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Manganite perovskite nanoparticles for self-controlled magnetic fluid
hyperthermia: about the suitability of an aqueous combustion synthesis route

Romain Epherre,” Etienne Duguet,” Stéphane Mornet,” Emil Pollert,” Stéphanie Louguet,

acd

Sébastien Lecommandoux, Christophe Schatz®’ and Graziella Goglio ™

Unaggregated Lag g,Sro.1sMnOs . 5 perovskite nanoparticles with a mean crystallite size of 22 nm were
successfully synthesized through an aqueous combustion process (Glycine Nitrate Process, GNP)
which takes advantage of exothermic, fast and self sustaining chemical reactions between metal nitrates
and glycine as a suitable organic reducing agent. The influence of G/N molar ratio on the phase purity,
crystallite size and manganese valency was screened. Fuel rich conditions were selected to improve
chelation of the cations in acidic pH and ensure an accurate control of the cationic composition. Fast
calcination was optimized to enhance crystallinity of the nanoparticles and subsequent milling step was
performed to favour their desaggregation. The manganite nanoparticles were thoroughly characterized
by X ray diffraction (XRD), elemental chemical analysis, Mohr salt titration and transmission electron
microscopy (TEM). According to a process derived from the Stober’s method, they were uniformly

coated with a 5 nm thick silica shell, as evidenced by TEM, infrared spectroscopy, { potential
measurements and dynamic light scattering experiments. Preliminary heating experiments in a ac
magnetic field showed these core@shell nanoparticles fulfill the requirements for self controlled
magnetic fluid hyperthermia, considering their size (20 70 nm) and their maximum heating temperature
(43 °C) which is controlled by the Curie temperature of the magnetic cores.

Introduction

In oncology there is a continuous increase of interest for
hyperthermia mostly as a complementary route to chemotherapy
and radiotherapy.! ¢ The concept of hyperthermia is based on the
higher heat sensitivity of tumour cells. So, treating tumour
regions at temperatures between 41 and 47 °C allows to destroy
tumour cells and to spare the healthy ones. Magnetic fluid
hyperthermia (MFH) is a promising hyperthermia modality
which takes advantage of the capacity of magnetic nanoparticles
to convert into heat the energy absorbed from a high frequency
magnetic field, mostly via magnetic losses. The clinical protocol
would consist in the administration of the stable and non toxic
aqueous suspensions of the magnetic nanoparticles followed by
a short time exposure to ac magnetic fields. The main claimed
requirements are a high specific absorption rate (SAR) value of
the magnetic suspensions for minimizing the dose to
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administer and a small hydrodynamic size of the colloidal
mediators for a safe systemic use.

Until the last decade, magnetite Fe;O, and maghemite
v Fe,O3 were preferred for the MFH development because of
their inherent biocompatibility, their easy synthesis in the form
of stable aqueous magnetic fluids and their parallel development
as contrast agents in magnetic resonance imaging.” That is why
the majority of in vitro and in vivo experiments on animals, and
very recently on humans,® ' are running with heat mediators
based on magnetite or maghemite cores. However, their use is
associated with a main inconveniency which concerns the control
of the in vivo temperature, because not only the heat conduction
and energy adsorption in vivo are insufficiently known but also
local overheating may damage healthy tissue.

For overcoming this issue, a first way is to continuously
monitor the temperature distribution for an automatic feedback
control of the ac magnetic field output.® Unfortunately,
conventional thermometry is invasive, especially as the temper
ature must be taken at several places. A second way could exploit
the temperature dependence of the magnetic properties.* Actu
ally, Curie temperature 7¢ is the temperature above which
ferromagnetic materials lose their strong magnetic properties and
become paramagnetic. So, by designing magnetic nanoparticles
with a T in the range of the therapeutic temperature (41 47 °C),
the heating would spontaneously stop as soon as the environ
ment temperature would reach the 7 value. So, the




nanoparticles would act not only as heat mediators but also as
temperature control switches.

An approach to solve this last task is the use of complex oxides
whose magnetic properties may be suitably modified by
compositional variations. In this way, perovskites with
La,_,Sr,MnO; composition (Lanthanum Strontium Manganese
Oxide, LSMO) appear to be particularly promising. While the
stoichiometric parent compound LaMnO; is a single valent
(Mn**) antiferromagnetic insulator,' replacement of lanthanum
by strontium ions causes a gradual decrease of the steric distor
tions and the structure changes from the orthorhombic to
rhombohedral symmetry. This leads to an insulator metal
transition and, due to predominant Mn** O* Mn*" double
exchange interactions, to ferromagnetic ordering with a 7 value
in the range of 145 371 K, i.e. ( 132) 98 °C, for 0.1 = x =
0.4.2

Few papers dealt with magnetic suspensions based on LSMO
or unaggregated LSMO nanoparticles, and some of them were
specific for MFH application.'® 2! These nanoparticles were
prepared by several routes: the freeze drying technique,'*
coprecipitation,’ Pechini route,'® *® microwave refluxing tech
nique,’ and conventional solid state reactions followed by
mechanical milling.?>?! Nevertheless, each of these techniques
necessitate an extra stage of calcination at a temperature over
700 °C in order to get well crystallized compounds. Therefore,
the size distribution of the nanoparticles was large and “con
necting bridges” between the individual grains were systemati
cally observed. In order to narrow the size distribution, high
energy mechanical milling and size sorting steps were combined.
However, remnant bridges were often maintained leading to the
formation of submicrometric aggregates of nanocrystallites.® 2!

That is why we investigated another route based on the
Glycine Nitrate Process (GNP). Among self combustion
synthesis routes, GNP was firstly proposed in 1990 by Chick
et al. to elaborate chromite and manganite powders.”* This
solution combustion process is particularly suitable for the
preparation of multicomponent oxide materials since the
homogeneity of the aqueous solution of the metallic salts is
preserved in the combustion residue. Moreover it takes advan
tage of exothermic, fast and self sustaining chemical reactions
between metal nitrates and the glycine reducing agent. As
a consequence, it is particularly suited to the elaboration of
uniform crystalline particle of ceria®® or alumina® with superfine
dimensions. GNP was ever used for the preparation of alkaline
earth doped lanthanum manganite perovskite.?® 3 In general,
a molar ratio glycine/nitrate equal to unity was chosen and
further calcination appeared systematically necessary to induce
crystallinity. Markovic et al. reported the GNP synthesis of
10 nm Lagy;Cap3MnO; particles without further heating,
however, they could not prevent the sponge aspect of the ashes,
i.e. the agglomeration of crystallites.*®°

The success of GNP depends on the correct understanding of
the influence of the synthetic parameters. So the main goal of this
report is to optimize and validate the suitability of the GNP to
prepare easily and efficiently Lagg,SrgsMnO3; nanoparticles
filling the requirements for hyperthermia applications: unag
gregated nanoparticles with grain size between 15 nm (to avoid
superparamagnetic behavior?®3-32) and 100 nm (to prevent any
risk of embolization), able to heat in ac magnetic fields and to be

coated by a silica layer in order to be easily surface derivatized
for biofunctionalization and stable in aqueous media.?®3

Experimental
Synthesis of Lag g,Srg 1sMnO; nanoparticles by GNP

Lag g>Srg 1sMnOs3,4s nanoparticles were prepared according to
the following protocol. A manganese nitrate solution (1 M) was
previously prepared from Mn(NOj3),-4H,0 (Sigma Aldrich,
>97%) dissolved in de ionised water and titrated by colorimetry.
Mn(NO3),, Sr(NOs), (Riedel de Haén, 99%) and La(NOs)s
(Riedel de Haén, aqueous solution 0.1 M) were mixed in solution
in stoichiometric conditions in order to get 2 g of LSMO (the
final volume of solution was about 150 mL). Glycine (Sigma
Aldrich, 99%) was dissolved in this solution with various glycine/
nitrate molar ratio (G/N) ranging from 0.4 to 1. As prepared
glycine/nitrate solutions were heated on a hot plate (~400 K)
under stirring to evaporate water excess. On further heating
(~520 K), the resulting viscous liquids self ignited to produce
voluminous ashes associated with the emission of large amounts
of gases.

In the case where G/N = 1, the self combustion was followed
by milling and calcination steps. Ashes (1 g) were introduced in
a 45 mL agate bowl with 18 agate balls (¢ = 10 mm) and milled
in a planetary device (Fritsch Pulverisette) at 200 rpm during 9 x
30 min (reverse mode). They were then calcinated in an alumina
boat into a tubular furnace (rate: 10 K min ', duration: 2 to
120 min, and temperature: from 973 to 1173 K) and subjected to
a second dry milling step including a manual milling (about
15 min in agate mortar) followed by a planetary one with the
same experimental conditions as those used before calcination,
except the powder mass (~650 mg) and milling duration (24 x
30 min).

Silica coating

Silica encapsulation process was performed according to
a previously reported technique.®* The surface of the LSMO
nanoparticles (1 5 g) was first activated by an acidic treatment
(HNO3;, 1 M) in a sonicator bath for 15 min at room tempera
ture. After washing with ultrapure water by several centrifuga
tion cycles, the particles were flocculated by the addition of citric
acid (0.01 M), and washed with ultrapure water by centrifuga
tion. Peptization was performed by adding some drops of
ammonia on the flakes. Then, the sol of citrated particles was
poured into a volume of ethanol/water/ammonia solution 75/
23.5/1.5 v/viv%. To tune the silica shell thickness, the exact
amount of tetraethyl orthosilicate (TEOS, Sigma Aldrich) was
calculated from the initial and final particle size, taking into
account the number of particles N,, by means of the formula
Vrieos = 3.89 x N, x (D? &), where Vrgog is directly
expressed in mL and D and d are the final and the starting
diameters expressed in cm. The 3.89 scaling factor was computed
from the molecular weights of SiO, formula unit and TEOS, the
densities of silica and TEOS (2 and 0.934 g cm 7, respectively)
and assuming that particles are spherical. In our case, the silica
shell thickness was targeted in the range 4 5 nm. The final step
consisted in a size selection of the particles by centrifugation in
order to remove residual aggregates.




Characterization

Elemental analyses were performed by inductively coupled
plasma optical emission spectrometry (ICP/OES 720ES Varian).
The powder (10 mg) was dissolved in hydrochloric acid (5 mL)
and water was added to get 100 mL of solution.

The oxidation state of manganese was determined by standard
Mohr’s salt titration.*

The X ray diffraction (XRD) patterns were recorded at
room temperature on a Philips X’Pert MPD PRO powder
diffractometer in the Bragg Brentano geometry, using Cu Ka
radiations (Ko; = 1.54059 A and Ko, = 1.54441 A). The
data collections were made in the 6 80° 26 range with a 0.02°
step. The diffraction data were analyzed using the Fullprof
program implementing the Rietveld method.*®* The phase
composition analysis was based on data from ICSD.’” In
order to evaluate the mean crystallite size, the Thompson
Cox Hastings pseudo Voigt profile was used to resolve the
instrumental, strain and size contributions to peak broad
ening. The instrumental contribution was determined by
measuring an home made standard of LaBg with micrometric
crystallite size.

The morphology of the nanoparticles was observed by
Transmission Electron Microscopy (TEM) on a JEOL JEM
2000FXII apparatus (acceleration voltage 200 kV). A drop of
diluted (ethanol) sample was deposited on a carbon coated
copper grid and let to evaporate at room temperature.

¢ Potential experiments were assessed by using a Zetasizer
3000HSA setup (Malvern Instruments) equipped with a He Ne
laser (50 mW, 532 nm). Measurements were performed for 20 s using
a standard capillary electrophoresis cell. The dielectric constant of

solvent (water) was set to 80.4 and the Smoluchowsky constant f

(Ka) was 1.5. The dispersion pH was adjusted in the range 1 11 by
adding sodium hydroxide or hydrochloric acid solutions and the
isoelectric point was deduced from the titration curve.

The infrared spectra (range 400 4000 cm ') were measured at
room temperature on a FTIR spectrometer (Bruker Equinox 595)
using the DRIFT method. Samples were dried and homogenized
(3 wt%) with optically pure KBr.

Laplace model, to take into account the nanoparticle poly
dispersity.

The heating experiments were performed with LSMO sus
pended in aqueous agarose gel (2.5 wt% of agarose in water) and
with LSMO@SiO, suspended either in the same agarose gel or in
water. The manganese content was 25 gy, L ! (confirmed by
ICP/OEs measurements). Sample suspensions (0.5 mL) were
introduced in glass tubes insulated in an expanded polystyrene
mantle and placed in a coil connected to a generator (Celes
inductor C97104) with a magnetic field amplitude of 88 mT and
frequency of 108 kHz.'* The temperature was monitored by an
optical fibre probe (Luxtron STF 2, BFi OPTIiLAS SAS).

Results and discussion
Elaboration of LSMO nanoparticles by GNP

In the case of the GNP synthesis of LSMO, the redox combus
tion reaction is the following:

0.82La(NOs); + 0.18Sr(NOs), + Mn(NO3), + nH,N(CH,)CO,H
+ (225}’[ 573)02 - Lao_gzsro_lgMan, + 2}’IC02 + 257’!H20 +
(2.41 + 0.52)N,

While the nature of the produced gases is still controversial,*®
propellant chemistry concepts and thermodynamical calculations
showed that CO,, H,O and N, are the most stable products with
respect to other theoretically acceptable combinations that might
be considered, including the formation of NO, and CO.* For
a given fuel, the reaction is governed by the maximum reaction
temperature Ty, reached during combustion. 7}, depends itself on
the oxidising/reducing character of the G/N mixture quantified by
the so called ¢ elemental stoichiometric coefficient. ¢ is the ratio
between the total valencies of fuels and the total valencies of
oxidisers, these valencies being considered according to Jain’s
method.*® Assigning the +4, +1, +3, +2 and +2 valencies to the C,
H, La*", Sr** and Mn** reducing elements, respectively, the 2
valency to O? oxidizer and considering nitrogen with the valence
0, ¢ is then calculated according to the following equation:

n[Z X 4(C) + 5 x I(H) + O(N) 2 x 2(0)]

(p =
0823y + 300y 3% 200))] +0.18[260 + 20 3% 20))] + [20m +2(00 3% 20)]|

Static magnetic measurements were carried out on powders by
means of a SQUID magnetometer (Quantum Design MPMS5
XL) between 250 and 350 K up to 4 T. Curie temperatures were
evaluated using Arrott plots.

Dynamic light scattering (DLS) analyses were performed with
a Cordouan Vasco particle size analyzer set at 20 °C, with a laser
wavelength of 650 nm and a static detector set at an angle of 135°
from the incident beam. The laser intensity was set to 29% of the
maximal power (65 mW) and the correlator parameters i.e.
time interval and number of channels were set to 10 us and 300,
respectively.  All  acquisitions were made in multi
acquisition mode on 15 measurements with a time step of 80 s.
The particle size distribution was calculated using a Pade

So ¢ = 9n/24.1.

The G/N molar ratio (named G/N = n/4.82) is then equal to
[(24.1¢/9)/4.82] so 0.56¢. The reaction is considered stoichio
metric when the total valency of reducing elements balances the
valency of oxidizing ones. In this case, @goichio 1S €qual to 1 which
involves ngoichio €qual to 2.68 and G/ Nyoicnio €qual to 0.56. The
conditions are called oxidant rich for ¢ < 1 and fuel rich for
¢ > 1.

Attempted synthesis in a single step

Our first strategy was to synthesize perovskite nanoparticles in
a single step to avoid any further calcination and therefore limit




particles sintering. We studied the influence of the G/N ratio on
the purity and size of the particles of as synthesized materials.
Whatever the G/N ratio, GNP led to black ashes.

Fig. 1 shows XRD patterns for manganite perovskite prepared
with G/N values ranging from 0.4 to 0.7 (¢ = 0.72 1.26, ie.
volume combustion regime*'). Whatever the G/N ratio, the major
phase corresponded to the well defined perovskite structure with
rhombohedral symmetry described in an hexagonal cell, all peaks
being fully indexed in R3c space group. The peak widths were
consistent with nanosized crystallites. However, some impurities
systematically appeared and could be classified as follows: (i)
SrCO3, Sr(NO3), and LaO(NO3) in decreasing amounts when
the G/N value was increased and (ii) carbonaceous residue (main
peak centered around 30° (26)) when G/N ratio was in the range
0.6 0.7 and in amounts all the more important since the G/N
value was increased. The presence of such a carbonaceous
residue was previously reported in fuel rich conditions.*

In this way, the synthesis must be considered regarding both
fundamental aspects which are influenced by the G/N ratio. On
the one hand, the G/N ratio directly influences the chelation of
metallic cations. If the amount of glycine is not sufficient, the
cations are not fully chelated; the un chelated nitrates then
crystallize during heating and evaporation which explains the
formation of cation based impurities.?” Then, as the G/N ratio
increases, cations are more and more chelated, however, even for
G/N equal to 0.7 (p = 1.26), some cations still remain uncom
plexed. Moreover, because the impurities are mainly lanthanum
and strontium based compounds, one should deduce that glycine
preferentially chelates manganese ions. Nevertheless Chick
et al?* and Peng et al.? claimed a preferential chelation of the
manganese ions by amine function. One should remember that
pK, of amine and carboxyl functions are 9.6 and 2.3, respec
tively, while the pH of the solution before heating is 4.8. In these
conditions, glycine is then present as a zwitterion NH3;* CH,
COO and carboxyl function is the only one available to chelate
cations. The chemical nature of impurities tends then to evidence
a preferential chelation of manganese in these pH conditions. If
pH is increased above 9.6, amine function can become efficient
for chelation but these basic conditions can favour hydroxide
precipitation. On the other hand, G/N ratio strongly influences

[ ]
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Fig. 1 XRD patterns of LSMO obtained by single step GNP for G/N
(values on the right) ranging from 0.4 to 0.7. Main reflexions of impurities
are marked. In the inset, XRD pattern for G/N 0.5 before (bottom) and
after (top) acidic washing.

the maximum reaction temperature 7,,: when ¢ (thus G/N)
increases, Ty, first increases until ¢ = 1 stoichiometric conditions
are reached and then decreased in fuel rich conditions because
large amounts of gases (CO,, H,O, N,) are released which
dissipates the heat of the process. As a consequence, for the
highest G/N values, the released energy was not sufficient to burn
all the organic matter and that is why a carbonaceous residue was
observed.

Whatever their chemical nature and for any G/N value, all
impurities were removed from the samples thanks to an acidic
washing (see the inset in Fig. 1 as an example). Then, on the whole
G/N range, we succeeded in characterizing pure perovskite
materials. Chemical compositions of washed samples are given in
Table 1. It may be observed that, as expected, whatever the G/N
value, the samples are highly strontium and lanthanum deficient.

Stoichiometric conditions tend to favour perovskite formation
as, in this case, average occupation rate on A site is maximum
(0.55 = G/N = 0.60). For the lower G/N values, chelation was
insufficient and A cations were partially involved in the forma
tion of impurities as ever discussed. For the higher G/N values,
chelation was better, but T}, drastically decreased and became
insufficient to burn the whole organic matter, some A cations
being then trapped into this organic residue.

Despite an almost constant cationic composition, ¢ and ¢
parameters of the washed samples strongly increased with the
G/N value (Fig. 2). The slight modulations of composition on A
site could not be responsible for these variations as the average
cationic radius on this site was constant while its average occu
pation rate did not evolve on a monotonous way. When the G/N
ratio was increased, the relative nitrate amount decreased, then
the oxidizing power decreased too. As a consequence, a reduc
tion of manganese oxidation state should have been observed.
The decrease of Mn** shown in Table 1 becomes more important
with increasing G/N ratio. Then, because Mn** ion is much more
bigger than Mn** ion, the cell parameters increase with G/N.

The evolution of the crystallite size as a function of the G/N is
presented in Fig. 3. Crystallites exhibited mostly sizes lower than
20 nm which were in accordance with the required specifications
for MFH. One should notice that this crystallite size logically
evolved as T, as a function of G/N, the maximum size (~20 nm)
being obtained for the highest 7, when the reaction was stoi
chiometric.?***43

The single step GNP synthesis allowed us to successfully
elaborate some crystallized perovskite nanoparticles.

Table 1 Cationic ratios, average cationic sizes on A (Ramean, La**/Sr*")
and B (Rpmean, Mn**/Mn**) sites, average occupation rate on A site” and
amount of Mn*" as a function of G/N value. Tonic radii of La*x),
Srz*(xn), Mn‘”(VI) and Mn“(w) are 136, 144, 0.53 and 0.645 A, respec
tively*?

GIN 0.4 0.45 0.5 0.55 0.6 0.65 0.7
La/Mn 0.67 0.70 0.69 0.72 0.72 0.66 0.66
Sr/Mn 0.04 0.06 0.04 0.05 0.08 0.04 0.04
% Occp, 71 76 73 77 80 70 70
Ramean/A 1364 1366 1364 1365 1364 1362 1.362
% Mn* 21 10 8

Rpmean/A 0.621 0.634 0.636

“ % Occa was calculated from cationic ratios considering that Mn B site
was fully occupied.
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Fig. 2 Evolution of the hexagonal cell parameters ¢ and ¢ of LSMO vs.
GI/N values (samples after washing, without calcination). Solid lines are
just guide to the eye.
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Fig. 3 Evolution of the crystallite size as determined by XRD of LSMO
vs. GIN (samples after washing, without calcination). Solid line is just
guide to the eye.

Nevertheless, this strategy was not convenient because the
chelation was clearly incomplete and consequently lanthanum
and strontium were inserted only partly into the perovskite
structure. Therefore, all the materials were paramagnetic at room
temperature and thus unsuitable for self controlled MFH
application.

It appeared crucial to increase the glycine amount (thus ¢) in
order to improve the metal chelation. On the one hand this
increase of ¢ involved a more affluent gas release which could
prevent the formation of sintering bridges between particles; as
a consequence, the formation of nanosized unagglomerated
particles could be favoured. However, on the other hand,
increasing ¢ would necessarily decrease Ty,, which implied a poor
crystallinity of the materials and an increase of carbonaceous
residue. Therefore, a further calcination stage then appeared
unavoidable.

GNP synthesis combining an extra step of calcination

The G/N ratio was chosen equal to 1 (so ¢ = 1.8, i.e. fuel rich self
sustained combustion regime****) in order to reach an efficient
improvement of chelation without any drastic alteration of
particles crystallinity. As expected, the ashes obtained after GNP
synthesis with G/N = 1 consisted in a poorly crystallized

perovskite with a carbonaceous residue as an impurity (an
example is given in Fig. 4A). No trace of inorganic parasitic
phase was detected.

Whatever the used calcination temperature 7., and its
duration D, (ranging from 973 to 1173 K and 2 to 120 min,
respectively), well crystallized single phase manganese perov
skites were obtained after the thermal treatment of the ashes (an
example is given in Fig. 4B). ICP OES characterization
confirmed the accordance of cationic molar ratios with targeted
values La/Mn = 0.82(2); St/Mn = 0.18(2) whatever be the couple
(Tcate> Deare)- The evolutions of crystallite sizes as a function of
T.alc and D, are demonstrated in Fig. 5. For the lowest T,
the curve can be described as follows: after a rapid increase more
important for a higher T, the crystallite sizes reached a plateau
at a value all the more great since T, was raised (roughly 11 and
14 nm at 973 and 1023 K, respectively). However it is obvious
that the calcination at 1023 K or at lower temperatures will not
allow us to get sufficient crystallite sizes even after longest
durations. The achieved maximum of 14 nm is lower than our
specifications (15 nm to avoid superparamagnetism).?*332 One
could expect the same crystallite size vs. time tendencies for 1073
and 1173 K, however, the experiment durations were too short to
observe the plateau. Sizes obtained at 1173 K (even for shorter
durations) were in accordance with the MFH requirements,
however, at this temperature sintering was widely promoted and
strong grain boundaries were formed between particles as evi
denced on Fig. 6A. Fig. 6B confirms that after a calcination at
1073 K for 30 min particles were nanosized (average size < 100
nm) but it also evidences that some more thin connecting bridges
were present between the particles. Therefore the calcination
conditions of 1073 K and annealing time of 30 min were selected
for upcoming experiments.

Then, in order to improve their desaggregation, the conditions
of the milling step were optimized. Many experiments were
attempted changing either the milling process (ball milling,
rolling), milling duration or the size and number of balls (in the
case of the ball milling), ezc. The material remained unchanged
when milling conditions were not sufficiently energetical. In
contrast, if the milling energy was too high, e.g. by using of the
8000M Spex ball mixer mill, the size and crystallinity of nano
particles were strongly affected (as an example can serve
a decrease of the crystallite size from 22 nm down to 9 nm

La, Sr,MnO,

Intensity / arb. units

26/ deg

Fig.4 XRD pattern of LSMO sample after GNP synthesis for G/N 1,
(A) without calcination and (B) after calcination at 1173 K for 2 min.
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Fig. 5 Influence of the temperature and duration of calcination on the
crystallite size of LSMO (G/N  1). Solid lines are just guide to the eye.

Fig. 6 TEM images of LSMO nanoparticles as a function of calcination
temperature and duration: (A) 1173 K, 20 min; and (B) 1073 K, 30 min.

observed by XRD and TEM). Our best results were obtained by
two steps procedure employing planetary ball mill. The first step
(see Experimental part) was performed on the ashes, i.e. before
the calcination, and served to break the sponge morphology and
to nullify the nascent sintering bridges. The second step was
processed after the calcination under elevated energetical
conditions (see Experimental part).

The particles obtained using such a protocol will be named
“optimized” particles. ICP OES characterization confirmed
unchanged cationic ratios after milling. Moreover, XRD char
acterization of the optimized particles evidenced the preserved
original crystallite size (22 nm). It confirms that the second
milling step affects only the sintering bridges and not the nano
particles themselves.

Finally redox titration was performed on optimized particles
and the deduced oxidation state of manganese was found to be
Mn?*** (36% Mn**). It was then obvious that the oxidation state of
manganese deviated from the theoretical one (Mn® '** considering
that the material is perfectly stoichiometric both on the cationic
and anionic sites). However, this result was not unexpected as
calcination conditions were significantly oxidizing in comparison
to those required to get stoichiometric compounds. This oxidation
phenomenon induced by the synthesis shall be carefully consid
ered when studying the hyperthermia behavior of magnetic fluids
based on these magnetic cores.

From manganite nanoparticles to hyperthermia mediators

Silica coating. Because the MFH application requires the use
of a stable colloidal suspension of surface functionalizable
nanoparticles, the optimized manganite nanoparticles were
individually encapsulated in a silica shell®® leading to the
core@shell particles (LSMO@SiO,). The coating process was
derived from the Stober’s method using tetraethoxysilane
(TEOS) in highly polar mixtures of ethanol and water alkalized
by ammonia.*54

After coating, the LSMO crystallite size was determined by
XRD and was found to be unchanged during encapsulation
process (22 nm). A comparison of IR spectra of particles before
(Fig. 7A) and after encapsulation process (Fig. 7B) unambigu
ously confirmed the silica formation. Fig. 7B shows all the typical
bands of amorphous silica that are not observed on uncoated
particle spectrum (Fig. 7A). The band at 1100 and 800 cm '
corresponds to asymmetric and symmetric stretching vibration
of Si O Si, respectively. The bending vibration of Si O Si
induces a local maximum at 475 cm ' while that of Si OH
manifests itself at 950 cm !, hence revealing the presence of
silanol groups. Moreover, the band centered at 640 cm ' appears
on both spectra and is related to the inorganic manganite core as
it is assigned to Mn O Mn symmetric stretching vibrations.*’*8
Because it is clearly visible on the spectrum of coated particles,
one should deduce that the silica shell, if present, is rather thin as
for higher thickness (20 nm) a shielding effect tends to make this
band disappear.®?

Silica coating was also evidenced by studying the dependence
of the ¢ potential with pH (Fig. 8). The isoelectric point (IEP)
shifts from pH 7 for uncoated particles (Fig. 8A) down to pH 3.7
after silica coating (Fig. 8B). IEP was expected between pH 2 and
3 for silica.*® The observed shift was probably due to the partial
dissolution in acidic pH of cations at the surface of LSMO
nanoparticles, silica coating being porous and thin enough to
allow their diffusion; these cations then acted as a potential
determining ion.*® One should also notice that a single value of {
potential was measured for each pH value which certified that
sample could not be considered as a mixture of LSMO particles
with silica ones.
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Fig. 7 IR spectra of (A) LSMO and (B) LSMO@silica particles. Solid
and dotted arrows point bands of silica and LSMO, respectively.
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Fig. 8 { Potential measurements vs. pH for aqueous dispersions of (A)
LSMO and (B) LSMO@silica nanoparticles.

Coated particles were also characterized by TEM experiments
(Fig. 9). One should first notice that the coating was satisfactorily
uniform, with a silica thickness of about 5 nm. The average
particles size ranged between 20 and 100 nm with more numerous
particles around 50 70 nm which is in agreement with the
required specifications. The hydrodynamic diameter of coated
nanoparticles was finally characterized by DLS (Fig. 10). The
main peak was centered on 100 nm which is consistent with TEM
image (Fig. 9). Moreover, one should observe the absence of
large aggregates.

Magnetic fluid hyperthermia performances of the optimized
material

Both uncoated and silica coated optimized Lagg,Srg1sMnOs3
nanoparticles exhibited a ferromagnetic behavior at room
temperature. 7T of both samples was measured according to the
Arrott’s method (Fig. 11). In both cases, Tc was found to be
equal to 316 K which confirmed that the silica coating process
did not significantly modify the inorganic core. This T value
was far from the expected one for stoichiometric material (288 K
for Lagg,Srg1sMnO3z (ref. 12)). In our case, one should
remember that the material contains 36% Mn*" instead of
theoretical 18%. If the anionic network is considered fully
occupied, the deduced chemical composition is then
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Fig. 9 TEM image of silica coated LSMO particles.
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Fig. 11 Determination of 7¢ of uncoated LSMO particles according to
the Arrott’s method. The evolution of M? vs. H/ M at a given temperature
T is deduced from magnetic hysteresis at 7. The linear regression of the
upper part leads to M? 7, the intercept with Y axis at 7. The curve M?
vs. T (inset) is then a straight line which intercepts with X axis at 7c.

(Lao 82S10.18)0.97(Mn** 6aMn**9 36)09703. In this case, Tc
increase reveals a significant enhancement of the double
exchange interactions which do not suffer from 3% vacancies on
the manganese site. A same tendency was ever observed in
La;_,MnO; where antiferromagnetism (stoichiometric sample
with dominant superexchange interactions) turned to ferromag
netism when increasing x due to an increasing of the oxidation
state of manganese which favoured ferromagnetic double
exchange interactions.> We believe that, in the present case, the
evolution of T¢ is due to the chemical influences rather than of
the size effects.®

The magnetic heating experiments carried out both on coated
and uncoated LSMO particles, suspended either in water or
agarose gel, revealed heating temperature 7T, vs. time depen
dences characterized by a sharp onset of Ty, followed by its
stabilization at a maximum 7Theae max (Fig. 12). First of all, one
should notice that, whatever the dispersion medium, the heating
behavior was unchanged which confirmed that heating origi
nated from hysteresis losses rather than Brownian rotation
because agarose is known to prevent any motion of the particles®
(Fig. 12B and C). Moreover, it was remarkable that Thear max
(315 316 K, i.e. 42 43 °C) reached T¢ for coated and uncoated
particles. As expected, manganite nanoparticles both act as
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Fig. 12 Magnetic heating experiments ([Mn] 25 g L' ac field
conditions: 88 mT, 108 kHz) for (A) LSMO in agarose, (B) LSMO@silica
in agarose, and (C) LSMO@silica in water. In the inset: magnetic heating
experiments for LSMO (88 mT, 108 kHz) vs. manganese concentration.

a heater and a fuse as they stop heating when reaching their
paramagnetic state. In this way, Theae max Will never exceed Tc.
However, when manganese concentration decreased below
8 g L ', there were not enough particles to heat the whole system
and the temperature stabilisation originated from the unsuffi
ciently insulated calorimetry device. The main difference
observed concerned the heating efficiency evaluated from the
calculation of the specific absorption rate SAR, defined as:

SAR = CP/WMn x dT/dt

where Cp was the specific heat capacity of the sample (equivalent
for water and aqueous agarose gel®®) under constant pressure,
wnmn Was the weight fraction of the magnetically active element
and d77/d¢ the derivative of the slope Tjca¢ vs. time. It was obvious
that the values of SAR at 310 K (37 °C, i.e. body temperature)
showed higher heating efficiency for silica coated particles (SAR
= 16 W g 1) rather than for uncoated ones (SAR = 9.6 W g ).
The same tendency has ever been encountered in the literature
where it was claimed that heating efficiency is all the more
enhanced since nanoparticles are efficiently dispersed.**-** In the
present case, the dispersion of uncoated particles in agarose was
less efficient in particular because the size selection had not been
performed in this case. Therefore, some residual aggregates were
probably present and the dispersion was far from an optimum.
However, some further studies should be necessary to corrobo
rate this hypothesis.

However, these preliminary heating experiments were really
promising because the maximum heating temperature was fully
in agreement with MFH requirements.

Conclusion

A smart reproducible procedure of the preparation of well
separated core@shell particles was developed and optimized.
GNP was an adequate route to elaborate nanosized inorganic
Lag g>Srg.1sMnOs;. s cores. Best synthesis conditions were found
in the fuel rich self sustained combustion regime where chelation

was widely enhanced. Consequently, because such conditions led
to a significant decrease of the maximum combustion reaction
temperature, a further fast calcination step was mandatory to
improve crystallinity and remove organic residues. Moreover,
this thermal treatment appeared necessary in order to control the
mixed valency of manganese upon which 7¢ depends. Efficient
desaggregation was then performed by a two step planetary
milling process to destroy nascent sintering effects. Such particles
were successfully encapsulated by a controlled in thickness 5 nm
silica shell employing a procedure derived from the Stober
method. After whole process, no aggregate was detected and
nanoparticles got a size and a heating behavior in agreement with
MFH requirements. Further experiments are in progress in order
to check their biocompatibility, before their surface bio
functionalisation and in vivo evaluation.
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