used to quantify the DNA damage induced by
I0-MNPs and SIO-MNPs by estimating three different parameters: tail
length, the percentage of DNA in the tail and the tail moment. MCF7
cells were cultured in two (6 well) plates, cells were counted (50,000
cells/well), and were treated with I0-MNPs and SIO-MNPs at con-
centrations of 10 and 40 pg/ml.

The first plate which would be exposed to 0.5 Gy, was divided to
five groups: 0.5G1 is the control (untreated) group of cells, 0.5G2 is the
group of cells that was treated with 10 pg/ml of I0O-MNPs, 0.5G3 is the
group of cells which was treated with 10 ug/ml of SIO-MNPs, 0.5G4 is
the group of cells that was treated with 40 pug/ml of IO-MNPs and 0.5G5
is the group of cells which was treated with 40 pg/ml of SIO-MNPs. The
second plate which would be exposed to 1Gy, was divided to five
groups: 1G1 is the control (untreated) group of cells, 1G2 is the group of
cells that was treated with 10 pug/ml of IO-MNPs, 1G3 is the group of
cells that was treated with 10 pg/ml of SIO-MNPs, 1G4 is the group of
cells that was treated with 40 pug/ml of IO-MNPs and 1G5 is the group of
cells that was treated with 40 pg/ml of SIO-MNPs.

After 24 h treatment, the cells were exposed to an electron beam at
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doses of 0.5 and 1 Gy. The irradiated plates were then incubated for
24 h, after that, cells were treated with trypsin, centrifuged and washed
with PBS and re-suspended in 100 pL of PBS. A mixture of 50 uL of the
cell suspension and 500 pL of melted LM Agarose was formed and then,
75 uL was pipetted onto a pre-warmed comet slide and spread com-
pletely over the sample area.

At 4°C, the slides were placed flat in the dark for 10 min to allow
mixture solidification and then, submerged for 40 min into a pre-chilled
lysis solution. The slides were placed in an alkaline medium for 40 min
at room temperature in dark after being removed from lysis solution
and washed twice for 5 min with Tris-Borate-EDTA (TBE).

The slides were electrophoresed at low voltage (300 mA, 25V, 4 °C)
for 20 min and then, placed in 70% ethanol for 5 min, removed, tapped,
and air-dried overnight, after that, they were stained with EtBrstain
designed for comet assay and allowed to air dry at room temperature
for 6 h. Fluorescence-stained comet images were captured with a CCD
camera (Optika vision pro, Italy) attached to the fluorescent microscope
(Nikon ECLIPSE E600, Japan) and linked to a comet assay software
program, comet score, version 5.0 which counted the tail length, per-
centage of DNA in tail and tail moment averages from 100 cells per
sample.

2.2.7. Statistical analysis

Data were obtained from at least three independent experiments
and were explicit as mean * SD.

Using SPSS, one-way Analysis of Variance (ANOVA) was performed
for the comet assay. Scheffe's test at statistically significant values
(p < 0.05) was performed as the post hoc comparisons for independent
and dependent groups.

3. Results
3.1. Characterization of IO-MNPs and SIO-MNPs

Dynamic light scattering assessments results showed that the
average particle sizes of IO-MNPs and SIO-MNPs were 18.17 = 4.5nm
and 164.18 = 16.1 nm, respectively (Fig. 1[A]). In addition, the
polydispersity index (PDI) values were 0.219 and 0.439 for IO-MNPs
and SIO-MNPs, respectively.

Zeta potential measurements showed that the net surface charges of
the prepared NPs were negative with an average value of —32 = 1.8
and —41 * 2.3 mv for the prepared I0-MNPs and SIO-MNPs, respec-
tively.

The ultrastructure of the prepared nano-formulations is shown in
Fig. 2[A, B]. Fig. 2[A] demonstrates the spherical shape of I0-MNPs
with a mean diameter of 13.63 = 1.36 nm. TEM micrograph of silica-
coated magnetic nanoparticles particles (Fig. 2[B]) represents a sphe-
rical core-shell structure with a mean core diameter of
54.9 * 10.1nm, and the silica layers are about 43.35 = 2nm in
thickness. As seen in the figure, the silica coat was assembled as a multi-
layered pattern, in addition, the uniformity of silica coating thickness
can be seen.

The surface morphology of I0-MNPs and SIO-MNPs has been in-
vestigated using AFM (Fig. 2[C, D]). Direct observation of atomic force
microscopy images revealed that many small cavities were uniformly
distributed on the I0-MNPs surface (Fig. 2[C]), while Fig. 2[D]) de-
monstrates the granular surface of SIO-MNPs. Surface roughness was
found to be 1.878 + 0.03nm for IO-MNPs and 2.489 + 0.12nm for
SIO-MNPs. The particle size extracted from AFM data was
15.6 + 3.5nm in the case of [O-MNPs and 152.3 = 8.9 nm in the case
of SIO-MNPs.

The magnetic properties of I0-MNPs and SIO-MNPs were char-
acterized using VSM. The hysteresis loops of IO-MNPs and SIO-MNPs
measured at room temperature as the function of the magnetic field are
shown in Fig. 1[B]. The saturation magnetization (M) values of IO-
MNPs and SIO-MNPs were 0.57 and 0.39 emu/cm? respectively. Also,
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Fig. 1. (A) Particle size distribution of I0O-MNPs and SIO-MNPs, (B) magneti-
zation curves of I0-MNPs and SIO-MNPs.

I0-MNPs and SIO-MNPs exhibited a superparamagnetic behavior as no
remanence in their hysteresis loops was observed.

3.2. In vitro experiments

3.2.1. Cell viability assay (MTT assay)

MTT assay was used to assess the radiosensitizing effect of I0O-MNPs
and SIO-MNPs against MCF7 breast cancer cell line. Fig. 3A-E shows
the survival curves which illustrated the radiation effects on cancer
cells incubated with different concentrations of I0O-MNPs and SIO-MNPs
(0, 5, 10, 20, 40 and 80 pg/ml). The results showed that the viability of
cells treated with radiation only at doses of 0.5, 1, 2 and 4 Gy are 80%,
60%, 50%, and 47%, respectively (Fig. 3A). On the other hand, the
incubation of cancerous cells with different concentrations of IO-MNPs,
24h post irradiation, enhanced the damaging effects of radiation
compared to cells treated with radiation only (Fig. 3B-F).

At lower doses (0.5 and 1 Gy), the viability of the cells treated with
different concentrations of I0-MNPs dramatically decreased with in-
creasing the concentration compared to cells treated with radiation
only. The dose enhancement factor (DEF) values of the cells treated
with different concentrations (5, 10, 20, 40 and 80 pg/ml) of IO-MNPs
and exposed to 0.5 Gy were 1.08, 1.12, 1.23, 1.37 and 1.64, respec-
tively.

In contrast, at higher exposure doses (2 and 4 Gy), there was no
significant effect of concentration variation of I0-MNPs and the DEF
values of cells treated with different IO-MNPs concentrations (5, 10, 20,
40 and 80 pg/ml) and exposed to 4 Gy were 1, 1.12, 1.11, 1.16 and
1.20, respectively.

For SIO-MNPs, cell viability results showed that, at low doses (0.5
and 1 Gy), the viabilities of MCF7 cells treated with 5, 10, 20, 40 and
80 ug/ml of SIO-MNPs decreased by about 25% than cells treated with
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Fig. 2. (A) TEM image of IO-MNPs, (B) TEM image of SIO-MNPs, (C) AFM image of IO-MNPs, (D) AFM image of SIO-MNPs.

I0-MNPs with the same concentrations. This improvement in radio-
sensitizing effects extended to higher doses. For example, at 4 Gy, MCF7
cells treated with 5, 10, 20, 40 and 80 pg/ml of SIO-MNPs had DEF
values of 1.03, 1.32, 1.29, 1.42 and 1.64, respectively. These were, in
average, about 1.3-folds greater than that of cells treated with the same
concentrations of I0-MNPs.

In the survival curve, the optimum concentration of SIO-MNPs was
80 pg/ml.

Table 1 shows that DEF values, which reflected the effect of 10-
MNPs and SIO-MNPs as dose modifiers. DEF increased with increasing
the concentration of I0O-MNPs and SIO-MNPs and decreased with in-
creasing the radiation dose. Overall, at each dose and concentration,
DEF of SIO-MNPs was about 1.3-folds greater than that of IO-MNPs.

The obtained data confirmed that there was an improvement in the
radiotherapeutic effect of SIO-MNPs over 10-MNPs.

3.2.2. Revelation of DNA damage by comet assay

Comet assay was used to assess the radiosensitizing and conse-
quently the DNA damaging effect of IO-MNPs and SIO-MNPs against
MCF?7 cells. Fluorescence-stained comet images, tail length, % DNA in
the tail and tail moment parameters were used to investigate the DNA
degradation (Figs. 4 & 5).

Fluorescence-stained comet images showed that DNA damage was a
concentration-dependent, as the damaging effect increased with in-
crease in concentration (Figs. 4A & 5A). % DNA in tail and tail moment
parameters of 0.5G3 and 1G3 were very close to that of 0.5G4 and 1G4,
respectively. There were highly significant differences in % DNA in tail

and tail moments of 0.5G5 and 1G5 compared to other groups (Figs. 4B
& 5B). DNA damage is dose-dependent, as the damaging effect increases
with increasing the radiation dose. The tail moment of 0.5G5 was 0.43
and increased to 5.8 for 1G5.

4. Discussion

In the present study, a series of methods are employed to in-
vestigate/or properly evaluate the properties of the prepared nano-
particles. DLS technique is used to determine the mean hydrodynamic
diameter of nano-sized particles [36]. The average sizes of both I0-
MNPs and SIO-MNPs as obtained by DLS is found to be larger than that
determined using TEM (which is known to yield the exact size of the
nanostructures) [37].These differences originate from the fact that DLS
measures a particle's hydrodynamic diameter (main particle size +
hydration shell) in aqueous environments and this measurement can be
influenced by particle agglomeration [38] and the hydrodynamic con-
ditions [39]. TEM images prove that the silica coating layer can act as a
supporting substrate to prevent the aggregation of I0-MNPs. It well
demonstrates the core-shell structure of the prepared SIO-MNPs.

The polydispersity index (PDI) is used to describe the degree of
homogeneity of nanoparticles size distribution [40]. The PDI values
ranging from 0.1 to 0.25 indicate a narrow size distribution, while a
PDI > 0.5 is related to a broad distribution [41]. In the present work,
the prepared IO-MNPs and SIO-MNPs have PDI value of 0.219 and
0.439, respectively. This indicates a narrow size distribution (homo-
genous distribution) of IO-MNPs and a slightly broad size distribution of



M.M. Fathy, et al.

A 110

100 ¢
90+
80
704
60 -
50 -
40 -
304
204
10 T T T

Cell Viability%

0 1 2 3 4
Dose (Gy)

—=10-MNPs
—o_ SIO-MNPs

10 pg/ ml

Cell Viability%

10 ; . ‘ ;
0 1 2 3 4
Dose (Gy)
110+
~=I0-MNPs
E 100 40 pg/ ml|"~ go.mnps

Cell Viability%

\\ ]
T S—

10 T T
0 1 2 3 4

Dose (Gy)

Life Sciences 234 (2019) 116756

110-
100
90 3,
8ol
701
60 - \\q
50 1

40
30
20 1
10 : .

F=10-MNPs
—e— SIO-MNPs

99)

Cell Viability%

Dose (Gy)

=-10-MNPs
—+_ SIO-MNPs

D 110

100
90
80\
70
60
50
40
30
20

20 pg/ ml

Cell Viability%

Dose (Gy)

11
-
-
o
)

—10-MNPs
80 pg/ ml |~ gi0.unps

Cell Viability%

Dose (Gy)

Fig. 3. Survival curves (A-F) of MCF-7 cells treated with different concentrations (0, 5, 10, 20, 40 and 80 pug/ml, respectively) of IO-MNPs and SIO-MNPs and exposed

to different radiation doses (0, 0.5, 1, 2 and 4 Gy).

Table 1

Dose enhancement factor (DEF) values from the MTT assay for the MCF7 cell
line. The cells incubated with I0O-MNPs and SIO-MNPs (5, 10, 20, 40, 80 pug/ml
concentrations) and irradiated with 6 MeV electron beam (0.5, 1, 2, 4 Gy).

Dose (Gy) Dose enhancement factor (DEF)

Concentration (pg/ml)

10-MNPs SIO-MNPs

5 10 20 40 80 5 10 20 40 80
0.5 1.08 1.12 1.23 137 164 122 137 149 164 213
1 1.10 1.25 1.34 126 1.62 1.39 151 150 1.74 2.00
2 1.02 114 120 129 135 119 135 139 1.46 1.85
4 096 1.10 111 116 1.20 1.03 132 1.29 1.42 1.64

SIO-MNPs.

AFM can be used to measure the size of nanoparticles because the
height (z-axis) of nanoparticles is considered representative of its real
size and AFM measurements of distances in the z-axis are directly re-
lated to the real height of structures [42]. The size obtained from the
AFM correlates well with the TEM results.

It was reported that the Silica coating is a multi-layered pattern with
a uniform thickness and that the shape and thickness of the silica coat
could be controlled by changing the reaction time and/or the con-
centration of the TEOS solution [43].

Zeta potential is the potential difference between liquids and solids
across phase boundaries. It can influence: cellular uptake and in-
tracellular trafficking of nanomaterials [44], regulate the selective ad-
sorption of nanoparticles [45], plasma protein binding [46] and blood
brain barrier integrity [47]. Also, the colloidal stability of any
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Fig. 4. (A) Fluorescence-stained comet images of
MCF?7 cells which were exposed to an electron beam
at a dose of 0.5 Gy, (B) DNA damage of MCF7 cells
assessed by the Comet assay for 0.5G1 (control, un-
treated group) and treated groups: 0.5G2 (10 pg/ml
of I0-MNPs), 0.5G3 (10 pug/ml of SIO-MNPs), 0.5G4
% (40 pg/ml of 10-MNPs) and 0.5G5 (40 pg/ml of SIO-

0.5G4 m0.5G5

be
e J MNPs). All groups were exposed to X ray photon
i beam at dose of 0.5 Gy. Different characters indicate
significant (p < 0.05) different means.
-
%DNA in Tail

MNPs and SIO-MNPs which indicates biocompatible features of the
prepared nano-formulations. It was assumed that biocompatible mate-
rials have a cell viability of > 80% [54]. But without irradiation, SIO-
MNPs show higher potent effect against breast cancerous cells com-
pared to IO-MNPs with a concentration-dependent pattern. This may be
attributed to that the silica coating layer facilitates the cellular uptake
by increasing the cellular binding capability through its rough surface
[55].

Treatment of tumor cells with MeV electron beam is associated with
one of electron interactions either ionization or radiative losses. In io-
nization, energy lost is generally deposited in the instant area but for
radiative losses energy lost can propagate outmost before it is absorbed
as it produces photon inside the cells [56]. Through collisional ioni-
zation and ensuing Auger cascades, electrons can activate electron
emission from high-Z nanoparticles, leading to generate the secondary
electrons which cause excitation and ionization of the surrounding
biomolecules and the production of ROS [57]. The portion of electron
radiative loss increases with the presence of high Z NPs which increase
the cell killing due to enhancing ROS production [58].

After irradiation process (using MeV electrons), results show that
I0-MNPs improve the potent effect of electrons radiotherapy. There is
significant viability reduction for cells treated with I0-MNPs compared
to those treated with radiation only. Also, it is found that the

Fig. 5. (A) Fluorescence-stained comet images of
MCF?7 cells which were exposed to an electron beam
at a dose of 1Gy, (B) DNA damage of MCF7 cells
assessed by the Comet assay for 1G1 (control, un-
treated group) and treated groups: 1G2 (10 pg/ml of

1G4 m1G5
10-MNPs), 1G3 (10 pg/ml of SIO-MNPs), 1G4 (40 pg/
ml of IO-MNPs) and 1G5 (40 pg/ml of SIO-MNPs).
All groups were exposed to X ray photon beam at
b G dose of 1Gy. Different letters indicate significant

(p < 0.05) different means.

%DNA in Tail
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radiosensitizing effect of IO-MNPs is concentration dependent. This
may be due to an increase in the concentration of nanoparticles in cells
leading to an increase in the cellular internalization which leads to the
decrease in the cell survival percentage due to increasing the prob-
ability of the photoelectric interaction occurrence within the cells be-
cause of high effective atomic number [59].

Interestingly, in general, the results demonstrate more potent
radiosensitizing effects and higher dose enhancement factors of SIO-
MNPs over I0-MNPs against MCF7 cancer cells. This may be attributed
to: (1) Surface roughness which play an important role in cellular in-
ternalization, as mentioned previously that the surface roughness of
SIO-MNPs is about 1.3-folds greater than that of I0-MNPs, and so the
cellular internalization of SIO-MNPs will be more than I0-MNPs. From
the practical point of view, this finding enables us to reduce the given
dose of radiation by about 30% when using SIO-MNPs as radio-
sensitizers (this is a great advantage). Also, these results proved that the
presence of silica coat didn't degrade the radio-sensitization effect of IO-
MNPs. The strength of nanoparticle-cell interactions, cell adhesion
promotion [60] and the enhancement of cellular uptake [61,62] in-
structed by surface coarseness. It has been demonstrated that surface
roughness of nanoparticles enhances the biomolecules binding and
cellular uptake due to increased surface area which will imply a larger
adsorbed amount. Also, changing the surface roughness may alter the
interaction potentials between the nanoparticle and the adsorbing
molecules [63]. (2) The increased ROS production induced by radiation
into cells treated with SIO-MNPs in comparison to those treated with
IO-MNPs. Silica nanoparticles were reported as a radiosensitizer
through enhancing ROS production in cancer cells [18].

In tumor cells, iron oxide nanoparticles stimulate the generation of
ROS. Immediate chelation by adenosine phosphate may be occurring by
the iron ions released into the cytosol and the formation of the highly
reactive OH- may be catalyzed by the participation of the chelated iron
ions in the Haber-Weiss chemistry which causes cellular membranes,
proteins and DNA damage [64-67]. The reaction of these free radicals
with biomolecules can lead to single-strand breaks (SSBs) or double-
strand breaks (DSBs) of DNA and cross-linking of DNA-DNA or
DNA-protein, resulting in cell apoptosis which is indicated as indirect
effect of ionizing radiation [68]. The hydroxyl ion is considered as
being a major source of cellular damage by lipid peroxidation. The
interaction with lipid bilayers also increases membrane permeability
[69].

The comet assay is performed to illustrate the effect of electron
beam combined with the prepared NPs against the DNA of MCF7 cells.
DNA damage can be represented by measuring %DNA in tail and tail
moment parameters.

Comet assay demonstrates that, as the radiation dose and the con-
centration of NPs increase, the amount of DNA (for the treated MCF7
cells) migrates more rapidly towards the anode compared to cell treated
with radiation. This represents an increase in the degree of DNA da-
mage. Interestingly, it is found that cells treated with SIO-MNPs and
exposed to radiation exhibit more DNA damage than those treated with
I0-MNPs.

The group of cells treated with 40 ug/ml SIO-MNPs and exposed to
0.5 Gy and 1Gy shows a highly significant DNA damage compared to
other groups. This indicates larger number of DNA double-strand breaks
which may be due to high production of ROS [70].

With different doses, the DNA damage of MCF7 cells treated with
10 ug/ml of SIO-MNPs exhibit more DNA damage than those treated
with 10 pg/ml of I0-MNPs which indicates increased SIO-MNPs inter-
nalization and ROS production into cells in comparison with IO-MNPs.
Also, cells treated with 10 pg/ml SIO-MNPs show very close results
compared to cells treated with 40 ug/ml I0-MNPs. This indicates that
low concentrations of SIO-MNPs can produce the same fraction of ROS
as the higher concentrations of IO-MNP. This may be due to an increase
in SIO-MNPs internalization and ROS production into cells in compar-
ison with IO-MNPs.
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It can be stated that this is the first study on the radio sensitizing
effect of SIO-MNPs, the present study revealed some interesting prop-
erties of this multifunctional nanoparticle. If SIO-MNPs would be used
as a radiosensitizer during radiotherapy, it can also be used as a con-
trast agent in MRI. On other word, SIO-MNPs can be used as ther-
agnostic agent in cancer therapy.

5. Conclusion

Based on the characteristic results, we can declare that IO-MNPs and
SIO-MNPs were successfully synthesized. SIO-MNPs can be used as a
multifunctional nano-platform. Silica coating layer do not destruct the
superparamagnetic behavior of I0-MNPs and the composite can be
easily recovered by magnetic separation. SIO-MNPs hold great promise
as MRI contrast agent.

Silica layer not only enhanced the stability of IO-MNPs but also
enhanced the radiosensitizing effect by increasing ROS generation. The
characteristic of radiosensitization was examined for IO-MNPs and SIO-
MNPs by using MTT and comet assays. The results proved that when
SIO-MNPs were combined with the radiation, the lower doses had the
same potent effect as the higher doses do without these nanoparticles.
This will have the advantage of reducing the dose of healthy tissues
during the treatment. The effect of SIO-MNPs as radiosensitizers was
highly significant comparing to I0-MNPs.

Therefore, the SIO-MNPs nanostructure would hold great promise as
a novel radiosensitizer. Further, in vivo results are still required.
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