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Superparamagnetic iron oxide nanoparticles (SPIONs; Fe304) were synthesized by a “green” co-
precipitation method in aqueous starch solution as a food media. Powder X-ray diffraction (PXRD)
patterns indicated that the synthesized samples were pure Fe304 with a spinel structure, and the coating
of starch did not undergo any phase change. Fourier transform infrared (FTIR) spectra confirmed the
formation of starch coated Fe3O4 nanoparticles. Field emission scanning electron microscopy (FESEM)

micrographs illustrated the formation of nanoparticles in the size range of below 25 nm. Magnetic

measurements revealed that the saturated magnetization of the starch-SPIONs reached 36.5 emu/g. The
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Su{)erparamagnetic iron oxide nanoparticles non-toxic effect of SPIONs concentration below 50 and 100 ug/ml was observed in the studies of in vitro
(SPIONS) cytotoxicity on normal and cancerous cell lines, respectively. The dose dependent toxicity made it a
Starch suitable candidate for various medical applications.

Powder X—ray diffraction (PXRD)
Field emission scanning electron
microscopy (FESEM)

In vitro cytotoxicity

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nanoparticles are attractive materials with significant
potential for use in a wide range of applications [1—4]. Super-
paramagnetic iron oxide nanoparticles (SPIONs), as an important
member of magnetic nanoparticles family, can be used in various
medical and industrial applications, such as; cancer therapy [5],
drug/gene delivery [6], magnetic resonance imaging (MRI) [7], hy-
perthermia [8], heavy metal absorption [9], catalysts [10], pigments
[11], ferro-fluids [12], etc. For various applications, a number of
factors like, particle size and distribution, morphology, and physical
properties (such as optical, magnetic, and electronic) are considered
as significant information for the magnetic nanoparticles.
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Recently, many physical and chemical methods have been
developed to prepare the superparamagnetic iron oxide (Fe3Og4)
nanoparticles (SPIONs), such as; hydrothermal [13], solvothermal
[14], in situ chemical oxidative polymerization [15], chemical
oxidative copolymerization [16], sol—gel [17], co—precipitation
[18,19], thermal decomposition [20], chemical vapor deposition
(CVD) [21], electrochemical [22], microwave irradiation [23], y—ray
radiation [24], and laser ablation [25]. However, these techniques
suffer the inability to control the size and distribution of SPIONs
due to their large surface area, high surface energy and high
magnetization which results in agglomeration and cluster forma-
tion [26]. Recently, “green”-mediated methods have also been
developed for preparing the small and uniform (in size and crys-
talline structure) metal oxide nanoparticles [27—30] especially
SPIONs [31—33]. However, many scientific studies are still under-
way to prepare the desired/controlled size and monodispersed
SPIONSs.

In this work, we report for the first time the synthesis of mono-
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dispersed SPIONs in soluble starch solutions using only Iron (II)
chloride salt as iron precursor via a “green” co-precipitation
method. Soluble starch was employed as a control sizer and/or
stabilization agent to prevent uncontrollable growth and aggrega-
tion among nanoparticles. Also, To the best of our knowledge, the
cytotoxicity of the prepared SPIONs towards HeLa and HNCF-PI
52 cell lines is being reported here for the first time.

2. Materials and methods
2.1. Chemicals, cell culture and maintenance

Starting materials were at analytical grade without further pu-
rification. FeCl,.4H,0 (Merck), NH4OH solution (25 vol%, Merck),
and starch (Amylose molecular form, soluble, Sigma-Aldrich) were
used as iron source, pH-adjusting reagent, and capping agent.
Cervical cancer (HeLa) and human normal fibroblast-like cervical
(HNCEF-PI 52) cell lines were purchased from the Pasteur Institute
(National Cell Bank of Iran). Resazurin sodium salt (AlamarBlue®)
was obtained from Sigma-Aldrich (Saint Louis, MO, USA). The cells
were cultured in RPMI 1640 medium containing 10% heat inacti-
vated fetal bovine serum (Gibco), and 100 IU/ml penicillin and 100
(ug/mL) streptomycin (Invitrogen).

2.2. Synthesis of SPIONs

The SPIONs were synthesized via a modified green
co—precipitation method, using FeCl,-4H,0 and starch in an alka-
line aqueous solution. First, 1.0 g of FeCl,-4H,0 was dissolved in
30 ml of deionized water (DIW); then, HCl (0.50 M, 3.0 ml) was
added and stirred at ambient temperature (until pH = 3 (+0.01)) for
about 30 min. After addition of NH4OH solution (25%, 4.7 ml) along
with continuous stirring at 70 °C for 60 min, pH of the solution was
increased to 9.0 (+0.01) on precipitation process. Then, 40 ml of
starch solution (2% w/w) was added to the initial solution, and the
final solution was continuously stirred at 50 °C for about 90 min.
The obtained precipitates were collected and washed twice with
DIW/ethanol to remove the reagents such as ammonia. The ob-
tained precipitates (black powder) were dried overnight at 100 °C.

2.3. Resazurin reduction assay of SPIONs

A resazurin reduction assay [34] was used to investigate the
cytotoxicity of SPIONs on cervical cancer and normal cell lines. In
brief, adherent cells were detached via treatment with 0.5% trypsin/
EDTA and 10,000 HeLa cells, and 5000 HNCF-PI 52 cells were
seeded in each well in a total volume of 200 pul standard medium.
The cells were maintained as monolayer cultures at 37 "C in a hu-
midified 5% CO, atmosphere, and were plated for 72 h prior to
treatment to allow adherence. The cells were treated in various
concentrations of SPIONs i.e., 0.78, 1.56, 3.125, 6.25,12.5, 25, 50, and
100 pg/ml. After 24 h, 20 pul resazurin (0.01% w/v in DIW) was added
to each well and the plates were incubated for 5 h at 37 °C. The cell
viability was determined by measuring the absorbance at 570 and
600 nm in a Synergy H4 Hybrid Multi-Mode Microplate Reader
(BioTek, Winooski, USA). Each experiment was performed with
three replicates and the viability was analyzed based on a com-
parison with untreated cells.

2.4. Characterization of starch—SPIONs

The prepared SPIONs were characterized using XRD (Philips,
X'pert, Cu K,, Netherlands), FE-SEM (Carl Zeiss Supra 55VP, Ger-
many), and FTIR (Shimadzu 8400, Japan). Magnetic properties of
the prepared SPIONs was measured by a vibrating sample

magnetometer (VSM, AGFM/VSM 3886 Kashan, Iran) at ambient
temperature in a magnetic field strength of 1.0 T.

3. Results and discussion

Fig. 1 shows the PXRD patterns of the obtained SPIONs. Typical
peaks of SPIONs [26 = 30.4° (220), 35.7° (311), 43.5° (400), 53.9°
(422), 57.5° (511), and 63.1° (440)], were consistent with the cubic
inverse spinel structure of Fe304 (JCPDS file No. 19—0629). As
shown in the PXRD pattern, there were no other peaks for
byproducts or impurities like, ferric nitrate [Fe(NOs3)s], goethite
[FeO(OH)], and maghemite (y-Fe;Os3). The crystallite size was
calculated by the Debye—Scherrer equation (D = KA/Bcos0), where;
D is the particle size, K = 0.89, Ax-ray wavelength) = 0.15,406 nm, B is
the full width at half-maximum of diffraction peak, and 6 is the
X—ray diffraction angle [35]. The starch coated SPIONs presented
the crystallite size of ~15 nm.

As illustrated in Fig. 2, the SPIONs are spherical in shape and are
uniformly dispersed. Based on FESEM micrographs at different
magnifications, we found that the obtained SPIONs were about
28 nm in mean diameter. The agglomeration of nanoparticles to
some extent is due to the interaction between SPIONSs.

In this work, an aqueous solution containing Fe?* produced a
dark green precipitate immediately after being mixed with the
ammonium hydroxide solution, and the obtained precipitate
gradually turned black in color. Therefore, following chemical re-
action (alkalization reaction) mechanism is proposed and formu-
lated to understand the typical SPIONs formation [36]:

FeCl,— oW g2+ 4 oc)- (1)
Fe>* -+ 20H™ —Fe(OH), (2)
3Fe(OH), + %02 — Fe(OH), + 2FeOO0H + H,0 (3)
Fe(OH), + 2FeO0OH — Fe304 | + 2H,0 (4)

Thus, in this synthetic procedure, SPIONs are formed - in pres-
ence of Fe?* alone — due to dehydration process in Eq. (4). Goethite
(FeOOH) is produced by the fractional oxidation of Fe(OH), by
dissolved oxygen gas in air (eq. (3)). This process is a controllable
mechanism in transforming Fe(OH), phases into the final phase of
Fe304.

Fig. 3 illustrates the FTIR spectrum of the obtained starch coated
SPIONS. The band centered at 3419 cm™! is related to —OH group
(stretching mode). The typical bands of SPIONs at 435, 574, and
627 cm~! can be related to the Fe—O bond [37]. Characteristic
bands of starch molecules were appeared at wavenumbers of 1018
and 1155 cm ™}, attributed to C—O (stretching mode) in C—O—C and
C—OH groups, respectively [38]. Furthermore, the absorption bonds
at about 2925 and 3419 cm !, were related to C—H and O—H (vi-
bration mode) groups, respectively [39].

The magnetic behavior of as-prepared starch—SPIONs was per-
formed by a vibrating sample magnetometry (VSM) instrument at
ambient temperature. As can be seen in Fig. 4, the room-
temperature magnetization curve (M—H loop) display narrow
hysteresis for the starch—SPIONs revealing that the as-prepared
sample in this work was a soft magnet with superparamagnetic
behavior [40—42]. The starch coated SPIONs showed (Fig. 4)
superparamagnetic behavior with a saturation magnetization (Ms)
value at about 36.5 emu/g, meaning that the obtained starch—-
SPIONs are suitable for medical applications such as in cell sepa-
ration and magnetic resonance imaging (MRI) [43,44]. The value
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Fe304 (JCPDS No. 19-0629: Cubic inverse spinel structure)
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Fig. 1. PXRD pattern of prepared starch—SPIONs.
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Fig. 2. FESEM micrographs of prepared starch—SPIONs at different magnification (A: x 35,000, B: x 75,000 and C: x 150,000) and a typical size distribution (D).

obtained from magnetization measurement is in moral agreement of particle (from bulk to nanoparticles) causes the increase of the
with the literature [45,46]. The decrease of Ms value for starch- surface area that it results in the decrease of Ms value compared to
SPIONSs (in comparison with bulk Fe304 ~85—100 emu/g) can be that of bulk magnetite material due to the decrease of the effective
related to a number of factors including cation distribution, surface magnetic moments [47,48].

disorder, and particle size decrease. Normally, the decrease in size As shown if Fig. 5, the cytotoxicity effects of the synthesized
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Fig. 3. The FTIR spectrum of starch—SPIONs.
T T T T — T T T ] with the SPIONs at various concentrations (0—100 ug/ml) for 24 h
aor [ ] and incubated at 37 °C in a 5% CO, atmosphere. After 24 h of
] e ] treatment, the in vitro cytotoxicity investigations revealed that the
S [ g starch coated SPIONs had no toxic effect on cancerous (Hela;
g 2F H ] 100 pg/ml) cell lines in higher concentrations (Fig. 5a). The pre-
;::L o[ [ d pared starch-coated SPIONs also demonstrated no significant
g [ ] toxicity even in concentrations up to 50 pg/ml on normal cell lines
8 2 in the resazurin reduction assay, meaning that the SPIONs are well
% gof ] tolerated by HNCF-PI 52 cells (Fig. 5b).
g [ j ) The non-cytotoxic effect of bio-functional nanoparticles on
= 2P ) ] cancer cell lines have been reported previously [49—51]. In a pre-
a0f /_,/! 4 vious study Khullar et al., were evaluated BSA coated gold nano-
[ e et ] particles for cytotoxicity towards rat glioma cell line and blood
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Fig. 4. Magnetization plot of synthesized starch—SPIONSs.

SPIONs were investigated on HNCF-PI 52 and Hela cell lines as
normal and cancerous cell lines, respectively. The cells were treated
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against these cells whereas BSA free nanoparticles showed low cell
viability and high hemolytic activity. In another study, bio-
functional nanoparticles coated with DEAE—BSA and DEAE-Lys
complexes did not show any marked hemolysis activity [50]. These
results are in consistent with our work which demonstrated the
possibility of these nanoparticles for different biomedical
applications.
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Fig. 5. Cytotoxicity effects of synthesized starch—SPIONs on HeLa (a) and HNCF-PI 52 (b) cell lines.
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4. Conclusion

The SPIONs were successfully synthesized in an aqueous starch
solution via a “green” co—precipitation method. Starch molecules
were used as the capping agent (size reducing agent) and organic
shell to obtain the organic—inorganic nanomaterials. The mean
diameters of the SPIONs were below 25 nm with suitable super-
paramagnetic properties (with an Ms equal to 36.5 emu/g). More-
over, the starch coated SPIONs have non-toxic effects on normal
and cancerous cervical cell lines, making them suitable candidates
for various biological applications.
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