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Abstract

The effect of mixed ferrites nature and that of several coatings on the magnetic properties and thus, on the heating ability of
nanoparticles, was studied. The Mgo.4CaosFe204 and MnosGagsFe204 ferrites, synthesized by sol-gel method, followed by
heat treatment, were coated with oleic acid + Pluronic® F-127, carboxymethyl-dextran sodium or polyvinylpyrrolidone. An
average particle size of 12 and 15 nm was obtained for the Mg-Ca and Mn-Ga ferrites, respectively. Samples, before and after
coating, revealed a heating capacity over 42°C and a superparamagnetic behaviour. The compounds accomplished the
requirements of heating ability and specific absorption rate for magnetic hyperthermia treatment. The MnosGaosFe,04 system
was more efficient than the Mgo.4CaosFe204 system. Copyright © 2018 VBRI Press.
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Introduction

Specific magnetic nanoparticles (MNPs) are able to
eliminate cancer cells by hyperthermia treatment,
which consists in applying an external magnetic field to
the nanoparticles that increases their temperature
between 41 — 46 °C'2 The efficiency of the heating
capacity required for the treatment is evaluated
with the specific absorption rate (SAR) value,
which is the amount of energy converted into heat per
time and mass®. Several methods, such as co-
precipitation®,  thermal  decomposition®,  sol-gel®,
microwave-assisted synthesis’, etc., have been employed
to synthesize MNPs. Sol-gel is an efficient and
convenient method according to many studies, due to the
elevated purity of synthesized MNPs, relatively low
reaction temperature (25 - 200 °C), narrow size
distribution of MNPs and low cost. Sol-gel has been used
to synthesize many kinds of doped or co-doped magnetic
oxides of Ga, Co, Mn, Ca, MnGa, Mg-Ca, Mg-Mn, Mg-
Zn, Mn-Ga>%814 According to the literature, is possible
to synthesize Mn-Ga and Mg-Ca ferrites able to be used
like materials for biomedical applications38.

In this work, magnetic nanoparticles of
Mno sGag sFe204 and Mgo.4Cag sFe204 were synthesized by
sol-gel followed by heat treatment and coated with three
different materials: i) oleic acid + Pluronic® F-127
(OA&P), i) carboxymethyl-dextran sodium (Dxt);
or iii) polyvinylpyrrolidone (PVP). The aim was to
evaluate and compare their heating ability and magnetic
properties.
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Experimental
Materials

Analytical grade chemicals (Sigma Aldrich) of iron (1)
nitrate  nonahydrate  (Fe(NOs3)3:*9H,0), magnesium
nitrate hexahydrate (Mg(NO3).#6H20), calcium nitrate
tetrahydrate (Ca(NOs)2#4H,0), manganese (lIl) nitrate
tetrahydrate  (Mn(NOs).#4H,0), gallium (lIl) nitrate
hydrate, (Ga(NOs)3*H20), and ethylene glycol (C2HsO2)
were used.

Preparation of magnetic nanoparticles
Sol-gel synthesis

Stoichiometric amounts of Mg(NOs3),*6H0,
Ca(NOs3)2#4H,0, and Fe(NO3)3*9H.O were mixed for
obtaining the Mg-Ca precursor, while stoichiometric
amounts of Mn(NO3)2+4H,0, Ga(NOs)s3*H.O, and
Fe(NO3)3*9H,0 were mixed for obtaining the Mn-Ga
precursor. Then, 5 mL of C,HgO, were added to each
mixture. To obtain the sol, the mixtures were stirred
during 2 h at 40 °C. This sol was heated up to 80 °C until
a polymeric gel was obtained. Each gel was aged at room
temperature during 2 h. Finally, gels were dried in an
oven at 95 °C for 72 h. The Mg-Ca precursor was heat
treated of 350 °C for 30 min, while the Mn-Ga precursor
was heated at 500 °C for 1 h813,

Coating process

The procedure for the oleic acid + Pluronic® F-127
(OA&P) coating process was based on the work reported
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by Wright et al.®>. MNPs were dispersed in 150 mL of
deionized water, 2M KOH solution was used to increase
pH and 2 mL of oleic acid were added to the suspension
and the mixture was stirred during 45 min at 50 °C. Once
the suspension was cooled at room temperature, particles
were washed with acetone and dried in an oven at 95 °C.
The oleic acid coated particles were dispersed in
deionized water and 2 g of Pluronic® F-127 were added to
the suspension. The mixture was sonicated in a water bath
for 15 min and stirred during 20 h. Finally, particles were
washed with deionized water. For the carboxymethyl-
dextran sodium (Dxt) and the polyvinylpyrrolidone (PVP)
coating processes, the procedure was as follows: the
uncoated particles were dispersed in deionized water, then
2 g of the coating material were added and pH was
increased using 2M KOH. The suspension was dispersed
during 15 min and then it was sonicated at 500 rpm for
20 h at 45 °C. Then, the solution was washed and dried in
a stove at 95 °C.

Characterizations

Heat treated samples were characterized by X-ray
diffraction (XRD, Philips X’Pert), thermogravimetric
analysis (TGA, Perkin Elmer Pyris Diamond),
transmission electron microscopy (TEM, Titan 80, 300
kV) and energy dispersive spectroscopy (EDS), vibrating
sample magnetometry (VSM, MicroMag 2900), Fourier
transform infrared spectroscopy (FTIR, Thermo Scientific
Nicolet 1S5), and solid state magnetic induction
(EasyHeat 0224 Ambrell). The coated ferrites were
analyzed by FTIR and solid state magnetic induction. The
heating efficiency was calculated according to Eq. (1),

SAR = E*£ D
m At

where C is the specific heat of the medium where the
particles are suspended (H,O = 4.18 Jg%), AT / Atis the
slope of the temperature vs time curve and m is the ferrite
mass in the fluid per unit mass of fluid.

Results and discussion

The XRD  patterns of  MngsGagsFe.O,  and
Mgo.4CageFe204 are shown in Fig. 1. For the Mg-Ca
ferrite, the reflections closely match to those of the
JCPDS 88-1935 card, their angles are slightly higher due
the substitution of Ca?* for Mg?*. The reflections of Mn-
Ga ferrite are nearly those of the JCPDS 74-2229 card and
their angles are slightly lower. According to the literature,
both reflections correspond to a cubic inverse spinel
structure similar to that of magnetite!®’,

The thermal behavior of both compounds is presented
in Fig. 2. The MnosGagsFe,O4 ferrite showed a total
weight loss of 6 % while Mgo4CaosFe,Os presented a
total of 22 %. The first loss that presented both materials
(below 100°C), was due the water evaporation. The
second weight loss was due to the evaporation of the
ethylene glycol, at 270°C for MnosGaosFe,O4 and at
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300°C for Mgo4CageFe204. The third loss, at 550 and
680°C for Mgo,4Cao,6Fe204 and Mno,sGao,5F6204,
respectively, corresponds to the remaining organic
compound evaporation. The Mg-Ca ferrite presented a
higher weight loss (22 %), this may be due to the fact that
the heat treatment of this sample was performed at a
lower temperature and for a shorter period of time than
those used for the Mn-Ga ferrite.
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Fig. 1. XRD patterns of synthesized a) Mgo4CaoeFe,0s and b)
Mno sGapsFe,04 samples.
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Fig. 2. Thermogravimetric spectra of magnetic nanoparticles samples.

The TEM images, EDS spectrum and average
particle size of both ferrites are shown in Fig. 3. The
morphology of the nanoparticles tends to be spherical; the
EDS results indicated the presence of Fe, Mg and Ca for
Mgo.4CagsFe204 and Fe, Ga and Mn for MngsGaosFez0s,
which indicates the purity of the synthesized materials.
Based on 350 measurements for each system, the average
particle size was of 12 + 3.46 nm for the Mg-Ca ferrite
and 15 + 3.87 nm for the Mn-Ga ferrite.
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Fig. 3. TEM images, EDS spectra and histograms of a) Mg 4CaosFe,0,
and b) MngsGagsFe,04 samples.

The magnetic behavior of both ferrites is shown in
Fig. 4. The Mn-Ga ferrite showed a higher saturation
magnetization (Ms) than the Mg-Ca ferrite, however this
Mg-Ca ferrite showed no remnant magnetization (Mr) and
no coercive field (Hc). This indicates that the Mn-Ga
ferrite has a nearly superparamagnetic behavior, while the
Mg-Ca ferrite is superparamagnetic.

The FTIR spectra of both ferrites, before and after
coating, are shown in Fig. 5. Before coating, the existence
of bands at about 540 cm™* (and at 875 cm? for the Mg-Ca
ferrite), demonstrate the M-O bonds of the ferrite. Around
1320, 1410 and 2300 cm'* were identified the bands of C-
O group that belongs at the remnant ethylene glycol, NO*
from the precursors and CO atmospheric, respectively.
For the oleic acid + Pluronic® F-127 coated ferrites, three
bands at 1100, 1450 and 2900 cm™* were identified, which
are representative of the Pluronic® F-127 that is
chemically bonded to the oleic acid, the symmetrical
stretching vibrations of the C=O group indicates the
chemical bond between the oleic acid and the surface of
the ferrite, and the absorption band of the C-H group
corresponds to the oleic acid. For the case of the
carboxymethyl-dextran sodium coating, the existence of
the bands around 1020, 1600 and 2920 cm™ were
observed, these bands correspond to the C-O groups from
carboxymethyl-dextran  molecule, the —C(=0)-N-H
secondary bond indicates the functionalization of MNPs
and characteristic asymmetric —CH> stretching. For the
PVP coating, the energy bands were localized around
1421 and 1620 cm, that correspond to the asymmetric
bending vibrations of CH; and the C=0 group of PVP.
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Fig. 4. Magnetic behavior of Mgo.CagsFe;0s and MngsGagsFe,0,
ferrites.
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Fig. 5. FTIR spectra of a) Mgo4Cag sFe,04 and b) MngsGaosFe,O4 before
and after coating with OA&P, Dxt and PVP.

According to Fig. 6, for aqueous suspensions of
6 mg/mL and 4 mg/mL for uncoated Mg-Ca and Mn-Ga
ferrites, respectively, a temperature of 42 °C in 10 min is
achieved. As expected, temperature increases as the
amount of ferrite mass is increased. For the case of the
coated nanoparticles, all of them (measured with a mass
of 10 mg/mL) can reach the minimal temperature required
for hyperthermia in less than 10 min. For both ferrites, the
oleic acid + Pluronic® F-127 is the coating that leads to a
higher decrease in heating ability, probably due to the use
of a double coating. The PVP coating decreases the
maximum temperature reached for the Mg-Ca ferrite
suspension in approximately 5 %, while for the Mn-Ga
ferrite suspension the decrease is less than 1 %. The Dxt
coating showed no decrease in temperature for both
systems. It is possible that the Dxt and PVP coatings
decreased the agglomeration degree.
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Fig. 6. Solid state magnetic induction of uncoated a) Mgo.4CaosFe,04, b)
Mng5GagsFe,0,4 and coated ¢) Mgo4CagsFe,04 and d) MngsGagsFe; 04
ferrites.

According to Table 1, the SAR values for the Mn-Ga
ferrites are higher than those of Mg-Ca ferrites. The
highest SAR value for the Mg-Ca ferrite corresponds to
the uncoated nanoparticles, followed by the Dxt coated
nanoparticles. For Mn-Ga ferrite, the highest values
correspond to the Dxt and PVP coatings. These data
reinforce the idea that these coatings are decreasing the
agglomeration of nanoparticles. However, a further
research needs to be performed.

Table 1. SAR values of Mg 4CagsFe,04 and MngsGag sFe,04 samples
before and after coating.

Mg, 4CagFe, Oy MnysGaysFe,O4
ATY A |SAR (W/g) ATH A | SAR (W/g)
Uncoated| 1.3816| 289.22 |Uncoated| 2.4706 517.2
OA&P 1.0129| 212.04 OA&P | 2.2866| 478.68

Dxt 1.3711| 287.03 Dxt | 2.5736| 538.76
PVP 1.0369| 217.06 PVP | 2.6746| 559.9
Conclusion

Magnetic  nanoparticles of Mgo4CaosFe.0s and
Mno.sGag.sFe204 were successfully synthesized by sol-gel
method. Both materials presented a single cubic inverse
spinel structure. The magnetic nanoparticles showed a
nearly spherical morphology with an average diameter of
12 and 15 nm for Mg-Ca and Mn-Ga ferrites,
respectively. Remnant magnetization and coercive field
values demonstrated a superparamagnetic behavior of
both ferrites. The FTIR results demonstrated that it was
possible to functionalize the ferrites surface with the oleic
acid + Pluronic® F-127, carboxymethyl-dextran sodium or
polyvinylpyrrolidone coatings. The heating ability
required for hyperthermia applications of coated and
uncoated ferrite suspensions, containing 10 mg of
ferrite/mL of deionized water, was demonstrated.
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