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Abstract
Water-dispersible iron oxide nanoparticles (NPs) consistently demonstrated a significant interest in
thefield of biomedical applications. Through this report, we present the synthesis ofmonodispersed
magnetiteNPswith an excellent water-dispersibility by employing amodified thermal decomposition
method. SynthesizedNPswere characterized by x-ray diffraction, transmission electronmicroscopy,
x-ray photoelectron spectroscopy, vibrating samplemagnetometry and cytotoxicity assay. From the
results, it is evident that theNPs are highly crystalline, of sphericalmorphologywith diameters of
20±1 nm, superparamagnetic, and cytocompatible. Finally, we probedNPs as aT2-weighted
contrast agent inmagnetic resonance Imagingwhich resulted in relatively high r2 values. Therefore,
theNPs could be effectively used as a potential candidate for various biological applications.

1. Introduction

In the past two decades, magnetic nanoparticles (NPs)
showed considerable importance in themedical appli-
cations [1] because of its interesting physico-chemical
properties [2]. Among these NPs, magnetite NPs
(MNPs) are widely employed for various biological
applications such as drug delivery, hyperthermia, and
magnetic resonance imaging (MRI) [3, 4]. However, to
effectively use MNPs in said applications, the impor-
tant criteria are that the NPsmust be water-dispersible
[5], monodispersed with narrow particle size, high
crystallinity, biocompatible, and so forth [2]. Thus, the
researchers tend to use reactants that are expensive
and toxic, such as surfactants and solvents [6]. There-
fore, it is always remained as a great challenge to design
a simple method for synthesizing highly water-dis-
persibleMNPs.

There are very few reports available on the synth-
esis of water-dispersible MNPs by thermal decom-
position (TD) method. In general, this technique
involves using multiple reactants such as triethylene
glycol [5], diethylene glycol [7], 1,2-hexadecanediol

[8], 1,2-dodecanediol [9], oleic acid, octyl ether, oley-
lamine, phenyl ether, hexadecane, eicosene, and dioc-
tyl ether [10]. Furthermore, the above protocol
requires a ligand-exchange process to make the NPs as
hydrophilic, essentially using surfactants such as poly-
ethylene glycol [11], pluronic F127, [12] silica [13],
and cetyltrimethylammonium bromide (CTAB)
[14–22].

In our case, we have combined the above proce-
dures into a one-pot technique to directly synthesize
water-dispersible MNPs without the necessity of
ligand-exchange process. The synthesis involves using
benzyl ether as a solvent assisting in reducing themetal
precursor, and CTAB, the widely used cationic surfac-
tant, to provide a surface charge to prevent the NPs
from being agglomerated. However, the major dis-
advantage of CTAB is its toxicity. Nevertheless, this
could be completely minimized by using it appro-
priately [23]. In this report, we have discussed the
synthesis and characterization of water-dispersible
CTA+ stabilized magnetite nanoparticles (C-MNPs)
and investigated the cell viability by MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide] assay [24], as well as the possibilities of using
them as a potentialT2 contrast agent.

2.Materials andmethods

2.1.Materials
All the chemical reagents were purchased from Sigma-
Aldrich, Mexico and used without further purifica-
tion, unless or otherwise stated; iron (III) acetylaceto-
nate (Fe(acac)3, Fe(C5H7O2)3, �99.9%),
hexadecyltrimethylammonium bromide (CTAB,
CH3(CH2)15N(Br)(CH3)3, �99%), benzyl ether (BE,
(C6H5CH2)2O, �98%), dimethyl sulfoxide (DMSO,
(CH3)2SO, �99.9%), ethanol (EtOH, CH3CH2OH,
�99.8%), and MTT (C18H17N5S,�97%). Cell culture
reagents like Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum, and streptomycin were
purchased fromGibco, Thermo Fisher Scientific Inc.

2.2. Synthesis of CTAB stabilizedmagnetite
nanoparticles (C-MNPs)
C-MNPs were synthesized by employing modified
protocol of TD technique. Initially, 2 mmol of
Fe(acac)3 was dissolved in 20 ml of BE in a three-neck
round-bottom flask; to this is added CTAB with
various molar concentrations (0.1, 0.2, and 0.3 M).
The reaction was carried out with the aid of heating
mantle to provide uniform heating throughout the
flask. The refluxing was carried out at 260 °C, under
continuous and vigorous stirring in a nitrogen atmos-
phere (N2 atm) for one hour, and was naturally cool
down to room temperature. Subsequently, 150 ml of
EtOHwas added to precipitate the C-MNPs. Later, the
solution was centrifuged (at 4000 rpm, for 15 min) to
remove excess CTAB. The black pellet-like residuewas
collected and washed with EtOH. The resultant
material was dispersed in de-ionized water and was
stored until further use.

2.3. Characterization techniques
The structure and crystallinity of the C-MNPs were
probed by PAN analytical, X’Pert Powder x-ray
diffractometer (XRD) using Cu-Kα radiation
(λ=0.154 nm) with 2θ angles ranging from 10° to
90° at a scan rate of 0.02/1 s. The sample was prepared
by drop-casting few drops of C-MNP solution onto
the glass substrate. The morphology and size of
C-MNPs were analyzed using both Low (TEM, Jeol
JEM-2100) and high-resolution transmission electron
microscopy (Jeol ARM200F). The TEM sample grid
was prepared by placing a drop of water-dispersed
C-MNPs onto the carbon film 300 mesh copper grid
(Ted Pella, Inc.), and was dried in a vacuum desiccator
over anhydrous calcium sulfate for 24 h prior to the
analysis. The NP hydrodynamic size was measured
using dynamic light scattering (DLS) technique by
employing Zetasizer Nano ZS90 (Malvern Instru-
ments) on C-MNPs samples in deionized water at a

wavelength of 633 nm at 25 °C. Thermogravimetric
analysis was carried out using a TGA Q50 (TA
Instruments) from 30 °C to 600 °C at a heating rate of
10 °Cmin−1 in a N2 atm to study the % weight loss of
NPs. Further to evaluate the magnetization and
magnetic behavior, magnetic hysteresis loops were
recorded for a known amount of NPs in the sample
holder under the applied field of−7500 to 7500 Oe by
using Vibrating Sample Magnetometry (VSM, Quant-
um Design, PPMS DynaCool). X-ray photoelectron
spectroscopy (XPS) analysis was conducted to identify
the elemental composition and their oxidation states
using a K-Alpha XPS System (Surface Analysis,
Thermo Scientific) equipped with monochromated
Al-Kα x-ray source. The XPS data were calibrated
using the binding energy of C1s.

2.4.MRI analysis
MRI experiments were performed on a 7 T scanner
(Clinical SignaHDxt scanner Varian). Known concen-
trations of C-MNPs were dispersed in 2 ml of water in
an Eppendorf tube.T2-weighted images were obtained
using the following parameters; repetition time
(TR)=2000 ms, echo time (TE)=15 ms, with a
resolution of 256×256 points, and a slice thickness
of 4 mm at room temperature. For T1 measurements,
spin-echo sequences with a constant TE of 24 ms and
varying TR from50 ms to 5 swere used.

2.5. Cell viability assay
Cell viability studies were performed using MTT assay
as given below:

• Both L6 (skeletal muscle cell line) and Hep2 cells
(laryngeal carcinoma cell line) were cultured in
DMEM supplemented with 10% fetal bovine serum
and 100 μg ml−1 streptomycin in an incubator with
5%CO2 atmosphere at 37 °C.

• Cells were seeded into a 12-well plate at a cell density
of 1×105 cells/plate.

• Subsequently, various concentrations (50
−250 μg ml−1) of C-MNPswere added.

• Then, a 10 μl of MTT (5 mgml−1) in DMEM was
added and incubated for 3 h.

• After incubation, excess MTT solution was
removed, and a 200 μl of DMSO was added to
dissolve the formazan crystals.

• The plateswere kept on a shaker for 10 min followed
by 24 h incubation.

• Later, absorbance was recorded at 570 nm using an
iMarkmicroplate reader (Bio-Rad Laboratories).

The measurements were recorded in triplicates
and viability data was obtained from their average
values.
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3. Results and discussions

The main aim of this synthesis was to produce highly
monodispersed, readily water-dispersable, and impor-
tantly biocompatible MNPs using CTAB. It is well-
known that CTAB is employed to synthesize various
metal NPs with precise morphologies [25–27] result-
ing in smaller and uniform NPs [28] by specific
interaction with lattice planes [29]. The growth of an
NP is determined by two factors that affect the crystal
facets [30, 31], viz.,

• Thermodynamically controlled: uniform growth
(spherical structures), e.g., spherical NPs

• Kinetically controlled: preferential/directional
growth (anisotropic structures), e.g., rods, cubes,
prisms.

Usually, the morphology of an NP is affected dur-
ing the process of crystallization by the selective bind-
ing of surfactant moieties in the various positions of
the crystal [32–34]. Therefore, considering the func-
tion of the surfactant; the as-synthesized NPs (sphe-
rical-morphology) was probed by several
characterization techniques to study in-depth proper-
ties and to evaluate their possibility as a T2 contrast
agent. Figure 1 depicts the facile method that we adap-
ted for the synthesis of C-MNPs.

XRD pattern, as shown in figure 2(a), reveals the
crystallinity of C-MNPs synthesized with 0.2 M
CTAB. All peaks are well indexed to face-centered
cubic Fe3O4 lattice and are in corroboration with the
International Centre for Diffraction Data reference
pattern, no:19-0629. It is apparent from the pattern
that there is no sign of secondary phase formation

which is clearly due to the maintenance of N2 atm
throughout the reaction. The noisy and amorphous
background in the pattern corresponds to the amor-
phous glass substrate [35]. The average crystallite size
has been calculated using Scherrer formula [36], con-
sidering the spherical shape of the NPs, as 16.4 nm,
and is in corroboration with TEM analysis. The dif-
fraction rings from the selected area electron diffrac-
tion pattern corresponds to the MNPs, as represented
in the inset of figure 2(b), which also confirms the
crystallinity of theNPs [5].

Figure 3(a) shows the transmission electron (TE)
micrographs revealing the formation of spherical
morphologies of C-MNPs synthesized with 0.2 molar
concentrations of CTAB. The distorted cubical, and
flower-like morphologies of C-MNPs synthesized
with 0.1, and 0.3 molar CTAB concentrations, respec-
tively are shown in figures S1(a) and (b) in the ESI. It is
apparent that the addition of CTABhas clearly affected
the NPs formation by producing a series ofmorpholo-
gies with precise growth in the ‘nm’ range. Sayed et al
reported the formation of similar nanostructures
when CTAB was employed in the synthesis of maghe-
mite NPs [37]. The possible formation mechanism of
the variousmorphologies is as explained below: in case
of cube, the morphology is minorly distorted and the
edges were indistinct. It is due to the insufficient reac-
tion time [38], even though the CTA+ ions initiated
the directional growth by anchoring to Fe3O4 surface
[39]. Therefore, the synthesis time have to be pro-
longed to obtain monodisperse cube shaped NPs. The
spherical shape formation is mostly energy based dur-
ing the NPs growth process. Due to high concentra-
tion of surfactant moieties onto the surface of metal
seeds, it leads to less surface energy on NPs. Therefore,
as the surface energy of spherical NPs is very low when

Figure 1. Schematic representation of synthesis ofmagnetite nanoparticles with 0.1–0.3molar concentrations of CTAB.As showed, it
is obvious that the CTA+ plays a significant role in determining themorphologies ofMNPs.
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compared to other anisotropic NPs, the possibility is
comparatively higher to form spherical shaped NPs
[40]. The flower-shaped NPs is due to the self-assem-
bly/clustering of individual NPs which assemble from
the centre to form a multicore flower structure [41].

Therefore, from the above interpretation, it is evident
that CTAB plays a dual role as both coating and shape-
directing agent [42].

In this report, we have concentrated only on the
synthesis and characterization of spherical NPs as it is

Figure 2. (a)X-ray diffractogramof [0.2 M]C-MNPs (b) SAEDpattern ofmagnetiteNPs (scale bar: 0.5 μm).

Figure 3.C-MNPs (a)TEM image (scale bar: 30 nm), (b) the histogram represents the particle size distribution and its Gaussian fitting
curve to demonstrate themean size is about 20±1 nm, (c)HRTEM image and inset represents the FFTwith d-spacing of 0.25 nm,
(d)DLS graph depicting the average particle size of 22±1.8 nmand inset represents the photograph of as-synthesized stableNPs in
water.
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widely employed for biological applications [43],
whereas further investigations are needed for distorted
cubical and flower-like nanomaterials. TE
micrograph in figure 3(a) shows the spherical morph-
ology of the C-MNPs exhibiting monodispersity, and
non-aggregation. The reason behind the non-aggrega-
tion is due to the electrostatic repulsion among the
head groups of CTA+ on the neighboring NPs. We
manually measured the size of 170 NPs, using Gatan
software (Digital Micrograph 3.7.0), and the distribu-
tion is as depicted in the histogram (figure 3(b)). The
average size is thus calculated to be 20±1 nm.
Figure 3(c) shows the HRTE micrograph of C-MNPs
revealing it to be a single crystal [9], and corresponding
inset depicts the fast Fourier transformation (FFT)
image. The interplanar distance is measured, from
FFT, to be 0.25 nm which corresponds to the (311)
plane of themagnetite structure.

DLS analysis was performed on shelf stored water-
dispersed C-MNPs to determine the particle’s hydro-
dynamic size which plays a crucial factor for in vivo
applications [44, 45]. The average hydrodynamic size

of NPs is found to be 22±1.8 nm (figure 3(d)), and
the apparent increase in the relative size to TEMmea-
surements is due to the adsorbing layer of CTA+ onto
the NPs surface [5]. Inset in the figure 3(f) shows the
photograph of the vial containing the colloidal
C-MNPs inwater.

The CTA+
’s adsorption on the NPs surface were

investigated using XPS. The data (figures 4(a) and (b))
represents the core level spectra of Fe2p andO1s scans.
Usually, MNPs exhibit two strong peaks at binding
energies of 709 and 722.9 eV for Fe 2p3/2 and Fe 2p1/
2 respectively [46]. However, in our case, Fe2p scan
shows two strong peaks at 711.2 and 724 eV corresp-
onding to Fe2p3/2 and Fe2p1/2 respectively with a
minor shift in the binding energy values indicating the
efficient adsorption of CTA+ onto the NP’s surface.
Moreover, the experimental data shows no peak at
719.0 eV, which additionally supports that the synthe-
sized product is pure magnetite rather than maghe-
mite. Furthermore, the O1s scan exhibited two strong
peaks (529.31 and 531.3 eV) corresponding to the Fe–
Obonding inmagnetite [5, 47].

Figure 4.C-MNPsXPS analysis (a) Fe2p scan and (b)O1s scan.

Figure 5. (a)VSManalysis representing superparamagnetic behavior and inset showing the photograph of the attraction ofNPs under
externalmagnetic field (b)TGAplot of as-synthesized Fe3O4NPs.
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Magnetic measurements (figure5(a)) revealed the
superparamagnetic behavior of the NPs at room
temperature with the magnetization value (Ms) of
80.03 emu g−1 and a little remanence (Mr) of ca.
2.69 emu g−1. Magnetic NPs lesser than 20 nm exhi-
bits superparamagnetic behavior with negligible
remanence [48] which can strongly enhance the prot-
on relaxation resulting to high r2 values [49, 50]. The
remanence to saturation ratio (R=Mr/Ms) was
found to be 0.033. Nonetheless, the remanence ratio
(Mr/Ms) is lower than that expected for a ferromagnet
(Mr/Ms=0.8) suggesting the source of anisotropy
which is intrinsic magnetocrystalline anisotropy.
However, this Ms value is comparatively higher than
that of otherMNPs, synthesized via TDmethod [7, 10]
which could be attributed to the crystallinity of
C-MNPs [51] due to its substantial impact on the
Ms [52].

TGA measurements (figure 5(b)) depict that the
NPs are stable even at higher temperatures. The initial
weight loss of 13.26% up to 200 °C signifies the eva-
poration of water molecules from the surface of NPs.
The second weight loss (24.64%) from 200 °C to
400 °Cmay be attributed to the complete decomposi-
tion of organic CTAB moieties [53]. However, the
weight loss from 400 °C continues further which indi-
cates the transformation of MNPs, to maghemite and
mayfinally lead to hematite [54].

We effectively employed C-MNPs as a contrast
agent in MR imaging using the 7 T scanner to investi-
gate its property further. MR imaging is one of the fin-
est tools used for non-invasive clinical diagnosis, due
to its significant advantages such as high penetration
depth and soft tissue contrast, to obtain images safely
without any side-effects [55]. This technique distin-
guishes and improves the image quality of unhealthy
lesions using contrast agents [56]. Figure 6(a) shows
theT2 signal from the water-dispersed C-MNPs of dif-
ferent concentrations. It is observed that the signal
intensity increases with the NPs concentration as seen

from the darkening effect. Therefore, this contrast
enhancement is due to the exceptional properties of
C-MNPs, such as size, shape, magnetic behavior, and
so forth [57]. We have measured both transverse and
longitudinal relaxivities. From which it is corrobo-
rated that these NPs express T2 imaging effect (r2
value=169.35 mM−1 s−1) rather than T1 (r1
value=0.5872 mM−1 s−1) by calculating the r2/r1
ratio which is found to be 288.4. Figure 6(b) represents
the relaxation rates 1/T1 and 1/T2 as a function of the
NPs concentration. The r2 value is higher than the
commercially available products. Such as, Ferum-
oxides (Feridex) r2 value of 132 mM−1 s−1 at 7 T [58].
Moreover, also the r2 values (7 T) was 10-fold higher
than that of CTAB stabilized MNPs which was
15.4 mM−1 s−1 [20].

From the above studies, it is very clear that the syn-
thesized C-MNPs satisfies to be a high-performance
MR imaging probe [59] by fulfilling the following
characteristics, such as,

• High saturation magnetization because of its high
crystallinity,

• monodispersed NPs which can extend the circula-
tion time in the blood pool,

• highly water-dispersible and biocompatible,

• particle size is less than 200 nm so it can easily be
cleared by human spleen [60],

• proven to be relatively a better T2 contrast agent
with high r2/r1 ratio [12].

To evaluate the C-MNPs cytotoxic effects, we
employed MTT assay to detect cell viability using nor-
mal L6 and cancerous Hep2 cells (figure 7). It is clearly
observed that the presence of NPs in the medium does
not affect the cells even at higher concentrations of
250 μg ml−1. Therefore, we can conclude that the NPs
are highly cytocompatible by CTAB coating rather

Figure 6. (a)T2 contrast imagewithT2 darkening effect and (b) 1/T1 and 1/T2 relaxation rates plotted against the different C-MNPs
concentration.
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than the naked NPs which usually release toxic ions
and affects the biocompatibility [61]. Nevertheless, it is
observed that the Hep2 cells exhibited a threshold
limit of 80%, which as per our knowledge is due to the
inherent capability of the NPs to stimulate apoptosis.
Similar behavior was observed with MNPs in HepG2
andA549 cell lines [62].

4. Conclusions

We have demonstrated a simple, and one-pot synth-
esismethod forMNPs usingCTAB. Importantly, these
NPs are monodispersed and superparamagnetic as
observed from TEM analysis and VSMmeasurements
respectively. It is, therefore, evident that the surfactant
CTAB has an essential role not only in defining the size
of NPs but also acts as a shape determining factor.
Additionally, these NPs are water-dispersible that can
be readily usable for various biomedical applications
without further surface modifications. MTT assay
confirms the NPs are cytocompatible. Finally, we have
evaluated their huge contrast enhancement in T2
weighted MR imaging. Therefore, we firmly believe
that these MNPs can be used as a potential candidate
for contrast imaging agents.
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