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ABSTRACT: Biomedical applications of superparamagnetic iron oxide nanoparticles (SPIONs) requiring
precise control over their physical and magnetic properties, and proper surface treatment. Here we
report a practical and effective electrochemical strategy for preparation of the polymer coated SPIONs.
In this strategy, in situ polymer coating on the surface of SPIONs was achieved through electrodeposition
process. The evaluation by XRD analysis confirmed that the electrodeposited sample has pure phase
of iron oxide i.e. magnetite (Fe,O,). The PEG/PVC coating of SPIONs was confirmed by FTIR, DLS
and DSC-TG analyses. The FE-SEM observation and DLS analysis revealed that the prepared polymer
coated SPIONs have proper dispersion and nanosize about 20 nm. The magnetic measurement by
VSM revealed that the prepared SPIONs exhibit excellent superparamagnetic behavior, showing high
magnetization value (Ms= 32 emu/g), and negligible coercivity (Ce= 0.42 emu/g) and remanence (Mr=
1.1 Oe) values. Based on the obtained results, it was concluded that this electrochemical strategy
is facile and effective method for preparation of polymer coated Fe,O, nanoparticles for biomedical
applications.
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INTRODUCTION

In the recent years, the synthesis of superparamagnetic
iron oxide nanoparticles (SPIONs) has been inten-
sively developed not only for its fundamental scientific
interest but also for many biomedical and bioengineer-
ing applications including cell targeting and separation,
MR imaging, cancer treatment, hyperthermia, gene and
drug delivery (Chomoucka, et al., 2010, Sharma, et
al., 2014, Gupta and Wells, 2004, Gupta and Gupta,
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2005). These unique special applications of SPIONs
are strongly dedicated by their size, surface and mag-
netic behavior (Reddy, et al., 2012, Somaskandan, et
al., 2008, Laurent, et al., 2008). All of these biomedical
applications require that the nanoparticles have high
magnetization values, a size smaller than 100 nm, and
a narrow particle size distribution. So, the control of
the monodisperse size is very important because the
properties of the nanocrystals depend upon the dimen-
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sion of the nanoparticles. Also, appropriate surface
chemistry of SPIONSs is essential factor for numerous
in vivo applications which has to be nontoxic and bio-
compatible and must also allow for a targetable deliv-
ery with particle localization in a specific area (Lau-
rent, et al., 2008).

Until now, various synthesis routs have been devel-
oped for the preparation of monodispersed SPIONs
in the solution phase (Farahmandjou, et al., 2014,
Sharafi and Seyedsadjadi, 2013, Wang, et al., 2014,
Hufschmid, et al., 2015, Sharma and Jeevanandam,
2013, Mandel, et al., 2015, Turcheniuk, et al., 2013,
Lu, et al, 2010). For example, co-precipitation of
Fe*" and Fe?* salts is a classical method employed to
prepare water-soluble and biocompatible iron oxide
NPs (Farahmandjou, et al., 2014, Sharafi and Seyed-
sadjadi, 2013, Wang, et al., 2014, Hufschmid, et al.,
2015). Fe,O, NPs are also prepared by aging a stoi-
chiometric mixture of ferrous and ferric hydroxides in
aqueous media or partially oxidized ferrous hydroxide
suspensions with oxidizing agents. The size and mor-
phology of the NPs can be controlled by adjusting the
pH, reaction temperature, precursors, and the Fe*"/Fe3*
concentration ratio. However, this method leads to re-
duced control of particle shape, broad distributions of
sizes and aggregation of particles. High temperature
decomposition is recently used to obtain SPIONs with
controlled size and morphology via high temperature
decomposition of iron precursors in the presence of
hot organic surfactants (Hufschmid, et al., 2015,
Sharma and Jeevanandam, 2013, Mandel, ef al., 2015,
Turcheniuk, et al., 2013, Lu, et al, 2010). The size
and shape of iron oxide NPs could be controlled by
adjusting the reaction temperature and the molar ratio
of precursor to stabilizer. This approach is a common
method to synthesize various iron oxides, including
Fe O, (magnetite), y-Fe O, (maghemite) and a-Fe,O,
(hematite) NPs (Tsouris, et al., 2001). However, this
method usually requires a complicated process and
high temperature. Electrochemical synthesis i.e. elec-
trodeposition is a promising alternative technique for
fabrication of SPIONs, because of its facility and abil-
ity to control purity, crystallinity and size of deposited
Fe,O, by manipulating the current or the potential ap-
plied to the system (Tsouris, ef al., 2001, Cabrera, et
al., 2008). Until now, both anodic and cathodic elec-
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trodeposition regimes have been used for preparation
of SPIONs (Tsouris, et al., 2001, Cabrera, et al., 2008,
Rodriguez-Lopez, et al., 2012, Fajaroh, et al.,2012,
Pascal, et al.,1999, Starowicz, et al., 2011, Salamun,
et al., 2011, Ying, et al., 2002, Carlier, et al.,2005,
Aghazadeh, et al, 2016, Aghazadeh, et al., 2016,
Tizfahm, et al., 2016). In the case of anodic electro-
synthesis of SPIONs, many reports are available in
literature (Tsouris, et al., 2001, Cabrera, et al., 2008,
Rodriguez-Lopez, et al., 2012, Fajaroh, et al., 2012,
Pascal, et al., 1999, Starowicz, et al., 2011, Salamun,
et al, 2011, Ying, et al., 2002, Carlier, et al., 2005).
For example, Cabrera et al. (Cabrera, et al., 2008) pre-
pared Fe,O, NPs with sizes between 20 and 30 nm
by Fe electrooxidation in the presence of an amine
surfactant. They observed that the increase in current
density or potential promotes higher size homogene-
ity of the nanoparticles, but metallic Fe is formed as
an impurity. Furthermore, they noted that the distance
between anode and cathode (<5cm) is a key parameter
to obtain Fe,O, by electrooxidation. Rodriguez-Lopez
et al. (Rodriguez-Lopez, et al., 2012) prepared Fe 0O,
and y-Fe, O, NPs with controlled size distribution by
applying a dissymmetric pattern of potential pulses to
iron-based electrodes in aqueous media. They found
that Fe O, nanoparticles without any impurities (i.e.
metallic iron particles) can be formed at the condi-
tions of large anodic potentials and longest time. The
prepared NPs in that work (Rodriguez-Lopez, et al.,
2012) had quasi spherical shape and the size ranged
from 10 to 50 nm. Fajaroh et al. (Fajaroh, et al. 2012)
reported magnetite nanoparticles prepared by surfac-
tant-free anodic deposition. They found that OH- ions
play an important role in the formation of Fe,O, NPs,
and particle size can be also controlled by adjusting the
current density and the distance between electrodes.
Pascal et al. synthesized amorphous y-Fe O, NPs by
anodic dissolution of a sacrificial Fe anode, followed
by chemical reaction in an organic medium (Pascal,
et al., 1999). Starowicz reported y-Fe,O, preparation
by anodic polarization of iron from the solution of 0.1
M LiCl in mixed water-ethanol electrolyte, and found
that the size of the obtained nanoparticles can be con-
trolled through regulating water content (Starowicz,
et al., 2011). In fact, they found that the smaller Fe,O,
particles are formed in mixed ethanol/water elec-
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trolytes due to reduction of the anodic reaction rate.
From reviewing these works, it is revealed that anodic
deposition has some requisites of applying high volt-
age (40-62V) (Starowicz, et al., 2011, Salamun, et
al., 2011), distance between electrodes (<5cm) (Faja-
roh, et al., 2012, Pascal, et al.,1999, Starowicz, et al.,
2011, Salamun, et al., 2011, Ying, et al., 2002, Carlier,
et al., 2005), supporting electrolyte and/or surfactant
(Cabrera, et al., 2008, Fajaroh, et al., 2012), and the
product are mixed phases in some cases (Cabrera, et
al., 2008, Pascal, et al.,1999, Starowicz, et al., 2011,
Salamun, et al., 2011). It was reported that cathodic
deposition can be considered as an effective procedure
for the synthesis of metal oxides (Aghazadeh, et al.,
2016, Aghazadeh, et al., 2016, Tizfahm, et al., 2016,
Barani, et al., 2014, Aghazadeh, et al., 2012, Aghaza-
deh, et al., 2013), and this method has not practical
crises and no need for surfactant or supporting elec-
trolyte and seems that can acquit suffers of anodic de-
position disadvantages. However, there are only a few
reports on the cathodic deposition of Fe,O, NPs via
base electrogeneration in literature (Park et al., 2008,
Marques et al., 2008, Ibrahim ef al., 2009). Cathodic
deposition of SPIONs in mixed water-ethanol solu-
tions has been carried out by Verelst group for the first
time in 2008 (Marques et al., 2008). They proposed
a mechanism pathway based on the Fe(OH), precipi-
tation followed by its reduction to Fe,O, (Ibrahim et
al., 2009). However, preparation of SPIONs through
cathodic deposition route can be regarded as an inter-
esting and yet unexplored area of research.

Here, we applied the cathodic electrodeposition
for preparation of polymer coated SPIONs with de-
sired size and dispersion from aqueous electrolyte.
The polyethylene glycol (PEG) and polyvinyl alco-
hol (PVC) were used as coatings for SPIONs during
the electrochemical synthesis. Notably, this one-step
electrochemical preparation of polymer coated SPI-
ON s has not been reported until now. The purity, well-
dispersion, nanosize and superparamagnetic property
of the prepared SPIONs were confirmed via XRD,
SEM, VSM and IR techniques. The polymer coat of
SPIONs was also confirmed via FTIR, TG and DLS
analyses. In spite of the most used chemical routes
which require long time (8-12h) and high temperature
(40-60°C) for coating process, our developed method
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is in situ, simple, one-pot and time conserving.

EXPERIMENTAL

Sample preparation

All chemicals were reagent-grade purity and obtained
from commercial sources (Aldrich and Alfa Aesar)
and used as received. Deposition experiments were
conducted in the galvanostatic regime using a two-
electrode system. The electrochemical cell included
a cathodic stainless-steel cathode and graphite anode.
Prior to each deposition, the steel substrates were
galvanostatically electropolished at a current density
of 0.5 Acm? for 5 min in a bath (70°C) containing
50 vol% phosphoric acid, 25 vol% sulfuric acid and
balanced deionized water. A solution of 0.005 M
[FeCl,/Fe(NO,),] with molar ratio of 1:2 in addition to
1 g/L [PEG+PVC] was used as deposition bath com-
position. The Fe,O, nanoparticles were electrodepos-
ited in the presence of PEG and PVC polymers with
applying the current density of 1 A/cm? for 30 min.
The deposition experiments were performed using
an electrochemical workstation system (Potentiostat/
Galvanostat, Model: NCF-PGS 2012, Iran). After the
deposition, the steel substrates were rinsed with dis-
tilled water several times and dried at 50°C for 5h.
Finally the deposits were scraped from the substrates
and evaluated by further analyses.

Sample characterization

The crystal structure of SPIONs was determined by
powder X-ray diffraction (XRD, a Phillips PW-1800
diffractometer with Co Ko radiation (A= 1.789 A)).
FTIR spectra were obtained using a Bruker Vector 22
Fourier transformed infrared spectroscope. Each FTIR
spectrum was collected after 20 scans at a resolution
of 4 cm™ from 400 to 4000 cm™'. The morphology
of the samples was studied using a scanning electron
microscope (SEM, LEO 1455 VP, Oxford, UK, op-
erating voltage 30 kV) by mounting a small amount
of the prepared powders on a conducting carbon tape
and sputter coating with Pt to improve the conductiv-
ity. Thermal behavior analysis were carried out in N,
between room temperature and 400°C at a heating
rate of 5°C min™! using a thermoanalyzer (STA-1500).
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Fig. 1: XRD pattern of the prepared PEG/PVC coated SPI-
ONs.

Hydrodynamic diameter and zeta potential of the pre-
pared nanoparticles was determined by dynamic light
scattering (DLS, 4700 Malvern Instruments, UK) at
632 nm wavelength laser and a scattering angle of 90°
in aqueous solution as electrolyte. Vibrating sample
magnetometer (VSM) (Model: Lake shore 7400, Unit-
ed States) was employed to study the hysteresis loops
and the magnetic properties of the magnetite nanopar-
ticles at room temperature from —20000 to 20000 Oe.

RESULTS AND DISCUSSION

Fig. 1 indicates the XRD pattern of the prepared sam-
ple. All diffraction peaks in this pattern can be easily
indexed to the magnetite reflections (JCPDS 19-629
reference card, lattice parameter a= 0.83980 nm). No
peak related to the any impurity was observed. The
average crystallite size (D) was calculated from the
diffraction line-width of XRD patterns, based on
Scherrer's relation (D= 0.92/Bcosf), where, B is the
full width at half maxima (FWHM) of the (311) peak.
The size of prepared Fe,O, NPs was obtained to be
14.1 nm.

SEM MAG: 100 kx
WD: 214 mm

Fig. 3: (a) FE-SEM and (b) TEM images of the prepared PEG/ PVC coated SPIONs.

SEM HV: 15.0 KV
Det: InBeam
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Fig. 2: IR spectrum of the prepared PEG/ PVC coated SPI-
ONs.

The presence of PEG/PVC coat on the SPIONs sur-
face was investigated by FTIR spectroscopy. Fig. 2
exhibits the IR spectra of the prepared nanoparticles.
The band at 586 cm™! is related to the stretching mode
of Fe-O in Fe,O, (Cabrera, ef al., 2008, Rodriguez-
Lopez, et al., 2012, Fajaroh, et al., 2012), indicating
the magnetite phase of the prepared sample. The ab-
sorption bands at 3465 and 1632 cm™! are related to
O-H stretching and deformation vibrations, respec-
tively. These bands indicated the existence of hydrox-
yl groups attached on the surface of Fe,O, nanopar-
ticles (Carlier, et al., 2005).

The following bands confirmed the polymer coat on
the surface of prepared Fe,O, NPs: (i) The bonds at
1172 ecm™ and 1335 cm™ are due to the stretch and
vibration of C-C bands (antisymmetric stretch), re-
spectively (Kim, et al., 2010, Hu, et al., 2008), (ii)
The peaks at about 1252 cm™! and 1430 cm™! which
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Fig. 4: Particle size distributions of (a) bare and (b) polymer

coated SPIONSs.

are assigned to the CH, vibrations (Kim, et al., 2010),
(iii) the bonds around 2905 cm ! and 966 cm™! indicat-
ing the bending vibrations of CH out-of-plane (Kim,
et al, 2010, Hu, et al., 2008 , Masoudi, ef al., 2012)
and (iv) the peaks at 2926 cm™ and 2877 cm™!, which
deal with to the asymmetric and symmetric stretch-
ing vibrations of C-H bonds, respectively (Masoudi,
et al., 2012). Also, the peaks located at 1122 cm™! and
1381 cm ™! deal with to the C-O-C ether stretch and vi-
bration bands (anti symmetric stretch) in PEG, respec-
tively (Kim, et al., 2010, Masoudi, et al., 2012) and
revealing the PEG coat on the SIONs surface. Further-
more, the peak at 625 cm™' is related to the stretching
vibration of C-CI bond in PVC (Yao, et al., 2015). So,
IR analysis completely revealed the polymer coat i.e.
PEG and PVC on the surface of the electrodeposited
iron oxide nanoparticles.

Morphological characteristics of the prepared sam-
ple were determined by FE-SEM and TEM observa-
tions. The FE-SEM image of the prepared samples is
shown in Fig. 3a. It can be seen that the electrodepos-
ited sample has particle morphology and no obvious
aggregation is observed. The mean diameter of Fe,O,
NPs was estimated to be ~20 nm from measuring the
diameter of several particles in FESEM image. For
better observation of the prepared nanoparticles, the
TEM images of the synthesized particles was provid-
ed, which is shown in Fig. 3b. The TEM observation
is clearly shown that the prepared sample have par-
ticle morphology with proper dispersion and nanosize.
The mean diameter of the prepared nanoparticles was
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measured to be 15 nm, which are very close to the cal-
culated size (i.e. 14.1 nm) from XRD pattern in Fig. 1.

The hydrodynamic diameter of the polymer coated
nanoparticles was measured by using a DLS particle
size analyzer. Fig. 4 illustrates the particle size distri-
butions of the bare and polymer coated nanoparticles.
For bare NPs (Fig. 4a), the mean hydrodynamic di-
ameter was measured to be 26 nm. For the polymer
coated NPs, this values is observed to be 59.6, which
are larger than those of bare NPs. These results clearly
prove the polymer layer on the surface of magnetite
nanoparticles.

The thermal properties of the prepared nanopar-
ticles were studied by TGA and DSC and the results
are shown in Fig. 5. For our samples, a multistep
exothermic peak is observed in DSC curve between
the temperatures of 100 and 600°C. Correspond-
ingly, TG curve shows three major weight losses at
these temperatures. At temperatures below 100°C,
the observed weight losses is related to removal of
the H,O molecules connected on the surface of SPI-
ONss as confirmed by FTIR analysis. In the literature,
it was reported that PVC degradation is occurred at
200-250°C (Masoudi, et al.,, 2012, Yao, et al., 2015,
Kok, et al., 2008, Li, et al., 2000, Santra, et al., 2001).
Therefore, the sharp change in DSC and TG curved
at 225-250°C is due to the PVC decomposition. The
mass loss during PVC degradation includes sequential
loss of hydrogen chloride accompanied by the genera-
tion of polyene sequences (Kok, et al., 2008, Li, et al.,
2000, Santra, et al., 2001). Notably, it was reported
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Fig. 5: DSC-TG curves for the prepared PEG/P PVC coated
SPIONS.
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Fig. 6: VSM curve for the prepared PEG/ PVC coated

SPIONs.

that the decomposition of pure PEG started at around
350°C and ended at 425°C (Junejo, et al., 2013). In
the literature, it was also observed that the decom-
position of PEG coat of NPs is started around 177°C
and ended at around 352°C (Junejo, et al.,2013, Viali,
et al., 2013, Barrera, et al., 2012, Mukhopadhyay, et
al., 2012). So, the weight loss observed at this tem-
perature range is related to the PEG decomposition on
the SPIONs surface. The TG curve exhibit the total
weight losses of 23.44 %. This change in the profile
of TG curve confirmed the attachment of PEG/PVC
molecules onto the surface of SPIONs. After 550°C,
there is practically no change in weight throughout
the temperature range up to 700°C (Fig. 5) indicating
the complete decomposition of polymer coat on the
nanoparticles. These results confirmed the in situ coat-
ing of the Fe,O, nanoparticles during their cathodic
electrodeposition.

The magnetic properties of the prepared Fe,O,
nanoparticles were measured at room temperature
using vibrating sample magnetometer, as shown in
Fig. 6. It can be seen that the magnetization curve
has s-shaped over the applied magnetic field and the
samples exhibit typical superparamagnetic behavior,
showing high Ms value and negligible Ce and Mr
values. The Saturation Magnetization (Ms), Coerciv-
ity (Ce) and Remenance (Mr) values were calculated
from the M-H curves to be 32 emu/g, 0.42 emu/g and
1.1 Oe, respectively. For clinical applications like an
MRI contrast agent, it is critical that SPIONs retain
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their magnetic properties after the modification treat-
ments. Therefore, it can be stated that the prepared
polymer coated SPIONs have proper characteristics
for biomedical applications.

CONCLUSIONS

In summary, a practical and effective strategy for syn-
thesizing polymer coated SPIONs is developed. In
this strategy, magnetite nanoparticles were prepared
via cathodic electrodeposition in aqueous medium
and the surface coating was successfully performed
during their electrochemical preparation. The synthe-
sized PEG/PVC coated SPIONs were characterized
by FTIR, DLS, TGA, FE-SEM and VSM. The results
confirmed the proper size and distribution, polymer
coat and magnetic properties of the prepared SPIONs
for biomedical applications.
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