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ABSTRACT

Recent studies on magnetic nanoparticles (MNPs) used for Magnetic Fluid Hyperthermia treatments have shown
that Brownian rotation is suppressed when they are confined within a cell. To investigate this effect we con-
ducted a systematic study of the Specific Absorption Rate (SAR) of colloidal suspensions of MNPs in water and
gels at different agarose concentration. SAR measurements were conducted by varying the frequency
(f = 110-990kHz) and amplitude (up to 17 kA/m) of the applied alternating magnetic field (AMF). MNP
samples with different diameter (d = 10, 14, and 18 nm) were used. Our results show that Néel relaxation
dominates SAR with negligible contribution from Brownian motion for smaller MNPs (d = 10 nm). For the
largest MNPs (d = 18 nm) we observed a more significant SAR decrease in gel suspensions as compared to those
in solution. In particular, when applying AMFs as the ones used in a clinical setting (16.2 kA/m at f = 110 kHz),
we measured SAR value of 67 W/g in solution and 25 W/g in gel. This experimental finding demonstrates that
investigation of MNPs properties should be conducted in media with viscosity similar to the one found in

mammalian tissues.

1. Introduction

Hyperthermia is an antitumoral therapy consisting in a temperature
rise up to 43 °C, with the aim of damaging cancer cells by denaturating
their basic molecular structures, such as DNA or enzymes [1,2]. This
aim is achieved for instance by the so-called Magnetic Fluid Hy-
perthermia (MFH), that employs magnetic nanoparticles (MNPs), with
the advantage of producing the temperature rise only within the neo-
plastic region where they are located. In this technique, colloidal so-
lutions of biocompatible MNPs dispersed in physiological liquids and
injected e.g., directly inside the tumour, release heat once exposed to an
alternating magnetic field (AMF) operating at safe values of frequency
and amplitude [3,4].

In most cases, for in vivo applications, MNPs consist of a magnetic
core made of iron oxides, known to have a low toxicity [3,5], coated by
organic biocompatible moieties. The core size is generally so small (the
equivalent diameter typically is less than 20 nm) that the MNPs result to
be superparamagnetic [1,6,7]. In the superparamagnetic regime the
MNPs magnetization, also called superspin, can fluctuate between the
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two opposite directions of the easy axis determined by the magnetic
anisotropy, with a characteristic relaxation time, zy. According to the
Néel model for non-interacting particles 7y depends on the core volume
of the particles (V), the anisotropy constant (K,) and the temperature of
the system (T), and its expression is given by the Arrhenius law:

W= TOeKaV/(kBT) (€))

In Eq. (1) 79 is generally assumed of the order of 107° s [8,9] and kg is
the Boltzmann constant.

In a solvent the superspin orientation can change also through the
physical process of rotation of the entire particle, which occurs in a
characteristic time called Brown relaxation time 73 [10] expressed by:

_ 3V
T kgT (2

B

where V, is the hydrodynamic volume of the particles and 7 is the local
viscosity of the medium. Thus, an effective relaxation time 7 that ac-
counts for both Néel and Brown mechanisms can be defined as:
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and the faster one results to be dominant in determining the spin dy-
namics [8,11,12].

The application of an AMF allows the MNPs to transfer energy to the
colloidal solution (or, in vivo, to the patient tumour cells) through the
Néel and Brown relaxation mechanisms. In particular, MNPs can release
heat because of the energy loss due to the opening of the hysteresis loop
that occurs when a dephasing between the particles’ superspin and the
external field at a specific frequency sets in [13]. This frequency is
determined by 7, obtained from Eq. (3).

The Specific Absorption Rate (SAR) quantifies the heat released per
unit mass of MNPs [14]. By following different heuristic or theoretical
models (see Section 3), the analytical expression of this parameter re-
sults to depend on the particle size, the static magnetic properties and
the spin dynamics [15]. As concerns the dynamics of MNPs in solution
with organic coating thickness of few nanometers, when the iron-oxide
core diameter is smaller than d = 15nm [8] the Néel relaxation is
generally the dominant mechanism. Above this diameter the Brownian
rotation becomes increasingly more important until at d = 20 nm lar-
gely dominates. Remarkably, recent in vitro and ex vivo studies have
shown that MNPs are mostly immobilized when injected into the tu-
mour [16-19], and thus the Brownian rotation seems to be hindered
when performing MFH treatment [20,21]. On the other hand, most of
published papers on MFH report experiments on MNPs in solutions
where, however, the Brownian relaxation can play an important role.
This can induce misleading conclusions about the real heating effi-
ciency of these systems when used for MFH on patients [16,22-24].

To systematically study the effect of the core size on the SAR, in this
work we studied the chemico-physical properties of three samples of
MNPs with magnetite (Fe30,) core diameter d = 10, 14 and 18 nm, and
measured the SAR at different frequencies (from 110 to 990 kHz) and
intensities (up to 17 kA/m) of the applied AMF. Measurements were
carried out both in water solution and in agarose gels with different
mass fractions (0.5% and 2%), thus reproducing experimental condi-
tions similar to the ones of tumour tissues with different viscosity and
porosity, where Brownian relaxation is partially or totally suppressed
[16-18,22,25].

Our results are aimed to complement information already reported
elsewhere [16,22-28], through the investigation of the heating effi-
ciency of magnetite MNPs as a function of their size in conditions closer
to the biological ones.

2. Materials and methods
2.1. MNPs synthesis and their morpho-dimensional characterization

The three samples of magnetic nanoparticles were synthetized using
the thermal decomposition method described by Cobianchi et al. [27].
In order to remove the Oleic Acid (OA) coating and suspend the MNPs
in water, a ligand exchange was performed by reacting 20 mg of MNP@
OA suspended in toluene 5mg/mL with 10mg of meso-2,3-di-
mercaptosuccinic acid (DMSA) solved in 2mL of Dimethyl sulfoxide
(DMSO). MNPs suspension were mixed with the DMSA solution and
sonicated for 1 h, and then held in mechanical agitation for 24 h. At the
end of the reaction the MNPs were separated magnetically, washed
with ethanol two times and then suspended in water (10 mg/mL). To
stabilize the colloidal solution pH were adjusted to 8 with addition
of 0.1 M of NaOH solution.

Powder X-ray diffraction (XRD) measurements were carried out
using a Bruker D8 Advance diffractometer equipped with Cu Ko
(1.54178 A) radiation and operating in 6 —260 Bragg — Brentano geo-
metry at 40 kV and 40 mA, to determine the iron oxide phases and the
crystal sizes.

Dynamic Light Scattering (DLS, Malvern Zetasizer ZS, Malvern
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Instruments Ltd., UK) measurements, Z-potential analysis and size dis-
tributions, were carried out onto 0.5 mg/mL suspension of the samples.

A CM12 PHILIPS Transmission Electron Microscope (TEM) oper-
ating at 100 kV using a LaFg source was used to evaluate the MNPs core
sizes and shapes. Samples were prepared by drop casting a dilute to-
luene solution of MNPs onto 200 mesh carbon-coated copper grids. The
recorded micrographs were processed by the iTEM TEM Imaging
Platform software (Olympus), and were further analysed with the FIJI
open software. The mean diameter and size distribution of the sample
was obtained from a statistical analysis over 600 MNPs.

The total dimensions of the MNPs, including their organic coatings,
were instead measured by Atomic Force Microscopy technique (AFM),
using a Bruker Nanoscope Multimode IIId AFM system, operating in
tapping-mode in air. The latter measurements were performed using
silicon rectangular cantilever (NSG01, NT_MDT), with a declared length
of 120 um, a spring constant of 2.5N/m and a resonance frequency of
about 130 kHz. The samples were prepared by drying a drop of very
diluted aqueous solution of MNPs on a Mica substrate. The mean dia-
meters and size distributions were obtained from a statistical analysis
over ~ 25 MNPs.

2.2. Magnetic measurements

The magnetic characterization of MNPs water suspensions (with
Fe304 concentration ¢ = 3mg/mL) was performed by means of a
SQUID Quantum Design MPMS magnetometer. Samples were sealed in
a small capsule of polycarbonate and the measurements performed for
T < 260K, i.e., on frozen solutions. The signal of the empty sample
holder was measured and subtracted to the total signal; moreover, the
diamagnetic contribution of the water was removed. Hysteresis loops
were acquired at low (T = 2K) and high (T = 260 K) temperatures in
the field range from —5 T to 5T. Zero-Field-Cooled and Field-Cooled
(ZFC - FC) curves were collected under a small magnetic field (5 mT)
for each sample from 2K to 260K, thus keeping the samples in the
frozen state during the whole experiment.

2.3. Hyperthermia measurements

The MNPs samples were prepared for hyperthermia measurements
both in aqueous solution and in agarose gel. In order to evaluate the
effects caused by the agarose concentration and consequently by the
medium viscosity, two gels with different agarose mass fractions (0.5%
and 2% w/w) were prepared. The agarose was added to the aqueous
suspensions of MNPs and the sample heated up to the boiling point
while mixing it with a pipette. This method doesn’t allow to completely
exclude the presence of very small (d < 50nm) MNPs aggregates,
neither in gel nor in water samples. Both gels simulate soft tissues in the
body, with a different level of porosity and hardness [29]. Detailed
information about the rheological properties of agarose gels can be
found in literature [30,31], where the viscosity of the gels was esti-
mated to be at least two order of magnitude higher than the one of pure
water, and their melting temperature, always higher than 75 °C, was
reported to increase with the agarose concentration. The magnetite
concentration in the prepared samples was 10 mg/mL for the 10 nm and
14 nm samples, and 3 mg/mL for the 18 nm sample.

Magnetic Hyperthermia experiments were performed using a
MagneTherm™ set-up by Nanotherics, working at five different field
frequencies (109.8kHz, 329.6kHz, 524.2kHz, 741.6kHz and
990.5 kHz) and amplitudes (up to 17 kA/m). Due to the power limita-
tion of the system, the maximum amplitude of the available AMF de-
creases with increasing the working frequency. Most of the field values
chosen for the measurements satisfied the Brezovich criterion for the
safe application of a magnetic field to a patient [32], and all of them
fulfil the criterion reported by R. Hergt and S. Dutz [33].

A home-made thermalization system, based on a Lauda Alpha A
thermostat, and a polystyrene sample holder were placed inside the
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MagneTherm™ coil to stabilize the initial temperature of the sample to a
fixed value of 25°C. This system allows reproducible hyperthermia
measurements using a very small amount (approximately 200 pL) of
MNPs suspension.

The temperature of the samples was measured using an Optocon™
optical fibre thermometer carefully positioned at the centre of the
sample placed inside an Eppendorf PCR Tube and centred in the middle
of the coil. The sample centering in the middle of the coil was carefully
adjusted to ensure the reproducibility of the magnetic field values on
the sample itself. The temperature was acquired for 5 or 15 mins at
steps of 0.1 s or 15, depending on the total increment. The contribution
to the sample temperature rise coming from the overheating of the coil
was estimated by measuring the increase of temperature in a sample
made of pure water or gel in the same experimental conditions. It is
known from literature [34] that the heat conductivity of agarose gels
differs slightly from the one of water, being about 1.5% lower in the
temperature range from 303 K to 323 K at 0.5% agarose concentrations,
and about 9% lower at 5% agarose concentration. This small difference
in the heat conductivity of the water and gel samples at the low agarose
concentrations used for the measurements has been considered largely
included in the uncertainty assumed for the SAR values (see Section
4.3). Finally, it has been verified that the rate of the temperature in-
crement does not depend significantly on the initial temperature of the
sample.

3. Magnetic fluid hyperthermia models

To describe the MFH heating efficiency of MNPs with different
microscopic characteristics several models have been proposed [15].
The Linear Response Theory (LRT) can be applied to super-
paramagnetic nanoparticles when the magnetic energy is much lower
than the thermal one. This condition can be explicated by imposing
& < 1, where £ = u Mg, VHpar/ks T, being uo the vacuum permeability,
Mg, the volumetric saturation magnetization and Hpg, the maximum
amplitude of the applied AMF [15]. The LRT predicts that the SAR
increases with the square of the maximum applied field H,,, and is
linear with the out-of-phase component y” (f) of the magnetic sus-
ceptibility [9] of the sample:
HZ

max

SAR = T () f e
kot (I =2 )
where f is the AMF frequency and C is the magnetite concentration
inside the sample. According to the Debye’s theory [8,32,35], for
£ < < 1 the out-of-phase component of y is expressed by:

_ #()M.S%V V¢
3kgT

27ft
1 + (27fr)?

x ) ®)

with ¢ the volumetric fraction of magnetic material in the sample
[8] and 3 is a factor introduced because of the random orientation of
the MNPs easy-axes [15].

For larger single-domain MNPs that fall in the blocked regime, the
LRT doesn’t hold anymore. For H,,,,, > 2H, where Hc is the coercive
field of the MNPs [15], to evaluate the SAR from the area of the hys-
teresis loop the Stoner-Wohlfarth model can be applied. If H < H¢, for
multidomain MNPs the Rayleigh model holds and it predicts an increase
of SAR with the third power of H,,q. In the transition region between
the superparamagnetic and the multidomain regime, it has been theo-
retically [15] and experimentally [27] shown that the SAR follows a
power law SAR « H* with 2 < x < 3, i.e., in between the LRT and
Rayleigh model predictions.

506

Journal of Magnetism and Magnetic Materials 471 (2019) 504-512

——d~10 nm
——d~14 nm
1’5_  — d~ 18 nm
5 1,21
<
> 0,94
‘@
=
L 0,64
£
0,34
0,01 ‘
30 40 50 60 70
Angle (20)

Fig. 1. XRD patterns of the three samples of MNPs with different diameter d,
compared to the reference pattern (orange vertical bars) of magnetite (PDF 65-
3107). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

4. Results and discussion
4.1. Estimation of MNPs size from XRD, TEM, AFM, and DLS.

The X-Ray diffraction analysis (XRD), shown in Fig. 1, confirmed the
face centred cubic (fcc) crystalline structure typical of inverse-spinel
such as magnetite and maghemite with no evidence of other crystalline
phases (wiistite, hematite). The crystalline size and the value of the
lattice parameter a (Table 1), i.e., the physical dimension of the unit
cell of the crystal lattice, were estimated by the Pawley method re-
finement [36] by setting the structure of the magnetite (Fd-3 m) with
T.O.P.A.S.® software [37]. The a-values indicate that samples are made
of magnetite (a = 8, 3970A) rather than maghemite (a = 8, 3515A).

The distributions of the core size of the three samples as obtained by
TEM images analysis are reported in Fig. 2(a). Histograms were fitted
using a Log-Normal function, and the mean values and standard de-
viations of the related Normal distributions were computed according
to the formulas reported by Rosensweig [8]. Results are shown in
Table 2; according to the mean value of the MNPs core diameters, the
three samples will be named as 10nm, 14nm and 18 nm in the fol-
lowing of the article.

TEM images (Fig. 2(a)) show a very narrow distribution and a
spherical shape for 14 nm sample; the other two samples appear more
polyhedral and with a larger distribution of the core size. Moreover, the
comparison between the core size seen by TEM (Table 2) and the crystal
size seen by the XRD analysis (Table 1) certifies the monocrystalline
nature of the MNPs.

A similar analysis was performed on the AFM images (Fig. 2(b))
that, as the technique measures the total diameter of the MNP, showed
values for the MNPs diameters (Table 2) bigger than the ones obtained
from the TEM analysis, due to the presence of the DMSA coating (DMSA
thickness of about 1 or 2 nm). Aggregates in the AFM images are due to
the drying process during the sample preparation. AFM analysis was
performed on single particles, while aggregates were discarded.

DLS measurements on the three samples (Table 2) exclude the
presence of aggregates, since the larger values obtained for the MNPs

Table 1
Crystal size and lattice parameter a obtained by fitting the XRD patterns with
the Pawley [36] method using T.O.P.A.S.® software [37].

Sample Crystal size (nm) Lattice parameter a (A)
10 nm 9.3 8.407(3)
14nm 13.8 8.391(1)
18 nm 17.2 8.398(1)
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Fig. 2. (a) TEM images and histograms reporting the number of particles with a given core size for the three MNPs samples. (b) AFM images (2x2 pm?) and
histograms reporting the number of particles with a given hydrodynamic diameter (including the coating thickness) for the three MNPs samples. The three dis-
tributions are in both cases fitted with a Log-Normal function; the mean value and the standard deviation of the distribution are reported in Table 2.

Table 2
Mean MNPs diameters (and errors) obtained from the statistical analysis of TEM
and AFM images and from DLS measurements for the three samples.

Sample drgm (nm) dapm (nm) dpys [PDI] (nm)
10 nm 10.8 = 0.8 11.6 = 1.0 15.8 [0.379]
14 nm 14.2 = 0.5 16.0 = 1.1 21.4 [0.371]
18 nm 179 £ 1.5 19.7 £ 15 34.1 [0.319]

diameters with this technique can be related to the first water co-
ordination spheres linked to the MNPs surface and to the dynamic
nature of the measurement. The clear negative value of the Z-potential
measured for all the samples (= —20 mV) confirmed a good stability of
the colloidal solutions.

4.2. Magnetic measurements

In Fig. 3(a), the hysteresis loops acquired at low temperature
(T = 2K) on the three samples of MNPs in aqueous frozen solution are
shown. In the left inset the details of the loops at low fields, particularly
useful to evaluate the coercive field He and the remanence Mg, are
reported. In the right inset, the magnetization curves of the three
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samples at high temperature (T = 260 K) are displayed. In this case, the
coercivity is negligible, suggesting that the three samples are close to
the superparamagnetic regime. The Saturation Magnetization Mg of the
samples was evaluated by fitting the Langevin function [15] to the first
magnetization curves, although systems near the blocking temperature
are expected to not follow the behaviour typical of a paramagnetic
system (see Refs.[38,39]).

The values of the saturation magnetization for the three samples are
listed in Table 3, at low (T = 2K) and high temperature (T = 260K,
low enough to keep the samples in the frozen state). The 18 nm sample
shows the highest value of Mg, near to the value of the bulk magnetite
( 91.7Am2/kgpe304 at room temperature) [40]. In Table 3 the values of
the coercive field at T = 2K are also reported.

The ZFC-FC curves reported in Fig. 3(b) show interesting features:
the 10 nm sample has a maximum in the ZFC curve at T, = 143K,
which signs the transition from the high-T superparamagnetic beha-
viour to the blocked state [41]. The broadness of the peak suggests a
quite large distribution of the MNPs core size as observed from the TEM
images in Fig. 2(a). The 18 nm sample doesn’t show any maximum in
the ZFC curve, but shows a sharp increase at Ty = 111 K which can be
associated to the Verwey transition, a typical phase transition of bulk
magnetite. This transition temperature is lower than the one typically

0,003
I,
&~ 0,002
£
<
=
0,001 A
0,000 T T T T T T ,
0 50 100 150 200 250 300
b) Temperature (K)

Fig. 3. (a) Hysteresis loop at low temperature (T = 2K) of the three samples in aqueous frozen solutions: in the left inset the opening of the loop is evidenced; in the
right inset the magnetization curves of the three samples at high temperature are reported. (b) Zero-Field-Cooled and Field-Cooled (ZFC-FC) M/H curves collected at

low fields for the three frozen solution samples.
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Table 3
Saturation magnetization (Ms) and coercive field (Hc) of the three samples in
frozen solution at low and high temperatures.

Sample Mg at 2K Hcat2K (kA/m) Mg at 260K
(Amz/kgl;e304) (Amz/kgl:e3o4)
10 nm 69.3 + 3.8 34.6 = 1.7 51.1 + 2.8
14nm 81.6 + 4.5 27.8 = 1.4 741 = 4.1
18 nm 96.2 = 5.2 29.6 = 1.5 88.3 = 4.8

observed for bulk magnetite (T¥* ~ 125 K), as indeed already observed

for MINPs of decreasing size [42]. The decrease of Ty, was ascribed to the
presence of impurities and to a certain degree of non-stoichiometry of
the magnetite [43-45]. For the 14 nm sample the Verwey transition is
not identifiable, possibly because of the oxidation to maghemite of the
surface layer in solution.

4.3. Magnetic Hyperthermia results

The temperature increasing rate of the samples was evaluated by
applying the initial-slope method, based on the fitting of the acquired
T(t) curves with a straight line in a short time range; the fit starts few
seconds after the application of the magnetic field to account for the
thermal inertia of the system [6] (i.e., after about an interval of 5 to
20s). When the increase rate was too slow and negatively influenced
the precision of this method, the entire T(t) curves were fitted to the
Box-Lucas model T'(t) = A(1—e~5") [46,47]. The ratio AT/At for t— 0
was directly evaluated in the first case, and by the product A-B in the
second. The reproducibility of the results was checked by repeating the
temperature acquisition runs up to 10 times.

The SAR of the samples was calculated using the following formula
[48]:

My, 0CH,0 + MFe304Cre;0, AT
At

SAR =
(6)

mF23 O4

where my,o and mg,,0, are, respectively, the mass of water and mag-
netite in the colloidal solutions, while cz,o=4.18JK'g™! and
Cre;0, = 0.62 JK~1g™! are the corresponding specific heat. We neglected
the contribution of the DMSA coating because of its small mass fraction.
In the case of MNPs samples in gel, the water contribution in the first
term of the formula should be replaced by the agarose gel contribution.
However, the difference of the specific heat between agarose gel and
water at the concentration near to the ones used in this work (0.5% and
2%) is negligible (cggar19 = (4.18 + 0.05) JK-1g~1 [23]). By considering
the uncertainties on the quantities of Eq. (6), a standard deviation of
about 10% on the SAR values was estimated. It should be noted that a
(presumably slight) inhomogeneous distribution of MNPs inside the gel
should not lead to such high differences between the AT/At ratios es-
timated for the water and gel samples.

The SAR values obtained from Eq. (6) by applying AMF of different
frequencies and amplitudes are reported in Fig. 4; it should be noted
that in our experimental set up the maximum amplitude field achiev-
able depends on the applied frequency. For (H, f) values that produce a
very low heating, the data are not reported, as e.g., in the case of 10 nm
sample at H,q, = 3.5 kA/m and f = 990.5 kHz.

In Fig. 4 it is possible to evince at least three important indications
related to the supposed capability of the gel to immobilize the MNPs.
First, the SAR values obtained for all the samples in the two agarose gels
with mass fractions 0.5% and 2% are almost the same at all frequencies:
this clearly indicates that the effect of MNPs immobilization doesn’t
change when the viscosity of the gel is increased. Then, the 10 nm
sample doesn’t show any substantial difference of SAR if measured in
water or in agarose gel, thus suggesting that for this sample the con-
tribution of the Brownian relaxation is negligible compared to the Néel
one. Finally, the 14nm and 18 nm samples show a relevant difference
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between the SAR values obtained in water and in the two gels (the latter
being from 30% to 75% lower). In the last two cases, it is thus rea-
sonable to suppose a sizeable influence of the Brown relaxation me-
chanism on the heat release, as expected for large particles [8].

These results are indeed in good agreement with the ones obtained
in Ref.[22] where a similar systematic study of MFH, but performed just
at one frequency (522kHz) on maghemite (y—Fe,0;) nanoparticles
with different core sizes (6-14nm) dispersed both in water and in
agarose gel with 1% mass fraction, showed a significant decrease of
SAR for MNPs larger than 13 nm when suspended in gel. Moreover, in
another paper Di Corato et al. [16] demonstrated that SAR decreases
consistently when measured in vitro with MNPs internalized by cells or
immobilized on the cell membranes.

As additional result, Mehdaoui et al. [49] warned that a minor value
of SAR for MNPs dispersed in gel compared to the ones in solution
sometimes cannot be explained just by considering the suppression of
the Brownian motion. In fact, MNPs in solutions can form chain-like
structures thus increasing the inter-particle dipolar interaction, which
contributes to the SAR increase (see Branquinho et al. [50] for theory
and Serantes et al. [51] for experimental data). On the other hand, they
cannot form chain-like structures when immobilized in gel. It should
also be noted that this effect is foreseen only for low anisotropy MNPs,
i.e., when the energy barrier due to the magnetocristalline anisotropy is
lower than the energy of the dipolar interactions [49].

In order to compare the heating efficiency as a function of the core
size, data of Fig. 4 are reported in Fig. 5 for the agarose gel samples
with 0.5% w/w for the three lowest frequencies. This comparison en-
lightens how the 14 nm sample is the most efficient at low frequencies,
while moving to higher frequencies its SAR becomes progressively
lower than the one of the 18 nm sample. Consequently, at frequencies
higher than 330 kHz the obtained SAR trend is consistent with other
findings in the literature [27] that reported an increase for core dia-
meters approaching 20 nm. On the other hand, the highest SAR values
for the 14 nm sample at the lowest frequency can be due to: (a) the
narrower distribution of the MNPs core diameter compared to the other
samples, caused by the “degradative influence of polydispersity” proved
by Rosensweig in Ref.[8]; (b) the occurrence of a maximum in y” (f) for
the 14 nm sample nearer to 110 kHz with respect to the 18 nm sample
case; (c) most probably, a mix of the hypotheses (a) and (b). We remind
that x” (f) reaches a maximum when the product 2zfr = 1 [35], i.e,,
when the AMF frequency matches the effective relaxation time 7 of the
MNPs (see also Table 6), causing a maximum opening of the hysteresis
loop.

4.4. LRT model and estimation of the effective relaxation time

The SAR vs H curves of Fig. 4 were fitted to a square law, i.e.,
SAR(H) = aH?, within the range of LRT validity, i.e., for
& = UoMsVHuax/kgT < 1 [15]. It is worth noting that the 10 nm and
18 nm samples always and never satisfy this condition, respectively,
while for the 14 nm sample £ < 1 implies Hyqy < (5.7 = 0.6) kA/m. In
Fig. 4 this limit has been marked as a grey bar in the graphs. From the
oPtained parameter a, x” (f) was evaluated according to Eq. (4) as
X () = aClporf.

The results obtained for the 14 nm sample showed a clear increase
of x” (f) when reducing the frequency in both conditions (solution and
gel). We fitted these results according to Eq. (5) (curves not shown),
using the experimental saturation magnetization Mg, the volume V of
Tables 2 and 3, and setting the effective relaxation time 7 as the only
free parameter. The best fit curves of y” (f) showed maxima at 25 kHz
for the water sample and at 12 kHz for the gels. These values are lower
than those reported in literature [25,52] for 14nm MNPs, but the
known strong dependence of y” (f) from the polydispersity of the
samples makes not meaningful a direct comparison.

The effective relaxation times in water (zq) and in agarose gels
(1), obtained as best-fit parameters, are reported in Table 4. For both
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Fig. 4. SAR values obtained from Eq. (6) for the 10 nm, 14 nm and 18 nm samples, both in water and in agarose gel (0.5% and 2%) as a function of the applied AMF at
different frequencies. Continuous lines represent the best-fits to the LRT model (SAR(H) = aH?) applied within its validity limits, i.e., the whole field range for the
10 nm sample and for values below the grey bar ones (representing the limit & < 1 with its uncertainty) for the 14 nm sample. Dotted lines denote the best-fitting

curves obtained by applying the free-exponent model SAR(H) = SH*.

~
~

samples 74, (0.5%) o1 (2%), while a significant difference between 7
and Tyqer is observed only in the case of the 14 nm sample. Since the
contribution of the Brownian relaxation mechanism is hindered in gel,
we can assume Considering
Tge1 (0.5%) = (1.35 + 0.21)-10~° s for the 14nm sample, the Brown re-
laxation time calculated by Eq. (3) assumes the value
73 = (1.3 £ 0.4)-107° s. As in this case 7y ~ 13, the two physical me-
chanisms contribute almost equally to the heat release. However, this
method suffers of severe limitations due to the approximations used for

Tgel X IN- W=

Table 4
Effective relaxation times 7 obtained by fitting the y”(f) curves according to Eq.
(5) for 10 and 14 nm samples in water solution and agarose gels.

7(s)[10nm] 7(s)[14nm]

Aqueous solution
Agarose gel 0.5%

(6.5 + 1.1)-107°¢
(1.35 + 0.21)-1073
(1.34 + 0.30)-1075

(4.0 + 1.0)-1078
(4.0 £ 0.9)-10°8

Agarose gel 2% (3.5 + 0.9)-1078

= 10nm m 10nm = 10nm
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Fig. 5. SAR values obtained by Eq. (6) for the 10 nm, 14 nm and 18 nm samples in agarose gel at 0.5% as a function of the applied AMF at 109.8 kHz (a), 329.6 kHz
(b) and 524.2 kHz (c). The 14 nm sample is the most efficient at the lowest frequency, while the 18 nm sample progressively improve its efficiency by increasing the

frequency.
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Fig. 6. Magnetization divided by the applied field as a function of the inverse
temperature for the 10 nm sample. The linear trend observed between 260 K
and 215K demonstrates that the sample follow the Curie-Weiss law in the su-
perparamagnetic regime.

estimating both x” (f) and 7y, and must be intended only as a com-
plementary information about 7z with respect to those obtained by
other methods reported elsewhere [12,20,53,54]. These methods make
use of accurate measurements of the physical parameters entering Eq.
(2) [12] and of the AC magnetically-induced heating properties of
viscous samples [20], of the modelling of the Brownian relaxation of
MNPs in ferrofluids [53] by means of the Fokker—Planck equation, and
of the magnetic spectroscopy of nanoparticles Brownian motion [54].
Another way to obtain a rough estimation of 7y and 73 (in water) for
all the samples is to apply directly Egs. (1) and (2) using the data known
from the characterization of the samples. K, in Eq. (1) is given by the
relationship K,V =~ 25kpTp [42]; here the blocking temperature Ty is
deduced from the energy-barrier distribution obtained from ZFC-FC
curves in frozen solutions by the derivative —d (Mpc—Mzrc)/dT [7,12]
(data not shown), and the core volume is estimated by the TEM data.
Before using the K, values, we checked that the dipolar coupling can
be neglected for all the samples. As shown by the Mgc/H vs 1/T plot in
Fig. 6, the 10 nm sample satisfies the Curie-Weiss law in the super-
paramagnetic regime (red line). For the 14nm and 18 nm samples,
whose MNPs are blocked at 260 K, the only way to evaluate the dipolar
energy is to apply the formula
My 1

Eaip~ T

d (7)

where u,~ 1.256627-107 H/m is the magnetic permeability of the
water, m = MsVp is the magnetic dipole of a single MNP at 260K,

p = 5200 kg/m? is the density of magnetite and d is the mean inter-
particle distance. Results are shown in Table 5; as can be seen, the ratio
Egip/ks T in water at 260K is less than 1.2:10 2 for all the samples.
Using the obtained values for K, and V, and assuming 7, = 10™° s
and T = 300K, it was possible to estimate 7y. We also evaluated 73 by
setting n = 1cP (i.e., as the water viscosity) in Eq. (2) and V}, as the
volume obtained by the AFM. The results are shown in Table 6.
Comparing the values of 7 obtained by applying Egs. (1)-(3) (see
Table 6) and by fitting the extrapolated x” (f) curves (see Table 4), it
could be noticed that the results of the two methods are not so far, in
particular for the 14 nm sample, despite the rough approximations used
in the two methods. Moreover, in both cases the results explain the
measured SAR values, that result from the non-negligible or negligible
contribution of 73 to T in liquid or gel samples, respectively.
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Table 5

From the left: magnetite concentrations for the samples used in hyperthermia
measurements; number #NP of MNPs within 1 mL; mean interparticle distance
d for the 10nm, 14nm and 18 nm samples calculated at the same concentra-
tion; mean magnetic moment m of a single MNP; dipolar energy Eg, obtained
from Eq. (7) using TEM and SQUID measurements; ratio between dipolar and
thermal energies.

#NP m (A m?) Eg

Sample [Fe304] d (nm) Egipwater (J) Edip | ater
(mg/mL) kpT
10nm 10 2.92-1015 70 1.751071  8.96.10% 2.50-1073
14nm 10 1.28-10° 92 57810719  4.28.107% 1.19-102
18nm 3 1.92:1014 173 1.38:1071%  3,65.107% 1.02:102
Table 6

Anisotropy constant estimated from the ZFC-FC curves and Néel, Brown and
effective relaxation times obtained from Egs. (1)-(3). The relaxation times have
been evaluated from TEM, AFM and SQUID measurements for samples in water
solution.

Sample K, (J/m?) v (s) 5(s) z(s)

10nm (32 £ 0.8)10* (1.6 +2.7)-1077 (5.9 + 1.5)-1077 (1.3 + 1.6)-1077
14nm (27 £ 0.3)-10* (2.1 £3.3)-107° (1.6 + 0.3)-107° (1.4 £ 0.3)-107°
18nm (1.1 + 0.3)-10* (2.6 + 7.4)-107%  (2.90 + 0.66)-1076 (1.4 + 2.1)-107°

4.5. Validity of the LRT and Rayleigh models

It is important to discuss the applicability of the LRT model, used in
the data analysis described in Section 4.4. Formally, we applied the LRT
model in its validity range, but if we look at the fitting curves in Fig. 4
we see that in some cases it fails to describe the SAR vs H behaviour,
particularly at high H amplitudes (for example for the 14 nm sample at
741.6 kHz). This discrepancy may be due to the fact that MNPs of these
sizes, and particularly at high frequencies, are in the blocked regime. In
similar conditions, the SAR(H) curve has been often described by a
power law with an exponent greater than 2 [53,55] but lower than 3, as
foreseen by the Rayleigh model for multidomain nanoparticles. In order
to check this occurrence, the SAR(H) curves for all the samples in the
whole frequency range were fitted to a free-exponent power-law model,
i.e., SAR(H) = BHX [27]. The obtained best-fit curves (dashed lines in
Fig. 4) show a better agreement between theory and experimental data
with respect to the case X = 2.

The values of the free-exponents X, obtained from the fits for the
three samples, both in water and in agarose gel, resulted to be generally
greater than 2 and lower than 3, in agreement with the previous dis-
cussion. A clear dependence of the X values from the solvent compo-
sition or the particle diameter was not observed. These results highlight
the need, already mentioned elsewhere [27], to theoretically in-
vestigate more in depth the mechanisms responsible for the heat release
by single domain MNPs when the LRT is no more applicable (¢ > 1).

5. Conclusions

We investigated the hyperthermic behaviour of three samples of
MNPs with magnetite core diameters of 10, 14 and 18 nm, dispersed
both in aqueous solution and in agarose gels at concentrations 0.5% and
2%. The 10 nm sample shows similar heating efficiencies in both media;
on the contrary, the 14 nm and 18 nm samples showed a relevant dif-
ference between the SAR values measured in water and in agarose gels,
being higher the ones in water. For all the gel samples the heating ef-
ficiency resulted to be independent of the mass fraction.

Our results are in good agreement with the ones previously reported
by de la Presa et al. [22] for maghemite nanoparticles, and can be ex-
plained on the basis of the immobilization of the MNPs suspended in gel
and of the different role of Néel and Brown relaxation mechanisms in
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the release of heat when the size of the MNPs core is changed [16,22].
Considering these outcomes, the common attitude to study MNPs only
in aqueous solutions should be discouraged because it may evidently
cause misleading conclusions about the real heating efficiency of MNPs
when transferred to the clinics. In fact, in-gel studies of MNPs simulate
the behaviour of MNPs in in vivo experiments (where they are injected
in tissues, whose viscosity is similar to the one of gels) and should be
considered complementary to the on cells in vitro ones, where ag-
gregation processes frequently occurring in the biological culture
medium affect the final results [56].

For the 10 nm and 14 nm samples, the LRT model was fitted to the
SAR(H) curves and the fit parameters were used to evaluate the effec-
tive relaxation times. Finally, a free-exponent model (i.e., SAR = BHX)
was fitted to all the SAR(H) curves at different frequencies. For the
10 nm sample a good agreement between the data and the LRT model
prediction (i.e., X = 2) was found, particularly in water. For the 14 and
18 nm samples the values of X, that fall in the range between 2 (typical
of LRT) and 3 (Rayleigh model), highlight the necessity already men-
tioned elsewhere [15,27] of a new comprehensive model able to de-
scribe the evolution of SAR for single domain MNPs.
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