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Nanocrystalline magnesium ferrites (MgFe,O,) were produced with an average grain size of about 20 nm. Their structural, morpho-
logical, and magnetic characterizations were studied. The cytotoxic effects of MgFe, O, nanoparticles in various concentrations (25,
50,100, 200, 400, and 800 yg/mL) against MCF-7 human breast cancer cells were analyzed. MTT assay findings suggest the increased
accumulation of apoptotic bodies with the increasing concentration of MgFe, O, nanoparticles in a dose-dependent manner. Flow
cytometry analysis shows that MgFe, O, nanoparticles in 800 ¢g/mL concentration are more cytotoxic compared to vehicle-treated

MCEF-7 cells and suggests their potential utility as a drug carrier in the treatment of cancer.

1. Introduction

Recent research interests on spinel ferrites are due to their
unique optical, electrical, and magnetic properties. These
characteristics are strongly dependent on their size, shape,
and dispersion [1]. Study of spinel ferrite MFe,O, (where M
= Fe, Mn, Zn, Co, Mg, Cu, Ni) nanoparticles has great sig-
nificance in modern technologies such as contrast enhance-
ment of magnetic resonance imaging, high density data
storage, and magnetic carriers for site-specific drugs delivery
[2]. Amongst the spinel ferrite families, magnesium ferrite
(MgFe,0,) is a soft magnetic n-type semiconducting mate-
rial [3, 4].

The spinel ferrite particles synthesized by solid-state
methods show an assembly of irregular shapes and agglom-
erations [5, 6]. A wide variety of methods are being used
to synthesize spinel ferrite nanoparticles including gas con-
densation, rapid solidification, electrodeposition, sputtering,
crystallization of amorphous phases, wet-chemical meth-
ods like coprecipitation, hydrothermal, sonochemical reac-
tions, sol-gel method, combustion, reverse micelle tech-
nique, hydrothermal route, microemulsion, and mechanical

attrition-ball milling [7-17]. The synthesis method plays a
very important role on the physical, chemical, structural,
and magnetic properties of a spinel ferrite. In the present
investigation, MgFe, O, nanoparticles are synthesized by the
microemulsion technique due to its advantages over other
methods like easy control of particle size and overall homo-
geneity. In most research reports, synthesis techniques aim to
limit the size of the nanoparticle to below 30 nm and to have
uniform-size distribution. These nanoparticles have extensive
applications in drug delivery systems and especially in cancer
therapies [18].

Breast cancer is one of the most common cancers among
females worldwide and especially in Asia. Cancer can occur
due to an uncontrolled cell proliferation or a reduction
in cell death or both. The present treatments in cancer
therapy including surgery, radiation, photodynamic therapy,
and conventional chemotherapy have severe limitations; for
example, they can affect all the cells in the body [19, 20]. In
this regard, nanosized particles with their size comparable to
that of biological structures are very smart materials for the
manipulation, sensing, and detection of biological systems
[21, 22]. Recent progress in utilizing inorganic nanoparticles



for biomedical applications has received more attention due
to their pronounced applications [23-25]. The toxicity of
nanoparticles towards diseased cells would create a new
criterion for the development of their potential applications
in the field of medicine [26]. There are evidential reports
available in the literature demonstrating the antimicrobial
and anticancer activities of silver, gold, ZnO, and TiO,
nanoparticles [27-30]. Previous reports show that the consid-
erable antibacterial activity of magnesium-based nanoparti-
cles is attributed to the generation of reactive oxygen species
[31, 32]. Even though MgFe,O, nanoparticles serve as a
potential agent and are used in several biological applications,
their toxicity towards cancer cells is not heavily researched.
Ge et al. reported the cytotoxicity of magnesium-based
nanoparticles towards human umbilical vein endothelial
cells [33]. Sun et al. examined the cytotoxicity of several
metal oxide nanoparticles on human cardiac microvascular
endothelial cells [34]. Lai et al. reported that magnesium
oxide nanoparticle possesses less cytotoxic effects against
human astrocytoma U87 cells [35]. More recently, Di et
al. reported the promising application of magnesium-based
nanoparticle in nanocryosurgery for tumor treatment [36].
Hence, the toxicity of MgFe, O, nanoparticles towards cancer
cells remains an area of potential interest. In the present study;,
MgFe,O, nanoparticles are synthesized by microemulsion
technique. The size, structure, morphology, and magnetic
properties of the resultant ferrite powder are examined. The
cytotoxic effect of the samples against human breast cancer
cells is investigated in order to realize the goal of transforming
cancer cell populations which will be useful for the cancer
treatment in real time.

2. Experimental Techniques

2.1. Nanopowder Synthesis. Magnesium nitrate and ferric
nitrate in the stoichiometric ratio of MgFe, O, were dissolved
in distilled water to form an aqueous solution. To obtain
the main phase, cetyltrimethylammonium bromide (CTAB)
was used as a surfactant and 1-Butanol as cosurfactant. They
were mixed with the oil n-octane and continuously stirred
to get a clear solution. The aqueous solution of nitrates was
added to this clear solution. Tiny water droplets estimated
to be 20 nm were observed in the oil. The size of the water
droplets could be controlled by the molar ratio of water to
surfactant [37]. Reduction agent sodium borohydrate was
added to the mixture drop by drop under vigorous stirring
to get a black precipitate. The liquid mixture was stirred
for 10 minutes, centrifuged, and washed by ethanol several
times to remove the surfactant and oil. The precursor was
then heated at 150°C in a hot air oven for 24 hours. The
structure analysis of the calcined samples was identified using
an X-ray diffractometer (Phillips Expert ProPW3040) using
Cu-K, radiation in a wide range of 20 (10 < 20 < 80).
The particle morphology observation of the specimens was
performed using a transmission electron microscope (TEM).
The magnetic characteristics of the specimen were measured
at room temperature using a vibrating sample magnetometer
(VSM) (VSMmodelLDJ9600).
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2.2. MTT 3-(4,5-Dimethyl Thaiazol-2-ve)-2-5-diphenyl Tetra-
zolium Bromide Assay. Cells were grown in 96-well micro-
titer plates (1 x 10* cells/well) containing Dulbecco’s Mod-
ified Eagle Medium (DMEM) and incubated for 24h in
the presence of various concentrations of MgFe,O, nano-
particles. After the incubation, the medium was removed
and 25 uL of the MTT (5mg of MTT dissolved in 1mL of
phosphate-buffered saline) and 175 uL of fresh medium were
added to each well. The plates were incubated for a further
4h at 37°C under 5% CO, in a humidified incubator. After
incubation, the medium was removed from all the wells.
The formazan crystals that formed were then solubilized in
200 uLs of dimethyl sulfoxide (DMSO). The colored solution
was quantified at 575 nm using a microplate reader. The cell
viability was determined as percent of the control. Each
condition was performed in triplicate wells and data were
obtained from at least 3 separate experiments.

2.3. Trypan Blue Exclusion Test. Cell viability was determined
by the trypan blue exclusion test after cells were harvested
with designated treatments in different concentration of
MgFe, O, nanoparticles using trypan blue. Equal amounts
of cell suspension and 0.4% trypan blue were mixed for 1-
2min and 10 microliter of the mixture was taken to the
hemocytometer and the cells were counted in all the four
fields under a light microscope.

2.4. Acridine Orange/Propidium Iodine (AO/PI) Staining.
Apoptosis induced by treating with various concentrations
of MgFe, O, nanoparticles was assayed using AO/PI (Sigma-
Aldrich). Cells were incubated with various concentrations
of MgFe,O, nanoparticles for 24h in 6-well tissue culture
plates. The cells were washed with phosphate buffer saline
(PBS) after removing the media. Fresh media were added in
each well and the cells were stained for 10 min by adding
10 uL of AO/PI mix (10mgmL ™" AO and 10 mgmL™" PI in
PBS). The cells were washed with PBS and observed under
a fluorescence microscope (Nikon ECLIPSE, TS100, Tokyo)
with an excitation filter of 480/30 nm.

2.5. Annexin V-PI Staining. To determine the induction of
apoptosis in magnesium ferrite nanoparticle treated MCEF-
7 cells, FITC-labeled annexin V staining (FITC Annexin
V Apoptosis Detection Kit, BD Pharmingen, NJ) was per-
formed. The cells were treated with various concentrations
of MgFe,O, nanoparticle for 24 h and stained as per manu-
facturer’s instructions. Simultaneously, the cells were stained
with PI to differentiate the necrotic cells from the apoptotic
cells. The stained cells were analyzed using FACSCalibur
(BD Biosciences, NJ, USA) flow cytometer, and Cell Quest
Prosoftware.

3. Result and Discussions

3.1. Thermal Study. Figurel shows the thermogravimetric
analysis (TGA) curve of the magnesium ferrite precursor
examined from room temperature to 1,200°C in air with
a heating rate of 10°C per minute. The study of mass loss
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FIGURE 1: TGA curve of magnesium ferrite gel heated at a rate of
10°C/min in air.

of the sample with the temperature increase is useful in
determining the absorbtion of water, sample purity, carbonate
content, removal of organic impurity, and the decomposi-
tion reactions. The decomposition process consists of three
regions. They are 50-150°C, 150-220°C, and 220-400°C. The
initial weight loss from 28 to 150°C is due to the removal of
physically adsorbed water [38]. The second weight loss in the
temperature range of 150-220°C is due to the dehydration of
OH group in NO;~ constituent, the oxidation of complexes,
and formation of semiorganic carbon metal/metal oxide [39,
40]. The third stage of weight loss occurs between 220 and
400°C. This is due to the formation of equivalent metal oxides
and the spinel phase [41, 42]. There is no weight loss observed
above 400°C. This indicates the formation of pure magnesium
ferrite. The net weight loss is found to be 42.77% in the
temperature range of 30 to 1200°C and the maximum weight
loss takes place before 200°C.

3.2. Structural Studies. Figure 2 shows XRD pattern of mag-
nesium ferrite powder heat treated at 150°C for 24 hours.
The diffraction peaks agree with the international standard
diffraction data card, JCPDS number 89-4924, and provide
a clear evidence of MgFe,O, formation. This indicates the
existence of a cubic spinel structure. The most intense
reflections observed at 260 values of 35.56, 43.09, 53.58, 57.21,
62.69, and 74.57 are assigned to (220), (311), (400), (422), (511),
(440), and (533) planes of cubic spinel structure. This lattice
parameter is determined to be 8.366 A. The line broadening
of the X-ray diffraction pattern gives a clear evidence for the
nanometer range of the synthesized powder.

3.3. Morphological Analysis. MgFe,O, particles generally
have spherical shape with smooth surfaces with a narrow size
distribution. Figure 3 shows the typical TEM images of cal-
cined MgFe, O, powder. It can be seen from the TEM image
that the particles are spherical in shape with uniform size dis-
tribution. The size of these particles is controllable to 20 nm in
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FIGURE 2: XRD pattern of magnesium ferrite powder calcined at
150°C for 24 hours.

FIGURE 3: Particle morphology of magnesium ferrite powder heat
treated at 150°C for 24 hours.

diameter. This is in good agreement with the size determined
by Scherrer’s formula from X-ray diffraction studies.

3.4. FTIR Spectra. The transmittance spectra of the sample
calcined at 150°C for 24 h are presented in Figure 4. The band
observed at 3446cm™" is due to the symmetric stretching
vibrations of O-H groups and the bands at 1638 and 1121 cm ™"
are attributed to the symmetric stretching vibrations of
hydrogen-bonded surface water molecules [43], which indi-
cate the absorbed or free water presence in the samples [44].
These vibrations confirm the fact that hydroxyl groups are
still reserved in the samples and are not entirely removed
even after the samples were calcined at 200°C [45]. The
characteristic band at 1380 cm™" is ascribed to the symmetric
vibration of NO,~ group. The sharp band at 997 cm™ is
more significant in Mg-based ferrite [46]. The absorption
peaks corresponding to 997 and 710 cm ™" are related to the
presence of Fe ions in ferrites [47]. Generally, the metal oxide

vibrations occur below 1000/cm. The band around 475 cm™!
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FIGURE 4: FT-IR spectra of magnesium ferrite powder calcined at
150°C for 24 h.
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FIGURE 5: Hysteresis curve of sample heat treated at 150°C for 24 h.

ascribed to the intrinsic vibration of octahedral sites, typical
to spinel structure characteristics, confirms that the samples
prepared are spinel in structure [48-50].

3.5. Magnetic Measurements. Magnetic hysteresis curve of
MgFe, O, powder measured by the vibrating sample magne-
tometer at room temperature is shown in Figure 5. From this
graph it is observed that the sample exhibits ferromagnetic
behavior at room temperature [51]. The value of maximum
saturation magnetization as found from hysteresis loop is
40 Am*/kg. This value is lower than that reported for the bulk
nickel ferrite but it is higher than the reported values for bulk
MgFe,O, and CuFe,O, [5, 52]. This ferrite powder exhibits
a coercivity value of 112 Gauss. Structural and magnetic
properties of spinel ferrites are believed to be dependent on
several factors including the method of preparation, chemical
composition, particles size, shape, magnetization direction,
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FIGURE 6: Effect of MgFe,O, on growth of breast cancer cell lines
MCE-7. Cells are seeded in 96-well plates and incubated with dif-
ferent concentrations of MgFe,O, and noted after 24 h maintaining
at 37°C. Cell viabilities are determined by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Data points are
presented as means + SD of triplicate experiments.

and crystallinity [53, 54]. In addition, the hysteresis loops
showed that M is not saturated, which indicates the existence
of surface spin disorder of nanoparticles [53].

3.6. Cytotoxicity and Induction of Apoptosis by MgFe,O,.
Human breast epithelial MCF-7 cells were exposed to
MgFe, O, nanoparticles at the concentrations of 25, 50, 100,
200, 400, and 800 ug/mL for 24h and cytotoxicity was
determined using MTT assays. The cell viability in MTT
assay significantly reduced to 95%, 94%, 91%, 72%, 50%, and
34% for the concentrations of 25, 50, 100, 200, 400, and
800 pg/mL, respectively (P < 0.05). The variation of cell
viabilities with respect to MgFe,O, concentration is shown
in Figure 6. This variation is also supported by the previous
experimental results in which the magnesium nanoparticle
shows toxicity at only higher concentrations [33, 55].

The MCEF-7 cells were preferentially selected for the
toxicity analysis induced by magnesium ferrite nanoparticles
to provide insights to breast cancer investigations. The MCF-
7 cells treated with various concentrations of MgFe,O,
nanoparticles were examined by fluorescence microscopy
after AO/PI staining. The magnetic nanoparticles induced
apoptosis. The structural and morphological changes of
the cells were studied. In general, morphological changes,
such as cell shrinkage and condensed and fragmented chro-
matin, are associated with apoptotic cell death [56]. Figure 7
shows the AO/PI staining results obtained using fluorescence
microscopy. As seen in Figure 7, control cells do not show any
apoptotic bodies. The cells treated with increasing concentra-
tions of MgFe,O, nanoparticle show a progressive accumu-
lation of the apoptotic bodies in a dose-dependent manner.

The apoptotic cell death in MCEF-7 cells induced by
MgFe,O, nanoparticle was confirmed and subsequently
quantified by flow cytometric analysis. Early apoptotic cells
can easily be identified by green fluorescence of FITC-conju-
gated annexin V; as annexin V has a high affinity toward phos-
phatidyl serine (PS) residues which are externalized from
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FIGURE 7: Morphological assessment of MCF-7 cells stained with acridine orange (green) and propidium iodine (red). Cells are incubated
with or without MgFe, O, at various concentrations for 24 h. Cells with intact membrane and stained green indicate viable cells; cells that are
stained orange represent secondary necrotic or late apoptotic cells containing fragmented DNA (magnification 100x, scale bar 100 ym).
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FIGURE 8: Flow cytometry analysis of untreated and treated MCF-7
cells with MgFe, O, for 24 h stained with Annexin V-FITC/PI. Each
bar represents the population of viable, apoptotic, and necrotic cells
of three independent experiments.

inner to outer leaflet of the plasma membrane during early
stages of apoptosis [57, 58]. Figure 8 shows the results of
flow cytometric analysis of FITC-annexin V-PI stained MCF-
7 cells treated with different concentrations of magnesium
ferrite. The percentages of apoptotic and necrotic population

in treated and untreated cells were calculated from the
flow cytometric data and the results clearly show the dose-
dependent reduction in cell viability of MCF-7 cells in the
presence of MgFe,O,. Most importantly, the apoptotic and
necrotic population in MCF-7 cells increased by 37%, 58%,
and 81% in presence of 200, 400, and 800 pug/mL of MgFe,O,,
respectively. The results of flow cytometric analysis clearly
establish the efficient induction of apoptotic and necrotic
cell death in MCF-7 cells by MgFe,O, (Figure 8). While
necrosis is a form of cell death resulting from direct cell
damage, apoptosis is a form of cell programmed cell death
where one or more cells effectively commit suicide [59]. Our
study demonstrated the simultaneous visualization of viable,
necrotic, and apoptotic cells in any given sample suggesting
that MgFe, O, nanoparticle induces apoptosis and necrosis in
a dose-dependent manner. In the present case, the observed
cytotoxic effects are more difficult to diagnose but are possibly
due to free radical generation through Fenton and/or Haber-
Weiss reactions whose effects only become noticeable at
higher intracellular concentrations of iron [60]. The morpho-
logical changes in the cells may be due to cytotoxicological
and phenotypic effects of magnesium oxide internalization.
This may have drastically impeded transcriptional regulation
and protein synthesis resulting in loss of cell phenotype and
possibly cell death. In order to evaluate these possibilities,
further studies into the physiochemical basis of the observed
MgFe, O, cytotoxicity are necessary.



4. Conclusions

MgFe,O, nanoparticles were successfully synthesized by the
microemulsion technique. XRD analysis reveals that the
synthesized samples have a single cubic spinel phase without
trace of any impurity. The size of the MgFe,O, powder,
as observed from TEM image, is controllable to 20 nm in
diameter. The FTIR pattern confirms the characteristic peaks
of ferrite system. The hysteresis loop exhibits ferromagnetic
behavior. The toxicity of MgFe,O, nanoparticles towards
MCEF-7 human breast cancer cells was demonstrated. The cell
death was observed by apoptosis and necrosis and the cyto-
toxicity results show dose-dependent toxicity of MgFe,O,
nanoparticles toward cancer cells. These findings reveal the
potential utility of MgFe,O, nanoparticles in cancer therapy
due to their toxicity towards MCF-7 cells.
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