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Abstract

The role of agglomeration and magnetic interparticle interactions in heat generation of
magnetic ferrofluids in an ac magnetic field is still unclear, with apparent discrepancy between
the results presented in the literature. In this work, we measured the heat generating capability
of agglomerated ferrite nanoparticles in a non-invasive ac magnetic field with f = 100 kHz
and Hy = 13kA m~'. The nanoparticles were morphologically and magnetically
characterized, and the specific absorption rate (SAR) for our ac magnetic field presents a clear
dependence on the diameter of the nanoparticles, with a maximum SAR = 48 W ¢! for

15 nm. Our agglomerated nanoparticles have large hydrodynamic diameters, thus the
mechanical relaxation can be neglected as a heat generation mechanism. Therefore, we
present a model that simulates the SAR dependence of the agglomerated samples on the
diameter of the nanoparticles based on the hysteresis losses that is valid for the non-linear
region (with Hy comparable to the anisotropy field). Our model takes into account the
magnetic interactions among the nanoparticles in the agglomerate. For comparison, we also
measured the SAR of non-agglomerated nanoparticles in a similar diameter range, in which

Néel and Brown relaxations dominate the heat generation.

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic fluid hyperthermia (MFH) is a process where the
increment of temperature in a target tissue is achieved by
the magnetic losses of a ferrofluid constituted by magnetic
nanoparticles in a liquid medium in the presence of an ac
magnetic field. MFH has been presented as a promising
oncology protocol in many in vitro and in vivo studies
[1-5]. The nanoparticles used for MFH, in general, are
based on superparamagnetic iron oxide systems, especially
magnetite (Fe;O4) and maghemite (y-Fe,O3) because of their
biocompatibility and high magnetization [6].

4 These authors contributed the same amount to this paper.

0022-3727/13/045002+13$33.00

The heat generation mechanism in a ferrofluid containing
dispersed superparamagnetic nanoparticles in an ac magnetic
field is described by two distinct relaxation processes of
magnetization. One of these mechanisms is related to the
mechanical movement of the particles in the fluid, the so-
called Brown relaxation process. The other relaxation process
is related to the fluctuation of magnetization through energy
barriers and it can be produced in two ways, depending on the
temperature, anisotropy of the system and the characteristic
relaxation time of the experiment (which in the hyperthermia
experiments is given by the frequency of the ac magnetic
field). In the superparamagnetic regime, the contribution
for heat generation is given by the magnetic losses as
a consequence of the delay between the response of the
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magnetization and the ac magnetic field, which is the so-called
Néel mechanism. Several works [7—11] have interpreted the
specific absorption rate (SAR) measurements of ferrofluids in
terms of the Néel and Brown mechanisms, as theoretically
treated in Rosensweig’s model [12]. However, for blocked
systems (relaxation frequency lower than the frequency of the
ac applied field), the contribution for heat generation from
magnetic losses is given by the internal area of the hysteresis
loop, as discussed by Landau and Lifshitz [13] and Usov [14].
When the amplitude of the ac magnetic field amplitude (Hy)
is very small in comparison with the energy barrier, the linear
approximation assumption is also valid (see [15]). However,
when Hj is significant in comparison with the anisotropy field
Hg, the linear approximation is not valid [16].

The heat generating capacity of a ferrofluid is measured
by the SAR. Large SAR values lead to high efficiency of MFH,
with a lower exposure of the patient to the magnetic material
and ac field, reducing the damage in the adjacent healthy
tissues [17]. For synthetic ferrite nanoparticles, the highest
SAR value observed was about 600 W g~! for iron oxide
nanoparticles with ~ 15nm for a magnetic field with high
amplitude and frequency (Hy = 12kAm~! and f = 400 kHz,
respectively) [19], and for f = 260kHz and the same Hj,
an SAR value as high as 120 W g~! (bimodal nanoparticles)
[7] and 350 W g~! (monodisperse nanoparticles) [20] were
observed. Noh et al [21] have recently reported SAR values
as high as 4000 W g~! for 15nm core-shell nanoparticles
(MnFe,04@CoFe;04) and 10600W g~! for 60nm core—
shell cubic nanoparticles (Zng 4Fe; 04 @CoFe,0,) for an ac
magnetic field of f = 500kHz and Hy ~ 35kAm~! via
control of the surface and exchange anisotropy in order to
optimize the ferrimagnetic hysteresis.

Magnetic and morphological characteristics of the
nanoparticles (anisotropy, magnetization, shape and size)
are not the only parameters that determine the SAR.
Agglomeration and concentration of the nanoparticles are also
important factors to be taken into account for the optimization
of the SAR and crucial for the application of nanoparticles in
hyperthermia clinical protocols. Eggeman et al [22] studied
the effects of nanoparticle agglomeration on high-frequency
hysteresis, showing that highly clustered samples can be heated
within an ac magnetic field, while a fully dispersed sample
showed no measurable heating. In another way, Urtizberea
et al [23] found that the SAR of a ferrofluid containing non-
agglomerated and crystalline maghemite nanoparticles with
11.6 is doubled when the concentration of the nanoparticles
decreases by a factor of 4, as a consequence of the interparticle
interactions. This result indicates that agglomeration and
interparticle interaction are also apparently key parameters in
order to optimize the SAR of a nanoparticle-based ferrofluid.
However, Jeun et al [24] found that MgFe,O, and NiFe,O4
agglomerate nanoparticles present significant SAR, and for
their systems the agglomeration promotes an increment of
the heat generated by an ac magnetic field in the kilohertz
frequency range. Similar results were observed for in vivo
tests of Fe3O4 nanoparticles, in the kHz range too, by Dennis
et al [25], observing a quasi-total regression of mammary
tumour in mice. Therefore, these apparently discrepant results

reveal that the role of agglomeration and magnetic interparticle
interactions in the heat generation of magnetic ferrofluids is
still unclear.

An interesting system to investigate the effects of inter-
particle interactions on the heat generation of nanoparticles is
the magnetosome. Magnetosomes are magnetite crystals pro-
duced by a biomineralization process in magnetotactic bacte-
ria. Hergt et al [18] measured a SAR as high as 960 W g~!
for magnetosomes of d = 15nm at a field of 410kHz and
10kA m~!, while Timko et al [26] found SAR = 171 W g~!
for 5kAm~! and 750 kHz. In both works, the magnetosomes
are composed of interacting nanoparticles forming chain-like
structures. Hergt er al [27] theoretically dealt with the hys-
teresis losses observed for magnetosomes with a phenomeno-
logical model, where an empirical expression for the depen-
dence of hysteresis is used by assuming a monodisperse sys-
tem. According to the authors, the Stoner—Wolfarth model
cannot explain the experimental measurements for magneto-
somes. These results evidence the necessity of a better theo-
retical treatment of the problem, taking into account the inter-
particle interactions.

In this work, we measured the heat generating capability
of agglomerated ferrite nanoparticles (hydrodynamic diameter
dnya > 200nm, where the particle rotation mechanism
for heat generation is not important) for a non-invasive ac
magnetic field with f = 100kHz and Hy = 13kAm™!.
The nanoparticles were morphologically and magnetically
characterized, and the SAR presents a clear dependence on
the diameter of the nanoparticles, with a maximum SAR =
48Wg! at 15nm. We also present a model to determine
the SAR dependence on the diameter of the nanoparticles
based on the hysteresis losses that is valid for the non-linear
region (with Hy comparable to the anisotropy field). Our
model takes into account the magnetic interactions among
the agglomerate nanoparticles. Finally, the dependence of
the SAR of agglomerated and interacting nanoparticles is
simulated, and for comparison, we also measured the SAR of
non-agglomerated nanoparticles in a similar diameter range.
In this way, our result could be of great interest in order
to understand the mechanism behind the heating mechanism
of agglomerated nanoparticles and consequently for future
applications in MFH clinical protocols.

2. Experimental details

2.1. Sample preparation

Two sets of samples composed of ferrite nanoparticles were
synthesized by high-temperature decomposition of Fe(III)
acetylacetonate (Fe(acac);) in the presence of a long-chain
alcohol and surfactants (oleic acid and oleylamine) using
phenyl ether (boiling point ~533 K) as the solvent. The first
set consists of samples with a distinct diameter prepared by
a successive synthesis procedure using smaller nanoparticles
as seeds. The first sample of this set, labelled AO1, was
synthesized as reported elsewhere [25], using 2 mmol of
Fe(acac);, 4mmol of oleylamine, 6 mmol of oleic acid,
10mmol of 1,2-octanediol and 20 ml of phenyl ether under
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vigorous magnetic stirring and flow of N,. The final mixture
was heated at 483 K and then refluxed for 120 min in N,
atmosphere. One part of this solution was kept as seeds
for the synthesis of the next sample, and the other part was
treated with ethanol in order to precipitate the iron oxide
nanoparticles, which were separated through centrifugation
(7000 rpm/30 min). Centrifugation and the washing procedure
with ethanol and dichloromethane were repeated three times.
The final particle size of sample AO1 is 5.5nm and o = 0.2,
as reported elsewhere [28]. Other samples were produced by
subsequent seed growth processes and using the previously
synthesized nanoparticles as seeds (in an over-saturated
solution). In a typical preparation, 10ml of the previously
synthesized nanoparticle solution (for instance, A0l) were
added to a mixture similar to that described above. The
final mixture was heated at 483 K and refluxed for 120 min
in N, atmosphere. One part of this solution was kept for the
next growth process, and the iron oxide nanoparticles in the
other part of the solution were precipitated by adding ethanol
and through centrifugation with a relative centrifugation force
RCF = 5862g (7000rpm in our equipment) for 30 min
several times. These samples produced by the subsequent
growth processes were labelled AYY, where YY indicates
the number of times the re-crystallization has taken place,
starting with sample AO1 composed of 5.5 nm nanoparticles
followed by samples A02, A03, A0O4 and AO5. The re-
crystallization time is added for each sample: the total
crystallization time increases from 120 min for sample AO1
to 600 min for AOS5. The excessive crystallization time and
the exhaustive washing procedure lead to agglomeration of
the nanoparticles in samples A02—-A05, and the agglomeration
of nanoparticles used as seeds may lead to a non-continuous
increase in the diameter of the nanoparticles after each re-
crystallization procedure.

The second set of samples consists of non-agglomerated
nanoparticles (dispersed samples), which were synthesized by
the thermal decomposition of Fe(acac); at high temperatures
and without the use of seeds, based on the method described
in [29]. The final size of the nanoparticles was controlled
by the relation [precursor] : [surfactant] [30]. Seven samples
with different mean diameters were synthesized in this set,
labelled DXX, where XX indicates the mean diameter of the
nanoparticles. More details concerning the synthesis of the
dispersed samples can be found in [31, 32].

2.2. Experimental techniques

Transmission electron microscopy (TEM) images of the
nanoparticles were obtained in a PHILIPS-CM200 microscope
operated at 200 kV and the TEM specimens were prepared by
dropping a suspension with low concentration of the particles
over a thin carbon-covered copper grid. The x-ray patterns
were taken in a Philips PW 346 diffractometer using the Cu
K, radiation (A = 0.154 186 nm) at room temperature with the
sample conditioned over a glass surface.

Magnetization measurements as a function of temperature
(M(T)) and magnetic field (M (H)) were performed in a
LakeShore vibrating sample magnetometer (VSM). M (T)

curves were measured under zero-field-cooling (Mzgc(T)) and
field-cooling (Mpc(T)) conditions with an applied field of
4kAm~! and in the temperature range 83K < T < 300K
or 5K < T < 300K, depending on the sample. M (H)
measurements were performed at 300 K within the applied field
range —800 kA m~' < H < 800kAm~!. For all magnetic
measurements, the nanoparticles were fixed in a polymeric
matrix (polyethylenimine—PEI) at a concentration lower than
1% wt.

Hydrodynamic diameters were measured by light
dispersion in a ZetaSizer 1000, Malvern Instruments, with the
nanoparticles dispersed in toluene at very low concentrations.
Each sample was measured between 5-10 times to improve
the statistics.

We measured the SAR in a homemade ac magnetic
field generator using an LC resonant circuit. The field
was generated by a copper coil, refrigerated with water,
wrapped in a core of ferrite (green type) with a gap of 3cm
where the sample is positioned. The field has frequency
f = 100kHz and amplitude Hy = 13kAm~!. The
amplitude of the applied field varies about 5% inside the gap.
The nanoparticle-based ferrofluid (nanoparticles dispersed in
toluene with concentration of 1wt%) is taken in a glass
vessel with double wall vacuum isolated in a quasi-adiabatic
configuration, leading to an underestimation of about 15% of
the measured SAR values by irradiation [33]. The ferrofluid
was sonicated for 30 min before the experiment of duration
~3min. The temperature was measured with an ethanol
thermometer submerged in the ferrofluid and the temperature
was recorded at regular time intervals. The thermometer was
recorded during the experiment; using this arrangement to
measure the temperature, we observe a 10% dispersion of SAR
values for different measurements on the same sample. For
instance, this dispersion is smaller than that observed for a
non-contacting infrared thermometer.

3. Results

In this work, we focused on the heating capability and the
heating mechanism for agglomerated nanoparticles in an ac
magnetic field. Thus, our results are centred on samples
A01-A05. Magnetic and morphological characterizations of
nanoparticles similar to the dispersed samples are given in
[34,35].

Figures 1(a)—(e) present the TEM images of the
agglomerated samples AO1-A05. The insets show the
respective histograms, which were fitted with a lognormal
distribution for samples AOI-AOS5. The values of the most
probable diameter (drgy) and dispersion (o) obtained from
the fitting are given in table 1. It is important to note that
these images are not completely representative of the system,
since several agglomerates were observed for different zones
of the nanoparticles. We select these images (with more
dispersed nanoparticles) due to the clarity in observing the
isolated nanoparticles. The histograms were constructed by
measuring the diameter of the nanoparticles of several regions,
including agglomerates.
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Figure 1. TEM images of samples AO1-A05 (a)—(e, respectively).
The insets show the size histograms obtained from the respective
TEM images fitted with lognormal curves (solid lines).

Interestingly, the diameter of the nanoparticles does not
increase after each re-crystallization process, possibly as a
consequence of the polydispersion and agglomeration of the
seeds, in addition to the Ostwald ripening [36].

Figures 2(a) and (b) show high-resolution TEM images
(HRTEM) of samples AOl and AO5 as representative of
the systems. From this analysis, the nanoparticles present
high crystallinity and the fast Fourier transform (FFT) of the
HRTEM images is consistent with (for instance, see the top
panel of each image) the spinel structure expected for ferrite,
which is confirmed by the x-ray diffraction (XRD) analysis
(figure 3).

Morphological (TEM and XRD) and magnetic character-
izations of DXX samples (dispersed nanoparticles) are pre-
sented elsewhere [31, 32]. Asarepresentative of these systems,
figure 4 displays the TEM image of samples DOS (figure 4(a))
and D18 (figure 4(b)). The insets give the respective diameter
histograms fitted with a lognormal distribution. The mean di-
ameter (d) and the size dispersion o obtained from the TEM
analysis of all the dispersed samples are given in table 1. High-
resolution TEM (HRTEM) and XRD analyses of the dispersed
samples confirm that the nanoparticles are crystalline with the
spinel structure of ferrites.

The Mzpc(T) and Mgc(T) curves of AYY are presented
in figures 5(a)—(e), and except for samples AQ1 the curves
reflect the absence of the superparamagnetic (SPM) regime
for agglomerated samples in the range 7 < 300K in the
dc measurements. Therefore, these systems are not in the
SPM regime for dc conditions and are definitely not in the
SPM regime in the SAR experiment (f = 100kHz) and
the principal contribution to heat generation is the hysteresis
losses. Some Mzpc(T) and Mpc(T) curves are untypical,
reflecting the interparticle interaction. In addition, these
curves do not attain the irreversibility temperature, especially
in figure 5(e), where the experiment did not allow enough time
for the relaxation of the system. The important feature of
these curves is to give evidence of the interparticle interactions
in the agglomerated samples, as well as to show the high
blocking temperature of these systems. The Mzgc(T) curves of
dispersed samples (DXX) clearly present a maximum at Ty«
(given in table 1) associated with the blocking temperature
of the system. The M (T) curves of samples D08 and D18
are given in figures 5(f) and (g) as a representative of the
dispersed systems. The energy barrier distribution estimated
from the Mzpc(T) and Mpc(T) curves of samples DXX is
obtained from the plot (1/7)d(Mzgc — Mgc)/dT versus T
(see the inset of figures 5(f) and (g)), where the maximum
in the curve corresponds to the mean blocking temperature 7y
of the system and the values obtained vary from 20K up to
270 K. By extrapolating these values of dc measurements to
the frequency of the SAR measurements (f = 100 kHz) and
using the Néel model, we calculated that 7 at 100 kHz (TBIOO)
varies from 55 to 267 K for (d) < 18nm and T3 = 439K
for D18 and is larger than 700K for D23. Thus, at the
frequency of the SAR measurements, the systems are in the
superparamagnetic regime (SPM), except samples D18 and
D23, which are unequivocally in the blocked regime.

Probably, the differences in the M(T) curves between
agglomerated and dispersed samples result from the



7. Phys. D: Appl. Phys. 46 (2013) 045002

E Lima et al

Table 1. Characterization of samples AYY and DXX: drgy is the most probable diameter, and o is the dispersion obtained from the
lognormal fit of the size distribution histogram; Ty is the temperature of the maximum in the (1/7)d(Mzpc(T) — Mgc(T))/dT curves
measured under dc conditions; TB100 is the blocking temperature calculated from 7}, with the Néel model for f = 100 kHz; Mj is the
saturation magnetization; x 3.4 m-! is the susceptibility at # = 13kA m~! obtained from M (H) curves measured at 300 K and SAR is the

specific absorption rate obtained from the 7' versus 7 curve of hyperthermia experiments.

Tvax  T3%° My Xi3kam-1  SAR?
Sample drpv (m) o (K)  (K)  (kAm) (300K)  (Wgl)
AO01 6 0.20 23 60 375 1.75 22
A02 15 0.30 >300 =300 402 1.53 48
A03 8 0.30 >300 =300 365 1.13 15
A04 10 0.30 >300 =300 417 1.51 30
A05 21 0.25 >300 =300 413 2.01 5
D06 6 0.25 20 55 318 1.28 8
D08 8 0.22 30 82 330 1.25 19
D11 11 0.25 65 178 400 1.63 56
D13 13 0.21 82 225 402 1.72 67
D16 14 0.20 97 267 422 1.88 85
D18 18 0.18 160 439 433 2.01 100
D23 23 0.20 270  >700 437 2.26 60

* The variance of the SAR value at different measurements of the same sample is 10%.

Figure 2. HRTEM images of samples AO1 (a) and AO5 (b) as a
representative of the systems. Top panel: FFT of the particles
indexed according to the crystallographic planes of the spinel
structure expected for ferrite.

stronger interparticle interactions as a consequence of the
agglomeration of the nanoparticles, which lead to an increment
in the energy barrier and an increase in 7y [35]. In fact, the
Myc(T) curves of the agglomerated samples are indicative of
the interparticle interactions at low temperatures in comparison
with the curves of dispersed samples.

The M(H) curves of samples AOI-A05 measured at
T = 300K are shown in figure 6. Only sample A0S presents
a small coercivity at room temperature (about 6 kA m~!). The
other samples present a very small coercive field. The values of
Ms are about 400 kA m~! for all samples and the susceptibility
values at H = Hj are obtained by differentiation of the M (H)
curves (see table 1). The M(H) curves of the dispersed
samples do not present coercivity and the values of Mg and
X13kAm-! are also given in table 1.

Hydrodynamic diameter measurements also indicate that
nanoparticles in samples A02—-A05 are agglomerated. For
sample AO1, we observe a hydrodynamic radius of about 10—
15 nm, as expected for dispersed nanoparticles covered with a
single layer of oleic acid. In another way, samples A02-A05
present hydrodynamic mean diameters of 230 nm (£30 nm),
202 nm (£30nm), 260 nm (+50nm) and 420 nm (450 nm),
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Figure 3. XRD patterns of agglomerated samples (AYY).

respectively, where the number in parentheses refers to the
dispersion of the mean hydrodynamic diameter for 10 runs.
These results confirm the formation of agglomerates in these
samples.

The Brown relaxation time is given by

_ 4'7'“7(7'hyd)3

_ , 1
B kT (D

where 71 is the viscosity of the fluid, kg is the Boltzmann
constant, T is the temperature and rpyq is the hydrodynamic
radius. According to equation (1), the Brown relaxation time
for our systems A02—AO05 is very big in comparison with the
ac magnetic field frequency f = 100kHz. In this way, the
large hydrodynamic diameters of samples A02-A05 make
the Brown contribution to the SAR negligible.

The hydrodynamic diameter of samples DXX varies from
20 to 30 nm, confirming that the nanoparticles in these samples
are dispersed. In these cases, the Brown relaxation should be
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Figure 4. TEM images of samples D08 (a) and D18 () as a representative of the dispersed samples. The insets display the respective

diameter histogram fitted with a lognormal distribution (solid line).

considered in heat generation, even for samples D18 and D23,
which are in the blocked regime for f = 100 kHz.

The SAR is defined as the variation of the temperature
with time (AT /At) of the ferrofluid in the ac magnetic field:

(AT
SAR =c’"NP< ) @)

mrp, At
where ¢ is the specific heat of the fluid per mass unit and
mnps/m is the nanoparticle concentration in the fluid. The

SAR has units of power per mass of nanoparticles (W g~1).
Figure 7(a) presents the time dependence of the temperature
of agglomerated samples in toluene at 1 wt% concentration
after 15 min in ultrasound, and figure 7(b) shows the SAR
values obtained from these measurements for the agglomerated
samples as a function of (d), (as obtained from the TEM
analysis). These curves show a clear maximum of SAR =
48 W g~! for sample A02: (d)tgm = 15nm. It is interesting
to compare the behaviour of samples AO1 and A03. According
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AYY samples (agglomerated), and (f) and (g) for samples DO8 and
D18, respectively.

to table 1 both nanoparticles have similar (d), as well as
identical morphology, but the particles of sample A0l are
not agglomerated, as indicated by the hydrodynamic radius
measurements and magnetic characterization. Then, the
fundamental difference between both samples is due to the
interparticle interactions. This is a complex topic because
interparticle interactions are strongly dependent on the particle
size distribution as well as the particular characteristics of the

50(} v T y T . T T T T ” T v T v

-300}

400

-soof . . : : e

-1000 -750 -500 -250 0 250 500 750 1000
H (kA/m)

Figure 6. M (H) curves of samples AO1-A05 measured at room
temperature.

particle arrangement. In figure 7(b) we also present the SAR
values of the dispersed samples as a function of (d), which
also exhibits a maximum at (d) = 18 nm.

Theory and simulations. In order to take into account the
hysteresis losses in the SAR of our interacting nanoparticle
systems (samples A02—-A05), we propose a model to describe
the hysteresis cycle for the time window of our interacting
system. The idea of this model is presented in [36] and similar
treatments were developed by other authors [38, 39].

The magnetic energy of the non-interacting nanoparticle
system can be written as

E=7-H kv Q> 3)

where the first term corresponds to the Zeeman energy and
the second one to the magnetic anisotropy. In equation (3),
w represents the magnetic moment, H is the external applied
field, K is the magnetic anisotropy constant, V is the volume
of the particle and n indicates the easy axis orientation. In this
model, we assume uniaxial magnetic anisotropy. Equation (3)
gives information about the energy surface at zero temperature.
For KV > pu - H, the system presents two minimum states,
labelled O and 1. Starting from the master equation, it is
possible to obtain the temporal evolution of the population
at minimum O (P°):

Ph,, =P’ + (P2 - P)L, (4)

where P2 represents the equilibrium population (t — 00), P
is the population at time 7, At is the experimental temporal
window and L = | —exp[—¢/7*] is defined as the probability
of finding the particle in the superparamagnetic regime, and
8t is the effective time to pass from a minimum position
to the other one. The calculation of each relaxation time is
performed using the Arrhenius law: T = tyexp(AE - B),
where 1 is the characteristic relaxation time, AFE is the
energy barrier and 8 = 1/kgT is the thermal energy. P is
calculated numerically (together with the partition function Z)
within each minimum region of the energy surface and using
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Figure 7. (a) Time dependence of the temperature for samples
A01-AO0S5 diluted in toluene (1 wt%) in an alternating magnetic field
with f = 100kHz and Hy = 13kAm™"'. (b) SAR values for
samples AO1-A05 and DXX obtained from hyperthermia
experiments data using equation (2) as a function of the most
probable diameter obtained from TEM analysis.

equation (4), we calculate the temporal evolution of P° from
the initial value P?.

According to our previous definitions, L — 0 for
T — Oand L — 1 for T — oo. Thus, we consider
superparamagnetic and blocked contributions in separate ways
by working with the probabilities L and 1-L, respectively. For
the superparamagnetic case, the thermal average is performed
by calculating

(M)sp = / FEDM B/  6)
Qot

over all directions on the (6, ¢) space. Here, f(E,T) is
the normalized Boltzmann distribution. On the other hand,
the blocked case must be treated carefully. We find the
minima (6;, ¢;) and calculate the average magnetization and
anisotropy in the surrounding (@, ¢) values corresponding to
each minimum (£2;):

(M)} 2//9 FE,TY(M' - H/H)dS. 6)

;

PP
distortion

Figure 8. Schematic representation of the relative distortion in the
arrangement of the agglomerated nanoparticles.

Finally, the total quantity (magnetization or anisotropy) should
be expressed as

(M) = (1 — LY(PY(M)S, + PH{M) L) + L{M)sp. ()

Equation (7) gives the evolution of the magnetization as
a function of the field, temperature, time window and the
previous magnetic history of the system. However, this
description involves a non-interacting nanoparticle system.
In order to consider the interparticle dipolar interactions,
we need to correct equations (6) and (7) by modifying
the magnetic field, assuming an effective value using mean
field approximation. The reason for the presence of an
effective magnetic field can be associated mainly with the
inhomogeneities in the particle arrangement. We assume a
hexagonal close packed (hcp) arrangement for simplicity, but
any other close packed structure could be considered. The
hcp arrangement, as well as a cubic face-centred one, is a
natural possibility as a consequence of the agglomeration and
the spherical shape of the particles.

Usually, the size distribution is important in the case of
small particles located close to big ones [40]. In this case,
the effect is stronger in the smaller particles by influence of
the larger ones. In our case, we are interested in studying the
behaviour of the larger particles, because they will provide
the main contribution to the hysteresis of the magnetization
as a function of the external field (if the magnitude of the
external field is close to the anisotropy one). We calculate
the mean field interaction for a particle i located at the centre
of the hcp structure considering the volume of the 12 nearest
neighbours: 6 at the plane forming a hexagonal arrangement
and 6 others forming two triangles above and below particle i.
The structure considered for interparticle mean field is shown
in figure 8. The magnetostatic calculation is made in the
dipolar approximation, where the magnetic energy of particle
i is given by

E, =Z<ﬁ,~-ﬁj _3('”1‘;‘7]-)3(”,'?1')). @)

2
5 rij ri
E; is null for a perfect arrangement, i.e. a structure with no
distortion.
However, a distorted arrangement can be easily supported

in a real system. For example, the size distribution can be
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important to produce a distorted arrangement of particles (see
[41]). In this way, the introduction of a distorted arrangement
of the nanoparticles in our model is justified. In addition, the
magnetic field breaks the spatial symmetry and if the particles
are agglomerated in the field direction the magnetic energy is
reduced. It is also expected that the magnetic gradient in the
H direction leads to the creation of chain-like structures in the
particle agglomerate, generating a local effective field. These
two effects lead to a distortion of the structure, increasing with
4 the distance between particles in the plane perpendicular to
the field direction, as shown in figure 8. We assume a distortion
of 10% (§/d = 0.1). With these assumptions, we calculate the
effective magnetic field on particle i as

Ho — |:H+ @@)} ©)
Mo et = Lo /4 d3 d 5

where o is the vacuum magnetic permeability. In this
expression, (M) is the thermally corrected magnetization of
the particle (given by equation (7)).

Numerical calculations of hysteresis loops were made by
replacing H in equation (3) by the effective value obtained
from equation (9). We consider a variation time of 107> s
between —Hjy and H, (a frequency of 100 kHz equivalent to
the one used in our SAR measurements). We also remark that,
in the numerical calculation of the hysteresis cycles, we start
by the initial curve of the system (the virgin curve), assuming
POO = 1/2 for H = 0 (when the dipolar correction is null). In
order to make the calculations more realistic we also consider
the random angular distribution of the easy axis and the size
particle distribution, which is considered to be similar to that
obtained from the TEM analysis of our experimental systems.

Figure 9(a) presents the numerically calculated minor
loops (up to H = 13kAm~' at 100kHz) of a nanoparticle
system with random easy axis distribution, K = 3 X
10*Tm™3, 7o = 107 "'s, Mg = S00kAm~!, and (d) = 14nm
with lognormal distribution (o = 0.20). The SAR value due
to the hysteresis losses is calculated as the product of the
frequency times the loop area. The diameter dependence of
the SAR of the interacting systems, calculated from the minor
loops up to 13kAm™!, is given in figure 9(b) and it exhibits
a clear maximum between 12 and 14 nm for both curves. In
order to compare the SAR values calculated by considering
hysteresis losses with the experimental one, we have also
plotted the experimental SAR values of samples A0O1-A0S5
as a function of (d). Discrepancies between theoretical
and experimental values may be a consequence of the wider
diameter distribution of samples AO1-A05 than the one used
in our simulation and/or differences in the mean distance
and space arrangement of the nanoparticles in our samples,
which changes the interparticle interaction strength. However,
the theoretical curves and experimental values present similar
tendencies.

4. Discussion

According to the results pointed above on the hydrodynamic
diameter and Ty of dispersed systems (samples DXX), it is
expected that the Néel and Brown relaxation processes will
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Figure 9. (a) Numerically calculated minor loops (up to

H = 13kAm~! and at T = 310K) of agglomerated (interacting)
nanoparticles with a lognormal size distribution ({(d) = 14 nm and
o = 0.2) and random easy axis distribution. We also consider the
values of Ker =3 x 10*Tm™>, 7o = 1 x 10~ s and

Ms = 500kAm~". (b) Diameter dependence of the SAR of
agglomerated and interacting nanoparticles (line), calculated from
the area of the minor loops up to 13kA m~! with f = 100 kHz. The
solid symbols correspond to the experimental SAR measured for
agglomerated samples A02—-A05 with f = 100kHz and
Hy=13kAm™",

contribute to the heat generation in the SAR experiments.
Thus, the heat generation of dispersed samples should be
described by the Rosensweig model [12]. According to this
model, both relaxations take place in parallel and can be treated
in an independent way. Thus, the effective relaxation time 7
is given by

-1 -1 -1
T =Tg +1Tn » (10)

where 15 and Ty are the Brown and Néel relaxation times,
respectively. Thus, the SAR of the system is determined by

_ BoH2 f xoTerr

SAR = L+ Qrfr)? an

where o is the initial susceptibility of the system and the
SAR presents a maximum at 27 f = re}l. The dashed
bars in figure 10(a) give the values of SAR as a function of
(d) calculated with equation (11) for systems similar to our
dispersed nanoparticles (ferrite nanoparticles with lognormal
size distribution) under our SAR measurement conditions:
o =02 Ky = 3 x 10*IJm™>, Mg = 400kAm™!, ¢y =
1 x 107''s, n = 0.59 x 103 Pas (toluene), f = 100kHz
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Figure 10. (a) Experimental and theoretical (calculated from
equation (10)) values of SAR for dispersed samples taking the
values of Ms, (d) and o given in table 1 for each sample, and
considering f = 100kHz, Hy = 13kAm™', K = 3 x 10*Jm™>
and 7o = 1 x 107!'s. () Plot of the effective relaxation time Tog
calculated from equation (9) as a function of the magnetic diameter
dmag and hydrodynamic diameter dyyq. The gray plane indicates the
value of In(1/7y f). A diagram with the mechanisms involved in the
heat generation for the values of dn,e and dyyq is presented in the
plane xy.

and Hy = 13kA m~'. We have also plotted the experimental
values of SAR measured for samples DXX at 100kHz and
13kAm™" in figure 10(a). In fact, the predicted values
are close to the experimental ones of the dispersed samples,
indicating that the Rosensweig model (considering Néel and
Brown relaxation times) can satisfactorily describe the heat
generation of dispersed nanoparticles in our SAR experiments.
An important feature to be considered is that the dispersed
nanoparticles can be in the superparamagnetic regime for
dc experiments (improves the biocompatibility), but in the
blocked regime in the ac experiment, which can increase the
SAR of the system for the working frequency in hyperthermia.

For our agglomerated nanoparticles (samples AYY), the
large values of hydrodynamic diameter and the absence
of superparamagnetic regime for 7 > 300K even in dc
measurements make the Néel and Brown relaxations be
disregarded as heat generation mechanism under our SAR
experimental conditions. Thus, for the agglomerated systems
only the magnetic mechanism of dissipation in the blocked
regime is present and the hysteresis area plays the fundamental
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role. The solid line in figure 9 gives the SAR values
calculated as described in section 4 for systems similar to
the agglomerated samples, taking into account interparticle
interactions and considering a size dispersion of o = 0.2.
The simulated SAR values present similar behaviour to that of
experimental data and both curves are relatively close.

According to our results, the Rosensweig model
considering the Néel and Brown relaxations very well
describes the SAR dependence of the dispersed samples on
the mean diameter, while the SAR of agglomerated samples
match with those calculated by our model described in section 4
considering the hysteresis area of the minor loop of interacting
nanoparticles where Hj is not negligible compared with the
effective anisotropy field of the system.

The mechanisms involved in the SAR of a ferrofluid
depend on the viscosity of the liquid, the anisotropy energy
barrier, the hydrodynamic diameter (agglomeration must be
considered), from the ac magnetic field amplitude and from
the frequency of the experiment, i.e. from the comparison of
f 100 kHz with the relaxation times (for higher f, the
hysteresis becomes important). Thus, similar nanoparticles
can present different SARs resulting from distinct heating
mechanisms depending on the rheological properties and the
conditions of the SAR experiment, specifically the frequency,
the field amplitude and the concentration of the nanoparticles.
Each hyperthermia experiment should be analysed in these
terms and experiments with similar nanoparticles may present
distinct SAR for different concentrations and frequencies of
the ac magnetic field.

Knowing the magnetic properties of a non-interacting
nanoparticle system, the viscosity of the liquid and the
hyperthermia experimental conditions (f, Hp), we can
calculate a diagram of the heat generation mechanisms as a
function of the magnetic diameter dy,; and hydrodynamic
diameter dyyq. In figure 10(b), we plot the effective relaxation
times (er) as a function of the magnetic diameter dp,, and
hydrodynamic diameter dyyq calculated with the Rosensweig
model for f = 100kHz and Hy = 13kA m~!, considering
Kt = 3 x 10*Jm™3 and 1, = 10~''s. At a different
experimental frequency, the influence zone of the Néel and
Brown relaxations will change, being shifted to lower values
of dpyq and dpyg With increasing f. For our dispersed samples
v and tg are lower than 1/f. Then, Néel and Brown
relaxations dominate the heat generation. For agglomerated
nanoparticles, the system is in the blocked regime and tg
is far larger than 1/f (107°s), thus the hysteresis area of
the minor loops determines the SAR of these systems. It
is important to note that the diagram of the heat generation
mechanism as a function of dy,g and dpyq Will be different for
each system and SAR measurement conditions. Our diagram
was built for f = 100kHz and Hy = 13kA m~!, but a similar
analysis can be made in order to interpret other results obtained
under distinct experimental conditions, such as those observed
in [21] and [42]. In these works, different contributions
(superparamagnetism, Brown relaxation and hysteresis area)
for heat generation were observed for nanoparticle systems,
depending on the experimental conditions as well as on the
magnetic and rheological properties.
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Figure 11. SAR values of sample D11 measured as a function of the
concentration of the nanoparticles in the liquid measured with
f =100kHz and Hy = 13kAm™".

An interesting point to be discussed is the zone limiting
the mechanisms. The Néel relaxation time has an exponential
dependence on the volume, while the Brown relaxation time
has a linear one, thus the region of dyag and dhyq, where
both have similar values, is very narrow. On the other hand,
the effects of Brown movement on the hysteresis area with
changing dyyq, lead to a broad frontier. The calculation of the
hysteresis loops considering the Brown relaxation is not trivial
and does not present an analytical solution [15]. It can be
calculated numerically, but for a real system the interparticle
interactions should be taken into account, which complicates
the calculation.

We also measured the SAR as a function of
the concentration of nanoparticles D11 in toluene for
concentrations of 0.5, 1 and 2% w/w and the results are
presented in figure 11. As observed, the value of SAR
changes slightly from 0.5 to 1% w/w, while it is reduced
more than 50% for 2% w/w. For the latter concentration,
we observe a precipitation of the nanoparticles after 5 min,
indicating that the nanoparticles are agglomerated. In fact,
the SAR value obtained is close to that calculated with
our model for agglomerated nanoparticles with a similar
diameter distribution (~20 W g~!). Thus, probably the heating
mechanism changes from the two lower concentrations to the
higher one: in the first case, the heating mechanism is based
on the Néel and Brown relaxations, while for the concentration
of 2wt% the hysteresis area gives the SAR of the system.
This experiment cannot be made for the agglomerated particles
since they are still agglomerated even at low concentrations
as a consequence of the synthesis procedure. In this way,
the properties of the system would be independent of the
concentration and the hysteresis areas would always determine
the SAR value of the agglomerated system.

As pointed out by Carrey et al [15], the tuning of the
magnetic characteristics in order to optimize the SAR of
the nanoparticles is very interesting, since different results
of magnetic measurements and microscopy images indicate
that the nanoparticles are generally agglomerated in in vitro
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experiments after their absorption by the cells [10,11]. In
this way, the hydrodynamic radius of the nanoparticles would
be increased, and the blocking temperature of the system
resulting from the interparticle interactions and the hysteresis
losses would determine the SAR of the system. Thus, our
experimental and theoretical results presented here could be of
interest for in vitro and in vivo hyperthermia experiments or
even for future clinical applications.

5. Conclusions

We showed that intensely agglomerated 15nm Fes;Oy
nanoparticles with strong interparticle interactions present a
moderate SAR as high as 48 W g~! for an ac magnetic field
with f = 100kHz and Hy = 13kAm~'. According to
our calculations and analyses, the heating capability of some
of our systems (agglomerated and interacting nanoparticles)
is a consequence of the hysteresis losses under optimal
conditions ({d) 15nm). In our agglomerated systems,
the hysteresis losses are a consequence of the frequency of
the applied field used in the SAR measurement (100 kHz),
added to the increment of the blocking temperature of the
systems promoted by the interparticle interactions together
with high value of the hydrodynamic diameter. The value
of SAR observed on our agglomerated 15 nm nanoparticles
could be increased with a narrower diameter dispersion of
the particles. For comparison, we have also presented the
SAR measurement as a function of the diameter for dispersed
nanoparticles with a lower hydrodynamic diameter and a
blocking temperature lower than 300 K, showing that for these
systems the heat generation is produced by Néel and Brown
relaxations.
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