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ABSTRACT

Background. Magnetic hysteresis loops areas and hyperthermia on magnetic nanopar-
ticles have been studied with the aim of providing reliable and reproducible methods of
measuring the specific absorption rate (SAR).

Methods. The SAR of Fe;O, nanoparticles with two different mean sizes, and Ni;_,Zn,Fe,O,
ferrites with 0 < x < 0.8 has been measured with three approaches: static hysteresis loops
areas, dynamic hysteresis loops areas and hyperthermia of a water solution. For dynamic
loops and thermometric measurements, specific experimental setups have been developed,
that operate at comparable frequencies (= 69 kHz and ~ 100 kHz respectively) and rf
magnetic field peak values (up to 100 mT). The hyperthermia setup has been fully modelled
to provide a direct measurement of the SAR of the magnetic nanoparticles by taking into
account the heat exchange with the surrounding environment in non-adiabatic conditions
and the parasitic heating of the water due to ionic currents.

Results. Dynamic hysteresis loops are shown to provide an accurate determination of the
SAR except for superparamagnetic samples, where the boundary with a blocked regime
could be crossed in dynamic conditions. Static hysteresis loops consistently underestimate
the specific absorption rate but can be used to select the most promising samples.
Conclusions. A means of reliably measure SAR of magnetic nanoparticles by different ap-
proaches for hyperthermia applications is presented and its validity discussed by comparing
different methods.

General Significance. This work fits within the general subject of metrological traceability

in medicine with a specific focus on magnetic hyperthermia.
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I. INTRODUCTION

Magnetic particles hyperthermia is a branch of hyperthermia [1-4] where magnetic
nanoparticles are employed thanks to their ability to exploit not only the electric, but also
the magnetic component of the electromagnetic field used to excite them. In spite of the
significant advantages that magnetic hyperthermia could bring [5-7|, which include being
non invasive and enhancing the effects of chemotherapy and radiotherapy [8], it has not
yet reached clinical applications, as many open questions still need to be addressed. These
include the ability to properly characterize the physical properties of the employed magnetic
nanoparticles in conditions comparable to those of hyperthermia treatments, where specific
power losses may be significantly different than those obtained in typical laboratory condi-
tions [9, 10|, and measuring reliable specific absorption rate values [11]. Therefore, many
researchers have concentrated on this subject in last years [12, 13]. These have addressed the
open issues from the point of view of the magnetic material optimization in terms of particles
microstructure [14-16], of new particles types [17-21], of combined physical properties that
enhance the heating power or versatility of the nanoparticles [22, 23|, or of improved setups

for hyperthermia characterizations and specific absorption rate measurements |11, 24-26].

However, the subject is far from having been comprehensively investigated, as several
open issues still require significant efforts from the scientific community. In particular, we
would like to focus the attention to the necessity of reliably measuring specific absorption
rate (SAR) values, with a rigorous determination of the uncertainty and traceability to
national standards, in laboratory conditions, as the current broad range of custom hyper-
thermia setups and the lack of validated protocols and calibrants makes SAR measurements
difficult, if not impossible, to compare [27|. This issue falls into the more general category of
the traceability assessment in medicine [28-30], a subject that has been under debate in the
last two decades. To this regard, a metrological framework for the measurement of SAR will
have to address at least three problems: (i) the development of hyperthermia setups that
allow traceable and correctly defined measurements of the specific absorption rate of mag-
netic nanoparticles in non adiabatic conditions; (ii) the development of measurement setups
that allow the measurement of the particles dynamic magnetic properties upon which the
heating effect in hyperthermia treatments depends; (iii) the realization of reference colloidal

suspensions of nanoparticles that can be used to test or, possibly, calibrate hyperthermia
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experiments. The achievement of all these medium-to-long term goals is necessary as hy-
perthermia treatments will eventually be applied to human patients, therefore requiring an
extremely careful choice of the magnetic materials to be exploited, and a well calibrated
dose of electromagnetic radiation to which the human body is exposed.

In this context, in this paper we approach the problem of the measurement of the spe-
cific absorption rate and of the dynamic magnetic properties of magnetic nanoparticles by
comparing three different experimental methods: measurement of the static hysteresis loops
areas, measurement of dynamic hysteresis loops areas at frequency and magnetic field peak
values comparable to those exploited in hyperthermia treatments, and direct measurement
of SAR in a hyperthermia setup. Whereas the last method is meant to establish a protocol
for the accurate characterization and modelling of an hyperthermia system and to a proper
definition of its measurand in non adiabatic conditions, the measurement of the magnetic
properties of the nanoparticles in dynamic conditions (in field and frequency ranges compa-
rable to hyperthermia experiments) is a required step for the understanding of the physical
mechanisms of magnetic losses in magnetic nanoparticles, that have been shown to depend
on the material 31, 32|, particles size [32-34] and aggregation state [34]. To this purpose, a
B-H loop tracer operating at ~ 69 kHz at applied fields up to 60 mT has been developed and
calibrated, and will be described. Then, a hyperthermia setup operating in non-adiabatic
conditions has been developed, characterized experimentally and modelled thermodynami-
cally. Magnetite and Ni-Zn ferrites nanoparticles will be investigated. The advantages and
disadvantages of the three methods for SAR determination, and their sources of discrepancy,

will be presented and discussed.

II. EXPERIMENTAL

II.1. Samples

Fe3O4 nanoparticles (sample P1) having a nominal diameter in the range 10 — 20 nm
have been obtained by Politronica s.r.l., whereas a second batch of Fe3O, nanoparticles
(sample P2) with a nominal diameter in the range 20 — 30 nm has been obtained by Alfa
Aesar. Sample P1 is superparamagnetic at room temperature, whereas sample P2 reports a

coercive field of &~ 100 Oe. Their static hysteresis loops measured by means of a vibrating

4
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sample magnetometer (VSM) are shown in Fig. 1.
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FIG. 1. Static hysteresis loops of samples P1 and P2. Inset: magnification at low fields to put in

evidence the coercivity.

Polycrystalline spinel ferrites nanoparticles have been recently considered for hyperther-
mia applications [35, 36] because of their versatility; among these, Ni-Zn ferrites have at-
tracted significant interest because of their easily tunable magnetic properties and sufficient
biocompatibility [37, 38]. In this work Ni-Zn ferrites having composition Ni;_,Zn,FesOy4
(0 <z < 0.8) have been synthesized by a sol-gel autocombustion technique [39]. As the as-
burnt particles already display reasonably good magnetic properties, no calcination at high
temperature is required to transform the dried gel into the final powder with the expected
crystal structure. Therefore, a significant energy saving can be obtained with this sythesis
technique. XRD patterns on the Ni-Zn ferrites samples confirm the formation of a single
phase nano-crystalline cubic spinel structure, independent on the composition, with small
amounts of residual Fe;O3. XRD spectra for the studied Ni-Zn ferrites samples are reported
in Fig. 2, from which average crystallite size is calculated. A summary of the nomenclature
of all the studied samples is reported in Table I, together with the particles / crystallites
sizes and cation information (for Ni-Zn ferrites).

Following the procedure described in [40], from XRD data the cation distribution in the
A- and B- sites has been derived for the Ni-Zn ferrites, as a function of the Zn content. The
results are summarized in Table I. As it turns out, Ni strongly prefers the B-site, whereas
Zn should strongly prefer the A-site [41, 42|. In our case, the absence of high-temperature

post-annealing induces a non-equilibrium cation distribution for Zn occupying both A- and
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FIG. 2. XRD patterns of Ni-Zn ferrites powder samples.

B- sites with a preference for the latter when the content of Zn is large. When both Ni
and Zn are present, Ni forces Zn to the A-site for low values of concentration, and only
when Ni begins to be replaced by Zn its occupancy of the B-site becomes significant. This
non monotonous evolution of the cationic distribution with composition significantly affects
their static hysteresis loops, measured with a VSM, that are shown in Fig. 3. Indeed, the
saturation magnetization has a maximum for the Zn2 sample, whereas the coercive field has
an apparently decreasing trend with Zn content, although not well defined, the sample Zn0
displaying the highest coercive field anyway. A detailed correlation of the microstructure of

these Ni-Zn ferrites with their magnetic properties is out of the scope of this work.



O©CO~NOOOTA~AWNPE

Sample name|Composition Size Cation distribution
P1 Fe3Oy 10 — 20 nm
P2 Fe3Oy 50 — 100 nm
A-site: Fei’.%
Zn0 NiFeyOy 33.6 nm B-site: Ni%BFe“;’B
A-site: NigEOanf’igFeg_‘g2
Zn2 NiggZng oFesO04(32.7 nm B-site: NignganfEQFeg_‘ZS
A-site: NigﬁanfESFegng)
7nb Nig5Zng 5Fes04(27.6 nm B-site: Ningngj5Fegz5
A-site: an})FegEE)
Zn8 Nig2ZnosFep04(22.9 nm  |B-site: NighZngh Feghs

TABLE 1. List of measured samples, indicating their conventional name and composition, particles

size and cation distribution (for Ni-Zn).
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FIG. 3. Left: static hysteresis loops of samples samples Zn0 through Zn8. Right: dependence of
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coercive field with Zn content; the dashed line is a guide to the eye.

I1.2.

A hyperthermia setup consists of a rf coil generating an electromagnetic field in which a
water solution of the studied magnetic particles is immersed. A thermometer measures the
time-dependent temperature variation of the solution during the application of the electro-
magnetic field and after it has been switched off. A hyperthermia setup has been developed
in our laboratory with the aim of performing hyperthermia measurements in non adiabatic

conditions. In order to make measurements reliable, a thorough investigation of the setup

Hyperthermia setup
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is required in order to develop an accurate thermodynamic model. A preliminary version
has been described in [25]; with respect to that, the current setup has been significantly im-
proved, and its model equations consequently updated. Therefore, its complete description,
characterization and modelling will be given in the following.

A schematic representation of the hyperthermia setup is shown in Fig. 4. An eppendorf
tube contains the water-dispersed magnetic nanoparticles, with the desired concentration.
The volume of the solution is set to 1 mL. The eppendorf tube is held in place by a quartz
sample holder that is also filled with water, whose role is to act as a thermostat against
quick temperature variations in the surrounding environment. The quartz holder has a
significantly large volume, approximately 70 mL, of which 12 mL surround the eppendorf
tube in the region that is located inside the exciting rf coil. This consists of a copper pipe
wound in 4 turns; inside the coil, a water flow keeps the temperature at 23 + 1 °C. The rf
coil is excited by a 10 kW resonant power supply coupled with a matching network, and
generates an electromagnetic field with a frequency of ~ 100 kHz and an amplitude of its
magnetic component in the 0—100 mT range. According to [43], at an operating frequency of
~ 100 kHz the magnetic field should not exceed ~ 60 mT during hyperthermia treatments;

in the following, this will be treated as the upper limit for hyperthermia measurements.

R.F. Coil

Water in holder
‘ Water in .

- eppendorf '
Magnetic

nanoparticles

FIG. 4. Schematic representation of the hyperthermia setup, with its main components depicted

in different colours and associated to the corresponding element in the photograph.

The temperature of the water solution containing the magnetic particles is measured by
means of a fiber-optic fluorescence thermometer, that can be operated under the application
of the rf field without electromagnetic interference and without contributing to the heating of
the sample. Real-time acquisition of the temperature of the water solution in the eppendorf

tube is therefore possible with the rf field switched both on and off.
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The aim of an hyperthermia setup is to measure the specific absorption rate (SAR)
of the magnetic nanoparticles dispersed in the water solution while they are exposed to
the exciting rf electromagnetic field. As this is a measurement of power, a calorimetric
measurement would be advisable [44]; however, this approach is usually quite complex. A
simpler approach consists in assuming negligible heat exchange between the experimental
setup and the surrounding environment (adiabatic approximation); this condition can be
achieved mostly by reducing the measurement time to just a few seconds after the rf field has
been switched on. The initial slope of the temperature vs. time curve is then used to estimate
the SAR under the assumption of adiabatic conditions [45]. In our case [25], as with other
experiments as well [11], the experimental setup is instead considered as non-adiabatic, but
its heat exchange with the surrounding environment is thoroughly investigated and modelled.
As a result, the SAR measurement will come from a complete description of the whole time
evolution of the temperature of the water solution in the eppendorf tube, during the heating
process when the rf field is on, and during the cooling process after it has been switched
off. As we will see in the following, a thermodynamical model will be used to reproduce the
temperature vs. time experimental curves; the model will contain only physical quantities
that have been measured during the calibration and system’s characterization phase, having
as the only free parameter the power released by the hyperthermia source (i.e. the magnetic
nanoparticles). This parameter will be adjusted to reproduce the experimental curve, and

will therefore provide a direct measurement of the SAR of the particles.

The modelling of the experimental setup takes into account the heat exchanged between
its various components and the surrounding environment. The magnetic nanoparticles ex-

cited by the rf electromagnetic field provide the source term of heat, whose time variation

JQS _ 6Qs,out
e dt

equals the amount of heat per unit time that is transferred to the water in the
solution. As a consequence, the water contained in the eppendorf tube receives an amount
of heat (y.in, and in turns exchanges heat )y o With the quartz holder filled with water.
Similarly, the quartz holder receives heat (@) from the eppendorf tube and releases en-
ergy (Qn.out) to the surrounding environment. These energy terms are not all independent,

but are linked by the following relationships:



O©CO~NOOOTA~AWNPE

6Qs,out - _6Qw,in

a dt (1a)
5Qw out 5Qh in

SR L 1b

dt dt (1b)

stating that the heat released by the particles is all transferred to the water in the eppendorf
tube, and the heat in the eppendorf tube is all transferred to the quartz holder. The
heat exchange is due to the temperature difference between the various constituents of the
experimental setup and/or the surrounding environment. Therefore, the following equations

can be written:

5Qs,out — _6Qw,in — _% [Ts (t) - Tw (t)] (2&)

dt dt Ts
5Qw out 5Qh mn (athwhl + (1 - awh) Twh?) Coy My
out __ O&hin _ T, (t) — T, (t 2b
- = T ()~ Tu ()] (2b)
0Qh,out (@haThat + (1 — Qha) Thaz) ChU,
— = — T - T 2
i T -T.) (20

where:

e ¢, and my are the specific heat and mass, respectively, of the heat source (magnetic

nanoparticles);

e 7, is the time constant at which heat exchange from the source (nanoparticles) to the

water contained in the eppendorf tube takes place;
e T, is the time-varying temperature of the source (nanoparticles);
e T, is the time-varying temperature of the water in the eppendorf tube;
e similarly, ¢,, and m,, are the specific heat and mass of the water in the eppendorf tube;

e T,n1 and T2 represent the time constants of the heat exchange mechanisms between
the water in the eppendorf tube and the water filled quartz holder; two time constants
are used as the experimental data indicate that two heat exchange mechanisms acting
in parallel should be taken into account to reproduce the experiment; as they may not
be equally efficient, a coefficient a.,;, € [0, 1] weights one mechanism with respect to

the other; more details on how these time constants are obtained will be given later.;

10
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e T}, is the time-varying temperature of the water in the quartz holder;

e ¢, and my, are the specific heat and mass of the water in the quartz holder (region

surrounding the eppendorf tube);

® Tp,1 and Tpee represent the two time constants of the heat exchange mechanisms be-
tween the quartz holder and the outside ambient, weighted with their respective ay,

coefficient;

e T, is the outside ambient temperature, that is assumed time-varying as the room

temperature may be subject to drifts during the hyperthermia measurements.

Finally, the source term, that releases heat to the water contained in the eppendorf tube,
must also directly include the power P provided by the electromagnetic field that excites

the magnetic nanoparticles. Therefore, equation 2a should be replaced by:

0Q)s _p CsMSg
dt T

[T (1) = T (1)] (3)

From the first principle of thermodynamics, AU = AQ — AL and by assuming AL =0
(i.e. there is no work against the outside, or the volume of the water contained in the eppen-
dorf tube and in the quartz holder does not change with temperature, that is approximately
true for temperature variations of just a few degrees), the overall heat change AQ in the
system equals the variation of its internal energy AU, that is a function of its temperature.
We can then write for the source, water in eppendorf and water in quartz holder terms

respectively:

AC?s,w,h

m = Cs,w,hMs,w,h (4)

By combining equations 2, 3 and 4 one obtains:

11
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dT; (t) CsMig

Mg =P, - T,(t) — T, (t
com, (7, 1) — T 1)
(5a)
dTw (t) CsMg Qwh Twhl + (1 — awh) Twh?2
= T. - T, — T, —T;
Cw My di 7 [T (t) w ()] T 1 Tane CwMu [T (t) h ()]
(5b)
dl, (t)  cwnTwn + (1 — aun) Twne
= wMaw [ Tw (8) — T3, (T
ChTTth dt Twh1Twh2 Cullt [ ( ) h( )] *
a'lha 1 - a a
_Qp That + ( Qha) Th 2chmh[Th(t)—Ta(t)]
ThalTha2

(5¢)

Indeed, equations 5 omit an important contribution, that of the water contained in the
eppendorf tube (even without the magnetic nanoparticles) and in the quartz holder, that
subjected to the rf electromagnetic field heats up slightly due to ionic currents. Therefore,
two power terms P, and P, must be added to equations 5 taking into account this effect.
Additionally, when no particles are dispersed in the eppendorf tube (and therefore P; = 0),
the temperature of the water in the eppendorf tube and in the quartz tube must be the same
(T (t) = Ty, (t)), thus leading to a proportionality between P,, and P}, through the respective
amounts of water: P, = z_ZPw' As a consequence, the final equations describing the heat
exchange between the various components of the hyperthermia setup and taking into account
the heat dissipation towards the external environment and the heat released by the magnetic
nanoparticles and by the ionic currents in the water when the rf electromagnetic field is on

are the following:

dT; (t) CsMeg
M =P, — T, (t) =T, (t
e, 2 (1, (1)~ T (0]

dT, (t)  csms Qb Twn1 + (1 = Quwn) Twnz

= T. — P, — T, —
Coy My di Ts [T (t) w (1)) + Py T T CwMa [T (1) h ()]
(6b)
ey ) CunTuns ¥ A= Qur) Tz, e (1) (] 4 TP

dt Twh1Twh2 My

_ahaThal + (1 - aha) Tha2

ThalTha2

e [Th (t) — T, (1))

(6¢)

12
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When the rf field is off, the same equations hold, but the two power terms P, and P, are
equal to zero.

The three coupled differential equations (equations 6) can be solved (numerically) in the

three unknowns Ty (t), Ty, (t) and T}, (¢), of which:

T, is the temperature of the magnetic nanoparticles, and is not directly accessible;
however, the model can estimate it, provided reasonable values for my, ¢, and 7, can

be given (m; being the only easily measurable quantity among these);

T, is the temperature of the water in the eppendorf, and is the quantity that is directly

measured by the fiber optic thermometer;

T}, is the temperature of the water in the quartz holder, and could be directly measured

by the same thermometer if required.

In order to solve equations 6, the quantities listed in Table II must be known. Of these,
Cw = ¢, are known from literature, m,, and my; are known by design of the experimental
setup, and my is measured when preparing each sample for hyperthermia characterization.
The time coefficients T,n1, Twh2, Thar and T and the coefficients «,,, and «y, are determined
during system’s calibration, as we will see shortly, as well as the power P, released by the
water submitted to the rf exciting field. ¢; and 74 are more difficult to be known, however
their exact value is not strictly required for the determination of the specific absorption rate.
In fact, ¢ only affects the value of T obtained by solving equations 6, whereas the other
two unknowns 7T, (which is measured) and 7}, remain unchanged. Since the temperature of
the source (nanoparticles) is not directly measurable, a very precise value for ¢ is not really
required: a lower specific heat would result in nanoparticles having a higher temperature,
and a higher specific heat would result in nanoparticles having a lower temperature, but the
effect on the rest of the system, and especially on the temperature of the water solution 7,
remains the same. For this reason, the value of ¢, reported in literature for bulk FesO,4 has
been used; attempts to investigate the effect of particles size on the specific heat value, or
to adapt it to different nanoparticles compositions, are out of the scope of this work. On
the contrary, 7, affects the speed at which the particles respond to the application of the rf
field. Experimentally, the temperature of the water solution as measured by the fiber optic

thermometer starts to increase almost immediately after the rf field is switched on; this

13
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parameter|value notes
Cs 670 J kg7t K1 conventional value, affects T which cannot be directly measured
My (...) mg mass of particles, to be measured for each sample
conventional value, must be < 7, and 73,
Ts 10 s to reproduce experimental data
obtained iteratively by solving equations 6
Py (.0 W and comparing Ty, with the experimental data
Cw 4187 J kg=! K1 specific heat of water
My lg mass of water in eppendorf tube
Twhl 52.7 s determined during system’s calibration
Twh?2 722.9 s determined during system’s calibration
Quh 0.86 determined during system’s calibration
ch 4187 J kg™t K1 specific heat of water
mp 12 mg mass of water in quartz holder inside rf coil volume
Thal 800.1 s determined during system’s calibration
Tha 9121.8 s determined during system’s calibration
0.36 for H, = 30 mT
0.60 for H, =40 mT
0.78 for H, = 50 mT
Qg 0.76 for H, = 60 mT determined during system’s calibration
4.5 mW for H, = 30 mT
11.5 mW for H, = 40 mT
19.0 mW for H, = 50 mT
P, 26.5 mW for H, = 60 mT |determined during system’s calibration

TABLE II. Values of the parameters appearing in equations 6.

suggests that the heating process begins immediately. Any value of 7, would satisfactorily

reproduce the experimental data, as long as 7, is shorter than the time constants of the

other heat exchange mechanisms. Finally, once the calibration and characterization of the

experimental setup is complete, P remains as the only unknown parameter, which can be

set arbitrarily and iteratively refined by comparing the time-dependent T,, value obtained

by solving equations 6 with the experimental measurement of the temperature of the water

solution. Once a satisfactory agreement is obtained between the experimental and calculated

data, the value of P, divided by the particles mass my, gives the desired specific absorption

rate.

In order to estimate the values of the parameters reported in Table II, a suitable calibra-

14
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tion and characterization procedure of the experimental setup must be followed, that will be
now detailed. The time constants 7,1 and 7,2 of the heat exchange mechanisms between
the eppendorf tube and the water filled quartz holder, and their relative weight coefficient
Quun, can be obtained by putting in the eppendorf tube 1 mL of water (as 1 g is the chosen
value for m,,) pre-heated at different temperatures (for example on a hot plate), in order
to measure the time-evolution of the temperature of the water in the eppendorf as it cools
down by exchanging heat with the surrounding water filled quartz holder. The time decay of
the temperature, due to the difference between T, (pre-heated externally) and T}, (at room
temperature), can be measured with the fiber optics thermometer and subsequently fitted
with the sum of two exponential functions. Figure 5 shows an example of the collected data,
together with the fitting equation that has been used. This procedure has been repeated
several times using water pre-heated at different temperatures, and the T,n1, Twne and oy,
values averaged, giving the results reported in Table II. The data reported in Fig. 5 could
not be fitted with a single exponential function, therefore two dissipations mechanisms with

different time constants have been taken into account in the model leading to equations 6.

60 T T T T

o experiment

2 exponentials fit

50 i

—_t —_t
Qpp€ Twhl + (1 — awh) e Twh2 + ¢ T

20 s 1 s 1 s
0 500 1000 1500

t(s)
FIG. 5. Time decay of the temperature of the water contained in the eppendorf tube, without

magnetic nanoparticles, pre-heated on a hot plate, and fitted with the sum of two exponentials.

To determine the time constants 75,1 and 75,40 and their relative weight coefficient ay,,,
an eppendorf tube filled with 1 mL (m,, = 1 g) of water but without magnetic nanoparticles
dispersed inside has been put in the water filled quartz holder. The rf field has been switched

on at a given peak (or vertex) amplitude H,, and the temperature T, has been measured as

15
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a function of time. After 1 h, the rf field has been switched off and T, recorded for another
hour while the system was cooling down. Then, equations 6 have been solved (using the
Twhls Twhe and a, values determined earlier and by putting P; = 0), under the assumption,
already discussed, that the temperature of the water in the eppendorf tube and in the quartz
holder is the same (i.e. T, = T} at any time). Four parameters must be iteratively varied
in order to reproduce the experimental data: Th.1, Theo and ay, that affect the temperature
dependence of T,,, and P, that only affects how much the temperature of the water in the
eppendorf tube increases (i.e. it simply scales the vertical axis of the calculated curve). An
example for a H, peak value of 50 mT is reported in Fig. 6. Several repetitions have been
made for different H, values from 30 to 60 mT. A weak, linear dependence of T, over time
has been considered when required to account for the variation of the temperature of the
room during the measurements as time passed by. The values of Th41, Tha2, Qne and P,

obtained for the different H, vertex values have then been averaged, and are reported in

Table II.

31 T T T T T T T T T T T T T T

30
29
O 28
e A
2

[N 27

26

H, =50 mT @ 100 kHz
P, =19.0 mW

25

24 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000
t(s)
FIG. 6. Temperature dependence of the water in the eppendorf tube T}, (symbols) under an rf field

H, having a peak value of 50 mT. The power released by the water P, as calculated by solving

equations 6 (green line) is equal to 19 mW.

Once the hyperthermia setup characterization is complete, it can be used to measure
the specific absorption rate of the desired water dispersion of magnetic nanoparticles. As
an example, Fig. 7 shows the time-dependent variation of T,, for a solution containing 25

mg/mL of powders of sample Zn2, together with solution of equations 6 obtained for a value
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of P, equal to 700 mW, under an applied rf field of 30 mT. It is worth reminding that in
order to solve equations 6 reported in Fig. 7 only one quantity (P;) is unknown, all the
others having been determined during the calibration process. Since the heat released by
the water alone under a given rf field has been obtained as part of the calibration process and
is properly taken into account in equations 6, P, which is adjusted iteratively, represents
the actual power released by the source (magnetic nanoparticles). Divided by the mass of

the particles, P, gives the specific absorption rate:

sap— Lo (7)

50 T T T T T T T T T T T T T T

45

40

35

Ty (°C)

30

Zn2 sample, 25 mg/mL
H,=30mT @ 100 kHz
Ps =700 mW, SAR =28 W/g

25

20—
0 1000 2000 3000 4000 5000 6000 7000

t(s)

FIG. 7. Temperature dependence of the water dispersion of 25 mg/mL of powders of sample Zn2
in the eppendorf tube (T}, symbols) under an rf field H, = 30 mT. The power released by the

particles Py is calculated by solving equations 6 (green line) and is equal to 700 mW.

I1.3. Hysteresis loops measurements

Magnetic hyperthermia exploits the frequency dependence of the complex magnetic per-
meability i (v) of magnetic particles. The real part of the permeability enhances the response
of the material to the magnetic field, whereas its imaginary part is responsible for the hys-
teresis losses, which cause energy dissipation in the material and, eventually, its heating. In
order to investigate the mechanisms leading to the highest efficiency for hyperthermia appli-

cations and to optimize the materials’ performance, it is of utmost importance to measure
)
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hysteresis losses in magnetic nanoparticles, under experimental conditions as close as possi-
ble to those exploited in hyperthermia treatments. In particular, both vertex values of the
applied field and field frequency should be chosen close to the ones used in the hyperthermia
setups.

This requirement is particularly burdensome. The magnetometers normally used for the
characterization of magnetic particles (e.g. VSM, SQUID) [46, 47| can apply very large
fields, but only perform static measurements; at most, they can measure AC magnetic
susceptibility at frequencies usually below 1 kHz and with maximum applied alternating
fields of fractions of mT. Conversely, B-H loop tracers based on the inductive technique are
able to measure frequency-dependent hysteresis loops (for applied field frequencies usually
going up to a few hundred kHz or even a few MHz) [48], but the applied fields are extremely
weak and cannot reach several tens of mT at frequencies of the order of 100 kHz (as for
our hyperthermia setup). However, provided that hysteresis loops are available for the
studied magnetic particles, their specific absorption rate can be estimated from the loops
areas, that express the energy dissipated by the particles in one loop. It would therefore be
extremely important to compare SAR values obtained from magnetic measurements with
those measured in a hyperthermia setup.

To accomplish this task, we have used two different approaches. Static hysteresis loops
have been measured on the studied samples, in dried form (i.e. the particles are not dispersed
in water), by means of a vibrating sample magnetometer (VSM). Loops have been measured
both at the maximum field that could be applied (1800 mT), and at vertex fields in the range
10 —100 mT (i.e. the typical values in hyperthermia experiments), in static conditions. The
magnetic moment measured by the VSM is normalized at the sample mass, then the loop
area is calculated and converted to J/g. Finally, if we assume that the static hysteresis loop
would remain unaltered if performed under a time-varying magnetic field at a frequency v
(e.g. v =100 kHz as in our hyperthermia setup), the loop area can be multiplied by v to
obtain the power loss per unit mass, i.e. in W/g, as an estimate of the specific absorption
rate of the magnetic nanoparticles.

Dynamic loops have instead been measured with a custom-built B-H loop tracer [49],
whose schematic representation is given in Fig. 8.

A water-cooled copper pipe wound to form a coil is connected to the same power supply

used for hyperthermia measurements. In order to accommodate the bulkier setup (compared

18



O©CO~NOOOTA~AWNPE

rf coil sample

=7

compensated

pick-up coils
L.
-
<€——— H coil
L.

FIG. 8. Schematic representation of the B-H loop tracer used for dynamic hysteresis loops mea-

surements.

to the hyperthermia one), a longer coil has been used; since the power supply operates in
resonant conditions, the increased inductance reduces the actual rf field frequency to ~ 69
kHz, which is still comparable to the 100 kHz of the exciting field used in hyperthermia
experiments. In normal B-H loop tracers [50], the magnetic field is calculated from the
measurement of the time-dependent electrical current that flows in the solenoid generating
the field, once its calibration factor has been determined. However, in our setup, the high
power required for operating the rf coil at such high frequency and field intensity prevents
putting a resistor in series with the rf coil and measuring with an oscilloscope the time
evolution of the current. Therefore, a field (H) pick-up coil, operating as a tensiometer,
and having 2 turns, has been inserted in the rf exciting coil, and it has been calibrated to

determine its cross section.

Similarly, in the rf exiting coil counter-wound B pick-up coils have been put, made of 10
turns and with a calibrated cross-section, that have been precisely built to compensate the
concatenated flux, so that when no sample is inserted in one of the two coils, the induced
voltage is equal to zero. Once a sample is inserted in one of the coil, the resulting unbalance
induces an electromotive force at the two connectors of the B coils that is proportional to
the time derivative of the sample magnetic induction. Both signals of the H and B coils are

filtered with low noise pre-amplifiers (gain = 1, band pass from 10 to 300 kHz) and then
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acquired with a digital oscilloscope. In order to take into account the parasitic capacitance of
the twisted wires connecting both sets of coils to the amplifiers, a phase shift measurement
has been performed with a lock-in amplifier between each of the two B coils and the H
coil, and the resulting phase shifts subtracted. Then, the remaining parasitic phase shift is
compensated during data analysis by offsetting the time base of the B signal with respect to
the H signal by the proper angle. To obtain the final hysteresis loop, both H and B traces
are downloaded from the oscilloscope, integrated, and the relevant calibrations applied in
order to obtain H in T (or in A/m) and B in T. Then, the area of a single loop is calculated.
Given the sample volume and mass, and the frequency of the rf field being known, the
loop area in W /g can be calculated, equivalent to a dynamic magnetic measurement of the
specific absorption rate.

It is worth commenting in more details the physical differences of the SAR values ob-
tained by the three discussed techniques: static hysteresis loops, dynamic hysteresis loops
and hyperthermia measurements. Static hysteresis loops only take into account the hystere-
sis losses arising from the magnetic anisotropy of the sample, either due to its crystalline
microstructure or to local defects and imperfections. As static loops are measured in equi-
librium conditions, no contribution due to Eddy currents is expected, neither at the scale
of the sample volume (dynamic losses), nor at the scale of the domain walls or particles
boundaries (excess losses) [51]. In general, SAR values obtained from static hysteresis loops
are expected to underestimate SAR values in actual hyperthermia experiments, on the same
samples.

Dynamic loops, on the contrary, exploit time-varying magnetic fields that can induce
both dynamic and excess losses in the samples. The SAR values obtained by dynamic
loops are expected to be higher than those measured by static loops, but depend on the
measurement frequency, as both dynamic and excess losses depend on v [51|. In our case,
the small difference in operating frequency between the B-H loop tracer (~ 69 kHz) and
the hyperthermia setup (=~ 100 kHz) is expected to cause a small underestimate of the SAR
value obtained by dynamic loops.

Hyperthermia experiments, finally, can provide a way to measure the specific absorption
rate in conditions that usually do not match those available in VSM or SQUID systems and
in B-H loop tracers: in fact, the magnetic particles are dispersed in solution for hyperthermia

characterizations, but usually are not when hysteresis loops are measured. The mobility of
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the particles in the solution during hyperthermia treatment may affect the heat dissipation
mechanisms, by adding a friction contribution due to particles rotation in water, and by
potentially reducing a magnetization reversal mechanism in the particles if they are able to
follow to a certain extent the time-varying magnetic field by rotating under its influence.
These contributions are not accessible by static loops measurements, but could be evaluated
exploiting dynamic loops characterizations of water dispersed particles. However, the addi-
tion of water in the sample holder in a B-H loop tracer lowers the signal (as fewer particles
are used) and adds a parasitic parallel capacitance to the pick-up coils, that is rather difficult
to compensate [2], and may lead to unreliable measurements of B and therefore of loop area
and SAR. In addition, the magnetic properties of particles dispersed in fluid may be signifi-
cantly affected by their aggregation state, thus leading to even greater discrepancy between
the SAR estimates obtained by static loops, dynamic loops and hyperthermia measurements
[52, 53].

In the next section, static loops, dynamic loops and hyperthermia results will be compared

on all samples listed in Table I.

IIT. RESULTS AND DISCUSSION

Two examples of hyperthermia characterizations of samples P1 and P2 are reported in
Fig. 9. A full set of experimental T,, vs. t curves has been measured on both samples for
different rf magnetic field intensities in the 30 —60 mT range. The experimental curves have
been compared with the calculated solutions of equations 6, until a satisfactory agreement
has been found. The corresponding P, value has then been used to calculate the SAR by
means of equation 7. SAR values as a function of the rf magnetic field intensity are reported
in Fig. 9 as well.

The hyperthermia behaviour of samples P1 and P2 is very different: P1 is characterized
by a low SAR value that is constant with the applied field intensity, whereas sample P2
shows much larger SAR values, that increase with the rf applied field. At first, this behaviour
seems in agreement with the static hysteresis loops of these two samples, discussed in Fig. 1:
sample P1 is superparamagnetic, therefore having zero or at least negligible hysteresis losses.
As a consequence, its SAR value is expected to be extremely low. Conversely, sample P2 is

made of larger particles, that at room temperature have overcome their blocking temperature
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FIG. 9. Time dependence of the temperature T, of the water solution containing P1 (top layer)
or P2 (middle layer) particles at selected concentrations and applied rf fields: full symbols are the
experimental data, green lines are the solutions of equations 6 for the indicated Ps value. Bottom

layer: SAR dependence on the rf magnetic field intensity for samples P1 and P2.

and consequently present a magnetic hysteresis. As a result, a non negligible SAR value is
obtained. However, this picture turns out to be somewhat too simplified.

Static and dynamic hysteresis loops have been measured on P1 and P2 particles in dried
form at different maximum applied field values comparable to rf fields used in hyperthermia
experiments. The results are summarized in Fig. 10. Static loops of sample P1 are not shown

as all magnetization curves, acquired at different applied fields, perfectly superimpose, being
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this sample superparamagnetic. Conversely, sample P2 shows a well defined increase of the
static loop area as the maximum value of the applied field is increased. However, both
samples report measurable loop areas when dynamic hysteresis loops are measured. Sample
P2 continues displaying a larger hysteresis, while P1 presents a weaker but not negligible

dependence on the maximum applied field value.

20 — T T T T T T T T T T T T T T
P2
151 static loops
10}
~ 5}
2
=]
€ of
R
= 5+
—10}
Hy =50 mT
-15 H, =80 mT
_20 1 1 1 1 1 1 1
-80 -60 40 20 O 20 40 60 80
LOH (mT)
6 T T T T T T T T T 10 T T T T T T T T T
5t P1 8 sl P2 _
4L dynamic loops ] dynamic loops
L 6F 4
3 - .
ol ] 41 4
— 4l 1~ 2 ]
E =
E ot i E or 1
o -1 1@ ot = 17.2mT
-2 R _al Hy=24.1mT ]
3k —— Hy=151mT ] H,=30.2mT
_al —— Hy=222mT ] -6 H, =36.7 mT -
L H, =343 mT sl Hy =40.1mT ]
-Sr —— H,=457mT ] H, =50.1 mT
_6 1 1 1 1 1 1 1 1 1 - O 1 1 1 1 1 1 1 1 1
—-50-40-3020-10 0 10 20 30 40 50 —-50-40-3020-10 0 10 20 30 40 50
poH (mT) HoH (mT)

FIG. 10. Static and dynamic minor loops of samples P1 and P2 at room temperature at selected

vertex fields.

A nanoparticles sample can be either in a superparamagnetic or blocked configuration [54]
depending on the temperature at which it is measured, either above or below the so-called

blocking temperature Tz, defined as:

KV
= ®)
In ;LokB

where K is the magnetic anisotropy of the particle, V' its volume, kg the Boltzmann constant,

Ts

7o is the characteristic Néel relaxation time (of the order of 1079 s) and 7 is the characteristic
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time of the measurement performed on the particle. It is conventionally assumed that for
static hysteresis loops measurements 7 = 100 s, and the logarithm is then approximately
equal to 25. Given the material (e.g. Fe;O4 as is the case for samples P1 and P2), the
blocking temperature increases if the particles size (and therefore their volume V') increases.
It is therefore directly understandable why P1 is superparamagnetic and P2 is not, since
P2 has larger particle sizes. Since T also depends on 7, equation 8 also explains why the
dynamic loops of sample P1 do not show a superparamagnetic behaviour: in fact, 7 decreases
from 100 s to ~ 1.4 - 107° s (the inverse of the rf field frequency of the B-H loop tracer),

therefore by 7 orders of magnitude, therefore shifting Tz to much larger values.

However, when static or dynamic loops are measured, the samples are in dried form, there-
fore their particles tend to aggregate and constitute correlated magnetic units behaving as
they were potentially much larger particles, potentially already in the blocked regime. When
hyperthermia experiments are performed, instead, the particles are dispersed in water, where
they interact with each other much more weakly and tend to form much smaller aggregates.
This decreases the effective volume V' of the particles in equation 8, therefore reducing Tz
in hyperthermia measurements with respect to dynamic loops measurements. It is therefore
possible that sample P2 is and remains ferromagnetic in all measurement conditions (static
loops, dynamic loops, hyperthermia), whereas for sample P1 Ty crosses room temperature
depending on the measurement conditions (superparamagnetic state during static loops,
blocked state during dynamic loops because of decrease of 7, superparamagnetic state dur-
ing hyperthermia because of decrease of effective volume V'), therefore leading to no static
losses, measurable dynamic losses, but still a SAR value close to zero. It is also worth ob-
serving that the aggregates in quasi superparamagnetic systems, such as small nanoparticles
dispersed in liquid as for sample P1, could have a SAR even lower than expected because
of the possible effect of dipolar interactions on the Néel relaxation time, which lowers the

efficiency of the energy absorption of the nanoparticles [52].

A summary of the SAR values determined with the three techniques for samples P1 and
P2 is plotted in Fig. 11. As discussed above, sample P1 has a low and constant (with applied
H, value) SAR measured by hyperthermia, and low but increasing SAR values measured
by dynamic loops areas. Static loop areas data are not reported as they are vanishing for
this sample that is in a superparamagnetic condition. Conversely, sample P2 shows that

the SAR determination by static loops areas is the lowest of the set. This is due to the
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fact that static losses do not include all the dynamic contributions to the energy loss and
therefore to the temperature increase of the material. In fact, SAR values calculated from
dynamic loops areas turn out to be larger, even if SAR values obtained by hyperthermia
measurements are even larger, partly because of the higher measurement frequency in the
hyperthermia setup with respect to the B-H loop tracer, and possibly also indicating that in
this sample energy loss mechanisms take place in the water dispersed particles that are not
present in the dried sample used for hysteresis loops measurements. Indeed, the different
aggregation states between the dried sample used for dynamic loops and the water solution
used for hyperthermia may lead to different dipolar interactions within and among particles

clusters, whose effects on SAR turn out to be complex and not easy to predict [53, 55].

Even though the specific absorption rate calculated from static hysteresis loops underes-
timates the actual power losses of magnetic particles in hyperthermia applications, it can be
nonetheless a useful guide in selecting the most promising materials. An evidence is shown
in Fig. 12, where areas of static hysteresis loops are reported for all studied Ni-Zn ferrites
as a function of the maximum applied magnetic field H,. The non-monotonous behaviour of
their magnetic properties already discussed in Fig. 3 is visible here as well, with sample Zn2
displaying the largest static losses for H, < 60 mT, even if this sample does not have the
largest coercive field at saturation (see inset of Fig. 3). For comparison, Samples Zn2 (with
the highest static losses) and Zn0 (with the lowest static losses) have been characterized by

dynamic loops and hyperthermia measurements.

A selection of dynamic loops at different vertex fields H, and a summary of the SAR
estimates obtained with the three methods for Zn0 and Zn2 samples are reported in Fig.
13. As expected, the specific absorption rate determined by static losses is significantly
underestimated, whereas for these samples dynamic losses and hyperthermia results overlap.
This result can be attributed to at least two concurring causes. Even though the crystallites
sizes reported in Table I are in the 20 — 30 nm range, ferrites prepared with sol-gel auto-
combustion methods tend to sinter in quite large aggregates [56-59], that persist in the water
solution. Therefore, the effective size of the elements whose magnetization is coherently
excited by the rf field should remain approximately the same in both dynamic loops and
hyperthermia experiments. In addition, the difference in the operating frequencies of the
two setups does not induce significant variations of the magnetic losses because of the high

resistivity of Ni-Zn ferrites (up to 10° Qcm), especially when obtained with methods different
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FIG. 11. SAR values for samples P1 and P2 as a function of the maximum applied magnetic field
obtained by static hysteresis loops areas (red curves and upward triangles), dynamic loops areas

(black curves and square symbols) and hyperthermia (blue curves and downward triangles).

than the conventional ceramic one, because of the relatively small crystallites sizes and well-
defined grain boundaries [59-62|. In these conditions, the frequency dependence of the
magnetic losses is reduced, and a remarkable overlap between the SAR values obtained by
dynamic loops areas and hyperthermia measurements is obtained. With respect to the static
loops measured at saturation (see Fig. 3), where sample Zn0 had the maximum coercivity
and sample Zn2 the highest saturation, static loops measured at H, values comparable to
those of hyperthermia measurements correctly predict that the SAR for the Zn2 sample is

higher than that of the Zn0 composition, even though for a correct measurement of the
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FIG. 12. Static hysteresis loops areas as a function of the maximum applied field for all studied

Ni-Zn ferrites.

specific absorption rate either dynamic loops or hyperthermia experiments must be carried

on.

IV. CONCLUSIONS

The necessity to assess the viability of magnetic nanoparticles hyperthermia as a thera-
peutic technique in tumor treatment requires the availability of experimental data regarding
both the fundamental properties of the studied particles (magnetization curves, hysteresis
losses) and their thermal properties during hyperthermia treatments. These data are often
available from different sources in conditions that make them difficult to compare.

In this work, we have developed experimental techniques for determining the specific
absorption rate of magnetic nanoparticles of interest for hyperthermia applications in three
different ways: by evaluating static hysteresis loops areas, by evaluating dynamic hysteresis
loops areas, and by measuring the temperature increase of a water solution containing the
nanoparticles during exposition to a rf electromagnetic field. The first method is conventional
and only requires commonly available magnetometers (such as VSM or SQUID), but has been
shown to lead to SAR values that severely underestimate specific absorption rates in actual
hyperthermia conditions. Moreover, in the case of superparamagnetic nanoparticles, both
the magnetic interactions among them (that affect their effective volume) and the reduction

by orders of magnitude of the measurement time (with respect to static loops) may lead
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FIG. 13. Dynamic hysteresis loops at selected vertex fields and SAR measurements obtained with
the three methods (static loops: red curves and upward triangles; dynamic loops: black curves and

squares; hyperthermia: blue curves and downward triangles) on Zn0 and Zn2 Ni-Zn ferrite samples.

to significant variations of their blocking temperature, that could cross room temperature
in hyperthermia conditions, whereas the nanoparticles still appear superparamagnetic when
static loops are concerned. However, for ferromagnetic samples with a significant hysteresis,
static loops provide nonetheless a valuable tool to select the candidate materials having the
best expected SAR values through a careful analysis of the loops areas within the magnetic

field values of interest for hyperthermia applications.

The second method, i.e. the measurement of dynamic loops at frequencies and magnetic
field intensities comparable to hyperthermia conditions, cannot exploit conventional B-H
loop tracers, as the power required to generate a magnetic component of the rf field up to
several tens of mT at frequencies of the order of ~ 10° Hz is excessive. Therefore, we adapted
the hyperthermia setup to measure dynamic hysteresis loops on magnetic nanoparticles,

although in dried form. With respect to conventional B-H loop tracers, the main difference
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is the measurement of the H component, that requires an additional tensiometer instead of
a normal resistor in series with the coil or solenoid. After proper calibration of the cross
sections of the H and B pick-up coils, dynamic loops on magnetic nanoparticles can be used

to estimate SAR values where the dynamic components of the losses are not neglected.

The third method is a direct measurement of the specific absorption rate with a magnetic
hyperthermia setup. The usual limitations of this kind of equipments (i.e. the necessity to
assume adiabatic conditions and to perform, as a consequence, very short measurements,
when only very limited temperature increases are reached) have been addressed by develop-
ing an experimental setup operating in non-adiabatic conditions, where the heat exchange of
its components among themselves and with the surrounding environment have been properly
taken into account in a thermodynamic model. A calibration procedure allows to determine
all the physical quantities appearing in the mathematical model, leaving as a free param-
eter only the power released by the magnetic nanoparticles to the water solution, whose
temperature is experimentally measured. By comparing the experimental data and the re-
sults of the integration of the model equations, the specific absorption rate of the particles
can be reliably attained. Dynamic hysteresis losses have been also shown to correctly give
hyperthermia SAR values in magnetic particles whose ferromagnetic behaviour is already

sufficiently strong even in static loops measurements.

Finally, it should be noted that the thermodynamical model used for the hyperthermia
setup is quite general and could be adapted to other systems as well. In addition, it could
provide useful information on the thermal properties of the magnetic nanoparticles. In fact,
if their specific heat is known with sufficient precision, the model is able to predict the actual
temperature of the particles (and not only of the water solution containing them), that is
normally not accessible, and that could be an important quantity to know for determining
potentially harmful effects of hyperthermia on living tissues. Moreover, the model would
even allow the determination of a temperature-dependent SAR, should self-limiting magnetic
nanoparticles be employed [63-66]. In this case, in fact, SAR would not have a unique value
any more, as the heat transfer efficiency of the particles would depend on their temperature
(and its proximity with their Curie temperature), and all methods of SAR evaluation not
based on the analysis of a whole time-dependent temperature curve would be inadequate.
Instead, in the present model, a temperature dependence of P, could be imposed, although

to the detriment of an easy integration of the set of thermodynamical equations.
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