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Abstract

Magnetic cobalt ferrite (CoFe,O4) nanoparticles (NPs) have been synthesized using the thermal decomposition
method. The critical parameters such as surfactant concentration and OA/OLA ratio have been intensively investigated
in detail to optimize conditions for the synthesis of the magnetic nanoparticles. Especially, after coating nanoparticles
with the PMAO, the surface of CoFe,O4 becomes hydrophilic and well-dispersed in water. Furthermore, the obtained
nanofluids are still stable over a wide range of salt concentration (from 50 to 220 mM). The spin-spin (T>) relaxation
times of the nuclear spins (hydrogen protons) in aqueous solutions of various concentrations of coated ferrite nanoparticles
were determined using a nuclear magnetic resonance (NMR) spectrometer. The MRI image was detected with higher
contrast in comparison with the control sample. The MRI images of in-vitro samples taken by the T, status which shows
that our coated ferrite nanoparticles can be used as a T> MRI contrast agent. These findings suggest the potential
application of PMAO-coated magnetic CoFe;O4 NPs in the biomedical discipline.

Keywords. Magnetic resonance imaging (MRI), colloidal stability, thermal decomposition, magnetic liquid, ligand
exchange.

1. INTRODUCTION

Recent applications of magnetic nanoparticles in
biomedical applications, especially in imaging
diagnostics using MRI Magnetic Resonance Imaging
engineering have attracted the attention of scientists
around the world.l**1 Magnetic resonance imaging
(MRI) contrast media are used to improve
visualization of abnormal structures or lesions in
various parts of the body. The most common MRI
contrast media are based on paramagnetic compounds
that contain metal ions from the transition or
lanthanide series of the periodic table such as
manganese, iron, and gadolinium.l:58 These metal
ions have a large magnetic moment and can shorten
the longitudinal (T1) and transverse (T») relaxation
times of protons in the water of tissues. Currently in
imaging diagnostics using MRI magnetic resonance
imaging, T contrast agents have become a traditional
commodity, which is a complex of paramagnetic ions

with a large torque value like Gd*" (7 unpaired
electrons). These Gd*" ions are combined with
molecules such as DTPA (diethylentriamine penta
acetic acid) and create Gd-DTPA chelate round
complex structures.”-! During the recovery process,
the interaction between the magnetic moment of the
proton and the magnetic moment of the paramagnetic
ions causes the Ty time to be reduced, so the recovery
rate R; increases. The concentration of agents is
different in each cell tissue region, thus providing an
effective contrasting on MRI images. However, since
early 2006 evidence has accumulated that some
gadolinium-based contrast agents, particularly
gadodiamide (Omniscan®, GE Healthcare, Chalfont
St. Giles, UK), may cause a potentially devastating or
even fatal scleroderma-like, fibrosing condition
called nephrogenic systemic fibrosis (NSF) in
patients with renal failure.’*3] Recently it has been
shown that gadopentetate dimeglumine
(Magnevist®, Bayer Schering, Berlin, Germany) may
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also trigger NSF, but not with the same high
frequency as gadodiamide. In the USA cases of NSF
have been reported after exposure to gadoversetamide
(OptiMARK®, Covidien, St. Louis, USA) [,
Recently, researches applying magnetic nanoparticles
as MRI image contrast materials have been published
in many documents as an attempt to develop new
contrast agents with lower toxicity.

Some recent researches have shown that cobalt
ferrite (CoFe»0.) (CF) has a high-saturated magnetic
moment and is a potential materials for MRI magnetic
resonance imaging.™*#4-161 Furthermore, this materials
is superparamagnetic and stability and high biological
compatibility, so there are many prospects for
application in medicine and biology. However,
CoFe204 nanoparticles synthesis methods in previous
studies are limited in controlling the size and shape of
the particle. In this research, CoFe.O4 nanoparticles
were synthesized by decomposing Fe(l11) and Co(ll)
acetylacetonate in organic solvents at high
temperatures. Particle size and shape control is done
by changing the surface active-agent concentration.
The particles after synthesis are transferred from
organic solvents phase to water using poly (maleic
anhydride-alt-1-octadecene) (PMAQO) as a phase
transition agent. The structural, morphological and
magnetic properties, as well as the durability of
magnetic liquid samples in different physiological pH
and salt concentrations, as well as the ability to
become imaging contrast inhibitor in MRI imaging
techniques that were surveyed and discussed.

2. EXPERIMENTAL
2.1. Chemicals

The original chemicals include: iron (llI)
acetylacetonate (Fe(acac)s) 99,99 %, cobalt (1)
acetylacetonate (Co(acac)z) 99,99 %, 1-octadecene
(OCD, 99 %), absolute ethanol (> 96 %), hexane (99
%), chloroform (> 99 %), oleic acid (OA) 99 %,
oleylamine (OLA) 70 %, 1-octadecanol (OCD-ol) 95
% and poly(maleic anhydride-alt-1-octadecene)
(PMAO) were purchased from Sigma-Aldrich Ltd,
Singapore. All the materials were used as received
without further purification.

2.2. Synthesis of CoFe;O4

CoFe,0.@OA/OLA MNPs were synthesized using
thermal decomposition method in organic solvents at
high temperature. In this process, 7.5 mmol of Co (1)
acetylacetonate (Co(acac). (1.92 g), 99.9 %), 15
mmol of Fe (I1l) acetylacetonate (Fe(acac)s, 5.32 g),
40 mmol OCD-ol (10.8 g) were used as reactants.
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Simultaneously give a specific volume of OA, OLA
surface active-agent and octadecene solvent in the
mixture. OA OLA surface active-agent
concentration was taken equally and surveyed in the
experiments 135 mM, 201 mM, 310 mM, and 450
mM (denoted as CF1l, CF2, CF3 and CF4,
respectively). The reaction mixture was magnetically
stirred and degassed at room temperature for at least
30 minutes. Then, the sample was heated to 100 °C
and its temperature was maintained for 30 min to
remove water. Next, the mixture was heated to 200
°C and held for another 30 min. Finally, the reaction
mixture was heated to 310 °C with a heating rate of
about 10 °C/min and held for 60 min. Then, the
solution was cooled naturally to room temperature
and washed with ethanol and centrifuged before
dispersing in n-hexane solvent. The samples were
then dried to determine the structural characteristics,
particle size, and magnetic properties. It is observed
that the particles range in size from 7 nm to 14 nm
depending on the concentration of the reagents used.
The samples were labeled as CF1 (6.2+1.7 nm), CF2
(8.4+0.8 nm), CF3 (10.8+2.8 nm), and CF4 (11.8+3.4
nm) according to the particle size.

2.3. Transferring CoFe204 MNPs into the water by
using PMAO

The phase transition process of CoFe;0s
nanoparticles from hydrophobic to hydrophilic is
similar to the phase transition of FesO4 nanoparticles
by the author Kannan M. Krishnan et al.l"]
Specifically, 50 mg of cleaned CoFe,O4 samples are
dispersed in 1 ml of chloroform, ultrasonic vibration
for 3 to 5 minutes to ensure the particles are dissolved
(solution A). Add 1 g poly (maleic anhydride-alt-1-
octadecene) (PMAOQO) to 10 ml of chloroform,
ultrasonic vibration for 3 to 5 minutes to disperse all
of PMAO (solution B). Slowly add magnetic of
solution A into solution B and ultrasonic vibration for
5 to 10 minutes to ensure that the solution is well
mixed, without sedimentation. The resulting product
is kept at room temperature and stirred magnetically
for clean chloroform. Then add 12 ml of NaOH 1 M
solution to continue stirring, we obtain samples that
are enable to disperse in water.

2.4. Characterization of magnetic nanoparticles

The phase structures of the samples were
characterized by XRD using diffractometer D8
Advance Bruker with CuK, radiation (A = 1.5406 A).
The morphological properties (size and shape) of the
particles were obtained using a JEOL JEM-1010
TEM. The average size and the size distribution of
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nanoparticles were analyzed using ImageJ software to
examine the particle size distribution. The shell — core
bonds were analyzed by Fourier transform infrared
spectroscopy FT-IR (Nicolet 6700). The saturation
magnetization of these samples at room temperature
was measured up to the highest magnetic field of 10
kOe using a vibrating sample magnetometer (VSM).
The size distribution and stability of the magnetic
fluids were examined using a Zetasizer (Horiba SZ-
100Z system).

2.5. Contrast enhancement in MRI

The MRI experiments were performed using a
Siemens MR spectrometer with a magnetic field
intensity of 1.5 T. The following parameters were
adopted in data acquisition: T,-weighted images: echo
time (TE) = 34; 57 ms, repetition time (TR) = 4000
ms, field of view (FOV) = 160x160 mm, matrix =
390x280, slice thickness = 3.0 mm and flip angle 90°.
The signal intensity of the samples was measured and
the experiment was carried for the different
concentrations of CoFe,O, nanoparticles in different
values of echo time TE.

3. RESULTS AND DISCUSSION

3.1. Morphology, particle size and magnetic
properties of the CoFe;O,@0OA/OLA MNPs

Figure 1 indicates TEM image and CoFe,Q, particle
size distribution chart when OA and OLA
concentrations change. The results showed that the
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particle size increased significantly when the surface
active-agent concentration increased (Fig. 1e). When
the concentration of each type of OA and OLA
increases from 135-310 mM, the particle size
increases from 6.2 to 10.8 nm but the particle shape
is almost unchanged (Fig.1a, b). When OA and OLA
concentrations are 450 mM, we see a significant
change in the shape and size of CoFe,O, particles
(Fig. 1d). In this case, the size reaches 11.8+3.4 nm,
the particle has a different shape like cubic, spherical,
triangular, while the other samples have spherical,
clear grain boundaries, no there is a connection
(Fig. 1d).

The size increase of CoFe;O, particles may be
due to the formation of an oleate complex part of
cobalt and iron in the synthesis process. Cobalt (1)
and iron (Ill) acetylacetonate are decomposed at
about 190 °C,[81% however, if they form complexes
with OA for metal oleates, their decomposition
temperature increases about 300 °C.*1 When OLA
and OA concentrations are low, the main source of
iron and cobalt in the form of acetylacetonate will
quickly be decomposed at a temperature 230-250 °C
forming crystallites. This will reduce the source of
iron and cobalt to feed the growth phase of these
crystallites, so the collected nanoparticles will be
smaller. When OLA and OA concentrations are high,
iron(111) and cobalt(Il) mainly form complexes with
OA forming oleate complexes. At high
decomposition temperatures of oleate complexes,
sources of iron and cobalt are available in solution to
facilitate the growth of crystallines. The result is
nanoparticles with a larger size.

201 mvi (CF2)

0.8 n

CF2

Increase the concentration of the surfactant

CF2@PMAO
d=9.4+1.9 nm

(e)

Particles Size (nm)

Figure 1: The typical TEM photographs (a, b, ¢, d) and (e) their corresponding size distribution
histograms of the OA/OLA-coated CoFe204 NPs were synthesized at different concentration of the
surfactant. TEM images of the PMAO-encapsulated CoFe,O4 nanoparticles (f)
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The results of particle size dependence on OA,
OLA surface active-agent concentrations in this
research show that particle size increases with
increasing OA and OLA concentrations. This is
explained when the solution contains a large OA
concentration, the main complex generation between
the precursors (Co(acac). and Fe(acac)s) with OA in
the solution to form very stable oleates of Co and Fe
in the reaction process. Due to the high
decomposition temperature of this complex, Co and
Fe sources in the solution will be excess to provide
the particle development stage resulting in larger
particles.

To determine the crystal phase structure of the
synthesized samples, we conducted X-ray diffraction

3004
(311)

250 4

(440)

Intensity (cps)
@
=]

1004 (220)

')

20 30 40 50 60 70
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Figure 2: Powder X-ray diffractions of
CoFe,04 nanoparticles (CF2)

To test the magnetic properties of synthesized
CoFe;04 nanoparticles with different sizes, we
measured the hysteresis curve at an indoor
temperature in the external magnetic field from -10
kOe to 10 kOe (Fig. 3). The results showed that all
samples reached saturation state (Ms), Ms values of
samples reached 35.27-55.67 emu/g and they have
superparamagnetic properties at indoor temperature
(coercive force and residual magnet are nearly zero).
Besides, M; value of the samples increased as the
particle size increases. This value is significantly
higher than most synthetic samples by other methods
such as emulsion ultrasound or oxalate method,
however smaller than the bulk model (80 emu/g). The
change of the saturated degree magnetic (reduction)
in nanoscale compared with the bulk model is
explained by the magnetic disorder phenomenon at
the surface of the particle.

3.2. Dispersing and stability of
CoFe0s@0A/OLA MNPs phase transfer in
water

Mechanism of particle phase transition from
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analysis. Samples are washed after synthesis and to
dry naturally before measuring X-ray diffraction. It
can be seen that sample have diffraction peak of
CoFe,04 spinel phase such as: (220), (311), (400),
(511) and (440). In which the edge (311) has the
strongest intensity. It can be seen that under different
conditions no edge of other phases appears such as
iron(I1) oxide, iron(111) oxide or cobalt oxide(ll). This
proves that synthetic materials are monophasic. Also,
the large intensity of diffraction picks indicates that
the samples obtained have a high degree of crystal. X-
ray diffraction diagram with strong noise background
can be attributed to the contribution of the surfactant
layer OLA and OA on the surface of CoFe;O,
particles (Fig. 2).

60

40

20

0

M (emu/qg)

-20

-40

-60
12 8 -4 0 4 8 12

H (kOe)
Figure 3: M(H) curves measured for CoFe;04

samples. The smaller figure is hysteresis loop at low

magnetic field

hydrophobic to hydrophilic by PMAO can be
described as follows: PMAQ is a polymer consisting
of two parts, hydrophobic part is a hydrocarbon chain
that helps PMAO molecules adhering to particles
through hydrophobic — hydrophobic connection with
OA and OLA molecules on the particle surface,
hydrophilic parts contain anhydride radicals helping
to disperse particles in water environment (Fig. 4a).
Figure 4 shown that CoFe.O4 particles before
PMAO coating is dispersed very well in hexane and
completely undispersed in water (Fig. 4b,c). After
covering the surface PMAO of CoFe;O4 particles
becomes hydrophilic and well dispersed in water, the
particles are completely undispersed in n-hexane
(Fig. 4d). Thus, it can be determined that the polymer
layer has covered the surface of the particles and
helps them stabilize and disperse well in water.
Besides, the responding ability on durability in the
body physiological environment is also one of the
requirements for magnetic nanoparticles for
biomedical applications. Because the salt
concentration in the body remains in the range of
165+180 mM with a pH ~ 7.4, we conducted a survey
of the strength of the magnetic liquid in physiological
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salt with salt concentration of 50 mM, 150 mM, 200
mM, 220 mM and 250 mM (Fig. 4f).

= !'l

’ PMAO | (a)
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Figure 4: The reactlon scheme of encapsulatlon of CoFe,04 NPs, coated with oleic acid and oleylamlne
with poly(maleic anhydride-alt-1-octadecene) through hydrophobic interactions (a); CoFe,O4 nanoparticle
before and after encapsulating PMAO in hexane (b), in mixture of hexane and water (c), CoFe;O,
nanoparticle encapsulated by PMAO in mixture of hexane in water (d), in water (f) and Colloidal stability in
water of the nanoparticles at different NaCl concentrations
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Figure 5: The hydrodynamic size distribution (a) and Z-potential of the PMAO-coated
CoFe;04 NPs in water

The results showed that, in the NacCl
concentration 220 mM or less, PMAO-coated
CoFe;O4 particles maintained good dispersion
capacity in the water and was relatively stable. When
the salt concentration reaches 250 mM in the solution
starting adhesion between the particles (Fig. 4f). To
determine the particle size and durability of magnetic
fluids we use DLS measurement technique. From
figure 5a it can be seen that the diagram has only a
single peak (at 48.7 nm) with the width of the narrow
bottom indicating that the particles obtained are
relatively uniform in size with average size after
covering about 29.8 nm.Furthermore, magnetic fluids
are highly durable with zeta potential values -61.9
mV (Fig. 5b).

3.3. Contrast enhancement in MRI

The superparamagnetic CoFe,Os nanoparticles
induce a decrease in transverse relaxation time To,
leading to an increase in contrast of the MRI images.
To evaluate the role of magnetic nanoparticles as a
contrast agent, MRI imaging was carried out in
defined protocol and in different concentration of
nanoparticles.

Figure 6 presented T2-weighted MR images of
samples: the last one is H-O (concentration of iron C
= 0 pg/mL); the next five samples C1, C2, C3, C4,
and C5 are at concentrations of 15, 30, 45, 60 and 90
pHg iron/ml, respectively. We can easily see
considerable contrast even when the difference in
concentration is very small. As shown in figure 6, it
can be concluded that the increase in the
concentration of nanoparticles results in a decrease in
transverse relaxation time T, thus leading to MR
signal enhancement. T2-weighted images depend on
TR (repetition time, with TR > 3000 ms) and TE
(echo time, with TE > 50 ms). For a systematic

[Fe] pg/ml 15 30 45 60 90 H0

O« ©

Figure 6: T2-weighted MRI images for six sample
tubes with different concentrations of CoFe,04

nanoparticles for the different values of echo time
TE =34 ms (a) and TE =57 ms (b)

(b)  T2-WI
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evaluation of the T2-weighted MRI images, the
experiment was carried for different values of TE.
Figure 6 shows the T2-weighted MRI images for the
different concentrations of CoFe,O4 nanoparticles in
different values of echo time TE. This figure indicates
that MR signal intensity increases with an increase in
TE wvalue up to 57 ms. The results in-vitro
experimentation show that our contrast agent of
PMAAO coated nanoparticles can be used as a T, agent
in MRI.

4. CONCLUSION

In this paper, CoFe.Os nanoparticles coated with
biocompatible poly (maleic  anhydride-alt-1-
octadecene) (PMAOQ) were synthesized for use as an
MRI (magnetic resonance imaging) contrast agent.
Cobalt ferrite nanoparticles with the size between 6.2
and 11.8 nm are successfully synthesized by the
thermal decomposition method in organic solvents.
Research results show that OA and OLA surface
active-agents play a very important role in controlling
the size and shape of magnetic nanoparticles.
Magnetic fluids of CoFe.O, nanoparticles coated
with PMAO, well dispersed and durable in the
physiological environment. The average diameter of
the coated particles was 9.4+1.9 nm. Additionally,
high-resolution magnetic resonance images with
improved transverse relaxation T, were observed
when using magnetite-based ferrofluid for in-vitro
and test. From the results obtained above, it shows
that the magnetic fluid system on CoFe,O. base
coated with PMAO is very potential in imaging
diagnosis by MRI magnetic resonance imaging
technique.
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