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Introduction

Nanoparticles are highly promising tools and have numerous
potential uses for a wide range of applications from diagnos-
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Magnetic nanoparticles (MNPs) have been increasingly used for many years as MRI agents and for gene
delivery and hyperthermia therapy, although there have been conflicting results on their safety. In this
study, cobalt ferrite magnetic nanoparticles (CoFe-MNPs) were prepared by the co-precipitation method
and their surfaces were modified with silica by the sol-gel method. The particle and hydrodynamic sizes,
morphology and crystal structure of the bare and silica-coated CoFe-MNPs were evaluated by trans-
mission electron microscopy (TEM), dynamic light scattering (DLS), X-ray diffraction spectroscopy (XRD)
and Fourier transform infrared spectroscopy (FTIR). The size of the bare CoFe-MNPs was in the range
8-20 nm and they were homogeneously coated with 3—4 nm silica shells. The bare and silica-coated
CoFe-MNPs were agglomerated at physiological pH. However, the sizes of the agglomerates were below
200 nm both in water and complete medium. The cytotoxic and genotoxic potentials of the bare and
silica-coated CoFe-MNPs were evaluated in a metastatic breast cancer cell line, MDA-MB-231, as well as
a noncancerous mammary epithelial cell line, MCF-10A, by using XTT cytotoxicity, single-cell gel electro-
phoresis (comet), and cytokinesis-blocked (CB) micronucleus (CBMN) assays. Characterization studies
with TEM, inductively coupled plasma optical emission spectroscopy (ICP-OES) and Prussian blue staining
indicated that the CoFe-MNPs were internalized into the cells by energy-dependent endocytosis. The
highest amount of uptake was observed in the cancer cells and the uptake of the silica-coated CoFe-
MNPs was higher than that of the bare ones in both cell lines. The bare CoFe-MNPs showed higher levels
of both cytotoxicity and genotoxicity than the silica-coated CoFe-MNPs. Moreover, the cancer cells
seemed to be more susceptible to the CoFe-MNPs’ toxicity compared to the noncancerous cells. There
was a concentration and time-dependent increase in DNA damage and the micronucleus (MN) frequency,
which was statistically significant starting with the lowest concentration of bare CoFe-MNPs (p < 0.05),
while no significance was observed below the concentration of 250 ug mL™ for the silica-coated MNPs.
Also, the extent of both DNA damage and MN frequency was much higher in the cancer cells compared
to the noncancerous cells. According to our results, the silica coating ameliorated both the cytotoxicity
and genotoxicity as well the internalization of the CoFe-MNPs.

tics to the treatment of diseases.' Among them, magnetic
nanoparticles (MNPs) have unique properties such as high
magnetization values and the ability to pass cellular barriers,
and they have been used for many years as magnetic resonance
imaging (MRI) agents, gene delivery agents, and in hyperther-
mia therapy and tissue repair.®® Especially, cobalt-based
MNPs are gaining increasing attention as highly effective MRI
contrast agents, in combination with gold, iron and graphite,
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and platinum.”

Due to the widespread application of MNPs, it is also
important to evaluate their potential risks to biological
systems.®® Results published in the literature indicating the
toxic potential of MNPs, especially for the targeted use of
drugs/gene delivery and for imaging, are conflicting. Some of
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these nanoparticles have been shown to generate toxicity,
while for others good biocompatibility and also very low toxi-
city were reported.'®'' The reason behind these conflicting
data is that the routes of entry and the fates of the MNPs in
the cells'? were influenced by a number of parameters, like the
size, shape and surface charge. For example, it was reported
that cationic MNPs entered into cells more effectively than
anionic MNPs through negatively charged cell surfaces using
electrostatic interactions. On the other hand, positively
charged MNPs induced more toxicity compared to anionic or
neutral MNPs.'® Likewise, if the size was small enough, MNPs
could enter easily into the cells through the process of endo-
cytosis, but they could also readily interact with the genetic
material of the cells. Furthermore, other biological parameters,
such as the cell type used for the study and the particle con-
centration, medium composition and temperature, also influ-
enced both cyto- and genotoxicity."* Therefore, the
establishment of a relationship between the physicochemical
characteristics, such as size distribution, surface properties,
surface area and charge, and the toxic effects of MNPs is
crucial in understanding their biological reactivity, which
seems to be crucially involved in modulating biological
interactions."*™”

The surface properties of MNPs are another important
factor for determination of their biocompatibility in both
in vitro and in vivo applications. The surfaces of MNPs can be
modified with a suitable polymer shell, such as polyethylene
glycol (PEG), chitosan, dextran, or polyethyleneimine (PEI), to
provide a platform for further modifications, such as targeted
drug loading.'® Otherwise, MNPs are known to agglomerate
and lose stability without surface coating. Another surface
coating material, silica, has gained more attention by provid-
ing a surface modification potential and also because of its
hydrophilicity and stability in physiological environments,
which are required in cell imaging and drug/gene delivery.'**°

When MNPs interact with the cell, they can influence the
cellular processes and cause cell stress, by changing the meta-
bolic activity, inducing oxidative stress and cytoskeleton dis-
ruption, or through DNA damage.>® Consequently,
genotoxicity testing and thus the evaluation of the carcino-
genic or mutagenic potential of nanoparticles is a requirement
before Phase I/II clinical trials."?

Herein, the aim is to prepare bare and silica-coated cobalt
ferrite magnetic nanoparticles (CoFe-MNPs) and to evaluate
their physicochemical characteristics, internalization, cyto-
toxicity and genotoxicity in both cancerous and noncancerous
cell lines in order to systematically examine how particle design
can be optimized towards efficient biomedical applications.

Material and methods

Preparation, functionalization and characterization of CoFe-
MNPs

Synthesis of bare CoFe-MNPs. Bare CoFe-MNPs were syn-
thesized by the co-precipitation method.”* 0.52 g of FeCl,
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(Sigma-Aldrich, USA) and 0.38 g of CoCl, (Fisher Scientific,
USA) (for which the calculated molar ratio of Co(u): Fe(w) is
1:2) were dispersed in 3.12 mL of deoxygenated deionized
water, and 50 pL of concentrated HCI solution was added to
this solution. Then, 31.25 mL of 1.5 M NaOH solution was
added to this mixture under stirring at 70 °C. Following stir-
ring for 1 hour, the black precipitate of bare CoFe-MNPs was
collected by a magnet and washed three times with a water—
ethanol mixture. Finally, the bare CoFe-MNPs were dispersed
in 50 mL of water at pH 5.

Synthesis of silica-coated CoFe-MNPs. The Stober method
was used for coating the bare CoFe-MNPs with silica.*® The
bare CoFe-MNPs were first dispersed in water and neutralized.
14 mL of this solution was diluted to 500 mL with deoxy-
genated deionized water. 2.5 mL of 1 mM (3-aminopropyl)
triethoxysilane (APTES) (Sigma-Aldrich, USA) was added drop-
wise to this solution under stirring for 15 min. The particles
were collected by a magnet and dispersed again in 500 mL of
deionized water-ethanol (1:4) mixture. 300 pL of tetraethyl
orthosilicate (TEOS) (Sigma-Aldrich, USA) and 2 mL of
ammonia solution were added to this solution and stirred
overnight. Silica-coated CoFe-MNPs were collected by using a
magnet washed twice with deionized water and redispersed in
50 mL of water.

Characterization of bare and silica-coated CoFe-MNPs.
Transmission electron microscopy (TEM) (FEI Tecnai G2 Spirit
BioTwin) was used for imaging bare and silica coated
CoFe-MNPs. The X-ray diffraction (XRD) patterns were
obtained by using a Rigaku Mini-flex XRD system (a Cu Ka
radiation source was used and the scan speed was adjusted to
2.000 deg min~"). The ICDD database was used in order to
analyze the structure. Fourier transform infrared spectroscopy
(FT-IR) (Alpha, Bruker) analysis was performed in order to
investigate the bonds related to the silica layer formed on the
CoFe-MNPs. The zeta potential and average hydrodynamic
sizes were measured by dynamic light scattering (DLS)
(Malvern Nano ZS90) in water, RPMI-1640 medium and com-
plete medium (containing 10% fetal bovine serum (FBS)) at
25 °C. The nanoparticle dispersions were sonicated in an ultra-
sonic bath for 5 min using a bath sonicator at 25 °C (100 W, 42
kHz, Fisher Scientific, Fairlawn, New Jersey) before measuring
the size and zeta potential. Longer sonication times using the
bath sonicator did not change the dispersion size and surface
charge. All results for the average size and the size distri-
bution, as well as the zeta potentials, were averaged from more
than three measurements. In order to mimic in vitro cell
culture conditions, the bare and silica-coated CoFe-MNPs were
incubated with cell culture medium supplemented with 10%
FBS, containing plentiful protein.

In vitro internalization, cytotoxicity and genotoxicity of CoFe-
MNPs

Cell culturing and treatments. Cancerous (MDA-MB-231)
and noncancerous (MCF-10A) human breast cell lines were
obtained from ATCC (American Type Culture Collection, USA).
The MDA-MB-231 cells were grown in RPMI-1640 medium
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(Lonza, Belgium) supplemented with 10% FBS (Lonza,
Belgium) and the MCF-10A cells were grown in DMEM/Ham’s
F12 medium (Lonza, Belgium) with phenol red containing 5%
horse serum (Sigma-Aldrich, USA), 100 mg mL~" epidermal
growth factor (EGF) (Peprotech, USA), 1 mg mL ™" hydrocorti-
sone (Sigma-Aldrich, USA) and 10 mg mL ™" insulin (Sigma-
Aldrich, USA). All growth media contained penicillin and
streptomycin (100 units per mL) (Sigma-Aldrich, USA).
Hereafter, “the cells” will refer to both MDA-MB-231 and
MCF-10A cell lines unless otherwise stated in this article. The
cells were maintained at 37 °C in a humidified air atmosphere
containing 5% CO, and 95% air, and were used between
passages 4 and 15 in the experiments.

In all assays prior to the treatment of the cells, CoFe-MNPs
dispersions were prepared by diluting the measured amount
of the concentrated stock solutions in the cell culture complete
medium at room temperature. The nanoparticle dispersions
were sonicated in an ultrasonic bath for 5 min at room temp-
erature and immediately applied to the cells in each assay.
Stock suspensions of bare and silica-coated CoFe-MNPs (1 mg
mL ") in complete medium were serially diluted to the concen-
tration range of 15-500 pg mL™~" for cellular uptake, cyto-
toxicity and genotoxicity assays.

Cellular uptake

Visualization of intracellular CoFe-MNPs by TEM.
Qualitative analysis of the internalized bare and silica-coated
CoFe-MNPs was performed by TEM. The cells were seeded into
six-well plates overnight and treated with 125 pg mL™" CoFe-
MNPs for 24 h. The cells were collected and fixed in 2.5% glu-
taraldehyde solution at +4 °C and, after phosphate buffer
washing, were fixed with 1% osmium tetroxide solution. They
were dehydrated with graded alcohol series and embedded in
an Araldite mixture (Araldite CY 212 20 mL, DDSA 22 mL,
BDMA 1.1 mL, dibutyl phthalate 0.5 mL). The cell blocks
obtained were held at 60 °C for 48 h in order to complete the
polymerization step. After incubation, ultrathin sections were
prepared using a diamond knife to a maximum thickness of
100 nm. The sections were stained with uranyl acetate and
Reynolds’ lead citrate. The grids were then examined under
TEM (FEI Tecnai G2 Spirit TWIN).

CoFe-MNPs cellular uptake assay by Prussian blue staining.
Qualitative iron determination of the cells treated with bare
and silica-coated CoFe-MNPs was performed by Prussian blue
staining. The samples were prepared according to a previous
study.>® The cells were seeded into six-well plates overnight
and treated with 125 pg mL™" of bare and silica-coated CoFe-
MNPs at 37 °C in 5% CO, atmosphere for 24 h. After treat-
ment, the cells were washed at least three times with
Dulbecco’s phosphate-buffered saline (DPBS) (Lonza, Belgium)
to remove the residual MNPs excluded from the cells and
detached using 0.25% trypsin (Lonza, Belgium). The cells were
fixed with 4% paraformaldehyde, then washed with distilled
water three times. The staining solution mixtures, containing
5% potassium ferrocyanide (Sigma-Aldrich, USA) and 5%
hydrochloric acid solutions, were freshly prepared and applied
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to the cells for 30 min at room temperature, which were then
washed with distilled water three times and counterstained
with nuclear fast red (Sigma-Aldrich, USA) for 5 min. The
plates were evaluated under a light microscope (Zeiss,
Germany).

CoFe-MNPs cellular uptake assay by ICP-OES. Quantitative
iron determination of the internalized bare and silica-coated
CoFe-MNPs was performed by ICP-OES. Briefly, 2 x 10° cells
were plated in a 60 x 15 mm culture dish and incubated for 2,
4, 8, and 24 h according to the concentration of bare and
silica-coated CoFe-MNPs (62-500 pug mL~"). Then, the cells
were trypsinized and collected in 15 mL falcon tubes. The cells
were counted on a hemocytometer and digested with concen-
trated HCI acid for at least 24 h to obtain a clear solution.
Next, the samples were diluted with water. The iron concen-
tration in the digested samples was measured by ICP-OES
(Direct Reading Echelle, Leeman Labs, Inc., with an axial view
configuration). Calibration plots were prepared by using 0.1,
0.25, 0.5, 1, 2.5 and 5.0 ppm iron standard solutions.

In order to determine whether the uptake of CoFe-MNPs
into the cells was energy-dependent or, more generally, cell
function-dependent, the cells were incubated with CoFe-MNPs
under varying metabolic conditions. Energy dependence
experiments were performed by pre-incubating the cells at 4 °C
for 30 min prior to exposure to CoFe-MNPs. After this pre-incu-
bation, the cells were incubated with either bare or silica-
coated CoFe-MNPs for 2 h at 4 °C. The other cellular uptake
studies were performed at 37 °C. For the inhibition studies,
80-90% confluent cells were preincubated with 0.1% sodium
azide, 0.45 M sucrose, and 6 pug mL™" chlorpromazine (CPZ;
Sigma-Aldrich, USA) for 30 min, and then they were incubated
with either bare or coated CoFe-MNPs for 2 h at a final concen-
tration of 250 pg mL™" (derived from ICs, experiments). After
this incubation time, the medium was removed and the
samples were washed with DPBS, in order to ensure particle
removal from the outer cell membrane. Untreated cells and
cells treated with only MNPs (no inhibitor) were used as nega-
tive and positive controls, respectively.

Cytotoxicity (XTT assay)

The cell proliferation 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide XTT kit (Biological Industries,
Israel) was used for the cytotoxicity evaluation according to the
manufacturer’s instructions. Briefly, the tetrazolium salt XTT
was reduced to orange colored formazan compounds by the
activity of mitochondrial enzymes of metabolically active
cells.”® The formed product was water-soluble and could be
readily observed with an ELISA reader (Biotek, Epoch) at
415 nm. The results were given as the percentage of viable
cells relative to the control. Eight duplicates were prepared for
each condition. The percentage of cell viability in the control
group was shown as 100%. The concentration required to
inhibit 50% of the cell growth (ICs), as the biomarker of cyto-
toxicity, was determined from the cytotoxicity curves.

Toxicol. Res., 2016, 5, 1649-1662 | 1651
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Single-cell gel electrophoresis (SCGE, comet) genotoxicity
assay

The alkaline comet assay was performed according to Singh
et al.*® with slight modifications. The cells were seeded in 24-
well plates. After 24 h incubation, the cells were treated with
either bare or silica-coated MNPs for 4 and 24 h. The concen-
trations of the nanoparticles in the cells were in the range of
15 to 500 pg mL™". Untreated complete medium and hydrogen
peroxide (20 and 40 pM H,0,; Sigma-Aldrich, USA) served as
negative and positive controls, respectively. At the end of the
treatments, the cells were washed three times with phosphate
buffer saline (PBS) and then trypsinized. The cells at a concen-
tration of 2 x 10* cells per mL were suspended in 0.65% low
melting-point agarose (LMA; Sigma-Aldrich, USA) and layered
onto a microscope slide precoated with 0.65% high melting-
point agarose (HMA; Sigma-Aldrich, USA) and covered with a
coverslip. After solidification of the agarose, the coverslips
were removed and the slides were immersed in light-protected
and freshly prepared cold lysing solution (89% lysing buffer,
2.5 M NaCl, 0.1 M Na,EDTA, 10 mM Tris-HCIl, 1% Triton
X-100, 10% dimethyl sulfoxide; pH 10) overnight at 4 °C.
Afterwards, the slides were pretreated for 20 min in freshly pre-
pared electrophoresis buffer (0.3 M NaOH, 1 mM Na,EDTA;
pH 13) to allow unwinding of the DNA and then electrophor-
esis was carried out at 25 V and 300 mA for 20 min at 4 °C
(Thermo EC250-90). The slides were neutralized three times
for 5 min in neutralizing buffer (0.4 M Tris-HCl; pH 7.5). The
gels were then stained with 20 pg mL™" ethidium bromide
(Sigma-Aldrich, USA), and 50 cells per slide were scored using
the Comet Assay III image-analysis software system (Perceptive
Instruments, UK) attached to a fluorescence microscope (Zeiss
Axioscope, Germany). All the steps of the comet assay were
conducted under a yellow lamp in a dark room to prevent
additional DNA damage. The tail moment (percent DNA in the
tail) was chosen as the measure of DNA damage. The experi-
ments were repeated three times and duplicate samples were
used. Two slides were prepared for each sample. The cell viabi-
lity was assessed using trypan blue dye (Biological Industries,
Israel) exclusion assay.

Cytokinesis-blocked micronucleus (CBMN) assay

An in vitro CBMN assay was carried out according to the
Organization for Economic Co-operation and Development
(OECD) Guideline 487”7 and Fenech®® with some modifi-
cations. The cells were seeded at a concentration of 2.5 x 10°
cells per mL and incubated at 37 °C under CO, atmosphere
(5% CO, in air) for 24 h in T25 flasks (Greiner Bio-one), and
were treated with bare or silica-coated MNPs at a concentration
range of 15-500 pg mL™' for 4 and 24 h. The complete
medium and mitomycin C (MMC; Sigma-Aldrich, USA; 0.6 pg
mL ™" for 4 h and 0.3 pg mL™" for 24 h) were used as negative
and positive controls, respectively. At the end of the treat-
ments, the cells were washed with complete medium, and cyto-
chalasin B (Sigma-Aldrich, USA; final concentration of 6 pg
mL ") was added in the last 24 h of the culture. The cells were
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harvested with 0.25% trypsin; the cell suspension was centri-
fuged at 250g for 10 min and re-suspended in 0.075 M KCI at
4 °C for 3 min as a hypotonic treatment. The cells were then
fixed with methanol-acetic acid (3:1 v/v), dropped onto cold
slides, air-dried and stained with Giemsa-May Griinwald solu-
tion (Merck). The micronucleus (MN) frequency was evaluated
by scoring a total of 2000 binucleated (1000 binucleate cells
from each replicate) cells per treatment at 400x or 1000x mag-
nification as necessary (Zeiss Axioscope Microscope,
Goettingen, Germany). The cytokinesis-blocked proliferation
index (CBPI) was also calculated from 500 cells/concentration
as recommended in the OECD Guideline No. 487 as follows:

CBPI = (no. of mononucleate cells + 2 x no. of binucleate cells
+ 3 x no. of multinucleate cells)/Total no. of cells.

Statistical analysis

The GraphPad Prism VI statistical software (GraphPad Inc. CA,
USA) was used to evaluate the statistical significance of the
differences between groups by using one-way analysis of
variance (ANOVA) for multiple comparisons. A p value of less
than 0.05 (p < 0.05) was regarded as statistically significant.
Data were presented as mean + standard deviation of the
mean.

Results
Characterization of silica coating on bare CoFe-MNPs

TEM images of the bare and the silica-coated samples of CoFe-
MNPs are shown in Fig. 1. According to the TEM image shown
in Fig. 1A, the particle size of the bare CoFe-MNPs was in the
range of 8-20 nm. From the TEM image of the silica-coated
CoFe-MNPs, Fig. 1B, one can see the presence of spherical
silica (SiO,) shells approximately 3-4 nm thick around the rela-
tively dark colored CoFe-MNPs.

The X-ray powder diffraction technique was used for the
characterization of the CoFe-MNPs’ structure. The XRD pattern
of the crystalline CoFe-MNPs is given in Fig. 2. According to
the ICDD database, card no. 03-0864, the peaks at 30.400
(220), 35.450 (311), 43.400 (400), 57.150 (511), and 62.800 (440)
belong to crystalline cubic CoFe-MNPs.

The presence of a silica coating on the nanoparticles was
confirmed by the FTIR measurements. The silica coating pro-
tects the CoFe-MNPs from possible decomposition induced by
the surrounding environment. The FTIR spectra of bare (A)
and silica-coated (B) CoFe-MNPs are depicted in Fig. 3. The
peak positions are shown with dotted lines, and numbers
(1-3) are also given in Fig. 3. The bands around (1) 1197 cm™,
(2) 1084 cm™" and (3) 800 cm™" represent the characteristic
peaks of Si-O-Si stretching and Si-O bending.*’

As seen in Fig. 3, asymmetric and symmetric stretching of
silica (SiO,) and bending vibrations all emerged on the FTIR
spectrum of the silica-coated CoFe-MNPs at the expected peak
positions. Their existence was correlated to the coating of a
silica layer on the cobalt ferrite particles.

This journal is © The Royal Society of Chemistry 2016
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Fig.1 TEM images of (A) bare CoFe-MNPs and (B) silica-coated CoFe-MNPs. Red arrows represent silica layers on the surface of the bare CoFe-
MNPs. The scale bars in the images are 50 and 100 nm.
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Fig. 2 XRD diffraction pattern of bare CoFe-MNPs.
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Fig. 3 FTIR results of (A) bare CoFe-MNPs and (B) silica-coated CoFe-

MNPs.
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The magnetic behaviors of the CoFe-MNPs under the influ-
ence of an external magnetic field are shown in Fig. 4A and B.

As can be seen from Fig. 4B, the collection of the CoFe-
MNPs after the application of an external magnetic field
(1.6 T) was completed after 60 s. A similar observation was
noted for the silica-coated CoFe-MNPs (Fig. 4B). The collection
of the silica-coated CoFe-MNPs was as rapid as that of the bare
CoFe-MNPs. Thus, the magnetic nanoparticles can be removed
or recycled in water using a simple magnetic device. After the
removal of the magnetic force, the magnetic nanoparticles can
easily be dispersed by simple shaking.

Stability of bare and silica-coated CoFe-MNPs in water,
RPMI-1640 and RPMI-1640 10% FBS media

The hydrodynamic sizes and zeta potentials of both the bare
and silica-coated CoFe-MNPs are summarized in Table 1. The
DLS results showed that there was no difference between the
bare and silica-coated CoFe-MNPs. The average sizes of the
bare and silica-coated CoFe-MNPs were found as 189.75 =
4.20 nm and 160.03 + 10.15 nm, respectively, in complete
medium and the zeta potentials of the bare and silica-coated
CoFe-MNPs (50 pg ml™") obtained in complete medium were
found as —9.8 mV and —11.3 mV, respectively.

As seen from Table 1, the stability of both the bare and
silica-coated CoFe-MNPs was evaluated in the media water,
RPMI-1640 and RPMI-1640 containing 10% FBS (complete
medium) by measuring the hydrodynamic size and zeta poten-
tial of these particles. Aggregation of colloid particles will
result in a change in their hydrodynamic size and their zeta
potential values.

The hydrodynamic sizes of the bare and silica-coated CoFe-
MNPs in water were calculated as 192.70 + 15.13 and 175.73 +
4.63 nm, respectively. However, when the light scattering
experiments were carried out in RPMI-1640 medium, an
approximately four-fold increase in the size of the nano-
particles compared to those in water was observed, and their

Toxicol Res., 2016, 5, 1649-1662 | 1653
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Fig. 4 Photographs of magnetic behavior of the (A) bare and silica-coated CoFe-MNPs in the presence of an external magnetic field. (B) It can be
seen that both the bare and silica-coated CoFe-MNPs were attracted to the external magnet within 60 s.

Table 1 Zeta potential and average hydrodynamic sizes of aggregates
of investigated CoFe-MNPs in different media

Particle Zeta potential ~ DLS mean
(CoFe-MNPs)  Media (mv) size (nm)
Bare Water -33.5 192.70 £ 15.13
RPMI-1640 -15.4 869.00 + 12.00
RPMI-1640 10%FBS  —11.3 189.75 + 4.20
SiO, coated Water —-39.5 175.73 + 4.63
RPMI-1640 —20.6 708.40 = 14.28
RPMI-1640 10%FBS -9.8 160.03 +10.15

sizes became 869.00 + 12.0 and 708.40 + 14.28 nm for the bare
and silica-coated CoFe-MNPs, respectively. Since RPMI-1640 is
a nutrient medium containing several amino acids and vita-
mins, it is normal to have larger agglomerates under this con-
dition. The positive charges of these species can diminish the
negative zeta potential of the particles, and the electrostatic
repulsion between these particles may not be sufficient to keep
them stabilized in the medium.

In the case of RPMI-1640 10% FBS medium, on the other
hand, the hydrodynamic size of the bare and silica-coated
CoFe-MNPs did not change significantly as compared to those
in water, indicating the stability of the particles in the pres-
ence of proteins under physiological condition, whereas their
zeta potentials decreased to around —10 mV. Colloidal systems
lose their stability when their zeta potentials are less than
30 mV, regardless of their charge. Hence the stability of the
particles in the presence of serum proteins under these con-
ditions can only be explained by the conjugation of proteins
around the NPs.

The bare and silica-coated CoFe-MNPs are negatively
charged at pH 7.0. Bovine serum albumin (BSA), which is the
major component of FBS, is also negatively charged at pH
7. Although it seems impossible to have adsorption through
simple electrostatic attraction, it is known that BSA spon-
taneously binds to negatively charged surfaces, probably
through the 60 surface lysine groups having a positive charge
at physiological pH. Dispersive and van der Waals forces also
contribute to the attachment of the proteins on the nano-
particle surfaces.*®*! Once the proteins are adsorbed on the

1654 | Toxicol. Res., 2016, 5, 1649-1662

surface of the CoFe-MNPs, steric interactions of the bulky pro-
teins prevent the approach of other nanoparticles to a distance
where van der Waals forces are effective for aggregation.

Consequently, while electrostatic stabilization alone failed
to stabilize the bare and silica-coated MNPs in the nutrient
medium at zeta potentials of —15.4 and —20.6 mV, both bare
and silica-coated MNPs were stable in the same nutritional
medium containing 10% protein, at much lower zeta poten-
tials of —11.3 and —9.8 mV, respectively.

Qualitative and quantitative analysis of CoFe-MNPs’ cellular
uptake

The cellular uptake of the CoFe-MNPs, including the locations
and distribution of the nanoparticles in the cells, are shown in
the TEM micrographs of both cancerous and noncancerous
cells incubated with bare and silica-coated CoFe-MNPs for
24 h (Fig. 5 and 6).

The overall response of the cancerous MDA-MB-231 and
noncancerous MCF-10A cells was similar for both bare and
silica-coated CoFe-MNPs. Although most of the CoFe-MNPs
were found to be surrounded by a membrane, it was also poss-
ible to detect CoFe-MNP clusters within cell cytoplasm.
However, no CoFe-MNPs were observed in the nucleus. Due to
the long incubation time (24 h), denser and multivesicular fea-
tures were also detected (Fig. 5 and 6).

Both Prussian blue staining and ICP-OES analysis were per-
formed in order to quantify and visualize the bare and silica-
coated CoFe-MNPs taken up by the cells. For this reason, the
cells were treated with the bare or silica-coated CoFe-MNPs for
24 h and stained with Prussian blue and nuclear fast red. The
optical micrographs are given in Fig. 7.

Comparing the blue granules, which are the MNPs, it can
be seen that although the silica-coated MNPs were internalized
by all cell types, the nanoparticle uptake was much greater in
cancerous cells than the noncancerous cells. Furthermore, it is
also clear that the uptake of silica-coated MNPs was higher
than that of bare MNPs. MDA-MB-231 cells have a higher
uptake capacity compared to noncancerous cells, because of
their higher nutritional requirement for proliferation and
growth. Thus, they are likely to internalize more material with
respect to noncancerous cells.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Representative TEM microphotographs of MDA-MB-231 cells treated with CoFe-MNPs. The sections (A, C, D, E) were not stained with any
reagent for detecting the cellular uptake of nanoparticles. Uptake of bare (A, B) and silica-coated (C, D) CoFe-MNPs was initiated upon the invagina-
tion of the plasma membrane (red arrows show MNPs). Some cells (B, C) still in the process of uptake at the plasma membrane. Some bare nano-
particles had already been internalized into the cells (E). Silica-coated MNPs were trapped inside the endosome (F). The scale bar is 200 nm for (A, B,
C, E), 2 pm for (F) and 100 nm for (D). Images were collected using TEM and a digital camera.

Fig. 6 Representative TEM microphotographs of MCF-10A cells treated with CoFe-MNPs. (A) Magnified images of bare CoFe-MNPs showed that
the cluster was composed of individual nanoparticles inside the endosome. (B) Image shows endosomes in cytosol that are loaded with silica-
coated CoFe-MNPs. The scale bar is 1 pm (A) and 2 um (B) and the magnified image has a scale bar of 200 nm.

To confirm the uptake of the bare and silica-coated CoFe-
MNPs by the cells, elemental analysis was employed by
ICP-OES according to the iron content of the cells treated with
various concentrations of MNPs. The iron concentrations per
cell (pg per cell) were correlated with the initial concentrations
of the MNPs used in the experiment, as seen in Fig. 8.

This journal is © The Royal Society of Chemistry 2016

It can be clearly seen both for cancerous and noncancerous
cells that the uptake of the silica-coated and bare CoFe-MNPs
increased as the concentrations of the MNPs incubated with
the cells were increased, that is, cellular uptake was a concen-
tration-dependent process. In addition, silica-coated CoFe-MNPs
were internalized significantly more than bare ones (p < 0.001).
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Fig. 7 Light microscopy images of MDA-MB-231 and MCF-10A cells that are stained with Prussian blue, followed by the counterstain nuclear fast
red. Light pink coloring of cytoplasm, dark pink coloring of nuclei and blue coloring of the iron core of the molecules were seen. The cells were
treated with bare or silica-coated CoFe-MNPs at concentrations of 125 pg mL™* for 24 h. The scale bar in the images is 200 pm.

600 -

400 -

200

Felcell (pg/cell)

62 125 250 500 62
Concentrations(pug/mL)

125 250

Il MDA-MB-231 Bare MNPs

Il MDA-MB-231 Silica coated MNPs
MCF-10A Bare MNPs

MCF-10A Silica coated MNPs

500

Fig. 8 ICP-OES measurements and comparison of intracellular uptake of bare and silica-coated CoFe-MNPs in MDA-MB-231 vs. MCF-10A cells for
24 h. The iron concentrations of untreated cells were used as background. *p < 0.05, **p < 0.01, ***p < 0.001.

When the uptake values of the cancerous and noncancerous cell
lines were compared, as observed in the TEM measurements,
there was a significant difference between them, and the differ-
ence became more significant at higher MNP concentrations.

As seen from Fig. 9, the uptake of CoFe-MNPs significantly
increased in the first 4 h, but the uptake rate gradually slowed
and reached a plateau at 8 h. The average uptake rates during
the first 4 h were calculated as 24 and 42 pg per cell per hour
for bare and silica-coated CoFe-MNPs in MCF-10A cells,
respectively, and as 165 and 191 pg per cell per hour for bare
and silica-coated MNPs in MDA-MB-231 cells, respectively.
Moreover, compared to the bare CoFe-MNPs, the silica-coated
ones exhibited a higher uptake rate and the number of inter-
nalized CoFe-MNPs was significantly higher for MDA-MB-231
cells than for MCF-10A cells.

To clarify the route responsible for the cellular uptake
of bare and silica-coated CoFe-MNPs, the cells were sub-

1656 | Toxicol Res., 2016, 5, 1649-1662

jected to inhibitors. As can be seen from Fig. 10, the
uptakes of the coated and bare CoFe-MNPs were signifi-
cantly reduced by 27.5% and 45.32% in the MDA-MB-231
cell line and by 23.35% and 31.38% in the MCF-10A cell
line at 4 °C, respectively, when compared to 37 °C (p <
0.001). Similarly, the metabolic inhibitors 0.45 M sucrose,
0.1% sodium azide, and 6 pg mL™" chlorpromazine signifi-
cantly prevented the delivery of the bare and coated CoFe-
MNPs into both cell lines when compared to the control
(p < 0.001).

Evaluation of cytotoxicity by XTT assay

The cytotoxic effects of the bare and silica-coated CoFe-MNPs
on MDA-MB-231 and MCF-10A cells were studied by using the
XTT assay, at a final concentration of 3000 pg mL ™.

The lowest ICs5, value was obtained in MDA-MB-231 cells
treated with bare CoFe-MNPs for 48 h, followed by those

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 ICP-OES measurements of intracellular uptake of bare and silica-coated CoFe-MNPs in MDA-MB-231 and MCF-10A cells after 2 h, 4 h, 8 h
and 24 h incubation. The iron concentrations of untreated cells were used as background.
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Fig. 10 Uptake of bare and silica-coated CoFe-MNPs at 4 °C, in the presence of different endocytic inhibitors, 0.45 M sucrose, 0.1% NaNz and
6 ug mL™* chlorpromazine, compared to controls at 37 °C in (A) MDA-MB-231, (B) MCF-10A cells. The iron concentrations of untreated cells were
used as background. *p < 0.05 vs. control, **p < 0.01 vs. control, ***p < 0.001 vs. control.

Table 2 IC50 values obtained on MDA-MB-231 and MCF-10A cells after exposure to bare and silica coated CoFe-MNPs

1C50 (pg mL™") 95% CI (confidence interval)

Particles CoFe-MNPs Exposure time (h) MDA-MB-231 95% CI MCF-10A 95% CI

Silica coated MNPs 4 1184 977 to 1436 2356 1719 to 3227
24 488 375 to 635 2076 1525 to 2826
48 633 518 to 775 2256 1581 to 3218

Bare MNPs 4 876 733 to 1046 1532 1164 to 2015
24 444 368 to 535 973 783 to 1210
48 322 261 to 397 1289 951 to 1749

treated for 24 h, as seen from Table 2. Treatment of both
MDA-MB-231 and MCF-10A cells with bare CoFe-MNPs caused
a strong reduction in viability, whereas the silica-coated CoFe-
MNPs showed only slight toxicity, regardless of the surface
charge. In general, MCF-10A cells were found to be more resist-
ant to both types of CoFe-MNP treatment compared to
MDA-MB-231 cells.

This journal is © The Royal Society of Chemistry 2016

MCF-10A cells did not exhibit cytotoxicity after exposure to
either bare or silica-coated CoFe-MNPs at low concentrations;
however, at the high concentration of 1500 pg mL ™, the viability
decreased with bare CoFe-MNPs at all three time points
(Table 2). Both bare and silica-coated CoFe-MNPs caused a dose-
dependent decrease in cell viability for all cell lines and for all
treatment durations (4, 24, 48 h) according to the XTT assay.

Toxicol. Res., 2016, 5, 1649-1662 | 1657


http://dx.doi.org/10.1039/c6tx00211k

Published on 06 September 2016. Downloaded by RSC Internal on 6/14/2018 1:36:42 PM.

Paper

Evaluation of genotoxicity by the alkaline comet assay

As seen in Fig. 11, bare CoFe-MNPs caused a concentration-
dependent increase in the tail moment as the measure of DNA
damage, which was statistically significant starting at a con-
centration of 62 pg mL™" (p < 0.001) for 4 h and at 15 ug mL™"
(p < 0.05) for 24 h. Treatment of the cells with silica-coated
CoFe-MNPs also caused a concentration-dependent increase in
the tail moment, but a statistically significant increase was
only found at 500 pg mL™" (p < 0.001) for 4 h and at 250 pg
mL™" (p < 0.05) for 24 h in MDA-MB-231 cells.
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The cell viability measurements with trypan blue assay
during the treatments exceeded 70% for all concentrations
and time points used for MDA-MB-231 cells, except at a con-
centration of 500 pg mL~" bare CoFe-MNPs for 24 h, in which
case the viability decreased below 70% (Fig. 11).

DNA damage was also found to be concentration-dependent
for MCF-10A cells treated both with bare and silica-coated
CoFe-MNPs for 4 and 24 h treatments (Fig. 12). A statistically
significant increase in the tail moment was calculated
throughout the concentration range of 125-500 pg mL™" for
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Fig. 11 DNA damage in MDA-MB-231 cells after 4 and 24 h of exposure to different concentrations of bare and silica-coated CoFe-MNPs vs. olive
tail moment (arbitrary units) and cell viability (%). *p < 0.05 vs. control, **p < 0.01 vs. control, ***p < 0.001 vs. control.
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Fig. 12 DNA damage in MCF-10A cells after 4 and 24 h of exposure to different concentrations of bare and silica-coated CoFe-MNPs vs. olive tail
moment (arbitrary units) and cell viability (%). Some of the concentrations (31-62 pg mL™) are not shown, as their effects were not significant.

*p < 0.05 vs. control, **p < 0.01 vs. control, ***p < 0.001 vs. control.
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both 4 and 24 h treatments with bare MNPs, but only at 500 pg
mL™" concentration and 24 h treatment for the silica-coated
ones (p < 0.001). Also, in MCF-10A cells, the DNA damage was
found to be lower compared to MDA-MB-231 cells. The cell via-
bility exceeded 70% for all concentrations and time points
used for MCF-10A cells (Fig. 12).

Evaluation of the genotoxicity by cytokinesis-blocked
micronucleus (CBMN) assay

MDA-MB-231 cells treated with either bare or silica-coated
CoFe-MNPs showed a concentration-dependent increase in the
MN frequency (%o) as the measure of genotoxicity, which was
statistically significant starting at 31 pg mL™ (p < 0.01) in
4 and 24 h treatments for bare CoFe-MNPs. The silica-coated
CoFe-MNPs caused a significant increase at 500 pg mL™" con-
centration (p < 0.001) for 4 h and at concentrations of
250 pg mL ™" and 500 ug mL ™" (p < 0.001) for 24 h incubations.
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The results are given in Fig. 13. There was no statistically
significant difference in the cytokinesis-blocked proliferation
index (CBPI) among the treatments.

As seen in Fig. 14, MCF-10A cells treated with bare or silica-
coated CoFe-MNPs also showed a concentration-dependent
increase in the MN frequency (%o), which was statistically sig-
nificant starting at 125 pg mL™"' (p < 0.01) in 4 h treatment
and at 62 pg mL™" (p < 0.01) in 24 h treatment with bare CoFe-
MNPs. In contrast, there was no statistically significant MN
induction below the concentration of 250 pug mL™" for the
silica-coated CoFe-MNPs in MCF-10A (p < 0.001) for 4 and 24 h
treatments. The MN frequency (%o) in the bare-MNP-treated
MCF-10A cells was higher than in those treated with the
coated ones. Also, MN formation in MDA-MB-231 cells was
higher than in MCF-10A cells for both 4 and 24 h treatments.

Moreover, a linear correlation was observed between the
comet tail moment (DNA damage) and the MN frequency in
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Fig. 13 Micronucleus (MN) frequency (%.) of MDA-MB-231 cells treated

with bare and silica-coated CoFe-MNPs showing binucleated cell and CBPI

(cytokinesis-blocked proliferation index). The data represent 2000 binucleated cells for MDA-MB-231. *p < 0.05 vs. control, **p < 0.01 vs. control,

***p < 0.001 vs. control.
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Fig. 14 Micronucleus (MN) frequency (%.) of MCF-10A cells treated with bare and silica-coated CoFe-MNPs showing binucleated cell and CBPI
(cytokinesis-blocked proliferation index). The concentration 31 ug mL=* is not given in this figure, as its effect was not significant. The data represent
2000 binucleated cells for MCF-10A. *p < 0.05 vs. control, **p < 0.01 vs. control, ***p < 0.001 vs. control.
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Fig. 15 Correlation between comet tail moment and MN frequency in (A) MDA-MB-231 and (B) MCF-10A cells after 4 and 24 h exposure to 15, 32,

125 and 500 pug mL™* of bare and silica-coated CoFe-MNPs.

MDA-MB-231 and MCF-10A cells after 4 h and 24 h exposure to
15, 32, 125 and 500 pg mL™" of bare and silica-coated CoFe-
MNPs (Fig. 15). Taken together, the correlation analysis
between the overall MN frequency and the tail moment
suggests that the MN assay and the comet assay have similar
accuracy and precision for the genotoxicity assessment of
CoFe-MNPs in both cells.

Discussion

In this study, bare and silica-coated CoFe-MNPs were prepared
and characterized, and then their cellular uptake, cytotoxicity
and genotoxicity were evaluated in both cancerous and non-
cancerous human breast cell lines in order to understand how
these nanomaterials interact with living systems.

The characterization of NPs is essential for toxicity studies
in terms of size and surface reactivity in biological
systems.">** Accordingly, the size range of the CoFe-MNPs was
smaller than 200 nm, which can be assumed as quite suitable
for biomedical applications.*® All the CoFe-MNPs acquired a
negatively charged surface. The absolute values of the zeta
potentials were decreased to some extent when they were dis-
persed in the complete medium, revealing the adsorption of
serum proteins which were less negatively charged at physio-
logical conditions. In the culture media, the CoFe-MNPs were
more stable and the serum proteins stabilized the particles by
preventing strong aggregation.

It is also crucial to study NP uptake into the cell and to
correlate it with the cellular response, which could also be
linked to toxicity. Our studies revealed a clear relationship
between the NP uptake and the incubation time. The cellular
uptake and potential-saturated accumulation of both types of
CoFe-MNPs were cell- and time-dependent. According to our
results, the highest iron content, representing internalized
CoFe-MNPs, was measured in cancerous MDA-MB-231 cells.
Also, other studies have found that cancerous cells were more

1660 | Toxicol Res., 2016, 5, 1649-1662

prone to the internalization of MNPs compared to noncancer-
ous cells.** The reason is that cancerous cells show more
capacity for endocytosis compared to normal cells because of
their metabolic activity.>> The TEM images demonstrated that
the MNPs were localized in the cytoplasm, both for bare and
silica-coated MNPs, while the nuclear membranes of the cells
were still intact.

Our results also demonstrated that the uptake of CoFe-
MNPs into the cells required an appropriate temperature.
Several proteins and enzymes are sensitive to temperature, and
they are inhibited at low temperatures.’®?” Exposure of the
cells to MNPs in the presence of other metabolic inhibitors at
4 °C resulted, as expected, in a very strong inhibition of endo-
cytosis and the internalization of CoFe-MNPs in both cell
lines. Further results clearly showed that the CoFe-MNPs
entered into the cells in an energy-dependent manner. Hence,
endocytic pathways including macropinocytosis and clathrin-
mediated endocytosis are possible as the predominant uptake
mechanisms for both bare and silica-coated CoFe-MNPs.

The promising outcome of the cytotoxicity studies revealed
that cancerous cells and bare MNPs were more vulnerable to
toxicity compared to noncancerous cells and silica-coated
MNPs, respectively. Similarly, in a previous study, high cyto-
toxicity was observed in the fast-growing human lung cancer
cells (A549) compared to the slower-proliferating human
dermal fibroblasts (HDFs).>® In our study, the cytotoxicity of
the CoFe-MNPs was found to be decreased by surface coating,
which was in concordance with the scientific literature.'®*’
Bregar et al. reported that polyacrylic acid (PAA)-coated CoFe-
MNPs did not exhibit cytotoxicity for short-term exposure.*®
Additionally, Lee et al. observed that silica-coated functiona-
lized cobalt ferrite MNPs had lower in vivo and in vitro cyto-
toxicity compared to the bare MNPs."°

Genotoxicity as an intermediate step of carcinogenesis has
a diagnostic utility for hazard identification via genotoxicity
testing methods. It is a prerequisite to use validated and stan-
dardized genotoxicity assays for newly developed or syn-
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thesized diverse arrays of NPs in order to determine their tox-
icity profiles.*® For NPs, primary (direct contact with DNA and
indirect contact with the genetic material, ie. via reactive
oxygen species (ROS) generation) and secondary (inflam-
mation-mediated) genotoxicity mechanisms are prevalent.'>*!
Importantly, there is no genotoxicity study on CoFe-MNPs in
the scientific literature. Thus, in this study, as a valuable con-
tribution to MNP research, the in vitro genotoxicity of bare and
silica-coated CoFe-MNPs was also evaluated for the first time by
the in vitro cytokinesis-blocked micronucleus (CBMN) method
and comet assay in both cancerous and noncancerous breast
cell lines. In the mechanistic toxicity assessment of NPs, in vitro
micronucleus assay and comet assay are used as valuable tools.
In vitro micronucleus assay has been validated and appears in
the OECD guidelines with the capability of reflecting clastogenic
and aneugenic chromosomal anomalies.*”

The comet assay, which we have used in parallel to the
in vitro CBMN assay, is a sensitive method for detecting DNA
strand breaks at the level of individual cells, by detecting many
types of DNA damage, such as strand breaks, alkali labile sites,
and incomplete excision repair sites.*” Since NPs have a large
surface area to mass ratio, they are highly reactive for adsorb-
ing or releasing free radicals, which can cause DNA damage,*!
and these damages can be detected by the comet assay.

Both of the genotoxicity assays revealed similar results for
the CoFe-MNPs even though they use different mechanisms to
assess the genotoxicity. The micronucleus frequency and DNA
damage in all cells were found to be increased by treatment
with both bare and coated CoFe-MNPs in a concentration-
dependent manner at non-cytotoxic concentrations. According
to our results, bare CoFe-MNPs caused more cytotoxicity com-
pared to silica-coated ones. Also, cancerous cells were more
vulnerable to the genotoxic effects of the NPs. One reason is
that noncancerous and cancerous cells have different toler-
ances to the same NPs depending on time and concentration.
Cancer cells show increased oxidative stress due to oncogenic
stimulation, high metabolic activity and mitochondrial
dysfunction. These effects lead to DNA damage in cells which
cannot be quickly repaired, causing gene instability, which
may be triggered by nanoparticles.”> Even though the cellular
uptake of the silica-coated CoFe-MNPs was higher than that of
the bare ones, the higher genotoxicity of the bare CoFe-MNPs
could be explained by the reactive surface effect of the bare
MNPs. The modification of the MNP surface through the silica
layer provides an additional protective coating, which reduces
their toxicity and improves their biocompatibility. This
strengthens the degradation process of the cobalt/iron core of
the MNPs due to the acidic lysosomal environment. The
results of this study suggest that silica-coated CoFe-MNPs can
be safely and effectively used as nanocarriers for biomedical
applications such as gene or drug delivery agents with effective
uptake, especially into cancerous cells. In conclusion, for
assessing the potential toxicity of different MNPs, the cell
types, culture conditions, and surface modifications are very
important. The results of international research suggest that
each species of NPs should be considered as a different

This journal is © The Royal Society of Chemistry 2016
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entity’’ and a case-by-case’® approach should be used for
hazard identification. In that respect, our results will contri-
bute new data on CoFe-MNP-induced cytotoxicity, especially
genotoxic effects, as there is no available data in the literature.
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