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Aggregates of superparamagnetic nanoparticles, so called multicore particles get much attention due to col-
lective magnetic behaviour. Despite the fact that saturation magnetization and coercivity of multicore particles are
lower than for single particles of comparable size, they can generate large amount of heat in alternating magnetic
field. This makes them promising for magnetic hyperthermia. However, correlation between internal magnetic
structure of multicore particles and their heating ability in alternating magnetic fields are not clear yet. Detailed
experimental investigations are required to determine the optimal sizes of multicore particles and the alternating
magnetic field parameters to obtain maximal heat. In this study, we demonstrated how hydrodynamic size of multi-
core particles influences alternating magnetic field energy absorption. Dense aggregates composed of bare magnetic
iron oxide nanoparticles of 13 nm were obtained by coprecipitation. Further peptization allowed to gain aqueous
dispersions of multicore particles with various hydrodynamic size, varing from 85 to 170 nm, due to electrostatic
stabilization. Multicore particles dispersions have saturation magnetization of 40 A m?/kgre;0, and coercivity of
79.6 A/m regardless of their size. Dispersion of 85 nm multicore particles is stable and provides specific loss power
of 42 W /gpe. Further increase of hydrodynamic size leads to low stability and loss of the ability to generate heat
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in alternating magnetic field.
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1. Introduction

Superparamagnetic (SPM) iron oxide nanoparticles are
nowadays finding application for selective cancer treat-
ment by magnetic hyperthermia. In this method the
tumor is heated by the embedded magnetic material to
42-45°C that induce selective cytotoxicity. The heating
ability of the magnetic material exposed to alternating
magnetic field (AMF) is characterized by specific loss po-
wer (SLP). Generally, two types of mechanisms account
for heat generation: (i) the Néel relaxation of magnetic
moment within the particle and (ii) the Brown relaxa-
tion of the whole particle. SPM nanoparticles with low
energy barrier of magnetization reversal easily rotate to-
ward field direction without any heat losses. However,
when SPM nanoparticles are gathered into aggregates
due to interparticle magnetic interaction, the energy bar-
rier of magnetization reversal increases leading to pro-
duction of substantial heat when exposed to AMF [1].
These aggregates of SPM nanoparticles are called mul-
ticore particles (MCPs). The individual magnetic mo-
ments of iron oxide cores make up an effective magnetic
moment of the MCP and it displays ferromagnetic beha-
vior with non-zero hysteresis [2|. Unfortunately, there is
no theory describing the magnetization dynamics of such
materials so far [3]. However, it is obvious that the main
parameters influencing the heating efficiency in AMFs are
shape, size and size distribution of iron oxide cores and
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multicores themselves as well as the concentration in the
dispersion medium. In this study, we obtained MCPs
with various hydrodynamic size composed of magnetic
iron oxide cores of 13 nm and compared their magneto-
structural properties with the heating efficiency in AMF.

2. Experimental

2.1. Synthesis of iron oxide magnetic nanoparticles

Iron oxide magnetic nanoparticles were prepared by
co-precipitation method according to [4, 5]. Briefly, solu-
tion of iron (IT) and iron (IIT) chlorides with molar ratio
Fe?T:Fe3t = 1 : 2 was slowly added into the ammonia
solution (0.38 M) with continuous heating to 70°C and
stirring at 700 rpm. After the whole solution was ad-
ded, the mixture was kept at 70°C and stirred for one
hour. The whole reaction was conducted under argon
atmosphere. The prepared dark-brown sediment of mag-
netic nanoparticles was then decanted and washed with
demineralized water.

2.2. Peptization of nanoparticles and obtaining of
MCPs

In order to obtain dispersion of MCPs in water,
the iron oxide nanoparticles sediment was mixed with
0.001 M HCI until the pH of the dispersion reached 2.7
and ultrasonicated. After this, dark-brown supernatant
was observed and collected by holding the remaining se-
diment with magnet. Further addition of water to the
remaining sediment also resulted in the formation of su-
pernatant with dispersed MCPs. Peptization was obser-
ved during dilution until pH 5. To obtain the dispersions
of MCPs in agar matrix, we added 3.4 wt% of agarose to
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the water dispersion of MCPs and heated under continu-
ous stirring to 70°C. After this the mixture was placed
in a fridge where the solid matrix was quickly formed.

2.3. Characterization

Average size and polydispersity of nanoparticles was
evaluated from transmission electron microscopy (TEM)
on JEOL JEM - 2100F. Hydrodymanic size of MCPs and
zeta potential were measured by dynamic light scatte-
ring (DLS) and laser doppler velocimetry on Zetasizer
Nano ZS, Malvern Instruments. The concentration of
iron oxide in dispersions and iron content was determi-
ned by energy dispersive X-ray fluorescence spectroscopy
by ARL Quant’X EDXRF Analyzer, Thermo Scientific.
The magnetostatic properties were measured with vibra-
ting sample magnetometer Lake Shore 7407 at room tem-
perature in air atmosphere in a magnetic field of up to
796 kA /m. Home-made AMF generator was used to de-
termine the SLP of the samples. It consisted of a signal
generator Agilent 33521A, RF broadband amplifier AR
RF /Microwave Instrumentation 800A3A, induction coil
(90 mm diameter), interchangeable capacitors and mag-
netic field sensor. The measurements were carried out at
AMF of 1048 kHz frequency and 5.9 kA/m amplitude.
The temperature was measured with monitoring system
ReFlex 4, Neoptix and fibre optic temperature sensor
T1S-03-PT06 inserted directly in dispersion. SLP was
calculated according to equation: SLP = (dT'/dt)(c/m),
where T is temperature, t is time, ¢ is heat capacity and
m is mass of iron in the dispersion.

3. Results and discussion

For the synthesis of iron oxide magnetic nanoparti-
cles we applied coprecipitation method with synthesis
parameters verified in our previous studies, that gua-
rantee formation of uniform, highly crystalline nanopar-
ticles [4, 5]. Obtained nanoparticles have average size
of 13 nm and polydispersity 0.3 according to TEM in-
vestigations (Fig. 1) and therefore are smaller than the
critical SPM diameter for magnetite and maghemite [1].
Magnetic nanoparticles represent a mixture of magne-
tite, non-stoichiometric magnetite and maghemite nano-
crystals according to X-ray diffraction and Mossbauer
spectroscopy [4].

Relative content, %

(a) (b) Particle size, nm

Fig. 1. TEM of magnetic iron oxide nanoparticles (co-
res): (a) original sample, (b) particle size distribution.
Adapted from [4] with permission of Elsevier.

As no other substances than iron salts and ammonia
solutions were used during synthesis, the obtained nano-
particles are bare and gather in aggregates due to mag-
netic interparticle interaction. These aggregates have a
broad size distribution, i.e. their size can be of tens na-
nometers to several pm, and therefore they do not form
stable dispersions in water. After the synthesis, when the
medium pH is 8.5, aggregated nanoparticles sediment on
the bottom of the flask (Fig. 2a).

When precipitate was treated with the diluted solution
of hydrochloric acid (0.001 M) to pH of 2.7, the formation
of dark brown supernatant was observed, indicating the
peptization of nanoparticles aggregates (Fig. 1b). Tre-
atment by hydrochloric acid gives the amphoteric mag-
netite surface the positive charge according to protolytic
reaction [6]: Fe — OH + Ht « Fe — OHJ .

Fig. 2. Images of: (a) magnetic nanoparticles after
synthesis, sedimented at the bottom of the flask, (b) su-
pernatants obtained by peptization, representing a wa-
ter dispersions of MCPs with various hydrodynamic size
at different pH.

DLS investigations of supernatant revealed that it con-
tains MCPs of 85 nm (Fig. 3). MCPs demonstrate high
positive surface charge that provides their mutual repul-
sion and stability of the system. Indeed, particles in the
supernatant do not sediment even when exposed to a
strong permanent magnet.
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Fig. 3. Intensity-weighted DLS data of MCPs aqueous
dispersions.

After removal of supernatant and dilution of the remai-
ning sediment with water a new supernatant layer arises.
It has pH of 3.7, dispersed MCPs are of 140 nm and
have zeta potential of +40 mV. With further dilution and
pH decrease, the size of MCPs increases and the surface
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charge decreases (Fig. 3, Table I). Formation of MCPs
with various hydrodynamic size at different pH is asso-
ciated with the competition between attractive magne-
tic interactions (dipolar and exchange interactions) and
repulsive electrostatic interactions. With an increase of
pH of dispersion media, the electrostatic repulsion lowers,
magnetic cores aggregate and as a result, the average size

J

of MCPs increases. The polydispersity, however is the
same regardless MCPs size and is of 0.1. When pH ap-
proaches the isoelectric point of magnetite (at pH > 5.5),
the surface charge is low, and the size of the particles is
large, which does not allow them to be in the dispersed
state. In this case, the peptization does not occur and
the supernatant is transparent.

TABLE I

Characteristics of supernatants at different pH values.

pH | Iron content | Size | Zeta potential Stability SLP in water ‘ SLP in agar
[wt %] [nm] [mV] [W/gre]

2.7 0.037 85 +44 stable 4245 28+6

3.7 0.036 140 +42 stable for 3 days 2544 2344

4.3 0.025 160 +41 stable for 2 days 843 943

5.0 0.012 170 +29 stable for 1 day 0 0

Study of magnetic properties of the dispersions re-
vealed that MCPs have saturation magnetization of
40 A m?/kgre,0, and coercivity of about 79.6 A/m re-
gardless of their size. The dispersions, however, display
quite different heat outcome under exposure to AMF of
1048 kHz and 5.8 kA /m (Table I). SLP increases with the
decrease of MCPs size. The water dispersion of 85 nm
MCPs displays the highest SLP of 42 W/gg.. In the li-
terature considering systems of MCPs, the difference in
SLP is explained by acceleration of the Brown relaxation
with the increase of hydrodynamic volume of MCPs [7].
To verify this statement we performed the SLP measu-
rements on the dispersions of MCPs in viscous agar ma-
trix, that inhibits the Brown relaxation. As can be seen
from Table I, only for MCPs of 85 nm there is a clear
difference between heat outcome in media with different
viscosity. Therefore, the Brown relaxation indeed contri-
butes to the magnetic losses and thus increases the hea-
ting efficiency of the dispersion of 85 nm MCPs in water.
However, it should be noted that, right after the synt-
hesis, aggregates of iron oxide nanoparticles with broad
size distribution demonstrate SLP of 8+1 W /g, in agar
matrix. Therefore, fractionation of MCPs is required to
increase the SLP.

4. Conclusions

Aqueous dispersions of MCPs with various hydrody-
namic size were obtained by peptization of coprecipita-
ted bare iron oxide nanoparticles of 13 nm. Protonation
of magnetite surface leads to positive charge and as a
result, electrostatic repulsive interactions dominate over
attractive magnetic interactions ensuring dispersion sta-
bility. With increase of pH up to 5, the average size of
MCPs increases and the dispersion stability decreases.
Though obtained dispersions display saturation magne-
tization of 40 A m?/kgpe,0, and coercivity of about
79.6 A/m regardless of MCPs size, their heating ability

(

in AMF is quite different. The highest heat outcome dis-
plays the dispersion of MCPs with hydrodynamic size of
85 nm due to the effect of both the Néel and Brown relax-
ation. An increase in the dispersion viscosity leads to the
inhibition of the Brown relaxation; this was demonstra-
ted for the dispersion of 85 nm MCPs in an agar matrix;
in this case, SLP decreased from 42 W/gp, to 28 W/gp.
Nevertheless, the SLP value for both aqueous and agar
dispersions of 85 nm MCPs are much higher compared
to non-fractionated MCPs, indicating the importance of
fractionation step in the preparation of iron oxides for
magnetic hyperthermia.
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