Journal of Solid State Chemistry 260 (2018) 34-38

journal homepage: www.elsevier.com/locate/jssc

Contents lists available at ScienceDirect

Journal of Solid State Chemistry

Joumuasor
SoLID STATE
CHEMISTRY

Threshold heating temperature for magnetic hyperthermia: Controlling
the heat exchange with the blocking temperature of magnetic nanoparticles

@ CrossMark

B. Pimentel?, R.J. Caraballo-Vivas®, N.R. Checca®, V.I. Zverev™*, R.T. Salakhova®,
L.A. Makarova”, A.P. Pyatakov”, N.S. Perov’, A.M. Tishin™‘, A.A. Shtil%, A.L. Rossi®, M.S. Reis™’

@ Physics Institute, Fluminense Federal University, Av. Gal. Milton Tavares de Souza s/n, 24210-346 Niteréi, RJ, Brazil

> Faculty of Physics, M.V. Lomonosov Moscow State University, 119991 Moscow, Russia

¢ Advanced Magnetic Technologies and Consulting LLC, 142190 Troitsk, Russia

4 Blokhin National Medical Center of Oncology & Faculty of Chemistry, M.V. Lomonosov Moscow State University, 119991 Moscow, Russia
€ Brazilian Center for Research in Physics, Rua Dr Xavier Sigaud 150, 22290-180 Rio de Janeiro, RJ, Brazil

f Physics Department and I3N, University of Aveiro, Aveiro 3810, Portugal

ARTICLE INFO ABSTRACT

Keywords:

Magnetic nanoparticles

Hyperthermia

Self-controlled inductive heating
Self-regulating magnetic hyperthermia

Lay 75S10.2sMn0O3 nanoparticles with average diameter close to 20.9 nm were synthesized using a sol-gel
method. Measurements showed that the heating process stops at the blocking temperaturesignificantly below
the Curie temperature. Measurements of Specific Absorption Rate (SAR) as a function of AC magnetic field
revealed a superquadratic power law, indicating that, in addition to usual Néel and Brown relaxation, the
hysteresis also plays an important role in the mechanism of heating. The ability to control the threshold heating

temperature, a low remanent magnetization and a low field needed to achieve the magnetic saturation are the
advantages of this material for therapeutic magnetic hyperthermia.

1. Introduction

Cancer remains a major cause of death throughout the world [1].
New treatment modalities are aimed to improve the efficacy of tumor
damage with minimal injury to surrounding tissues [2—6]. In this
direction, physical methods using nanoparticles (NP) have been
extensively studied in recent years [7]: in particular, development of
magnetic NP for antitumor hyperthermia is under way [8—11]. This
technique uses magnetic nanoparticles dispersed into a fluid (ferro-
fluid); then an external AC magnetic field (respecting the Brezovich
limit [12]) is applied to heat the body or an area of the body.

Magnetic heating can be generated by three types of mechanisms:
Néel relaxation, Brown relaxation, and hysteresis losses. For Néel
relaxation, the magnetic moments of nanoparticles are consistently
inverted due to AC magnetic field; energy is dissipated when the
magnetic moments relax around the equilibrium position [8]. Brown
relaxation presumes that, before the coherent reversal of magnetization
(by Néel relaxation), the nanoparticles gain freedom of movement in
the fluid due to external AC magnetic field [11]. The friction between
the surface of nanoparticles and surrounding liquid causes heat release
into the medium. The hysteresis losses are associated with the power
dissipated in one cycle of magnetization [13,14].
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A common parameter for quantitative characterization of magnetic
hyperthermia is the Specific Absorption Rate (SAR). This value is of
clinical importance for calculation of dose and duration of treatment
[9]. It is generally believed that SAR optimization simply presumes an
increase of its value. However, one can avoid tissue overheating that
leads to an undesired side effect, by a self-regulating (or self-
controlled) hyperthermia concept [15,16]. It consists of an internal
mechanism that provides a high heating rate to the body and saturation
of heating at higher temperatures. An obvious way is to use the
ferromagnetic-paramagnetic phase transition: the temperature of NP
heated under a magnetic field cannot exceed the Curie temperature
[17,18]. Current materials are the superparamagnetic iron oxide NP;
however, their Curie temperatures are far from what the clinical
magnetic hyperthermia needs [19].

An alternative family of compounds for magnetic hyperthermia has
been introduced [16,20-23], namely, La;_,Sr.MnOs; (LSMO) NP.
Physical parameters of these compounds such as Curie temperature,
magnetic saturation and effective magnetic moment, can be easily
managed. Therefore one can avoid overheating and damage of sur-
rounding tissues. It is commonly supposed that the main factor
limiting the excessive heating in magnetic NP (LSMO in particular) is
the Curie temperature of the compound [17]. However, for magnetic
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NP, other factors related to their nanoscale, such as superparamagnet-
ism and, consequently, the blocking temperature, are also important.
The aim of the present study is to identify other physical mechanisms
related to NP that can control overheating. We herein report the
preparation procedure and show that heating stops at the blocking
temperature that differs significantly from the Curie temperature.
Other parameters including the size of NP will be analyzed elsewhere.

The present study presents experimental details of sample prepara-
tion and SAR measurements, followed by a description of the crystal,
morphology and magnetism. Section 4 discusses AC heating measure-
ments and Section 5 summarizes our major findings.

2. Experimental details

A sol-gel method (Pechini) was employed to prepare LSMO NP. We
used analytical quantities of lanthanum nitrate (La(NO3)36H>0),
strontium carbonate (SrC0O3) and manganese acetate
(Mn(CH3C00)»4H50). Individual reagents were dissolved in citric
acid (with a molar ratio of 1:1 to cations) in deionized water and then
mixed at 70 °C to obtain a transparent solution with molar ratio of
La:Sr:Mn = 0.75:0.25:1. A suitable amount of ethylene glycol was
added to the solution, with a molar ratio of 1:4 to citric acid [24]. The
mixture was evaporated to get rid of excess of solvents and to promote
polymerization, resulting in a brown viscous gel calcined at 700 °C for
4h to obtain Lag 5Srp25sMn0O; (LSMO) NP [25]. X-ray powder
diffraction (XRD) data were collected at room temperature (20° < 26
< 85° range, Bragg-Brentano geometry) on a Bruker AXS D8 Advance
diffractometer with Cu-Ka radiation (A = 1.54056 A), 40 kV, 40 mA.
Magnetic properties were investigated using a Lake Shore 7407
vibrating sample magnetometer in a magnetic field up to 1.6 T and
100-500 K temperature range. The experimental setup for calorimetric
SAR measurements consists of an AC magnetic field module (the inner
diameter of the coil is 7 mm), the temperature control system, the
water cooling system and the external PC. There is a possibility to
change the magnetic field amplitude in the range of 0—200 Oe and
adjust the frequency in the vicinity of the coil resonance frequency,
which is 100 kHz.

During the experiment, the test tube with LSMO NP suspended in
water was placed inside the coil in a way that the center of the tube
coincided with maximum field location. Magnetic field was switched on
for a fixed time followed by measurement of induced heating (tem-
perature change). SAR was calculated according to the equation:

dT M

SAR = C——

dt m (€8]

T is the rate of heating on

dt
the initial part of the curve, = is ratio of the water mass to the mass of

NP. Since the experimental conditions were non-adiabatic, it is
necessary to take heat loss into account to get the correct value of .
4T For this purpose, we measured the cooling curve after each heating
cycle when the magnetic field was switched off. The power of heating
corresponds to the sum of absolute values of derivatives % of heating
and cooling curves at the same temperature [26].

where C is fluid (water+NP) heat capacity,
M

3. Crystal structure, morphology and magnetism

The X-ray diffractograms of the nanopowder confirmed the forma-
tion of a single phase LSMO sample, presenting the characteristic
reflections of the compound (Fig. 1). The powder X-ray diffraction data
were refined by Rietveld method using FullProf software. The system
presents a perovskite structure at room temperature and pressure
(space group R 3 C in a rhombohedral crystal system) [27].

The lattice parameters for this sample are: a = b = 5.5053 4, ¢ =
13.3864 A, conforming cell volume of 351.3691 A with reliability factor
of x* = 1.92. This is very close to the value observed in [28].
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Fig. 1. X-ray diffraction pattern for Lag 75Sr0.2sMnO3 (Cu conventional radiation: A =
1.54056 A). Black dots: experimental data; red line: theoretical data; green line:
difference.

90

80

70

60

50

40

Frequency

30

20

10

80

0 10 20 30 40 50 60 70

Diameter (nm)

90 100 110

Fig. 2. NP size distribution based on several TEM imagesof transmission . Inset: typical
NP.

Transmission Electron Microscopy (TEM) measurements were
performed on a High Resolution Transmission Electron Microscope
JEOL 2100F-200 kV at LABNANO - CBPF in order to confirm the
particle size distribution (Fig. 2) and NP morphology. The distribution
had high asymmetry; P thus we considered a lognormal distribution
[29]:

fD) =

_ [ln(D)—M]’}

202

A
oD\2x ‘x”{ @)

where D is NP size, and A is the amplitude of distribution. The mean
size of NP <D> is defined by the parameters y (location) and ¢ (scale)
as:

2
<D> = exp{p + 6—}

2 3)

The most probable value of NP and standard deviation can be
defined as:

D, = exp{u — o} (4)
and
A = Jexp{o?}—-1 - <D> 5)

as well as the dimensionless skewness, that measures the asymmetry of
distribution, assuming zero for a symmetric one:
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Fig. 3. Magnetic properties of LSMO. Top: M(H) curve at 300 K. See the hysteresis
coming from the NP ensemble. Bottom: ZFC-FC curve. See the blocking and Curie
temperature.

Dy = Jexplo?) =1 2+explo?)) ©)

The values obtained from the fitting shown in Fig. 2 leads to:
<D> = 209nm, D, = 16.6nm, A = 10.6nm and Dg = 1.7.

We used Scherrer equation to reveal whether a single particle from
TEM image corresponds to the single crystal. The equation gives the
crystallite size [31]:

K
¢ Beoso

where k is a dimensionless constant (close to 1), 1 is the X-ray
wavelength, 0 is the diffraction angle of the most intense peak, and

p=A Utan®60 + Vian® + W

is related to the full width at half maximum of the corresponding peak
(for the present case: U = 0.1163, V = —-0.5135 and W = 0.3871). The
crystallite size was estimated as D, = 18.4 nm, which is very close to the
mean NP size of 20.9 nm obtained from TEM images. These results
indicated that our NP are single crystals.

Magnetization as a function of magnetic field at 300 K is shown in
Fig. 3-top panel where it is possible to observe the hysteresis. From this
result we concluded that one mechanism of NP heating is hysteresis
losses. By definition, superparamagnetic materials do not present
hysteresis; however, hysteresis can occur with low remanent magneti-
zation due to some bigger particles and agglomeration in the ensemble
of NP [30]. For the present case, NP presented a remanent magnetiza-
tion of My = 2.11 emu/g, which is appropriate for magnetic hyperther-
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Fig. 4. Time course of AC magnetic-field heating (initial 500 s) and subsequent zero-
field-cooling of LSMO NP for different values of field amplitude (frequency of AC field is

100 kHz). Note the saturation of maximum heating temperature within the field
amplitude 180 Oe or higher.
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Fig. 5. SAR dependence on AC magnetic field amplitude for LSMO NP at room
temperature 300 K.

mia. Fig. 3-bottom panel shows ZFC-FC measurements where the
blocking and critical temperatures Tg~335K and T.~367 K can
estimated. These parameters were defined as maximum of ZFC curve
and the inflexion point above Ty, respectively. Descriptions of the
relationship between the magnetic properties of La-Sr and La-Ca NPs
and their corresponding size have been published [25,31].

4. AC magnetic field heating measurements

The results of heating/cooling of 20 mg LSMO NP, with average
diameter of 20.9 nm, suspended in 100 ml water, are shown in Fig. 4.
Once the frequency of AC field is fixed in the experiment, the dispersion
of NP size and variation of magnetization relaxation time are not
important for the amplitude dependence of magnetic heating (Fig. 4).

Heating demonstratedA the saturation in a temperature range of
333K and higher. An AC field > 200 Oe is unable to change this
maximum temperature. This effect is explained by magnetic relaxation
behavior of NP below and above the blocking temperature at ~335 K.
On the other hand, the initial heating rate (proportional to the initial
slope of the curve in Fig. 4) increases by elevating the applied magnetic
field even at high amplitudes.
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Fig. 6. Difference between temperature saturation time on heating for LSMO NP at
various values of AC magnetic field amplitude.

T
400

Table 1
Heating parameters of LSMO NP obtained from approximation of curves in Fig. 3 by
dependence of Eq. (7a). Theating aNd Teooling Standing for tg in Eq. (7a).

Field (Oe) Theating(S) Teooling(S) AT (K)

s ) 0
75 150 149 14 0.08 2.0
110 120 146 31 0.22 5.6
150 58 152 39 0.43 10.9
200 39 160 42 0.91 23.0

Fig. 5 shows the dependence of SAR (calculated from Eq. (1) and
the slope curves in Fig. 4 - m = 0.1 g, M = 20 mg, C = 4.2 J/g) on the
AC magnetic field amplitude. It is known that the dependence of SAR
on the AC magnetic field amplitude for superparamagnetic NP (where
relaxation heating mechanism prevails over the hysteresis) has a
quadratic dependence [32-34]. Thus, a power law of the kind
SAR~H? was fitted to the experimental data (the brown line in
Fig. 5) where we found a slightdeviation from the quadratic law. In
fact, we found a superquadratic power with a = 2.4 suggesting that the
mechanism of heating is not limited solely to relaxation (Brown and
Néel) [32]. A contribution of hysteresis losses should also be consid-
ered below the blocking temperature Tg~335 K.

It is important to notice that the stop of heating corresponds to the
blocking temperature. This can explain the fact that the elevation of the
initial heating rate (dT/dt) by increasing the AC magnetic field
amplitude is not accompanied by the growth of final heating (AT),
which is observed for conventional time evolution of temperature:

T(t) =Ty + AT - (1—exp(—t/ty)) (@)

dT
AT = ;(T = TE))’TR (8)
where Ty is the initial temperature of the experiment, and Tty is the
relaxation constant which depends on heat capacity, the surface of the
sample, and the heat transfer coefficient between the sample and the
medium [35].

In the low magnetic field range (< 110 Oe) the Egs. (7) well describe
the heating and cooling processes. However, as soon as the maximum
heating temperature approaches the blocking values, the model with
constant 1z fails to adequately describe the heating process: its
approximation by Eq. (7a) gives the characteristic time (stands for g
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in Eq. (7a)) that decreases with magnetic field amplitude. This is
obvious if one compares the heating curves at 75 Oe and 200 Oe
(Fig. 6). According to thermodynamics, it should not depend on field
value; indeed, the characteristic cooling time (standing for tx in Eq.
(7a) when the field is switched off) is nearly the same for all curves
(~150 s) as the conventional thermodynamic relaxation time tx should
be. The heating parameters are presented in Table 1.

5. Conclusions

A reproducible procedure of preparation of Lag 7551y 25sMnO3
magnetic NP was developed. We obtained NP with average diameter
about 20.9 nm, a blocking temperature close to 335K and Curie
temperature at 367 K. The hyperthermia experiments confirmed that
the heating process stops at the blocking temperature significantly
below Curie temperature. SAR as a function of AC magnetic field
provided a superquadratic power law, indicating that, in addition to
Néel and Brown relaxation, the hysteresis is also important in the
mechanism of heating.

Our results provide evidence that this material is applicable for
magnetic hyperthermia due to heating control by means of a threshold
temperature, a self-stopping mechanism. This mechanism is valuable
in the clinic since it minimizes the risk of overheating.
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