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Magnetite (Fe3O4) nanoparticles, are promising inorganic nanomaterials for future biomedical applications due to
their low toxicity and unique magnetic properties. However, the synthesis of these particles can often be expensive,
energy intensive, and non-scalable, requiring the addition of surfactants to stabilize the material to control the
particle size and avoid agglomeration. We wish to report a simple, green, surfactant-free electrochemical synthesis
of these materials using a closed aqueous system at ambient temperature. Particle diameter, between 19 and 33 nm,
was controlled by simply modifying the distance between the electrodes. These magnetite nanoparticles were then
fully characterized using both spectroscopy and microscopy. Vibrational magnetometry indicates that as the size
of the particle decreases, the magnetic hysteretic gap decreases, although for samples below 25 nm no inter-sample
difference was observed. To support this experimental data, we carried out a Density Functional Theory (DFT)
analysis of magnetite containing more than three iron atoms in the cluster, an essential proposition as magnetite
contains three distinct iron species. These calculations were used to support the experimental observations, and
closely reproduced both the experimental IR spectrum, and the XRD pattern. In vitro cytotoxicity assays showed
dose responsive behavior for the nanoparticles, and demonstrated that they are non-toxic at clinically relevant
concentrations; below 200 µg/mL we observed no toxicity in a 48-hour standard assay. This work represents the
first DFT based simulation of this detailed magnetite cluster, and demonstrates that this sustainable synthetic
method is capable of producing nanomaterials with a physical and biological profile that might make them suitable
for biomedical applications. [DOI: 10.1380/ejssnt.2017.31]

Keywords: Density functional calculations; Electrochemical methods; Field emission spectroscopy; Iron oxide; Nano-particles,
quantum dots, and supra-molecules; Biological aspects of nano-structures;

I. INTRODUCTION

Academic interest in magnetite (Fe3O4) nanoparticles
(iron oxide nanoparticles, IONPs) has grown steadily in
recent decades [1–9], not only because of their unique
magnetic properties, but also because their low toxicity
and overall biocompatibility make them promising mate-
rials for various biomedical applications. The proposed
uses include targeted drug-delivery, hyperthermic ther-
apy, magnetic resonance imaging, immunoassays, and for
biochemical separation science [10–18].
These magnetite IONPs have been prepared using a va-

riety of techniques including sol-gel formation [19, 20], hy-
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drothermic approaches [21, 22], solid state synthesis [23–
25], wet milling [26, 27], pyrolysis [28, 29], microemul-
sion [30–32], and electrochemistry [33, 34]. However, al-
though the ease and control of the electrochemical method
has made it a particularly promising approach, surfac-
tants are often used to assist in the synthesis and prevent
aggregation. Consequently, as it is difficult to completely
remove all traces of the surfactant from the IONPs, and as
some surfactants have been shown to be cytotoxic [35, 36],
we have pursued an additive-free approach for the electro-
chemical synthesis of these materials as bare nanoparti-
cles. This is also, of course, a more sustainable and green
strategy. We wish to report the preliminary results from
our new additive-free sustainable procedure for the syn-
thesis of iron-oxide nanoparticles, using inexpensive iron
(II) sulfate heptahydrate as the iron source and sodium
hydroxide to control the pH of the solution (a full study
of the effect of the pH on the synthesis will follow this
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FIG. 1. Schematic view of the inverse spinel crystal structure
of magnetite (Fe3O4): A) ball and stick model of the cubic
unit cell; B) polyhedral model of the cubic unit cell (Unit-cell
volume = 590.0196Å3); C) the rhombohedral primitive cell
of Fe3O4; D) three-dimensional model of the rhombohedral
primitive cell C, atoms at the apexes of the triangles lie in the
same plane. Feoct = blue, Fetet = blue and O = red.

publication) as the only reagents.

The synthesis was carried out in a closed water sys-
tem without the need for inert gas, again reducing the
environmental impact of the synthesis. Two steel plates
are used as the anode and cathode, and distilled water
as the electrolyte. All syntheses occurred under identi-
cal alkaline conditions (pH=13) with an initial concen-
tration of iron sulfate (4 g of iron (II) sulfate, FeSO4)
dissolved in 200 ml of the double distilled water and a cur-
rent density of 31.4 mA/cm2. The only variable needed
to tune the size of the particles was the distance between
the electrodes. The IONPs were then characterized us-
ing X-ray powder diffraction (XRD), Fourier-transform
infrared spectroscopy (FT-IR), vibrating sample magne-
tometry (VSM), and field emission scanning electron mi-
croscopy (FESEM). The experimental results were then
compared with the theoretical values, and were found to
be in general agreement. The cytotoxicity of these IONPs
was then evaluated by a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.

II. EXPERIMENTAL

A. Materials and reagents

Iron (II) sulfate heptahydrate (FeSO4 · 7H2O; Sigma-
Aldrich) and sodium hydroxide (Sigma-Aldrich) were an-
alytical grade and were used as received without further
purification. DU145, a human adenocarcinoma cell line,
was purchased from the Pasteur Institute (Iran).

B. Synthesis of iron oxide nanoparticles (IONPs)

The magnetite nanoparticles were prepared using a
surfactant-free electrochemical approach [37, 38]. The fol-
lowing synthesis was carried out in a closed distilled water
system, under ambient atmosphere and temperature. The
distance between the anode (stainless steel) and the cath-
ode (stainless steel) was varied between 2 and 6 cm for the
different preparations, with a constant current density of
4.31 mA · cm−2. The reaction solution was prepared by
dissolving iron sulfate heptahydrate (4 g, 14.4 mmol) in
200 mL of doubly distilled water to provide a 72 mM solu-
tion of Fe2+. Two steel plates (13×23×0.5 mm) were then
electroplated with the solution at 130.43 mA · cm−2 for 3
hours. This created the initial layer of iron oxide [37]. The
anode and cathode were then replaced and a solution of
sodium hydroxide (1 M, 30 mL) was then added dropwise
to bring the pH to the desired level. The electrochemical
reaction was then allowed to continue at 4.31 mA · cm−2

for 3 hours before the current was removed. The particles
deposited on the iron-coated steel plates were then col-
lected, and were also extensively washed with double dis-
tilled water through iterative rounds of suspension, vor-
texing, centrifugation, and decanting. The material was
then dried for 2 hours at 60◦C, and stored until analyzed.

C. Computational methodology

The computational calculations for our proposed iron
oxide clusters (Fe4 and Fe5) were performed using the
Gaussian 09 suite of programs [39]. Our computational
models were generated with Gauss View and optimized
using the DFT hybrid B3LYP functional (Becke 3-term
correlation functional; Lee, Yang, and Parr exchange
function) with the 6-31G(d,p) basis set at 298.15 K
(25◦C) [40]. All of the optimized clusters were verified by
frequency computations as minima (zero imaginary fre-
quencies). From these values we were able to graph the
predicted IR spectrum.

To accurately predict the ground state of iron oxide,
single point calculations was performed on B3LYP/6-
31G(d,p) optimized geometries using the split valence ba-
sis sets with inclusion of polarized and diffused effects,
6-311++G(d,p) in both low and high spin states [41, 42].
It is known that DFT is a one of the suitable approaches in
modeling iron oxide nanoparticles and is a reliable predic-
tor of energy and the other properties of the molecule [43].
The crystallographic data of the magnetite iron oxide
(Fe3O4, ICSD 43001) was obtained from the report by
Ma and co-workers [44]. The cubic magnetite unit cell
of a cluster containing 56 atoms (Fe24O32) was found to
be a sufficient structure to model our synthetic iron oxide
nanoparticles (Fig. 1). From this structure, a 3D crystal
structure visualization and a theoretical XRD spectrum
were generated and simulated using VESTA (Visualiza-
tion for Electronic and STructural Analysis) [45].
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D. Characterization of iron oxide nanoparticles

All materials were analyzed using X-ray diffractome-
try (Bruker D8 Advance diffract-ometer with a Cu-Kα
(λ = 1.54Å) radiation source), vibrating magnetometry
(Meghnatis Daghigh Kavir Co.; Kashan Kavir; Iran) and
field emission scanning electron scanning (Mira 3-XMU;
BSE-In beam, SE-In beam). The theoretical X-ray pat-
tern was simulated by VESTA [45] software using a Cu-
Kα1 (λ = 1.54Å) radiation source.

E. MTT assay

Prostate cancer DU145 cells were cultured in the usual
fashion as monolayers in DMEM media supplemented
with 10% fetal bovine serum. The cytotoxicity of the
nanoparticles was evaluated by the MTT assay, a non-
radioactive colorimetric method [46]. The DU145 cells
(1 × 104 cells/well) were transferred onto 96-well plates
and at 24 h post-seeding, different concentrations (i.e.
ranging from 12.5 to 200 µM) of nanoparticles were added
to each well. The treated cells were then incubated for
either 24, 48, or 72 h. After the indicated times, the
media was removed and cells were treated with (3-(4,
5- dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT). The plates were then incubated for 4 h at 37◦C
in a CO2 incubator. Finally, the media was removed
and absorbance of formed formazan crystals was read at
570 nm by adding DMSO (200 µL) and Sorenson’s buffer
(25 µL) to each well. The absorbance was assessed at a
wavelength of 545 nm using a spectrophotometer (Elisa
reader, Biochrom Anthos 2020 microplate reader) and
cell viability was calculated according to the standard
method [46]. The data for the 48 hour study is provided
in this manuscript, the others were left out due to space
constraints, but are consistent with the results.

III. RESULTS AND DISCUSSIONS

The nanoparticles were prepared as described above us-
ing a green, organic solvent, carrier gas, and surfactant-
free process. Five batches were prepared, the only differ-
ence being the spacing between the anode and the cathode
(from 2 to 6 cm in one cm increments). During our exper-
iments, we found that the nanoparticles adhered poorly
to the steel plates; consequently, to obtain a better sur-
face, the plates were first electroplated with the iron oxide
to create a better substrate. This was accomplished by
simply using a higher current. Following the creation of
the amorphous iron oxide surface, the current was then
decreased to control the particle size, and the nanopar-
ticles were selectively formed and deposited with a very
small size dispersity. Following synthesis, the nanopar-
ticles were recovered, dried, and stored for our studies.
However, before these molecules were characterized, the
core crystal structure of magnetite was used to develop a
computational model to explore the unique properties of
this material.

FIG. 2. a) Theoretical XRD simulated by VESTA based on
ICSD #43001 [43] and b) experimental XRD patterns of the
IONPs as a function of electrode spacing at constant current
density (4.31 mA · cm−2).

A. Magnetite (Fe3O4) structure determination and
computational study

Fe3O4 is a metal oxide that crystallizes in a spinel face-
centered cubic unit cell structure with the general for-
mula AB2O4, where A and B represent different oxidation
states of the same cation. This can be better represented
as (Fe3+tetrahedral)(Fe

2+
octahedral)(Fe

3+
octahedral)O4. As shown in

Fig. 1, FeA sites correspond to eight ferric ions at tetrahe-
dral sites where each of them has four oxide ions nearest
neighbors; FeB sites correspond to eight ferric ions and
eight ferrous ions at octahedral sites each with six oxygen
ions. This spinel structure is based on an fcc arrangement
of the O2− anion lattice, where 1/8 of the tetrahedral sites
and 1/2 of the octahedral spaces are occupied. In a cubic
inverse spinel iron oxide structure of this class, all of the
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FIG. 3. Mean IONP diameter, as determined by application
of the Scherer formula to the XRDs in Fig. 2, as a function of
the distance between the electrodes.

Fe2+ ions reside in half of the octahedral sites while the
Fe3+ occupy the balance of the octahedral sites and all of
the tetrahedral sites [47, 48]. The simultaneous presence
of both Fe2+ and Fe3+ in the octahedral sites results in
a variety of interesting properties [47, 49–51]. Visual rep-
resentations of the models used for the crystal structure
of the bulk magnetite (Fe3O4) unit cell and the primitive
unit cell are provided in Fig. 1 (as ball and stick and poly-
hedral models to highlight the tetrahedral and octahedral
sites). This mixed valence nature makes the bulk struc-
ture of these materials challenging to model computation-
ally, and this has limited their theoretical examination,
compared with other simpler iron oxide isoforms [52].
Figure 2 shows the XRD diffraction pattern of our

synthesized nanomagnetite as a function of electrode
distance (Fig. 2b). The expected Bragg peaks for
Fe3O4 were obtained at the 2θ values of 18.4◦(111),
30.5◦(220), 35.9◦(311), 37◦(222), 43.5◦(400), 47.6◦(422),
57.3◦(511), 63.1◦(440) and 74.1◦(533). Another iron-
containing species (indicated by the filled square) was also
observed with Bragg peaks at 2θ values of 33.4◦(400) and
39.5◦(301). These spectra correlate well with the simu-
lated theoretical diffraction of magnetite calculated from a
published crystal structure (Fe3O4, ICSD Collection Code
43001, Fig. 2a) [44]. They are also in agreement with the
calculated XRD from other deposited crystal structures
of magnetite (Fe3O4, ICSD Collection Code 82237, data
not shown) [53].
Nanoparticles were synthesized using five different spac-

ings between the electrodes: 2, 3, 4, 5, and 6 cm, to pro-
vide the five differing IONP preparations: A,B,C,D and
E respectively. The standard Bragg peaks corresponding
to FeOOH and Fe3O4 are identified in the 2 cm spectrum
(Fig. 2b, A). Note that the signal/noise ratio improves as
the electrode gap becomes smaller.
As is apparent in Fig. 2, the degree of crystallinity of

the IONPs increases as the distance between the elec-
trodes decreases (i.e. A clearly appears more crystalline
than C); nanomagnetite crystallinity is inversely propor-
tional to electrode spacing. This effect most likely arises
because with a shorter distance, the nascent IONPs form-
ing at the anode do so in the presence of a higher con-

centration of hydroxide (in the case of a shorter electrode
spacing), which directly leads to increased levels of crys-
tallinity. Similarly, as the distance increases, the rate of
reaction decreases, as is evidenced by the smaller parti-
cle sizes formed at the longer distances [37]. The relative
abundance of this material appears to increase steadily as
the electrode spacing increases from 2 through 6 cm. The
average crystallite size (D) of the IONPs was calculated
quantitatively by the Scherer formula (Equation 1) using
the strongest plane reflection from the XRD pattern (3 1
1) [54–57]:

Dh,k,l =
Kλ

βh,k,l cos θ
, (1)

where λ is the X-ray wavelength (λ = 1.542 Å; CuKα),
K is a constant related to the particle shape (K = 0.9 for
spherical particle), β is the full width at half maximum
(FWHM) of the line, and θ is the diffraction angle.

The impurities in our synthesized sample could be due
to the presence of surface hydroxyl groups, the most com-
mon impurity observed on a freshly prepared Fe3O4 sur-
face. In bulk formulations, this surface functionaliza-
tion is negligible as a percentage of the iron atoms, but
it becomes far more relevant in these types of nanofor-
mulations where the surface area/volume ratio is very
high [58, 59]. The effect of this impurity on the struc-
ture and electronic properties of the magnetite surface
was studied in detail by Parkinson and co-workers us-
ing photoemission spectroscopies, scanning tunneling mi-
croscopy, and density-functional theory [60]. They report
that the surface absorption of hydroxide led to the signifi-
cant change in structural and electronic properties of iron
oxide surface via a semiconductor-half metal transition
process. A second possible explanation for these peaks
could be due to the adsorption of water on Fe3O4 sur-
face. However, this class of material has been investigated
both experimentally and computationally on several oc-
casions [61–63]. Iron oxide magnetite nanoparticles tend
to be oxidized in air to generate maghemite (γ-Fe2O3)
and/or hematite (α-Fe2O3) depending on the incuba-
tion temperature. The peaks associated with maghemite
and hematite [(113), (210); and (213), (210), respec-
tively] [64, 65] are not present in our XRD spectra in-
dicating that our synthesized magnetite has not degraded
according to these oxidation pathways. However, this im-
purity could be a different highly oxidized form of iron
oxide arising from the electrochemical synthesis.

Our XRD spectra are partially consistent with the
presence of γ-FeOOH and/or surface hydroxyl groups.
Specifically, the γ-FeOOH material has been previously
assigned in the reported XRD pattern of a complex
Fe3O4/Fe2O3/FeCO3/FeOOH material [66]. The indi-
cated low intensity diffraction signals of our synthetic
nanoparticle are consistent with lepidocrocite, γ-FeOOH,
a polymorphous modification of iron hydroxide [67]. How-
ever, from this data alone, it is impossible to determine
whether this isoform is only localized to the surface, or
is present throughout the internal crystal structure of
the nanoparticles. This distinction is important as dif-
fering internal geometries play an important role [48, 60]
in determining the behavior of magnetite-based electronic
and spintronic devices. Surface alone vs internal oxi-
dation would also have significant implications for their
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FIG. 4. A) Crystal structure of magnetite [43]. B) Compu-
tational model generated based on the crystal structure. C)
Four iron atom cluster (Fe4) derived from cutting the model.
D) Alternative cut of the model to obtain a five iron atom
cluster (Fe5). The clusters presented in C and D have been
optimized using the B3LYP/6-31G(d,p) level of theory. The
optimized and single point energies obtained from these struc-
tures at different levels of theory is provided below the figure.
Blue represents Fe, Red represents O, white represents H.

biomedical application [68], thus a detailed understand-
ing of the presence of different defects in the magnetite
(i.e. surface defects and impurities as well as bulk de-
fects) is required [69]. Most of the reported theoretical
studies of iron oxides focused on mononuclear and binu-
clear forms [70–74]. To the best of our knowledge, this is
the first DFT study of a magnetite cluster with more than
three atoms [75], as we are taking into account the non-
equivalent populations of the different iron atoms. This
is somewhat surprising as there are three distinct iron
atoms (Fe2+oct, Fe

3+
tet, and Fe3+oct) present in the mineral in

non-equal proportions.

To investigate this complex system, and to attempt to
determine the nature of the observed impurities, we pre-
pared two cluster models containing either an even (Fe4)
or odd (Fe5) number of iron atoms (Fig. 4). These struc-
tures were derived from the (001) slab surface model pre-
sented in Fig. 1A. In both clusters, the terminal groups
were saturated with hydrogens (making the exposed ox-
ides hydroxides) to ensure an overall neutral. As shown
in Fig. 4, in cluster Fe4, two Feoct are coordinated by µ3-
oxo (an oxide ion bound to three irons: two Feoct and one
Fetet); while in cluster Fe5, two Feoct are coordinated by
both a µ-hydroxo (a hydroxide ion bound to two Feoct)
and a µ3-oxo (an oxide ion bound to three irons: two Feoct
and one Fetet). In the optimized Fe4 structure, the cal-

FIG. 5. A) Uncorrected FT-IR spectrum of magnetite
nanoparticles. Scans were carried out from 4000 to 400 cm−1

and the data was obtained at ambient temperature and atmo-
sphere from a KBr pellet. B) Predicted FT-IR spectrum calcu-
lated from the Fe5 cluster (blue lines are the calculated values
(tabulated in the Supplementary materials as Table S1), the
black outline is the linear combination of these values). The
vibration signals are labelled, note that due to the small size
of the cluster, a large number of hydroxyl groups are present.
This results in the strong O–H stretches at high wave numbers
that are not present or expected in the experimental spectrum.

culated mean values of Feoct–Feoct and Feoct–Oeq bond
lengths were found to be 2.92 and 1.90 Å, respectively.
Small differences between these three types of inter atomic
distances are predicted for Fe5. In this larger size cluster,
the average Feoct–Feoct and Feoct–Oeq bond lengths were

found to be 2.94 and 1.91 Å, respectively. This is a match
with the reported bond distances in the bulk magnetite
(2.96 and 2.06 respectively) [67–69]. The difference in
Fe–O bond length is mostly attributable to the Fe–O–H
functions in our cluster rather than the Fe–O–Fe bonds
observed in the bulk structure. Fe5 may well act as a
suitable minimum model of the mixed valence nature of
magnetite, to allow for an initial investigation into the
properties of nanomagnetite. A series of single point cal-
culations at higher levels of theory on both the low- and
high-spin states on the B3LYP/6-31G(d,p) optimized ge-
ometries were also performed. As expected, the energetic
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FIG. 6. VSM derived magnetization plots of the IONPs; A)
Full spectrum, B) expansion to clearly show the hysteresis
loop.

TABLE I. Magnetic parameters of the nanomagnetite formu-
lations.

sample Particle (Magnetice Hc (Magnetice

diameter Remanence) (Coercivity) saturation)

(nm) (emu/g) Mr (Oe) (emu/g) Ms

A 33 5.98 100 68

C 23 5.75 100 40.5

E 19 2.97 0 42.4

estimation improves at higher levels of theory for both low
and high spin state magnetite. Coordinates and thermo-
chemical data of all optimized clusters, and their related
single point energies are provided in the supplementary
materials.

Ongoing efforts are focused on the application of quan-
tum mechanical calculations based on advanced density
functional theory (DFT) modelling of mixed clusters with
a larger number of iron atoms with different multiplicities,
as properties of the clusters depend on the multiplicity of
their electronic state (M = 3, 5, 7, 9, 11, 13, 15, and
17). We are also currently evaluating the interaction be-
tween the magnetite surface and different impurities to
better match our experimental XRD spectrum and to bet-
ter define the structural and electronic nature of this class
of nanoparticle for compatibility with potential biomed-
ical applications. These results will be published in due
course.

The FT-IR transmission spectra of the IONP prepared
at 2 cm (sample A) taken on a JASCO 640 plus infrared
spectrometer is provided as Fig. 5A. The FT-IR samples
were prepared by mixing the IONP powder with KBr.
This material was then pressed and ground into a trans-
parent pellet with a diameter of 1 cm in the usual fashion.

The nature of the IONPs were further confirmed by
this analysis. As seen in the spectrum, there is a broad
absorption centered at 3444 cm−1 consistent with an O–
H stretching vibration from absorbed water or surface
functionalization from the presence of Fe–O–H or Fe–O–
O–H impurities. The bending mode for this same func-
tionality is observed at 1590 cm−1. The only other ma-
jor peak observed is at 562 nm, which is in the typical
range observed for the Fe–O stretch in magnetite derived

FIG. 7. The FESEM of the magnetite nanoparticles (sample
E). The scale bar represents 200 nm, and he field of view is
approximately 1.38 µm. The particles appear quasi-spherical
with a mean particle size of about 20.5 nm (determined by
Image J software). The mean crystal size estimated from the
specific surface XRD above is about 19 nm, which agrees with
that measured by FESEM.

nanoparticles, although it is lower than previously ob-
served (570–590 cm−1) [79–81]. However, the power of
this surfactant-free technique is evidenced by the lack of
organic components in the FT-IR; even in the well cleaned
particles synthesized through other routes, significant or-
ganic IR impurities are inevitably present [82, 83]. This
is normally necessary to functionalize the surface of the
particles for stabilization. An FT-IR spectrum was also
calculated based on our Fe5 cluster (Fig. 5B, spectrum
is tabulated as Table S1 in the Supplementary materials.
As this cluster has a very high surface to volume ratio, the
Fe–O–H stretches are very apparent compared to the ex-
perimental spectrum. However, of significant note is the
close correlation of the strongest Fe–O stretch, observed
at 560 cm−1 with the observed experimental maximum at
562 cm−1. It is also of note that the different stretches
attributable to the different Fe–O bonds present in mag-
netite, (450–590 cm−1), might explain the significant line
broadening in that region of the experimental spectrum.
Peaks above this value are attributed to the O–H bending
modes present in our cluster. This FT-IR data, in con-
junction with the XRD results suggest that in the current
case, the surface of the particles is functionalized with
–OH and/or O–O–H functionalities rather than through
organic capping and coating.

Vibrating sample magnetometry (VSM) was then used
to determine if the magnetic properties varied with par-
ticle diameter (Fig. 6). The presence of a hysteresis loop
(clearly seen in the expansion, Fig. 6b) indicates that the
IONPs possess ferromagnetic properties. This was ex-
pected, as it has usually been observed for ferromagnetic
materials with diameters larger than 10 nm [37]. The
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FIG. 8. MTT assay results from cells following a 48 hour incubation with IONPs. A) MTT assay of sample A (33 nm); B)
MTT assay of sample C (23 nm); C) MTT assay of sample E (19 nm).

amplitude of this hysteresis loop has been attributed to
the magnetic anisotropy of the crystalline lattice and is
influenced by the presence of impurities within the materi-
als [37, 54–56]. Our IONPs show the expected low satura-
tion magnetization (MS) values compared to those of the
Fe3O4 bulk materials (∼85–100 emu/g) [38, 57, 84, 85];
consequently, these IONPs may form a suitable platform
for developing magnetic resonance imaging (MRI), cell
separation and medical diagnostic applications. The lower
Ms value of nanoformulated Fe3O4 compared to the bulk
material has been attributed to the extremely high sur-
face area/volume ratio and cation distribution [38, 85]. As
apparent from Fig. 6 and Table I, the saturation magneti-
zation of the magnetic nanoparticles follows an interesting
non-linear pattern. The largest particles (A, 33 nm) have
a considerably higher Ms than the smaller particles. How-
ever, despite the difference in size between the other two
samples (23 and 19 nm) there is no significant difference
in Ms. However, the coercivities between the latter two
samples do differ, but are either 0 or 100, intermediate
values are not observed for these nanomaterials. This is
attributed to the randomly oriented, uniaxial and non-
interacting behavior of IONPs [37].

Field emission scanning electron microscopy (FESEM)
image of IONP E is shown in Fig. 7 (Field of view is
approximately 1.5 µm). This FESEM data, suggesting a
particle size of 20.5 nm, is in close agreement with our
XRD data, and supports the conclusion that the size of
the particles can be tuned by simply changing the distance
between the electrodes during their synthesis.

Following this physical characterization, the materials
were evaluated for biocompatibility through an MTT as-
say. As noted, the surface of our materials is possibly
functionalized with hydroxide or hydroperoxide moieties,
and if so, this might have a detrimental effect on cells.
The results of the 48 hour incubation MTT assay study
of the IONPs are shown in Fig. 8. As much lower toxicity
profiles were found for the shorter incubation times (data
not shown), this longer assay was deemed necessary to
determine the dose-dependent toxicity of these materials.

As shown in Fig. 8, the IONPs demonstrate no signifi-
cant toxicity at the lower concentrations, however, above
200 µg/mL, mean cell viability drops below 70% for all
three formulations suggesting toxic effects become sig-
nificant at this dose [86]. This is in contrast to other
reports on IONP toxicity, where concentrations as low
as 15 µg/mL were shown to result in significant toxic-

ity [87, 88]. The exact mechanism of toxicity, and possi-
ble explanations for the differential response to our for-
mulation, will be examined in our following full report.
200 µg/mL is, however, a relatively high concentration
indicating that the IONPs are reasonably well tolerated
by the DU145 cells. Cytotoxicity also appears to be inde-
pendent of particle size.

IV. CONCLUSIONS

IONPs of Fe3O4 with nearly spherical shapes and mean
diameters ranging from 19 to 33 nm were synthesized
through our novel, sustainable, surfactant-free electro-
chemical method in an alkaline aqueous system. No inert
carrier gas was required, and the synthesis was carried
out in a closed water loop, greatly reducing waste, and
making this a very inexpensive approach to the synthesis
of these materials. Nanoparticle formation was confirmed
by XRD analysis. In addition, the X-Ray diffraction pat-
tern also indicated that there were some impurities in the
form of FeOOH or FeOH, which was supported by the
FT-IR data. Our computational modelling, including the
cluster models of magnetite containing four or five iron
atoms, provided bond lengths similar to those observed
in the crystal structure and also provided an FT-IR spec-
trum that matched the experimental values. The five-
iron atom cluster model (Fe5) proved to be a good min-
imum model for our preliminary investigations into the
theoretical behavior of the bulk structure of magnetite.
The ferro-magnetic and superparamagnetic behavior of
the IONPs was characterized using VSM. Our results in-
dicated that IONP size was inversely proportional to the
distance between the electrodes used during the synthe-
sis. In addition, the magnetic saturation and remanence
decreased as the distance between electrodes decreased.
Despite their possibly reactive surface functionalization,
the IONPs proved to be biocompatible with the DU145
cells line at moderate concentrations, and the observed cy-
totoxicity appears to be independent of the particle size
or crystallinity. Further details on the synthesis and bio-
logical behavior, including antibiotic and mammalian in
vivo studies will be published in a full paper. The exhib-
ited properties, and moderate toxicity makes this class of
IONPs potential candidates for future biomedical appli-
cations.

http://www.sssj.org/ejssnt (J-Stage: http://www.jstage.jst.go.jp/browse/ejssnt/) 37



Volume 15 (2017) Taimoory, et al.

ACKNOWLEDGMENTS

S.M.T and J.F.T would like to thank the University of
Windsor for providing funding for this project. This work
was made possible by the facilities of the Shared Hierar-
chical Academic Research Computing Network (SHAR-
CNET:www.sharcnet.ca) and Compute/Calcul Canada.
M.A. and F.S. would like to thank the University of Sis-
tan and Baluchestan for financial support for this work.

The authors declare that they have no competing financial
interest.

APPENDIX

DFT calculated geometries, thermochemical data, and
the related single point energies, and Calculated IR
spectrum data of Fe5 iron oxide cluster are available
in Supplementary materials (https://www.jstage.jst.go.
jp/article/ejssnt/15/0/15 31/ article/supplement).
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and U. Diebold, J. Am. Chem. Soc. 133, 12650 (2011).
[63] N. Mulakaluri, R. Pentcheva, and M. Scheffler, J. Phys.

Chem. C 114, 11148 (2010).
[64] J. R. Correa, D. Canetti, R. Castillo, J. C. Llópiz, and J.
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