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The reduction in the size of iron oxide nanoparti-
cles causes an increase in their surface-to-volume 
ratio. The large surface area of magnetic nanoparti-
cles dramatically changes their magnetic properties. 
Iron oxide nanoparticles smaller than 30 nm can be 
considered to have a single magnetic domain. They 
exhibit superparamagnetic properties and are hence 
called superparamagnetic iron oxide nanoparticles 
(SPIONs). SPIONs exhibit extraordinary magnetic 
properties in the presence of an external magnetic 
field; they quickly reach magnetic saturation and do 
not retain any magnetism after the external magnetic 
field has been removed. This property prevents them 

from accumulating in the capillaries and causing 
blockage [1]. The attractive properties of SPIONs 
such as super-paramagnetic, high-field irreversibil-
ity, and high saturation field have made them ideal 
candidates for biomedical applications such as con-
trast agents for magnetic resonance imaging (MRI), 
targeted drug delivery in tumor therapy [2, 3] and 
hyperthermia [4], controlled release of drugs [5], and 
targeting gene delivery or magnetofection [6, 7].
Cancer is a group of diseases characterized by un-
controlled cell growth and the possibility of metasta-
sis [8]. Breast cancer has the highest mortality after 
lung cancer worldwide and is the most common-
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cause of death in American females [8]. The patients 
with metastatic breast cancer are classified based on 
receptor status of progesterone and estrogen recep-
tors (PR/ER) and human epidermal growth factor re-
ceptor 2 (HER2), which is also known as the breast 
cancer pre-diagnosis indicator. A clinical assessment 
of these indicators may take several months to up 
to several years [9]. Metastatic tumors with nega-
tive ER/PR and negative HER2 are considered tri-
ple negative. About 13% of all breast cancers are 
triple negative which are often reversible after pri-
mary treatment and susceptible to further progress. 
Therefore, hormonal therapy involving tamoxifen 
and aromatase inhibitors is not effective in such pa-
tients [10]. Some studies have shown that only 40% 
of the metastatic tumors with PR/ER receptors re-
spond to medicines such as tamoxifen. Among them, 
most of the patients develop drug resistance during 
the treatment process, which makes successful treat-
ment difficult [11, 12]. Therefore, developing other 
treatments that do not depend on cell receptors such 
as those using magnetic and electromagnetic fields 
(EMFs) can be useful to treat this type of cancer.
When creating a static magnetic field, the electric 
current direction does not change with time, whereas 
creating an EMF changes the electric current direc-
tion in a wire tube with time. Extremely low-frequen-
cy magnetic field (ELMF) is the type of EMF with a 
frequency range from 50 to 60 Hz. ELMF is known 
to induce a weak electric current in the human body. 
ELMF does not have sufficient energy to break DNA 
molecules and is therefore known as “nonionizing ra-
diation.” However, ELMF affects biomolecules such 
as the DNA by increasing the number of reactive 
oxygen species [13], which affect signal transduc-
tion pathways, cell cycle, and gene expression, and 
eventually cause apoptosis. Moreover, ELMF causes 
distortion of chemical bonds imposes a force on ions 
and small ligands, causes conformational changes in 
membrane proteins, and causes the export of ions es-
pecially calcium ions from the cells [14, 15]. 
 EMF can be used as a co-treatment in cancer ther-
apy. A combination of EMF and gamma radiation 
was found to significantly reduce tumor growth and 
vascularization in human breast cancer cells [16]. 
EMF is also used in magnetic hyperthermia in com-
bination with magnetic nanoparticles. In this meth-
od, SPIONs are injected in the form of a ferrofluid 
into the target cells; then, the EMF in the megahertz 
range is applied to the cells or the target tissue [17]. 
SPIONs absorb the force of the EMF and convert it 
into heat by increasing internal vibrations as a result 
of hysteresis and relaxation losses [18]. However, 

the risk of local overheating and subsequent damage 
to normal tissues is the main challenge concerning 
magnetic hyperthermia [19]. An alternative method 
that may help solve this challenge is the application 
of low-frequency EMF (50 Hz) and using SPIONs 
for longer intervals simultaneously. In other words, 
we hypothesize that decreasing EMF frequencies (up 
to 50 Hz) and increasing EMF exposure in the pres-
ence of SPIONs can induce death in cancer cells. 
 The present study investigated the ability of a 50-Hz 
EMF and SPIONs to induce death in MCF-7 breast 
cancer cells. For this, superparamagnetic nanopar-
ticles were synthesized and characterized, and their 
structural and functional characteristics were exam-
ined. Thereafter, the mortality of MCF-7 breast can-
cer cells treated with various concentrations of SPI-
ONs in the presence and absence of a 50-Hz EMF at 
different time exposure was studied. 

METHODS

Synthesis of Fe3O4 Nanoparticles
Ferrous chloride (FeCl2.4H2O) and ferric chloride 
(FeCl3. 6H2O) of 99% purity were purchased from 
Merck Company (Germany). Magnetic nanoparti-
cles were synthesized by the co-precipitation meth-
od. The reaction was conducted in the presence of 
N2 and absence of O2 to prevent oxidation. Initially, 
4 mmol FeCl3.6H2O and 2 mmol FeCl2.4H2O were 
dissolved in 40 mL deionized water. While the solu-
tion was stirred using a mechanical stirrer vigorous-
ly, 25% ammonia solution was added dropwise un-
til the solution reached the pH value of 11. Stirring 
was continued for 1 h at 70°C in the presence of N2. 
Then, the solution was cooled at room temperature, 
sediments were separated using a permanent magnet 
and washed several times with deionized water and 
ethanol until reached a neutral pH. Finally, the pre-
cipitate of the magnetic nanoparticles was washed 
with acetone and dried at 60 to 70ΩC in an oven. The 
nanoparticle-forming reaction is shown in Equation 
1 [20].

 2 3
3 4 2Fe  2 Fe 8 OH Fe O  4 H O+ + −+ + → +               (1) 

Characteristics and Morphology of the Nanopar-
ticles
After synthesizing the nanoparticles, the hydrodynam-
ic distribution of the particles was assessed by dynam-
ic light scattering (DLS). First, the particles were sus-
pended in deionized water and sonicated by using an 
ultrasonic bath for 30 min. Then, the nanoparticles 
were prepared at  final concentration of 10 μg/mL 
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and nanoparticle size distribution was analyzed with 
Zetasizer Nano ZS instrument (Malvern Instruments 
Ltd, Malvern, Worcestershire, UK , Results obtained 
from DLS showed that the average size of particles  
were suitable  and the hydrodynamic size was about 
32 nm (Figure 1a). Transmission electron microsco-
py (TEM)—a powerful instrument to examine the 
structure, composition, and properties of nanoparti-
cles—was used to determine the shape and size of 
the nanoparticles. TEM images of the nanoparticles 
showed that the particles were spherical and about 
10 nm in size (Figure 2). The results also showed 
that the synthesized particles were super-paramag-
netic in nature.
The crystal structure of nanoparticles was examined 
by X-ray diffraction (XRD). As shown in Figure 
3, the XRD patterns indicated seven characteristic 
peaks at 2θ equal to 21.5°, 35.4°, 41.7°, 50.9°, 63.7°, 
68.0°, and 75.1°, which corresponded to the Miller 
indices values {hkl} of {111}, {220}, {311}, {400}, 
{422}, {511}, and {440} of Fe3O4 nanoparticles, 
respectively. These results revealed that the crystal 
structures of the synthesized nanoparticles fully cor-
related with those of Fe3O4 nanoparticles. 
Magnetic Behavior of Nanoparticles 
The magnetic behavior of the synthesized SPIONs 
was examined by using a vibrating sample magne-
tometer (VSM) and its results in 298 K and 1Ω104 
Oe as shown in Figure 4. The magnetic hysteresis 
loop was entirely reversible, which proved its super-
paramagnetic characteristic. In other words, by in-
creasing the intensity of the external magnetic field, 
the magnetization in these particles increased, and 
after the removal of the external magnetic field, a 

decrease in magnetization occurred precisely via 
the same pathway and completely lost its magnetic 
property. Therefore, it is expected to maintain the 
colloidal stability of the particles and prevent their 
accumulation and bonding in the absence of external 
magnetic field [21, 22].

Cell Culture
The human breast cancer cell line MCF-7 was pur-
chased from Iran Pasture Institute and cultured at 
37°C, 5% CO2 in the Dulbecco›s Modified Eagle›s 
Medium (DMEM) medium supplemented with 10% 
fetal bovine serum (FBS), 100 U/mL of penicillin, 
and 100 mg/mL of streptomycin. The cells were 
grown until they reached 70% to 80% confluency. 
The cells were then re-passaged every three or four 
days at a ratio of 1:2 and 1:3 using 0.25% trypsin 
(Invitrogen LT, Merelbeke, Belgium). Thereafter, the 
cells were frozen in the DMEM environment with 
93% FBS and 7% dimethyl sulfoxide (DMSO MER-
CK, Darmstadt, Germany).

Low-Frequency Magnetic Field Device
Exposure to ELMF was performed using a locally 
designed ELMF generator. The magnetic field gen-
erator consisted of two coils connected to the urban 
electrical power (220 V, 50 Hz). The coils were built 
using a 3-mm diameter wire that was resistant to heat 
to up to 200 °C. Wire length in each coil was about 1 
km and each coil weighed approximately 40 kg. The 
coils had a total resistance of 3 Ω and an inductance 
of 2 H. The intensity of the magnetic field created 
around the coil varied, and the highest magnetic field 
intensity reached up to 500 mT when concentrated in 
a small area.
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Figure 1: The Results Obtained from DLS. The particle size distribution chart showing that a) the average particle size was about 
32 nm, and b) the surface charge of the nanoparticles was about –19 mV.

Figure 2: A TEM Image Showing That the Size of SPION Was 
About 10 nm.

Figure 4:The Obtained VSM Curve Showing the Paramagnetic 
Behavior of SPION Particles.

Figure 3: The Diffraction Pattern of the Obtained X-ray 
Showing the SPION Magnetic Structure.

To use more space and intensify the field, the mag-
netic field was transferred to a U-shaped blade that 
was 1 m high and had cross sections of 10 cm made 
using iron sheets that were separated by thin layers 
of mica. The intensity of the magnetic field created 
on this blade varied from 0.5 to 30 mT depending on 
the voltage and current intensity of the wire.
By connecting the field plug to AC, an alternative 
magnetic field was created with 50 Hz frequency and 
20 mT, which, unlike the static magnetic field, did 
not have direct magnetism and was oscillated with 
the magnet close to it. A hand-made incubator with 

 b
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a 40-cm height was equipped with devices that reg-
ulated the temperature, humidity, and CO2 pressure. 
This incubator was connected to a CO2 capsule and 
the culture plates in standard conditions were placed 
(37°C and 5% CO2 pressure and appropriate mois-
ture). The body of the incubator was made using 
plastic sheets without pores for ease of sterilization 
(Figure 5). To regulate the device and measure the 
intensity of the magnetic field created by it, the Got-
tingen PHYWE tesla meter model 13610-93 (Ger-
many) with 10% accuracy was used. Any changes 
in the input current of the device were measured 
using an oscilloscope (40 MHz, model 18040-lead-
er; Japan). To control the heat, the side walls of the 
incubator were fitted with a wired heater that was 
attached to the thermostat and the temperature was 
kept constant at 37 °C. To regulate the pressure of 
CO2, an infrared sensor was also used inside the in-
cubator that showed the gas pressure on a special 
monitor. The enclosure was connected by a gas hose 
to a CO2, which controlled the gas pressure by reg-
ulator valves.

 

Figure 5: The Magnetic Field Device. The coils, u-shaped blade 
(Yellow), and an incubator were placed within the exposure 
chamber. The incubator was equipped with sensors of tempera-
ture, humidity, and CO2 pressure. 

MTT Assay

MTT (3- (4,5-dimethylthiazol-2-yl)-2,5-dipheny- 
ltetrazolium bromide)  assay was performed to mea-
sure cell viability. When the cells reached 70% to 
80% confluency, they were harvested via trypsiniza-
tion and seeded in the complete medium in a 96-well 
tissue culture plate at a density of 104 cells in 100 μL 
medium per well and incubated for 24 h (37°C, 5% 
CO2). The cells were then divided into four groups: 
1- Control cells without any treatment; 
2- Cells exposed to a 50-Hz ELMF with 20 mT in-
tensity for 24 and 48 h;
3- Cells treated only with different concentrations of 
SPIONs (5, 10, 25, 50, and 100 μg/mL) for 24 and 
48 h;
4- Cells treated with both methods (different concen-
trations of SPION + ELMF).
In all the groups, after the treatment was complet-
ed, the culture medium was removed and replaced 
with 100 µL of 0.5 mg/mL MTT or tetrazolium salt 
(serum-free), and then, the plates were incubated in 
5% CO2 at 37 °C for 4 h. Reduction of the yellow 
tetrazolium salt (MTT) by mitochondrial and cytoso-
lic dehydrogenases of living cells consequently led 
to the production of insoluble precipitate purple for-
mazan dye. Since the precipitated purple formazan 
was insoluble, the supernatant was removed and the 
remaining blue precipitate of each well was solu-
bilized in 100 µL of DMSO. The color intensity of 
the plates was measured at 540 nm using the BioTek 
ELx808 microplate reader. The amount of purple 
color produced in this test was directly proportion-
al to the number of viable and metabolically active 
cells.

Statistical Analysis
The results were expressed as the mean ±standard 
deviation (SD). The significance of the differences 
between the treated groups was evaluated by the 
one-way ANOVA using the GraphPad Prism 6 soft-
ware. A P value <0.05 was considered statistically 
significant using the confidence interval of 95%.

RESULTS

The Synthesis and Characterization of Nanoparticles
The synthesized nanoparticles were characterized by 
using different techniques. DLS results showed that 
the particle size distribution was about 32 nm, and 
the surface charge of the synthesized particles was 
−19 mV (Figure 2a, b). The XRD pattern showed 
that SPIONs had a pure crystalline structure without 
any impurity (Figure 3). The magnetic feature of the 
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SPIONs was confirmed by vibrating sample magne-
tometry (VSM). Magnetization (emu/g) as a function 
of applied field (Oe) at room temperature is depicted 
in Figure 4. The magnetization curve demonstrated 
that the nanoparticles possessed the magnetic sat-
uration (MS) of about 66.9 emu/g. These findings 
showed that the synthesized nanoparticles exhibited 
superparamagnetic behavior and the magnetic par-
ticle saturation was very good against the   external 
magnetic field intensity. 
Cell Viability
MTT assay results revealed that the percentage of 
viable cells in the group exposed to ELMF for 24 
and 48 h was decreased, compared with the control 
group, and reached 89.22% ±4.40% and 85.82% 
±3.89%, respectively. Also, the results showed that 
SPIONs at lower concentrations (5, 10 and 25 μg/
mL) were not capable of inducing cytotoxicity at 
24 h (P≥0.05). However, high concentrations of 
SPIONs (50 and 100 μg/mL) decreased cell via-
bility and induced cell death (P≤0.05). This incre-
ment was enhanced at 48 h; therefore, the viability 
of cells significantly decreased at 10 and 25 μg/mL 
concentrations of SPIONs. The high concentrations 
of SPIONs at both 24 and 48 h induced cell death 
and reduced cell viability (Figure 6a, b). In the group 
treated with both ELMF and SPIONs, the cell via-
bility was significantly reduced compared with the 
SPION-only (at all concentrations of SPIONs) and 
control groups. These results showed that ELMF in 
the presence of SPION synergistically induced cell 
death. 
The percentage of the cell viability of the groups that 
were treated only with different concentrations of 
SPION (5, 10, 25, 50, and 100 μg/mL) and SPIO-

N+ELMF were 14.24%, 16.43%, 32.08%, 22.04% 
and 26.39% in 24 h and 15.92%, 13.76%, 22.42%, 
23.44% and 35.50% in 48 h, respectively. These 
results showed a significant difference in the mor-
tality between each treatment alone and that of SPI-
ON+ELMF, which had a synergistic effect on the 
induced cell death by SPIONs. Therefore, ELMF at 
low frequency (50 Hz) and high exposure time could 
be used as a new procedure to induce the death of 
cancer cells and this method could be used as an al-
ternative to hyperthermia. 

DISCUSSION

In an attempt to enhance the quality of hyperthermia 
as a treatment option and to avoid overheating, a new 
alternative approach was introduced in which the 
frequency was decreased while the exposure time 
was prolonged. As shown in Figure 6, high concen-
trations of SPIONs were toxic for cells and increased 
cell death and reduced their viability. In addition, 
ELMF alone, at 24 and 48 h, induced cell death and 
decreased cell viability, compared with the control 
group. The cell mortality rates were increased sig-
nificantly in the ELMF+SPION group compared 
with those groups that were given individual treat-
ments. SPIONs because of their very small size were 
more likely to be absorbed in cells compared with 
larger magnetic nanoparticles. We can, therefore, 
consider that their increased absorption leads to their 
enhanced action [23]. On the other hand, the DLS 
results showed that the surface charge of SPIONs 
was negative, which could be due to adsorption of 
hydroxyl ions (OH−) onto the surface in the aqueous 
medium. 

Figure 6: Effect of Various Concentrations of SPIONs on the Viability of MCF–7 Cells in the Presence and Absence of EMF at a 
Frequency of 50 Hz and an Intensity of 20 mT Exposed for a) 24 h and b) 48 h
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This negative charge causes the adsorption of 
positively charged ions and proteins, and conse-
quently reduced the activity of the functional pro-
teins in the living system [24]. Another report also 
showed that SPIONs can increase the concentra-
tion of free radicals in the cells, thereby inducing 
apoptosis [25]. Magnetic nanoparticles at high 
concentrations affected cellular skeleton proteins, 
including actin and other adherent proteins there-
by reducing cell proliferation [26]. 
The findings from the present study indicated that 
ELMF increased cell death. These results are sup-
ported by previous reports pertaining to the bio-
logical effects of ELMF [27]. For example, it was 
reported that EMF can increase the concentra-
tion of free radicals through the Fenton reaction 
, which damaged biomolecules such as the DNA 
and induced cell death [28, 29]. In fenton reaction 
hydroxyl radical is produced from hydrogen per-
oxide in the presence of ferrous iron:

 
2Fr

2 2 2 2O H O   OH OH O
+

− − °+ → + +                               (2)

Another study showed that EMF at a 2-mT inten-
sity and 50 Hz frequency increased intracellular 
cAMP and inhibited cell proliferation [30]. An-
other report showed that a 50-Hz EMF reduced 
the antioxidant defense system significantly in the 
mouse brain [31]. Generally, EMF through ther-
mal and no thermal effects can influence living 
organisms in different ways such as: cell and or-
gan rotation, cell membrane degradation, the per-
meability of the membrane, membrane transition, 
biochemical reactions and behavior of charged 
ions and molecules through the applied force [32, 
33]. The molecular changes induced by EMF lead 
to larger biological manifestations such as cell 
death, necrosis, and apoptosis [34]. In addition, 
EMF, by affecting calcium ion flow in cell mem-
branes and organelles, led to apoptosis induction, 
thereby causing increased cell death [35]. These 
bioeffects happened through various mechanisms.
 The present study reported that EMF+SPIONs 
synergistically decreased cell viability and in-
creased cell death. The magnetic nanoparticles 
subjected to a variable magnetic field generate 
heat due to the Brownian and Neel relaxation [36]. 
The amount of heat depends on the characteris-
tics of the applied field and the nature and size of 
the nanoparticles [37]. Many in vitro and in vivo 
studies, which examined the process, have con-
firmed the hypothesis [30–32]. The studies have 
shown that heat and EMF have a strong synergis-

tic impact on the death of tumor cells [34]. There-
fore, the increased cell death in the EMF+SPIONs 
method can be explained as follows: each of these 
treatments had a nonthermal effect on the living 
system, but the effect of the combined treatment 
was enhanced. Moreover, thermal effects and heat 
generation that occurred in the combined treat-
ment was responsible for the observed biological 
effects. Indeed, the generated heat and EMF syn-
ergistically increased cell death. MTT assay was 
used to determine the viability of cells but the type 
of cell death was not determined. The authors in-
tend to prove the findings by using apoptosis kits 
or LDH assay in future studies. 
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