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ABSTRACT
The aim of the current study is to investigate the anti-melanoma activity of bare magnetite (Fe3O4) iron oxide nanoparticles (MION) by
comparing their effects on healthy cells. MION were synthesized, and characterized using Fourier transform infrared (FT-IR) spectroscopy,
powder X-ray diffraction (XRD) and particle size analyzer; anti-melanoma activity of the nanoparticles (50-400 μg/ml) was investigated
on melanoma cell lines (A375 and G361 cells) using normal human umbilical vein/vascular endothelium cell line (HUVEC) as control by
focusing on intracellular reactive oxygen species (ROS) level, viability and apoptosis through caspase-3 activity. FT-IR, XRD and particle
size analyses results have illustrated that the synthesized MION (45.36 ± 0.33 nm) have attractive characteristics for biomedical
applications. The MION have induced highly significant (p<0.01) dose-dependent increases in ROS levels in normal and melanoma cells.
In addition, cellular interaction assays have illustrated that the MION have an effect on selectively killing the melanoma cells (IC50 values
for HUVEC, G361 and A375 cells after 24h-treatment are 549.37 ± 20.48, 219.93 ± 15.76 and 152.02 ± 7.34 μg/ml, respectively, and after
72h-treatment are 270.69 ± 13.35, 151.41 ±8.61 and 102.56 ± 6.64 μg/ml, respectively) by selectively targeting mitochondria in cancerous
cells that induce ROS mediated caspase-3 activation and apoptosis (the lowest (p<0.01) apoptosis and caspase-3 activity rates were
observed in HUVEC cells compared to A375 and G361 cells). Thus, for further investigations, the synthesized MION can be considered
as a potent agent in melanoma treatment or in combination therapies for melanoma treatment.
Keywords: Magnetite (Fe3O4) Iron Oxide Nanoparticles; Melanoma; A375; G361; HUVEC; ROS; Apoptosis; Caspase-3.

1. INTRODUCTION
In the 21st century, cancer is expected to be the most
important cause of death and to be the leading barrier to increasing
life expectancy; 18.1 million new cancer cases and 9.6 million
cancer deaths have been mentioned in 2018 estimates [1].
Melanoma is the sixth most frequently diagnosed cancer in humans
and the most serious form of skin cancer causing most of the skin
cancer-related deaths (80%); in terms of increased incidence over
the past few years, no other solid or blood malignancy comes close
to the incidence of melanoma; the main problem of melanoma
treatment is the low response rate to conventional therapies [2-4].
Therefore, new strategies are required for the treatment of
melanoma.
Nanotechnology represents a promising strategy for the
development of new cancer treatments by protecting sensitive
therapeutic agents from degradation, and by improving the
bioavailability, the efficacy and the tolerability of drugs; especially,
the number of studies covering nanomedicines as a potential
therapy for melanoma has considerably increased over the last 5
years [4-7]. In this context, iron oxide nanoparticles are very
promising candidates. Since, they possess unique physicochemical
features such as ultrafine sizes and a large surface area to mass ratio
[6, 8]; they are currently the only clinically approved metal oxide
nanoparticles, besides they are the most commonly used
superparamagnetic nanoparticles [8, 9]; they have a wide variety of
biomedical applications [5, 6, 10], such as magnetic resonance
imaging [11, 12, 13], targeted delivery of drugs [5, 14] or genes [15,
16], tissue engineering [17, 18], hyperthermia of cancer [19, 20],

magnetic transfections [21, 22]; ferumoxytol (Feraheme),
ferumoxides, ferucarbotran, ferumoxtran-10, ferristene and
ferumoxsil are iron oxide nanoparticle-based magnetic resonance
imaging contrast agents at current clinical trials [11, 12, 13].
On the other hand, usage of nanoparticles as anti-cancer
agent is quite a new strategy; e.g., a recent study [23] reported
potential therapeutic use of single-walled carbon nanotube, multiwalled carbon nanotube and maghemite iron oxide nanoparticles in
the treatment of melanoma through reactive oxygen species (ROS)
mediated mitochondrial targeting. Structure of magnetite (Fe3O4)
nanoparticles contains Fe3+ in all the tetrahedral sites, and Fe3+ or
Fe2+ in the octahedral sites; but structure of maghemite (Fe2O3)
nanoparticles mostly contains Fe3+ in all the octahedral sites. Thus,
the dissolution of magnetite nanoparticles releases Fe3+ or Fe2+
while the dissolution of maghemite nanoparticles releases Fe3+ only
[24]. These structural and ionic release differences explain
previously reported higher toxic profiles of magnetite nanoparticles
compared to maghemite nanoparticles [25]. Thus, the accumulated
evidence illustrates the therapeutic potential of magnetite
nanoparticles in melanoma treatment; however, to the best of found
knowledge, bare magnetite nanoparticles as an anti-melanoma
agent has not been reported previously. In this context, in the
current study, dose- and time-dependent selective toxicity of the
bare magnetite nanoparticles on two different melanoma cell lines
(A375 and G361 cells) has been investigated, using normal human
umbilical vein/vascular endothelium cell line (HUVEC) as control.
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2. MATERIALS AND METHODS
Melanoma cell lines (A375 and G361 cells), normal human
umbilical vein/vascular endothelium cell line (HUVEC) and culture
media components (Dulbecco's Modified Eagle's Medium
(DMEM), McCoy's 5A Medium, Dimethylsulfoxide (DMSO),
Fetal Bovine Serum (FBS), penicillin/streptomycin, Trypsin-EDTA
Solution) were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). Iron (III) chloride hexahydrate
(FeCl3.6H2O) pure granulated, 99%, iron (II) chloride tetrahydrate
(FeCl2.4H2O) 99+%, ammonium hydroxide (5 M), HCl, Dichlorodihydro-fluorescein diacetate (DCFH-DA), MTT (3- (4,5dimethylthiazol- 2- yl)- 2,5- diphenyl - tetrazolium bromide) assay
kit and Caspase 3 Assay Kit were purchased from Sigma Aldrich
(Saint Louis, MO, USA). The Cell Death Detection ELISA Kit was
purchased from Roche Diagnostic GmbH (Mannheim, Germany).
2.1. Synthesis of Magnetite (Fe3O4) Nanoparticles.
Synthesis of magnetite (Fe3O4) iron oxide nanoparticles
(MION) was carried out as described in a previous study [5].
Briefly, 2 M FeCl2.4H2O in 1 ml 2 M HCl (0.4 g FeCl2.4H2O was
dissolved in 1 ml 2 M HCl) and 1 M FeCl3.6H2O in 4ml 2 M HCl
(1.08 g FeCl3.6H2O was dissolved in 4 ml 2 M HCl) were mixed
and 50 ml of 1 M NH3 solution were added dropwise over 5 min,
while stirring on a magnetic stir plate. The formation of magnetite
particles was indicated by the immediate turning of the suspension
color to black. Using centrifugation (30000 rpm for 20 min), the
particles were washed 3 times. Before subsequent centrifugation,
the supernatant was discarded and the sediment was redispersed in
15 ml of nitrogen purged deionized water using sonication in a
water-bath sonicator for 10 min. Following the third centrifugation,
the particles were resuspended in water by sonication for 20 min
and centrifuged at 1000 rpm for 20 min to remove any potentially
large aggregates.
2.2. Characterization of Magnetite (Fe3O4) Nanoparticles.
The synthesized MION were characterized using FT-IR,
XRD and particle size analyzer.
For FT-IR analyses, each spectrum was obtained by
averaging 100 scans for each interferogram with a resolution of 2
cm-1, using a PerkinElmer Spectrum 100 FT-IR spectrometer.
Pellets were prepared by mixing lyophilized iron oxide nanoparticle
samples with spectroscopic grade KBr powder. With three different
pellets giving the same spectra, each sample was scanned under
identical conditions. For further analyses, the average spectra
belong to three replicates were used.
Using a Rigaku D-Max/B horizontal diffractometer with
Bragg-Brentano parafocusing geometry (Rigaku, The Woodlands,
TX, USA), the XRD analysis of the lyophilized samples of the
nanoparticles was carried out. The equipment involves a copper
target X-ray tube with Cu KR radiation. The parameters were 2θ
steps of 0.02°, 6 s of counting time per step, and 2θ ranging from
20° to 80°. ~15 mg of the lyophilized sample was sprinkled onto a
low background quartz XRD holder coated with a thin layer of
silicone grease to retain the sample.
The hydrodynamic diameter size, particle size distribution
and zeta potential of the nanoparticles were measured using a
particle size analyzer (Malvern Mastersizer 2000 and Malvern
Nano ZS90, Malvern Instruments, Royston, UK) by diluting the
nanosuspensions homogeneously from 100 μl to 2 ml in 10 mM
NaCl-added deionized water that was purged with nitrogen gas. The

measurements were performed in triplicate and expressed as the
mean ± SD.
2.3. Cell Culture and Maintenance.
A375 and HUVEC cells were cultured in Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 10% fetal
bovine serum, and 1% penicillin/streptomycin; G361 cells were
cultured in McCoy's 5A Medium supplemented with 10% fetal
bovine serum, and 1% penicillin/streptomycin (10,000 I.U./ml of
penicillin, 10,000 μg/ml of streptomycin). The cells were grown in
poly-L-lysine-coated flasks at 37oC, 5% CO2, 95% air in a
humidified incubator and confirmed free of mycoplasma infection
through regular testing. Sub-culturing was performed at
approximately 48 h intervals, and cell growth was monitored with
an inverted microscope; to ensure the stability of cell line, cells were
used for experiments within eight passages.
2.4. Intracellular ROS Level.
As previously described [26], oxidative stress was measured
by the Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay. 2
x 104 cells were seeded in 96-well plates and incubated with DCFHDA probe for 40 min. Cells were exposed to the synthesized MION
(50-400 μg/ml), (the control group received medium only) and
incubated at 37 °C for 24 h; then, the fluorescence of each sample
was read at 485 nm (excitation) and 527 nm (emission) wavelengths
using a microplate reader. The intracellular ROS levels were
expressed as fold change relative to the control group. Three
different experiments were performed in triplicate in three different
weeks.
2.5. Cytotoxicity Assay.
A375, G361 and HUVEC cells were seeded in culture plates
and divided into three groups: I) Blank group containing medium
without cells; II) Control group containing medium with cells that
are not treated with MION; III) Test group containing medium with
cells that are treated with different concentrations of the synthesized
MION (50-400 μg/ml).
Using the MTT assay, cytotoxicity of the magnetite
nanoparticles was evaluated. Cells in the logarithmic phase of
growth were seeded in 96-well plates at a density of 1 × 104
cells/well; 24 h after seeding, the cells were exposed to the MION
(50-400 μg/ml) for 24 h or 72 h (the control group received medium
only) at 37 oC and 5% CO2/95% air in a humidified incubator,
followed by incubated with 50 μL of MTT (5 mg/ml) for another 4
h. Using centrifugation (1250 rpm at 4 oC for 5 minutes), the
supernatant was removed; then, absorbance at 550 nm wavelength
was measured using an ELISA reader following the addition of
DMSO (100 μl). Three different experiments were performed in
triplicate in three different weeks.
2.6. Live/Dead Assay.
To visualize the viability of the cells exposed to the
synthesized MION, live/dead assay was performed at the end of
treatments using a Live/Dead Viability/Cytotoxicity Kit (L- 3224
Invitrogen, Grand Island, NY) with assay reagent (4 μM EthD-1
and 2 μM Calcein in PBS).
2.7. Apoptosis.
As previously described [27], the Cell Death Detection
ELISA Kit (Roche Diagnostic GmbH, Germany) was used to detect
apoptosis in cells exposed to the synthesized MION. Briefly, cells
in the logarithmic phase of growth were seeded in 96-well plates at
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a density of 1 × 104 cells/well; after 24h of treatment with the MION with cell lysis buffer. The cleavage of colorimetric peptide substrate
(50-400 μg/ml) (the control group received medium only) the was monitored by pNA (p-nitroanilide) liberation at 405 nm using
supernatants and lysate of cells were extracted and incubated in the a microtiter plate reader following incubation of the cell lysate with
microtiter plate modules coated with streptavidin. Subsequently, a reaction buffer containing 5 μL of peptide substrate (DEVD-pNA)
mixture of anti-histone-biotin and peroxidase-conjugated anti-DNA for 2 h at 37 oC. The activity was expressed as a fold change of
antibody was used to detect immobilized histone/DNA fragments. absorbance value over that of the control group. Three different
Finally, using an ELISA reader, absorbance values at 405 nm were experiments were performed in triplicate in three different weeks.
measured. The apoptosis was expressed as a fold change of 2.9. Statistical Analyses.
absorbance value over that of the control group. Three different
To determine whether there were any statistically significant
experiments were performed in triplicate in three different weeks.
differences between the means of the groups, one-way analysis of
2.8. Caspase-3 Assay.
variance (ANOVA) with Tukey’s HSD (honestly significant
As previously described [28], the activity of CPP32/caspase- difference) test was used. Data were expressed as the mean ±
3 was determined in cell extracts, using a Colorimetric Caspase 3 standard deviation (SD) from three independent experiments
Assay Kit (Sigma Aldrich, Saint Louis, MO, USA). Briefly, the performed in replicates. For all the statistical analyses, p<0.05 was
cells were exposed to the synthesized MION (50-400 μg/ml) (the used as the threshold for significance.
control group received medium only) for 24 h, collected and lysed

3. RESULTS
FT-IR and XRD analyses were used to characterize the
purity of magnetite (Fe3O4) nanoparticles. The characteristic bands
of the magnetite nanoparticles are represented by the average FTIR spectrum (Figure 1A) of the synthesized nanoparticles. Two
absorption bands at around 580 cm−1 and 440 cm-1 represent Fe–O
stretching bond vibrations in tetrahedral and octahedral sites,
respectively; these bands represent the formation of the spinel-type
structure of pure Fe3O4. The absorption bands at around 3400 cm−1
and 1630 cm−1 are indicative of stretching vibration and bending
vibration, respectively; these bands represent hydroxyl groups on
the surface of magnetite nanoparticles due to aqueous media
synthesis [29-33]. The X-ray powder diffraction pattern (Figure 1B)
for the synthesized iron oxide nanoparticles agrees with the pattern
of magnetite particles listed in the American Society for Testing and
Materials (ASTM) XRD standard card [34, 35]. Peak positions at
30, 35.5, 43, 53, 57 and 63, marked by their indices [(220), (311),
(400), (422), (511), and (440)] are consistent with the standard data
for magnetite XRD spectra. Thus, the XRD analyses strongly
support the assignment of the synthesized iron oxide nanoparticle
cluster as magnetite (Fe3O4).
Using a particle size analyzer, the apparent hydrodynamic
radii and their distributions in the magnetite nanoparticle
suspensions were measured. As illustrated in Figure 1C, the mean
sizes of the synthesized MION were determined as 45.36 ± 0.33 nm.
Mean zeta potential and polydispersity index (PDI) values of the
MION were measured as -28.3 ± 0.82 mV and 0.20 ± 0.02,
respectively.
Therapeutic nanoparticles between 10 and 100 nm are more
effective relative to larger particles since their diffusion into the
extracellular space is not restricted and they more easily reach
cancer cells [36]. Thus, the synthesized MION (45.36 ± 0.33 nm)
are in the effective size range for their use in biomedical
applications. Synthesis of the MION involves a change in reaction
media from acidic pH to basic pH due to the dissolving of
FeCl3.6H2O and FeCl2.4H2O in HCl, followed by the addition of
NH3. Due to the increase in the H+ ion concentration in acidic pH,
nanoparticles have positive zeta potential; while due to the increase
in OH− ion concentration in basic pH, nanoparticles have negative
zeta potential [37, 38]. The basic reaction media caused by the
addition of NH3 explains the measured negative zeta potential value

for the synthesized MION. Positive or negative zeta potentials
greater than 30 mV lead to monodispersity, while values less than
5 mV can cause agglomeration [39]. On the other hand, the
polydispersity index (PDI) basically indicates the distribution of
size populations; the PDI value ranges from 0.0, which represents
an excellent uniform sample relative to particle size, to 1.0, which
represents a highly polyydispersible sample with multiple particle
size populations [40]. Thus, the mean zeta potential value (-28.3 ±
0.82 mV) far from zero and the near-zero PDI value (0.20 ± 0.02)
of the synthesized MION indicate that the nanoparticles disperse
well in the media due to the large electrostatic repulsive force
among the particles, and the particles have high aqueous stability in
the conditions in which they are to be used [41, 42]. These
mechanisms have led to the observation that the synthesized MION
have good dispersion stability in all experimental media throughout
the study. All these highly advantageous properties make the
synthesized MION quite attractive vehicles for biomedical
applications.

Figure 1. FT-IR spectrum, XRD powder pattern and particle size
distribution of the synthesized MION. A: Average FT-IR spectrum of the
replicates; B: XRD powder pattern; C: Hydrodynamic radius
distributions.

3.1. The effect of the synthesized MION on intracellular ROS
levels in normal (HUVEC) and melanoma (A375 and G361)
cells.
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ROS production capability of the synthesized MION in the
normal (HUVEC) and melanoma (A375 and G361) cells were
analyzed, and the results are presented in Figure 2. After 24 h
incubation with different concentrations of the MION (50-400
μg/ml), highly significant (p<0.01) dose-dependent increases in
ROS levels in normal and melanoma cells were observed,
especially in the case of the MION in 200 and 400 μg/ml. On the
other hand, each cell type has significantly (p<0.01) different
responses to the MION in lower concentrations (50 and 100 μg/ml),
compared to the other two cell types.

Figure 2.The effect of the synthesized MION on intracellular ROS levels
in normal (HUVEC) and melanoma (A375 and G361) cells. Normal
(HUVEC) and melanoma (A375 and G361) cells were treated with
different concentrations of MION for 24 hours. Following treatment, the
levels of ROS were determined as described in Materials and Methods.
Significant difference with respect to control is denoted as #p value <0.05
and *p value <0.01. 50 and 100 μg/ml of the MION caused significantly
(p<0.01) higher fold increase in ROS between normal (HUVEC) and
melanoma (A375 and G361) cells as well as between A375 and G361 cells.

Accumulating evidence in the literature strongly suggests
that metal oxide nanoparticles including bare iron oxide
nanoparticles used in the current study (Fe3O4) induce significant
ROS production [7, 8, 23, 43]. Upon internalization by various
intracellular uptake mechanisms including passive diffusion,
receptor-mediated endocytosis, clathrin-mediated endocytosis,
caveolin-mediated internalization and other clathrin and caveolinindependent endocytosis, magnetite (Fe3O4) iron oxide
nanoparticles are degraded into the ferrous form of iron ions (Fe2+)
in the lysosomes (Equation 1). Crossing of these unbound free iron
ions through the mitochondrial membrane is a major source of iron
oxide nanoparticle-induced ROS production. Superoxide (O2•–), a
byproduct of oxidative phosphorylation, is produced by the
mitochondrial electron transport chain from one-electron reduction
of oxygen, and converted to hydrogen peroxide (H2O2) by
superoxide dismutases [44, 45]. The unbound free iron ions released
from iron oxide nanoparticles induce a wide range of ROS by
serving as catalyst through the Fenton reaction (Equations 2 and 3,
in which H2O2 is converted into highly reactive hydroxyl or
superoxide radicals catalyzed by ferrous [Fe2+]/ferric [Fe3+] ions)
and the Haber–Weiss reaction (Equation 5, which is the net reaction
of Fenton reaction [Equation 2] and the reaction 4 in which
superoxide [O2•–] reduces the ferric ion [Fe3+] released by the
Fenton reaction) [7, 46].
Fe3O4 + 2H+ → Fe2O3 + Fe2+ + H2O

(1)

Fe3+

(2)

Fe2+

+ H2O2 →

+

OH–

+

OH•

Fe3+ + H2O2 → Fe2+ + HO2•/O2• – + H+

(3)

Fe3+ + O2• – → Fe2+ + O2
O2 + H2O2 → O2 +
•–

OH–

(4)
+

OH•

(5)

Ferric ion (Fe3+) might also be reduced by a range of cellular
reductants, such as glutathione, l-cysteine, NAD(P)H and FADH2
(Equation 6) [47, 48]. Hydroxyl radical yielded by Fenton and
Haber–Weiss reactions is by far the most ROS and is generally
indicative of an overtly toxic event; OH• reacts with biomolecules
to form a series of additional free radicals (the thiyl radical [RS•] in
Equation 7; a carbon-centred radical ((R)3C•) in Equation 8; and the
peroxyl radical ((R)3COO•) in Equation 9) that can lead to oxidative
stress, mitochondrial damage, lipid peroxidation, protein
modification, DNA damage, cytotoxicity and genotoxicity [24, 47,
49, 50].
Fe3+ + reduced → Fe2+ + oxidized
antioxidant
antioxidant

(6)

OH• + RSH → H2O + RS•

(7)

OH•

+ (R)3CH → H2O +

(R)3C•

(R)3C• + O2 → (R)3COO•

(8)
(9)

Above-mentioned detailed mechanisms of ROS production
induced by magnetite (Fe3O4) iron oxide nanoparticles offer an
interesting therapeutic window for cancer, since accumulating
evidence strongly suggests that cancer cells are more sensitive to
ROS levels compared to healthy cells [23, 51, 52]. Therefore, upon
treatment with four different concentrations (50, 100, 200 and 400
μg/ml) of the synthesized MION, ROS generation in the normal
(HUVEC) and melanoma (A375 and G361) cells was investigated.
After 24 h incubation, the MION caused highly significant (p<0.01)
dose-dependent increase in ROS levels in normal and melanoma
cells (Figure 2).
3.2. The effect of the synthesized MION on viability of normal
(HUVEC) and melanoma (A375 and G361) cells.
In addition to their attractive characteristics, the fact that
MION induces production of ROS suggests that they may have anticancer activity in melanoma cells. The cytotoxic effect of the
synthesized MION (50-400 μg/ml) on the normal (HUVEC) and
melanoma (A375 and G361) cells was analyzed using MTT assay,
and the results are presented in Figure 3. After 24 h and 72 h
incubation with different concentrations of the MION (50-400
μg/ml), highly significant (p<0.01) dose-dependent decreases in
viability of the normal and melanoma cells were observed. On the
other hand, according to the damage in viability of the cell types,
the order from the least to the most serious is
HUVEC<G361<A375, for all concentrations and incubation times.
Statistical analyses illustrated that compared to normal cells
(HUVEC), 24-h treatment with MION induced highly significant
(p<0.01) damages in viability of A375 melanoma cells in the
concentrations of 100, 200 and 400 μg/ml, while 24-h treatment
with MION induced highly significant (p<0.01) damages in
viability of G361 melanoma cells in the concentrations of 200 and
400 μg/ml; on the other hand, compared to normal cells (HUVEC),
72-h treatment with MION induced highly significant (p<0.01)
damages in viability of A375 melanoma cells in all of the
concentrations (50, 100, 200 and 400 μg/ml), while 72-h treatment
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with MION induced highly significant (p<0.01) damages in
viability of G361 melanoma cells in the concentrations of 200 and
400 μg/ml.

Figure 3. The effect of the synthesized MION on the viability of normal
(HUVEC) and melanoma (A375 and G361) cells. Normal (HUVEC) and
melanoma (A375 and G361) cells were treated with different
concentrations of MION for 24 hours or 72 hours. Following treatment, cell
viability was assessed by the MTT assay as described in Materials and
Methods. A: 24 h treatment with MION; B: 72 h treatment with MION.
Significant difference with respect to control is denoted as #p value <0.05
and *p value <0.01. Statistical analyses between different cells: A: HUVEC
vs. A375: p<0.01 for 100-400 μg/ml treatment; HUVEC vs. G361 and
A375 vs. G361: p<0.01 for 200 and 400 μg/ml treatment; B: HUVEC vs.
A375: p<0.01 for 50-400 μg/ml treatment; HUVEC vs. G361: p<0.01 for
200 and 400 μg/ml treatment; A375 vs. G361: p<0.01 for 100-400 μg/ml
treatment.

Using MTT cell viability assay, the half-maximal (50%)
inhibitory concentration (IC50) values of the synthesized MION
were determined for normal and melanoma cells and the results are
presented in Table 1.
Table 1. IC50 (μg/ml) values of the synthesized MION for the viability of
normal (HUVEC) and melanoma (A375 and G361) cells. Results were
expressed as the mean of triplicates ± SD.

Cells
HUVEC
A375
G361

24h
549.37 ± 20.48
152.02 ± 7.34
219.93 ± 15.76

72h
270.69 ± 13.35
102.56 ± 6.64
151.41 ± 8.61

The representative live/dead images (Figure 4) belong to
normal (HUVEC) and melanoma (A375 and G361) cells treated
with the synthesized MION (200 μg/ml) support the mentioned
viability results.
The results (Table 1, Figure 3 and 4) illustrated that the
synthesized MION selectively decreased cell viability of melanoma
cells in a dose- and time-dependent manner. Accumulating
evidence strongly suggests that metal nanoparticles selectively
target mitochondria [23]; consistently, MTT assay results revealed
by the current study illustrate selectively mitochondria targeting of
the synthesized MION. Since, the assay measures conversion of the
tetrazolium compound to water insoluble formazan crystals by
mainly mitochondrial dehydrogenases in living cells [24, 53].

Figure 4. The representative live/dead images of normal (HUVEC) and
melanoma (A375 and G361) cells. Following the treatment of HUVEC,
A375 and G361 cells with the MION (200 μg/ml) for 24 h or for 72 h,
live/dead assay was performed as described in Materials and Methods.
Blue: DNA/nuclei of the cells; Red: Dead cells. Image scale bar: 400 μm.

Therefore, the measurement can be used as an indicator of
mitochondrial and metabolic activity. Metal oxide nanoparticles
induce mitochondrial toxicity that is primarily mediated by
increased ROS production [7, 23]. Redox control might induce one
of the following outcomes in cancer cells: At low levels, free
radicals promote cell proliferation by activating signaling
pathways; at moderate levels, free radicals promote stress
responsive genes (e.g., HIF-1α) and cell survival; while at high
levels, free radicals cause macromolecular and organelle damage,
triggering senescence or apoptosis, and in surviving cells, activating
antioxidant pathways [52, 54]. Thus, ROS levels are regulated by
powerful antioxidant defense mechanisms in cancer cells, but they
remain higher than those in normal cells [23, 51, 52, 55]. The
differences in ROS levels between normal (HUVEC) and
melanoma (A375 and G361) cells before the treatment with MION
explains the differential outcome on the fold increase in ROS levels
between normal and melanoma cells after the treatment with
MION. Although treatment with 200 and 400 μg/ml MION resulted
in a comparable fold increase in ROS levels in both normal and
melanoma cells (Figure 2), more dramatic dose- and timedependent effect on the viability of melanoma cells was observed
(Table 1, Figure 3 and 4). In other words, the levels of ROS, which
are initially low in healthy cells, reached far more harmful levels in
cancer cells after the MION treatment. Thus, 24 h treatment of
<549.37 ± 20.48 μg/ml MION (IC50 value of 24 h treatment for
HUVEC cells) and 72 h treatment of <270.69 ± 13.35 μg/ml MION
(IC50 value of 72 h treatment for HUVEC cells) are quite effective
for selectively killing the melanoma cells.
The dose-dependent effect of the synthesized MION on apoptosis
was analyzed, and the results are presented in Figure 5A. The role
of caspase-3 activity in the apoptosis of cells was also investigated
(Figure 5B).
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Figure 5. The effect of the synthesized MION on apoptosis and caspase-3
activity in normal (HUVEC) and melanoma (A375 and G361) cells.
Normal (HUVEC) and melanoma (A375 and G361) cells were treated with
different concentrations of MION for 24 hours. Apoptosis and caspase-3
activity were examined as described in the Materials and Methods. A:
Apoptosis; B: Caspase-3 activity. Significant difference with respect to
control is denoted as #p value <0.05 and *p value <0.01. Statistical analyses
between different cells: A: HUVEC vs. A375 and HUVEC vs. G361:
p<0.05 for 50 and 100 μg/ml treatment, p<0.01 for 200 and 400 μg/ml
treatment; A375 vs. G361: p<0.01 for 200 and 400 μg/ml treatment; B:
HUVEC vs. A375: p<0.05 for 100 μg/ml treatment, p<0.01 for 200 and 400
μg/ml treatment; HUVEC vs. G361 and A375 vs. G361: p<0.01 for 200
and 400 μg/ml treatment.

3.3. The effect of the synthesized MION on Apoptosis/Caspase3 Activity of normal (HUVEC) and melanoma (A375 and G361)
cells.
Consistently with the viability results, the lowest apoptosis
and caspase-3 activity rates were observed in HUVEC cells, while
the highest apoptosis and caspase-3 activity rates were observed in
A375 cells. Statistical analyses illustrated that compared to normal
cells (HUVEC), 24-h treatment with MION induced significant
(p<0.05) increases in apoptosis both in A375 and G361 melanoma
cells in the concentrations of 50 and 100 μg/ml, and induced highly
significant (p<0.01) increases in apoptosis both in A375 and G361
melanoma cells in the concentrations of 200 and 400 μg/ml; on the
other hand, compared to normal cells (HUVEC), 24-h treatment
with MION (100 μg/ml) induced significant (p<0.05) increases and
with MION (200 and 400 μg/ml) induced highly significant
(p<0.01) increases in caspase-3 activity in A375 melanoma cells,
while 24-h treatment with MION (200 and 400 μg/ml) induced
highly significant (p<0.01) increases in caspase-3 activity in G361
melanoma cells.
All concentrations of MION caused highly significant
(p<0.01) increases in apoptosis rate in melanoma cells, while only
200 μg/ml (p<0.05) and 400 μg/ml (p<0.01) of MION caused
significant increases in apoptosis rate in normal cells (Figure 5A).
Caspase-3 activity is a crucial event leading to apoptosis; among
many members of the caspase family, caspase-3 is the final executor
of apoptotic DNA damage and its activation is widely used as a

marker of apoptosis [56, 57]. Therefore, the activity of caspase-3 in
normal and melanoma cells was measured to investigate whether
caspase signal cascade is involved in MION-induced apoptosis;
caspase-3 activity (Figure 5B) was found to be highly compatible
with apoptosis (Figure 5A). There are two main apoptotic pathways
(the extrinsic (death receptor) pathway and the intrinsic
(mitochondrial) pathway) that can initiate the activation of caspases
in response to anticancer compounds [58, 59]. ROS production
causes an increased ratio of Bax to Bcl-2 gene expression, then the
mitochondrial pathway is initiated by the release of apoptogenic
factors such as cytochrome c; the release of cytochrome c into the
cytosol triggers caspase-3 activation, which results in apoptosis [5961]. These cellular pathways are consistent with the anti-melanoma
activity of the synthesized MION; since the MION activity has been
characterized by selectively targeting mitochondria in cancer cells
that induces ROS-mediated caspase-3 activation and apoptosis. In
addition, DNA damages caused by the free Fe2+ ions released from
the MION as well as the ROS produced in mitochondria can
contribute to the toxicity by the mitochondrial pathway through
apoptosis, genotoxicity, mutagenicity, and cell death [8, 61]; and
further researches need to be conducted to clarify this issue.
On the other hand, viability, apoptosis and caspase-3 activity
assays illustrate that G361 melanoma cells are more resistant to the
treatment with MION compared to A375 melanoma cells. Based on
detailed microarray analyses, the antioxidant, pro-survival gene,
ATOX1, is up-regulated, and the pro-apoptotic gene, CASP4, is
down-regulated in G361 cells, but they remain uninduced in A375
cells. In addition, based on detailed qRT-PCR results, compared to
A375 cells, there is significant up-regulation of 3 anti apoptotic
genes and the antioxidant gene for glutathione reductase in G361
cells [62, 63]. The combination of these factors explains why G361
cells are more resistant than A375 cells to the treatment with MION.
It should be pointed out that the synthesized MION have a
handicap -high IC50 values for melanoma cells-; although the
nanoparticles have much lower IC50 values for melanoma (A375
and G361) cells compared to normal (HUVEC) cells, the IC50
values for melanoma cells (219.93 ± 15.76 and 152.02 ± 7.34 μg/ml
for 24h-treated G361 and A375 cells, respectively; 151.41 ± 8.61
and 102.56 ± 6.64 μg/ml for 72h-treated G361 and A375 cells,
respectively) may raise concerns that nanoparticles can cause side
effects when they are used for melanoma treatment. Since previous
studies [7, 8, 64-66] have reported low toxicity or cytotoxicity in
normal cells caused by a range of iron oxide nanoparticles with
varying physico-chemical characteristics at doses of 100 μg/ml or
higher. On the other hand, due to their selective toxicity on
melanoma cells, for further studies, the MION can be considered as
a potent agent in combination therapies for melanoma treatment
(e.g., sensitization of drug-resistant melanoma cells) allowing usage
of lower amounts of the MION; for instance, the recent study from
our laboratory has reported promising results on the sensitization of
cisplatin-resistant ovarian cancer cells to cisplatin by magnetite iron
oxide nanoparticles in ≤100 μg/ml [67].

4. CONCLUSIONS
In conclusion, the current study illustrated that: I- Based on
hydrodynamic size, zeta potential and polydispersity index values,
the synthesized magnetite nanoparticles are attractive vehicles for

biomedical applications; II- ROS production capability of the
synthesized magnetite nanoparticles induced a hypothesis that the
nanoparticles may have potential selective anti-cancer activity; IIIPage | 1054

Comparison of the effect of magnetite (Fe3O4) iron oxide nanoparticles on melanoma cells and healthy cells: an in vitro study
As evidenced by the experimental results of the MTT assay using
normal (HUVEC) and melanoma (A375 and G361) cells, the
synthesized magnetite nanoparticles (45.36 ± 0.33 nm) in the
concentration range (50-400 μg/ml) have selectively decreased cell
viability of the melanoma cells in a dose- and time-dependent
manner; IV- As evidenced by the experimental results of the
apoptosis and caspase-3 activity assays using normal (HUVEC) and
melanoma (A375 and G361) cells, the synthesized magnetite
nanoparticles (45.36 ± 0.33 nm) in the concentration range (50-400
μg/ml) have selectively increased apoptosis rate of the melanoma
cells in a dose- and time-dependent manner by activating caspase3; V- Viability, apoptosis and caspase-3 activity assays have
illustrated that G361 melanoma cells are more resistant to the
treatment with the synthesized magnetite nanoparticles (45.36 ±
0.33 nm) compared to A375 melanoma cells.
Thus, the results revealed by the current study suggest that
the synthesized magnetite nanoparticles can act as a potent agent on
melanoma treatment by inducing ROS mediated caspase-3
activation and apoptosis. On the other hand, although the
nanoparticles have a handicap -high IC50 values for melanoma cellsthat may raise safety concerns, due to their selective toxicity on

melanoma cells they can also be considered as a potent agent in
combination therapies for melanoma treatment (e.g., sensitization
of drug-resistant melanoma cells) allowing usage of lower amounts
of the nanoparticles. In this context, further studies on the
sensitization of drug-resistant melanoma cells using iron oxide
nanoparticles are ongoing in our group.
Since variations in the concentration and physicochemical
properties of nanoparticles including magnetite nanoparticles such
as size, shape and surface properties can change their behavior in
the biological environment, further investigations on the antimelanoma profiles of different sized and surface functionalized
magnetite (Fe3O4) iron oxide nanoparticles continue in our
laboratory. In addition, upon internalization by various intracellular
uptake mechanisms, the degradation of iron oxide nanoparticles
into iron ions is a crucial step affecting the bioactivity of these
nanoparticles; in this context, further studies on the internalization,
metabolization and DNA damaging potential of the iron oxide
nanoparticles in cancer cells as well as the release profiles of iron
ions from iron oxide nanoparticles and their effects on cancer cells
are also ongoing in our group.
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