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Cobalt doped magnetite Co2+
0.1Fe2+0.9Fe3+2O4 nanocrystals were synthesized chemically using simple one step

coprecipitation in the absence and presence of the magnetic field. The nanocrystals were characterized by

transmission electron microscopy (TEM), X-ray diffraction (XRD), magnetization studies by vibrational spec-

troscopy magnetometer (VSM). The signal intensity of the prepared nanoparticles was measured by magnetic

resonance imaging (MRI). The cytotoxicity of the two samples versus W138 normal lung cells and AS49 lung

cancer cells was investigated by MTT assay, in vitro. The TEM images showed non-spherical and aggregated

nanoparticles, heterogeneously dispersed with 100 nm average size. The XRD and selected area electron dif-

fraction of the two samples revealed good crystallinity for both samples. The room temperature magnetization

curves demonstrate the general ferrimagnetic trend with a clear difference in the coercivity and the remanence

keeping the saturation magnetization nearly stable. The measured MR signal intensity was well-matched with

the result of the M-H loops where the sample prepared in the absence of the field was a promising T2 contrast

agent. Both samples have low cytotoxicity compared to Doxorubicin.
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1. Introduction

Magnetic nanoparticles (MNPs), precise rule over the
formation, and stability are crucial. Among the MNPs,
nanosized ferrites magnetic materials are the substances
of intensive investigation work; because of their diverse
applications in different fields such as magnetic disc
drives, spintronics, ferrofluids, catalysts, medical diagnostics,
drug delivery systems, pigments in paints, and ceramics
[1, 2]. The high resistivity and low hysteresis loss of
ferrites are suitable to use in microwave applications and
radio electronics. The ferrites with the general formula
MFe2O4 have been used in many applications [3, 4]. By
adjusting the M2+ cations, several studies on pure nano
ferrites such as Fe3O4, NiFe2O4, CoFe2O4, ZnFe2O4, and
MnFe2O4 have demonstrated the interplay of composition,
cations distribution, and size, in view of their properties

and applications [5, 6]. Among the ferrites, CoFe2O4 has
received significant attention in recent years, and the most
important and interesting oxides owing to their wide
variety of applications in sensors, electronics, and catalysts
[7, 8].

Different methods are used to prepare CoFe2O4 as
electrochemical methods, hydrothermal methods, co-pre-
cipitation, mechanical milling, sol-gel methods, or pre-
cipitation in a polymer matrix [9, 10]. In spite of the
availability of different synthetic methods and promising
potential applications, the synthesis of high monodisperse
and non-aggregated CoFe2O4 nanoparticles has not been
mastered so far [11]. Here we employed a facile and
simple method for the synthesis of uniform Co-doped
magnetite nanoparticles by using suitable precursors CoCl2,
FeSO4, and FeCl3 in the presence and absence of the
magnetic field to investigate the effect of the magnetic
field on the physicochemical properties of the nano-
particles. We appointed a magnetic field to control the
size, and to enhance the magnetic properties overall
without any change in the composition. Moreover, this
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current synthesis method is a short time with no need for
special apparatus/conditions and precipitate agents.

2. Materials and Methods

2.1. Materials

2.2. Synthesis of Co2+
0.1Fe2+0.9Fe3+2O4

Aqueous solutions of CoCl2, FeSO4, and FeCl3 in their
respective stoichiometry were mixed, and NaOH was
added within the 30s to the boiling solution, adjusting the
pH to 12, while stirring continuously. The Precipitation
and formation of nano magnetite occurred by the con-
version of metal salts into hydroxides, which is formed
immediately, and then followed by the transformation of
hydroxides into magnetite. The precipitate was then
collected by magnetic decantation and thoroughly washed
with double distilled water and then dried. The same
procedures were repeated between the 2 poles of the
electromagnet with an applied magnetic field 1000 Oe.

2.3. Materials characterization 

The crystallinity of the prepared materials was investi-
gated by X-ray Diffractometer (PANalytical Empyrean,
Netherlands) with CuKα radiation (40 kV, current 35
mA), scanning range 10-70°, scan step 0:05o, and wave-
length λ = 1.54045 Å. The crystallite size (L) was deter-
mined from the measurements of the FWHM using
Scherrer's formula: LXRD = 0.9 λ/β cos θ where; β is the
corrected full width at half maximum of the line spectrum
in radians, θ is Bragg's angle, and λ is the target wave-
length. TEM micrographs were taken using JEOL JSM-
1230 on a copper-coated carbon grid. Zeta potential was
measured using (Malvern Instruments Ltd). The room
temperature magnetic hysteresis of samples was measured
up to a maximum field of 20 kOe using vibrating sample
magnetometer (VSM) model 9600–1 LDJ, USA. 

2.4. MR signal intensity measurements in T2 weighted

images

A clinical 1.5 Tesla MRI scanner (Magnetom era,
Siemens Medical Solutions, Erlangen, Germany) and an
8-channels wrist transceiver coil were employed. For
measuring the MR signal intensity of the prepared
Co2+

0.1Fe2+
0.9Fe3+

2O4 nanoparticles, the prepared samples
were dispersed separate, in a falcon tube 15 ml that
contained liquid phantom with a concentration of 0.5
mM. T2 weighted imaging of the two samples occurred
simultaneously, with the same parameters. The imaging
parameters were: a multi-echo spin-echo pulse sequence
with a total of 32 echos, and Repetition time TR = 5000

ms was used, the echo time TE was 224 ms, slice
thickness = 1 mm, the field of view (FOV) = 50 × 50
mm, matrix = 256 × 256, and flip angle (FA) = 180.0°.

2.5. In vitro cytotoxicity

The cytotoxicity of Co2+
0.1Fe2+

0.9Fe3+
2O4 nanoparticles

versus WI38 normal lung cells and A549 Lung cancer
cells was measured by MTT assay, in vitro. The cells
were first cultured in a 96-well plate with DMEM for 24
hours and then starved for 6 hours. Next, the cells were
treated with different concentrations of nanoparticles (0-
100 μM) in the cell medium. After 48 hours of incubation,
MTT was added to each well to a final concentration of
0.5 mg/mL and incubated for another 4 hours. The
solution was discarded, and 150 μL of DMSO was added
to each well. Absorbance was measured with a microplate
reader (Bio-Rad Model 680, Hercules, CA, USA) at 570
nm [12].

3. Results and Discussion

3.1. Co2+
0.1Fe2+0.9Fe3+2O4 nanoparticles: synthesis and

structure

The TEM images showed the presence of non-spherical
and aggregated nanoparticles heterogeneously dispersed
with no significant difference between the two samples.
The size distribution as measured by TEM showed that
the mean size value of the nanoparticles is centered at 50
nm, as shown in Fig. 1, 2. There is no great difference

Fig. 1. The transmission electronic microscopy (TEM) mea-

surements performed for the prepared nanoparticles in the

presence of the magnetic field. The inset is the SAED image.
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between the two samples. Only the sample prepared in
the presence of a magnetic field has more elongated
particles than spherical ones. The magnetic field here was
not high enough to produce effective particle shape
changes. However, its effect is to reorient some particles
during the growth under alkaline conditions. The selected
area electron diffraction of the two samples revealed
concentric rings well seen pointing to the good crystal-
linity of both, which was confirmed by the XRD patterns.

The XRD, Fig. 3 showed a good crystallinity of the two
samples. The XRD pattern matched with the magnetite
standard diffraction peaks reported in the [ICDD card 00-
001-1111]. The peaks at angles of 30.3o, 35.7o, 37.2o,
43.3o, 53.7o, 57.1o, and 62.9o were indexed to the (220),
(311), (222), (440), (422), (511) and (440) plane families,
respectively. The observed intensities matched-well with
the cubic structure of Co2+

0.1Fe2+
0.9Fe3+

2O4; no other
phases were detected, indicating the single phase of the
prepared Co2+

0.1Fe2+
0.9Fe3+

2O4, and no noise peaks were
observed, reflecting the phase purity. A small unindexed
peak is observed at about 45.1o with a very small intensity
within the background.

The XRD analysis provided information about crystallite
size, which was estimated by deconvolution of the peak-
broadening within the framework of the fundamental
parameter approach. By considering the most intense
(311) peak of XRD, the crystallite size of the samples is
calculated from the diffraction peak in the XRD profile,

in accordance with Debye-Scherer’s formula .

Where, L, , β, and θ are the average crystallite size, X-
ray wavelength (0.1542 nm), the corrected full width at
half maximum (FWHM), and the Bragg angle of the
(311) plane, respectively. The computed crystallite size
for the control and field samples was 17 nm and 35 nm,
respectively. The values reflected that the presence of a
magnetic field in the co-precipitation state, enhanced the
long-range order of atoms in the formed crystallites, com-
pared to the control sample. It was worth referring that
the crystallite sizes were in good agreement with the
values obtained from TEM analysis. Besides, the crystallo-
graphic parameters of the field sample revealed a cubic
crystal system with a space group of p4332 and space
group number 212. The lattice parameter (a, b & c) were
equal to 8.3364 Å, and (α = β = γ) equal to 90o. The non-
field sample, exhibited the same crystallographic para-
meters while the lattice (a, b & c) parameters increased to
equal 8.3416 Å. The recorded lattice space of the field
sample revealed a linear decrease of the d-spacing com-
pared to the non-field sample.

In the FTIR spectrum Fig. 4, the transmittance bands at
around 575 cm1 and 395 cm1 can be attributed to the
Fe-O bond [13]. These bands can be assigned to the Fe–O
stretching mode of the tetrahedral and octahedral sites
(the band at 575 cm1) and to the Fe–O stretching mode
of the octahedral sites (the band at 395 cm1).The band at
1600 cm1 and that at 3380 cm1 is due to the OH groups
bending and stretching, which originated from the adsorbed
water molecules [14]. 

The control and field samples showed a zeta potential
of 10.8 and 8.3 mV, respectively. The low zeta potential
values explained the aggregation state of the prepared

L = 
0.89

cos
---------------

Fig. 2. The transmission electronic microscopy (TEM) mea-

surements performed for the prepared nanoparticles in the

absence of the magnetic field. The inset is the SAED image.

Fig. 3. (Color online) XRD of the prepared samples.
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nanoparticles that appeared in the TEM images, which is
mainly due to magnetostatic interaction between magnetic
nanoparticles below 50 nm.

3.2. Magnetism

It is well known that the magnetic properties of materials
are characterized by their hysteresis loops. The magnetic
properties of the prepared samples have been determined
at room temperature using a vibrating sample magneto-
meter (VSM) in the applied magnetic field up to 20 kOe.
Figure 5 is the VSM of the powdered-nanocrystalline
prepared samples, with and without a magnetic field. The
plotted Hysteresis loops displayed the variation of mag-
netization (Ms, emu/g) as a function of the applied mag-
netic field (H, Oe). Overall, the first zone is nonlinear,
and the rate of change of Ms concerning increasing in H
is increasing, which means increasing the value of H

increases the magnetization rapidly. Before the saturation
region, the rate of increase of Ms with respect to increasing
in H is very slow. Further increasing magnetic field inten-
sity leads to the well-known plateau of saturation.

There was a change in the magnetic parameters namely
in remanent or retentively magnetization (Mr), and
coercivity (Hc), but there is no significant variation in the
saturation magnetization. The measured magnetic para-
meters of the field sample were Hc 226.31G, Ms 63.931
emu/g, and Mr 11.451 emu/g, while those of the non-field
sample revealed Hc 84.667G, Ms 63.469 emu/g, and Mr

5.2510 emu/g. Here the coercivity of the nanoparticles
prepared in the presence of the magnetic field exhibited a
nearly triple value of Hc and double the remanence as
compared with that synthesized without file. These
variations are mainly based on the distribution of the Fe+2

and Fe+3 ions among the lattice sites or in the crystals.
Hence, one can say that using the magnetic field during
the preparation varied and controlled the distribution of
the Fe+2 and Fe+3 ions and their arrangement. Co2+ sub-
stituted Fe2+ ions on the octahedral sites of the magnetite
spinel matrix as it is known to be an inverse spinel
Fe3+[Fe2+Fe3+]O4. Another reason behind the increase in
Hc and Mr keeping the saturation unchanged is that Co is
known to have positive magneto-crystalline anisotropy
and the magnetic field used during preparation was less
than half that causing the onset of saturation. Addition-
ally, the increase in crystallite size (35 nm), which is
double that without field is the main reason for the
enlargement of the Hc. There are two techniques to improve
the coercivity of the magnetic nanoparticles either by
enhancing the acicular form, which increases the shape
anisotropy, or by increasing the magneto-crystalline
anisotropy [15, 16].

The two samples are soft where the Squareness ratio
(SQR) is 0.17 in case of the present magnetic field while
the control sample has SQR = 0.08. Both values indicate
the magnetostatic interaction between nanoparticles, this
means that both samples were easy to demagnetize, and
the enclosed small area of the hysteresis loop has demon-
strated and supported these findings. Hence, one can say
that the prepared samples displayed the characters of soft
magnetic materials, and the magnetic field value is not
quite enough to generate pronounced changes in the grain
growth and/or shape. An only a small fraction of elongated
nanoparticles in the form of nanotubes appeared clear in
the sample prepared in the presence of the magnetic field.
Consequently, this leads to an enlarged anisotropy by the
contribution of shape anisotropy, in addition to the mag-
neto-crystalline one. This in turn is reflected as larger
coercivity and remanence. The relationship between particle

Fig. 4. (Color online) FTIR spectra of the prepared samples.

Fig. 5. (Color online) M-H loop of the prepared samples, with

and without magnetic field.
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size and the magnetic parameters, such as the coercivity
(Hc), of Fe3O4 NPs was reported in different cases for
different particle shapes. The critical size of magnetic
NPs, which points to the transition from a single to multi-
domain structure, was estimated from the variation of Hc
with the particle size. The particle size needed to achieve
super-paramagnetism in Fe3O4 NPs is estimated to be
≤ 20 nm [17, 18, 19]. On the other hand, the theoretical
critical size for multi-domain structure formation was 76
nm for cubic and 128 nm for spherical magnetite NPs.
For cubic magnetite nanocrystals, the multidomain was
depicted to be > 160 nm [20]. In our case, both samples
are single domain but did not reach super-paramagnetism.

3.3. MR signal intensity

In the world of MR imaging, it is well known that the
used contrast agent either be positive or negative [20]. In
other words, the positive contrast agent is usually used in
the T1 weighted image displaying bright signal intensity
or hyper-intensity, which in turn reflects the protons
relaxation time in the region of interest, after switching
off the Radiofrequency RF excitation source, in another
meaning indicates the recovery of the longitudinal mag-
netization. On the other hand, the negative contrast agent
is usually used in the T2 weighted image displaying dark
signal intensity or hypo-intensity, which in turn emulates
the decay of the transverse magnetization in the region of
interest. To evaluate the effect of the presence and
absence of the magnetic field on the prepared magnetite
to be used as a contrast agent in MRI, the decay of the
transverse magnetization would be estimated as a degree
of darkness in T2 the weighted image. Figure 6 displays

T2 weight images of the two samples; in synchronized
acquisition imaging, the upper of the image was the
prepared sample in the absence of the magnetic field,
while the lower was that prepared in the presence of the
magnetic field. The figure revealed a variation in the
signal intensity, which represented as the difference of the
blacking degree (arrowhead). After switching off the RF,
the decay of the transverse magnetization of the prepared
nanoparticles in the absence of magnetic field was fast
(i.e. loss of magnetization), and hence the value of the
measured signal intensity on the transverse magnetization
was low resenting dark signal intensity. In complete
contrast, the decay of the transverse magnetization of the
prepared Co-doped magnetite in the presence of the
magnetic field was slow, and hence the value of the
measured signal intensity on the transverse magnetization
was high resenting bright signal intensity (arrowhead). It
is worth noting that the decayed measured MR signal

Fig. 6. (Color online) T2 weight image of the two samples; in

synchronized acquisition imaging, the upper of the image was

the prepared sample in the absence of the magnetic field,

while the lower was that prepared in the presence of the mag-

netic field.

Fig. 7. (Color online) Relative viabilities of WI38 normal lung

cells, A549 Lung cancer cells incubated with various concen-

trations of the prepared sample S1 = prepared in presence of

magnetic field & S2 in absences: Data are expressed as means

± SD of four independent experiments. The standard reference

was Doxorubicin DOX drug.
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intensity was well-matched with the result of the VSM,
which revealed that the magnetization retentively of the
field prepared sample was higher than that of the non-
field sample. The control nanoparticle (Co2+

0.1Fe2+
0.9Fe3+

2O4)
in the absence of the field was a promising T2 contrast
agent despite their single domain nature.

3.4. In vitro toxicity

The biocompatibility of the prepared for prepared
Co2+

0.1Fe2+
0.9Fe3+

2O4 is critical for their potential imaging
applications. A previous study indicated that magnetic
nanoparticles induced notable pathological changes in the
lung, liver, and kidney [14]. Another one reported that
magnetic nanoparticles at a high dose were able to cause
damage in the liver, kidney, and spleen. Herein, consider-
ing the lung toxicity of the prepared Co2+

0.1Fe2+
0.9Fe3+

2O4

either in presence, and absence of magnetic field, was
considered, including WI38 normal lung cells, A549
Lung cancer cells. Figure 7 shows the cell viability after
48 hours of incubation with various concentrations of the
prepared samples. The IC50 (µg/ml) of the WI38 normal
lung cells was, S1 (15.79), S2 (16.86), and DOX (4.46)
while that of A549 Lung cancer cells was S1 (15.2), S2
(25.86), and DOX (32). Although the viability of each
type of cell at all tested concentrations showed a signi-
ficant difference, and each sample revealed a cytotoxic
effect on normal and cancer cells; nevertheless, the slight
difference between S1 and S2 where S2 revealed larger
values of viable cells than that exposed to S1. Besides,
both samples have low cytotoxicity compared to Doxoru-
bicin which could orient us to use these nanoparticles in
drug conjugation/ delivery with the aid of a small external
magnetic field. Another additional potential application is
their use in magnetic hyperthermia conjugated with the
suitable anticancer drug with a low dose.

4. Conclusion

Co-doped magnetite nanoparticles were chemically
synthesized in the absence and presence of magnetic.
FTIR studies confirmed the molecular structure, and XRD
revealed good crystallinity. The HRTEM image displayed
the average particle size 50 nm, in agreement with XRD
measurements. The magnetization curves demonstrate
that the investigated nanoparticles at room temperature
tend to be ferrimagnetic with clear saturation. Only, the
absence field sample exhibited a strong T2 decay signal
as a contrast agent in MRI. However, the existence of
valuable coercivity hinders the clinical setting; it should
be the superparamagnetic candidate. Future work on the
decrease of agglomeration using suitable biocompatible

capping could lead to perfect super-paramagnetism. Besides,
no significant difference was detected at the cytotoxicity
level. In total, the presence of the magnetic field could be
used in tuning the magnetic properties of the magnetic
nanoparticles. More extensive studies are needed to find
out the effect of larger fields on all the microstructure,
morphology, and magnetic state of the magnetite as it is
biocompatible and of low cytotoxicity.
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