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ABSTRACT

Objective: The expansion of wet chemical method for the synthesis of iron oxide
nanoparticles with magnetic properties is reported. Methods: Iron oxide nanoparticles
were investigated in the procedure using Transmission Electron Microscopy (TEM). It
has been seen that the distribution size changed by changing of Molarity precursor and
heating the sample. The magnetization evaluations were performed using a Vibrating
Sample Magnetometer device (VSM) to specify the magnetic answer. The Thermo
Gravimetric Analyses (TGA) displayed the size-dependent weight loss of the magnetic
nanoparticles. In this work, the cytotoxic activity of various samples of Maghemite on
cancer cell lines HELA was studied. The /n vitro cytotoxicity tests were also performed
to determine the cell viability as a work of size and heat of the magnetic nanoparticles.
Results: The samples ¢ and d at T=300°C had a little magnetic hysteresis that can use
in cancer cure with hyperthermia therapy method. Conclusions: These samples became
amorphous and they were nontoxicity.

Key words: Magnetic properties, Maghemite, Iron oxide nanoparticles, Cell viability,
Cytotoxicity.

INTRODUCTION

The iron oxide nanoparticles have been
widely studied for medical imaging, drug
targeting, biomolecule separation,' and catalytic
applications owing to their unique electrical,
magnetic and chemical properties.”* y-Fe O,
(mineralogically known as maghemite) is the
second most common Fe, O, polymorph in
nature and can be formed by a wide range
of reactions. Like a-Fe,O,, it exists in both
bulk and nanosized forms. Maghemite
possesses a cubic crystal structure of an
inverse spinel type and crystallizes in the
P4132 space group with a=8.351 A.

y-Fe, O, has a spinel structure with two
magnetic sublattices so it is a typical ferro-
magnetic material like Fe O it is readily
magnetized and thus has a high magnetic
response when it is placed in an external
magnetic field. Ultrafine particles of y-Fe O,
(i.e., those with sizes of ~10 nm or less)
exhibit superparamagnetic relaxation. In
fact, y-Fe,O, was one of the materials that

prompted the development of the theory of
superparamagnetism, and it has been studied
extensively in this context. Superparamag-
netism is a thermally activated relaxation
phenomenon that is typically observed in
nanoscale structures, in which the particle’s
overall magnetic moment (i.e., superspin)
spontaneously fluctuates between various
orientations that are energetically favored
by its magnetic (magnetocrystalline in most
cases) anisotropy. Nanosized y-Fe O, is a
very useful material in nanotechnological
applications because its nanoparticles have
interesting magnetic and surface proper-
ties and it is nontoxic, biodegradable, bio-
compatible, and chemically stable’ It is
really important to get monodispersity dur-
ing the fabrication of the nanoparticles to
increase the sensitivity of these particles for
the diverse applications. Hence, the develop-
ment of novel methods has been the focus
of recent research to make uniform and
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highly monodispersed nanoparticles by the wet chemi-
cal method,*” and the thermal decomposition method.
However, there are not many reports on detailed studies
of the growth process of monodispersed superpara-
magnetic iron oxide nanoparticles (SPIONs), although
the syntheses of relatively uniform magnetite and
maghemite nanoparticles have been reported.®

It was observed that the wet chemical method for
iron oxide nanoparticles is advantageous since it was a
method to produce under 10 nm particles.” SPION that
are 10-100 nm in size ate considered to be optimal for
intravenous administration whereas particles >200 nm
and <10 nm are sequestered by the spleen or removed
through renal clearance, respectively.'’

However, properties of SPION govern their ultimate
fate in terms of the efficiency of cellular uptake, bio
distribution, metabolism and potential toxicity. The
purpose of the present investigation is to study the size
distribution of the particles as well as the iron oxide
nanoparticles during process since it is not studied in
detail before. We tried to investigate applications of
magnetic nanoparticles and found good samples in
medical applications. We tied to find particles with
small size and synthesis of y phase of Fe,O,. The toxicity
of nanoparticles and their effects on alive cells were
investigated, too. The iron oxide nanoparticles were
characterized by X-ray diffraction (XRD), thermo
gravimetric analysis (TGA), Transmission electron
microscopy (TEM) and vibrating sample magnetometer
(VSM). The synthesis of iron oxide nanoparticles was
found to be reproducible with the tunable properties.
The in vitro cell viability tests were also performed for
these iron oxide nanoparticles to determine their
cytotoxic effects.

MATERIALS AND METHODS

Synthesis of Iron Oxide Nanoparticles

The nanoparticles were prepared by following a proce-
dure reported in the literature.” The synthesis procedure
was as follows: FeCl, and FeCl,-4H,O were dissolved
in a 2M hydrochloric acid to form a solution with the
concentration of 1M for FeCl, and 2M for FeCl,-4H,O.
The NH,-H,O solution (2M) was added drop by drop
to this solution with vigorous stirring at room temperature
for 2 h. The final pH of this solution was 9.73. Then
put it in centrifuges with 5000 rpm for 10 minutes. This
precipitate was then collected by filtration and rinsed
three times with deionized water and ethanol. Finally,
the washed precipitate was dried at 70°C overnight.
In the second test, the morality of FeCl, solution and

FeCl, solution was respectively changed to 2 molar
and 3 molar, sample (b). The powders (samples (a) and
(b)) were heated in temperature 300°C for three hours
(according to the TGA analysis) and were called
samples (c) and (d), respectively.

Cytotoxicity Assay

Considering the increasing applications of the magnetic
nanoparticles in the biomedical fields, the i vitro cell
viability studies were performed in the presence of
the maghemite nanoparticles synthesized by the above
method."* The Cervical cancer cells (HELA) were
used for cytotoxicity tests.”” These cells (104 cells per
100 pl Culture medium) of different concentrations of
nanoparticles (in 0, 1, 50, 100, 500, 1000 pg/mlL) were
seeded into different wells and were incubated for 48 h
followed by the addition of 20 mL of MTT (methyl
thiazolyl tetrazolium) in each well and incubated for
4 hours. Then, MTT solution was excluded from wells,
and 50 pl of DMSO was added to each well and the
96 well/plates were shacked for 15 minutes. At the
end, the absorbance was determined by ELISA reader
(.. =490 and 630 nm)."*"

Characterization

Direct structural and size information of magnetic
nanoparticles has been analyzed by using transmission
electron microscopic analysis with specifications (Zeiss
- EM10C - 80 KV).

The crystallographic structure of the sample was analyzed
by powder X-ray Diffractometer with CuKa. The XRD
data was collected by step scanning over the angular
range of 20° < 20 < 80°, at room temperature, 30%
humidity. The average size of nano-crystals was calcu-
lated by Scherer’s formula according to Eq.(1). Since the
Scherrer equation has been used for measuring the size
of spherical crystallites, we used the X-powder software'
to calculate the particles’ size. This software calculated
with Scherrer equation (Eq. 1).

0.89 &

pcos 0
Where D is the nanoparticles size in nm, A (Wavelength
of X-Rays) = 0.15406 nm, 8 maximum peak width at

half of the height in radians and 0 is diffraction angle
of the highest peak in degrees.

Eq() D=

To determine the magnetic behavior of synthesized
powder, VSM technique it has been used. The vibrating
sample magnetometer (VSM) was used to measure
magnetic properties of the samples at room temperature.
The composition of nanoparticles was determined by
thermo gravimetric analysis (TGA).
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RESULTS AND DISCUSSION
TEM

In wet chemical method, the nanoparticle formation
involves steps mainly making solution, combined dilution,
drying and powdering. To understand size of nanopar-
ticles, TEM images were obtained. TEM images of iron
oxide nanoparticles for sample (a) have been shown
(in the Figure 1, panel (a)). In this method the size of
nanoparticles was about 3 nm with a narrow size distri-
bution. After calcining at 300°C for three hours, (sample
(©)) it was observed that the size of distribution became
bigger but the majority of nanoparticles still possessed
the average size of 6 nm, which is (shown in Figure 1),
panel (c). The mediocre of size distribution was seen in
the sample (b) that shifted to 4 nm (as shown in Figure 1,
panel (b)). When the nanoparticles were calcined at
300°C for three hours, the size distribution became
longer and more narrow (as shown in Figure 1, panel (d))
(with the average size of 9 nm).

XRD

Figure 2 panel (I) shows the XRD patterns of iron
oxide Nano crystals of the standard y-Fe,O,. The peak
positions and relative intensities of nanoparticles were
well agreed with XRD patterns of standard y-Fe,O,,
which confirms the obvious inverse spinel structure of
the maghemite materials. Figure 2 panel (II) shows that
nanoparticles have been got amorphous after heating,
only the (311) plan has a high peak. The average sizes
of the iron oxide nanoparticles were calculated from
Scherer’s equation as given in Table 1, which was con-
sistent with the result obtained from the transmission
electron microscopy (TEM) analysis.

All diffraction peaks in Figure 2 are consistent with
the standard structure of maghemite (JCPDS card No.
39-13406).

TGA

The weight loss in TG analysis for iron oxide nanopar-
ticles is shown in Figure 3. The TGA curve displays
a weight loss from room temperature to 250°C and a
drop between 250-400°C, respectively. The weight loss
in the low-temperature region is resulted from evaporating
of free hydrochloric acid and the H,O. However, the
weight loss at relatively high temperatures can be attrib-
uted to the decomposition of hydrochloric acid bound
to the nanoparticles. The decomposition at higher
temperatures can be attributed to the chemical bonding
between iron and the carbonyl group. Since the smaller
nanoparticles provide more binding sites on the surface

for surfactant than larger ones, the amount of weight
loss is related to the particle size due to the higher
surface area to volume ratio of nanoparticles (shown in
Figure 3).

VSM

A vibrating sample magnetometer (VSM) was used to
measure magnetic properties of the samples at room
temperature. The applied magnetic field was between
-8500 to 8500 Oe.

Figure 4 (I) shows the magnetization curves of samples
y-Fe,O, at room temperature. Sample (a) and sample
(b) show superparamagnetic behavior with zero coer-
civity and remanence. The shape of the hysteresis loop
is depended on particle size. When the particle size
decreases, the number of magnetic domains per particle
decreases down to the limit where it is energetically
unfavorable for a domain wall to exist. Below a critical
diameter (below 5 nm), the magnetic particles have a
single domain; the particles are then superparamagnetic.
The superparamagnetic nanoparticles fluctuate due to
thermal energy, this fluctuation tends to randomize the
moments of the nanoparticles unless a magnetic field
is applied, at this condition coetcivity is negligible."”
This is related to the fine crystallite sizes of y-Fe,O,
particles, which atre in the range of 2 — 5 nm'" nano-
particle characterization is typically performed under
the pretext of well-dispersed, aqueous conditions. Here,
we systematically characterize the effects of aggregation
on the alternating magnetic field induced heating and
magnetic resonance (MR.

The M-H curve was measured for samples (c) and (d)
at room temperature and the results are shown in
Figure 4 (II). It was obvious in the figure that magnetic
saturation for samples a and b happened at 4000 Oe
external field and external field of 1000 Oe fore samples
c and d. That showed good distribution and crystalline
of maghemite nanoparticles. Magnetic saturation of
samples a and b was about 35 and about 5 for samples
c and d. It was very different from the magnetic satura-
tion of bulk maghemite (~ 72)."% The results showed
that the magnetic saturation increased with decreasing
the particles' size. As the magnetic hysteresis of samples
a and b was 0, it confirmed the superparamagnetic
properties of these samples. But samples ¢ and d had a
little magnetic hysteresis so these samples could be
terromagnetic. The coercivity and magnetic saturation of
samples ¢ and d wete a little. The samples at T=300°C
did not have any magnetic dipoles of O ions and dipoles
of iron oxides were in different directions. As we can
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see in Figure 4 (I) the coercivity magnetic was 0 for zero
magnetic field. These samples were antiferromagnetic.
As the hysteresis loops of samples a and b were 0, the
magnetic nanoparticles of Fe y phase can correct the
carrying of drugs by carrying of medicinal elements and
magnetic field.

In Figure 4 (II) for samples c and d, there was a little
hysteresis so these samples can use in cancer cure with
Hyperthermia therapy method.

The measurements carried out by VSM are consistent
with the standard deviation calculated by TEM images.

MTT assay

Common to all NPs, SPION are associated with unique
physico-chemical features, such as nanometer sizes
and a large surface area to mass ratio that also facilitate
novel applications. On the other hand, the same nan
scale properties (e.g. large surface area coupled with
enhanced reactivity, increased propensity to diffuse
across biological membranes, and tissue barriers due to
nano-size which causes cellular stress) can potentially
induce cytotoxicity that can manifest itself by impair-
ing the functions of the major components of the cell,
namely mitochondria, nucleus and DNA.*** In fact,
exposure to SPION has been associated with signifi-
cant toxic effects such as inflammation, the formation
of apoptotic bodies, impaired mitochondrial function

‘E T

= _C L]
1

(MTT), membrane leakage of lactate dehydrogenase
(LDH assay) generation of reactive oxygen species
(ROS), increase in micronuclei (indicators of gross
chromosomal damage; a measure of genotoxicity), and
chromosome condensation.”

For analyzing the biocompatibility, the hydrophilic
nanoparticles of samples (a), (b), (c) and (d) in the con-
centrations range of 0, 1, 50, 100, 500 and 1000 mg/ul
were treated with the Cervical cancer cells (HELA) for
48 h. Figure 5 shows the cell viability results for normal
as well as Cervical cancer cells with samples (a), (b), (c)
and (d) nanoparticles. The cytotoxicity studies revealed
that there is no obvious change in cell viability in the
studied concentration range of magnetic nanoparticles,
although the 100 um nanoparticle concentration is
considered to be far higher than the normal use. Thus,
as-prepared nanoparticles showed biocompatibility and
nontoxicity against the normal as well as cancerous cell
lines.

CONCLUSIONS

In summary, we synthesized the iron oxide nanoparticles
with monodispereity using the wet chemical method.
The magnetic nanoparticles showed well-defined
superparamagnetic and blocking temperature due to the
size effects consistent with the TEM images. The TG

Figure 1: TEM schematic images of samples (a), (b), (c) and (d), and their histograms of size distri-
butions are given in panels (a), (b), (c) and (d) respectively.
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Table 1: Comparison of Particle Size of Iron Oxide

Nanoparticles Using XRD Analysis.

Size | Size | Size | Size | Size | Size
Sample Avg.
Name from | from | from | from | from | from Size
(220) | (311) | (400) | (422) | (511) | (440)
Sa(r;\)ple 4nm [ 2nm [ 3nm [ 4nm | 4nm | 8 nm | 4 nm
ST 6nm | 3nm | 4nm | 4nm | 4nm | 7 nm 48
(b) nm
Sample ) 8 nm _ _ _ ) )
(c)
Sample
- 9 nm - - o - -
(d)

analyses showed that the surfaces of nanoparticles were
occupied by different numbers of ligands via physical
absorption and chemical binding, which changes with
particle size, owing to the surface area to volume ratio.
The as-prepared iron oxide nanoparticles showed
biocompatibility and nontoxicity against the normal as
well as cancerous cell lines.

In reference it was reported that the toxicity of nano
particle was very vital and important. Furthermore our
nano particles (samples a and b) in contrast of paper”
of reference has less toxicity and has more magnefitication
and crystallization. It was shown in TEM that samples
c and d in contrast of papet® of reference included
smaller nano particles and smaller surface in magnetic
saturation figure in analyzes. Our samples have less
toxicity even in high doze of nano particles (samples
d and ¢) and cells have more mobility for producing and
growing cells.

As y-Fe O, is a potential candidate for so many biomedical
applications, such a novel magnetic structure should be
of great interest.
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ABBREVIATIONS USED

DMSO: Dimethyl Sulfoxide; DNA: Deoxyribonucleic
acid; ELISA reader: Enzyme-linked immunosorbent
assay; HELA: Henrietta Lacks (cancer cells); LDH
assay: Lactate Dehydrogenase assay; M-H: Magnetic
Hysteresis; MTT assay: Methyl Thiazolyl Tetrazolium;
NPs: Nano Particles; ROS: Reactive oxygen species;
SPIONSs: Superparamagnetic Iron Oxide Nanopart-
ticles; TEM: Transmission Electron Microscopy; TGA:
Thermogravimetric Analysis; VSM: Vibrating Sample
Manetometer; XRD: X-ray Diffraction.
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SUMMARY

TEM images of iron oxide nanoparticles showed
that the size of nanoparticles from 2 nm to 9 nm.
The TG analyses showed that the surfaces of
nanoparticles occupied by different numbers of
ligands via physical absorption and chemical bind-
ing, which changes with particle size, owing to the
surface area to volume ratio.

As the hysteresis loops of samples a and b were O,
the magnetic nanoparticles of Fe y phase can cor-
rect the carrying of drugs by carrying of medicinal
elements and magnetic field.

In Figure 4 (ll) for samples ¢ and d, there was a
little hysteresis so these samples can use in can-
cer cure with Hyperthermia therapy method. The
as-prepared iron oxide nanoparticles showed bio-
compatibility and nontoxicity against the normal as
well as cancerous cell lines.

Y-Fe, 0, is a potential candidate for so many bio-
medical applications, such a novel magnetic struc-
ture should be of great interest.
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