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Abstract. In this study, Lag7Srg3MngegTip 0203 (LSMTO) nanoparticles with a perovskite structure and
an average particle size of 23.5 nm were synthesized using a reverse microemulsion method. In this method,
cetyltrimethylammonium bromide (CTAB) was used as a surfactant, 1-butanol as a co-surfactant, n-hexane as a
continuous oil phase, and an aqueous solution containing metal cations or precipitating agent as a dispersed aque-
ous phase. The aqueous nanodroplets of microemulsions were used for the formation of perovskite precursor. The
obtained precursor was then calcined at 700°C for 4 h to convert the precursor to the perovskite phase. In addi-
tion, the heating ability of the LSMTO nanoparticles was evaluated under a safe alternating magnetic field used in
magnetic hyperthermia therapy. The results showed the fast magneto-temperature response of the prepared sample
with sufficient heat loss at the therapeutic temperature range, indicating the LSMTO nanoparticles can be used as

a self-regulated heating agent in the magnetic hyperthermia therapy.
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1. Introduction

In recent years, magnetic nanoparticles (MNPs) have attrac-
ted much attention in various fields of medicine and pharma-
cology such as magnetically activated drug delivery systems
[1,2], bio-separation [3], magnetic resonance imaging (MRI)
[4] and magnetic hyperthermia therapy [5,6]. Gilchrist ef al
[7] was first presented the concept of magnetic hyperther-
mia in 1957. In this method, MNPs were introduced to a
cancer tissue via direct injecting, magnetic or active/passive
targeting approaches. Then the cancer tissue was irradiated
by an alternating magnetic field (AMF), leading to heat gen-
eration by the ferromagnetic/superparamagnetic nanoparti-
cles, which can destroy or damage the cancerous cells. In
this method, the temperature of the cancer tissue is regu-
lated at a Curie temperature (7;) of the MNPs. Therefore the
Curie temperature of the MNPs should be in the desired tem-
perature range for hyperthermia therapy (41-47°C) to pre-
vent overheating of healthy tissues. Recently, ferromagnetic
materials such as the series of La;_,Sr, MnO3 (LSMO) com-
pounds with tunable 7, between 10 and 90°C for 0.18 < x <
0.6, have attracted great interest for hyperthermia application
[8]. Phuc et al [9] showed that the replacement of Mn ions by
titanium in La; _,Sr,Mn;_,Ti, O3 have particular advantages
over the variation of Sr doping level for tuning the 7, of the
component.

Several techniques have been employed for the synthesis
of LSMO nanoparticles such as the sol-gel method [10], pre-
cipitation [11], sonochemical [12], thermal decomposition
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[13] and ball mill method [14]. Reverse microemulsion
method has been demonstrated as a versatile method to pro-
duce a variety of nanoparticles [15]. The method consists of
aqueous nanodroplets stabilized by surfactant molecules in
organic media. This method has advantages over other type
of synthetic methods as it produces uniform, homogeneous
and monodisperse nanosized precursors.

There are only few reports on the synthesis of LSMO
nanoparticles via the reverse microemulsion method [16,17].
To our knowledge, there is no report available in the litera-
ture on the synthesis of Lag 7Sro3Mn;_,Ti, O3 nanoparticles
using the reverse microemulsion method and their applica-
tion for magnetic hyperthermia. In this paper, the synthe-
sis of Lag7Srg3MngogTip 203 (LSMTO) nanoparticles by
reverse microemulsion route was reported. The precursor and
obtained nanoparticles were characterized by X-ray diffrac-
tion (XRD) analysis, thermogravimetric (TG) analysis and
transmission electron microscopy (TEM). In addition, the
heating efficacy of the obtained nanoparticles was evaluated
by induction heating analysis.

2. Materials and methods

2.1 Materials

La(NO3)3-6H,O (Sigma), Mn(NOs3),-4H,O (Merck),
Sr(NO3); (Merck), cetyltrimethylammonium bromide (CTAB,
Merck), 1-butanol (Sigma), n-octane (Sigma) and n-
hexane (Sigma) were purchased and used without further
purification.
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2.2 LSMTO nanoparticles synthesis

For reverse microemulsion method two microemulsions
(Mic-A and Mic-B) were prepared which consisted of CTAB
as the surfactant, 1-butanol as the co-surfactant, n-octane as
the continuous oil phase and an aqueous solution as the dis-
persed phase. The amount of each phase is indicated in table 1.

In the Mic-A the aqueous phase contained the metal
nitrates and in the Mic-B the precipitating agent. The aque-
ous phase of metal nitrate had the concentrations of 0.07 M
La, 0.03 M Sr, 098 M Mn and 0.02 M Ti ions. The
precipitating agent solution was ammonium oxalate in the
concentration of 0.3 M. The two prepared microemulsions
were mixed together and then the resulting solution was aged
for 12 h at room temperature. Finally, the obtained precip-
itate (perovskite precursor) was separated by centrifugation
and washed several times with ethanol and water to remove
excess surfactants and other impurities. Finally, the obtained
product was dried in an oven at 150°C overnight and then
calcined at 700°C for 4 h.

2.3 Characterization

The crystalline structure of the samples was determined by
X-ray powder diffraction (XRD) analysis at room tempera-
ture by a Philips X’Pert powder diffractometer with Cu Ko
radiation and Ni filter (A = 0.15418 nm). TEM (JEOL 1200
EX) was used to determine the size and shape of the synthe-
sized nanoparticles. TG analysis curves were obtained using
a Perkin-Elmer Diamond TG/DTA instrument.
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2.4 Induction heating analysis

The heating efficacy of LSMTO nanoparticles was evalu-
ated using a custom-made induction heating unit with five
turns (5 cm diameter) induction coil. An aqueous suspen-
sion of nanoparticles (1.5 ml) was placed in the center of
induction coil and then irradiated by different magnetic fields
(H=6and 10 kA m~!, f = 100 kHz). The temperature of
the prepared sample was measured by an alcohol thermome-
ter. Also, the heating efficacy of the synthesized nanoparti-
cles was evaluated by calculating the specific absorption rate
(SAR) of the sample as follows:

Csuspension dr
SAR=(—F——|(— ., 1
< Xnp ) (dl ) M

where Cgyspension 18 the specific heat of suspension [Cyaer =
4.18J g7 ' k™! and Cxp = 0.66 J g=! k'] [17], Xnp the
weight fraction of nanoparticles (Xnxp = 0.1) and d7/d¢ the
initial slope of the temperature curve vs. time.

3. Results and discussion

Reverse microemulsion method was performed using two
microemulsions containing the metal nitrates and precipi-
tating agent, respectively. Two microemulsions were mixed
under gentle stirring which results in the frequent collision
of the aqueous nanodroplets in microemulsion, leading to the
formation of perovskite precursors in nanoreactors. The pro-
duction of the hydroxid precursors is illustrated in figure 1.
Final product was obtained by calcination of the obtained
precursor at low temperature due to the homogeneous mixing
of the metal ions and very small size of the primary precursor.

Table 1. Amount of aqueous and organic phases in Mic-A and
Mic-B. 3.1 TG analysis
Mic-A Mic-B Vol. (m])  Fjgure 2 shows thermogravimetry diagram of the precursor
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Mic-A: metal nitrates
dissolved in aqueous droplets

Mic-B: precipitating agent
dissolved in aqueous droplets

Perovskite precursors form

in limited size of aqueous droplets

Schematic representation of precursor formation in water-in-oil microemulsion method.



Preparation of perovskite NPs by a reverse microemulsion method

A very small weight loss was detected in the range of 400—
650°C. No weight loss appeared thereafter which confirms
the formation of perovskite structure. Therefore, it was deci-
ded to calcine LSMTO precursor at 700°C.
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Figure 2. Thermogeravimitry analysis of LSMTO precursor
obtained by reverse microemulsion method.
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Figure 3. XRD patterns of (a) precursor and (b) LSMTO
nanoparticles.
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3.2 X-ray diffraction

Figure 3 shows the crystalline structure of obtained precur-
sor (curve a) and LSMTO nanoparticles synthesized at 700°C
(curve b). As it can be seen in curve a the obtained pre-
cursor have amorphous structure. In curve b, the observed
diffraction peaks are corresponded to the perovskite struc-
ture of LSMTO nanoparticles [9,18]. No peak of any unre-
acted or impurity phase was detected in the curve b, which
indicates the high purity of the obtained product. Also, the
average crystallite size (Dxrp) of LSMTO nanoparticles was
calculated using the well-known Scherrer’s equation:

D =0.91/B cos b, (2)

where X is the incident X-ray wavelength (Ac, = 1.5443 A),
0 the diffraction angle of the peak corresponding to maxi-
mum intensity, and g the full-width at half-maximum. The
average crystalline size of the nanoparticles was calculated
to be 20.1 nm.

3.3 TEM analysis

The TEM image and corresponding particle size distribution
of LSMTO nanoparticles are shown in figure 4. As can be
seen, the LSMTO nanoparticles have an irregular shape with
an average particle size of about 23.5 nm. Several authors
have been studies the effect of particle size on the durability
of nanoparticles in body [19,20]. It has been observed that
the optimum particle size of nanoparticles for long circula-
tion time in body is in the range of 10-50 nm. Therefore, the
prepared sample in this study can be used as a heating agent
in magnetic hyperthermia therapy.

3.4 Induction heating analysis

The time-dependent temperature curves for aqueous suspen-
sion of LSMTO nanoparticles (100 mg ml~') exposed to
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Figure 4. TEM images of (a) LSMTO nanoparticles and (b) particle size distribution

nanoparticles.
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Figure 5. Temperature vs. time for aqueous suspension of
LSTMO nanoparticles at different magnetic fields.

an alternating magnetic field with different intensities (H =
6and 10kKAm™! ,f = 100 kHz) are shown in figure 5. As can
be seen, when the magnetic fluid was exposed to an AMEF,
the temperature of the sample was first raised and then sta-
bilized at a certain temperature in the desired temperature
range for magnetic hyperthermia therapy. The final temper-
ature of the magnetic fluid is a function of the Curie tem-
perature of the MNPs and also the equilibrium between the
heat generated by the nanoparticles and the heat emitted to
the environment. In addition, the SAR value of sample was
calculated through the initial slope of heating curve (d7'/dr).
The obtained results were 6.0 and 10.8 W g~! for 6 and 10
kA m~!, respectively, which are comparable with the results
obtained by other researchers [21].

4. Conclusions

Water-in-oil microemulsion method was employed to pre-
pare Lag7Srp3MngogTip0,Os nanoparticles with 23.3 nm
average particle size. In this method, CTAB was used as
the surfactant, 1-butanol as the co-surfactant, n-octane as
the continuous oil phase and an aqueous solution contain-
ing metal cations or precipitating agent as the dispersed
phase. The aqueous nanodroplets of microemulsions were
used for the formation of perovskite precursor. The obtained
precursor was then calcined at 700°C for 4 h to convert pre-
cursor to the perovskite phase. The results of calorimetric
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measurements showed that the heat generation of the pre-
pared sample could be safely controlled in the range of
40-45°C which is suitable for magnetic hyperthermia.
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