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Abstract In this study, magnetic and power absorp-
tion properties of a series of iron oxide nanoparticles
with average sizes (d) ranging from 3 to 23 nm were
reported. The nanoparticles were prepared by thermal
decomposition of Iron(IIl) acetylacetonate in organic
media. From the careful characterization of the mag-
netic and physicochemical properties of these samples,
the specific power absorption (SPA) values experi-
mentally found were numerically reproduced, as well
as their dependence with particle size, using a simple
model of Brownian and Néel relaxation at room
temperature. SPA experiments in ac magnetic fields
(Hp = 13 kA/m and f = 250 kHz) indicated that the
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magnetic and rheological properties played a crucial
role determining the heating efficiency at different
conditions. A maximum SPA value of 344 W/g was
obtained for a sample containing nanoparticles with
(d) = 12 nm and dispersion ¢ = 0.25. The observed
SPA dependence with particle diameter and their
magnetic parameters indicated that, for the size range
and experimental conditions of fand H studied in this
study, both Néel and Brown relaxation mechanisms are
important to the heat generation observed.
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Introduction

The ability to synthesize uniform nanoparticles is a
central issue for many biomedical applications since
the physical properties of the nanoparticles are
strongly dependent on their dimensions (Kim et al.
2011). Recently, nanoparticle-based magnetic fluid
hyperthermia (MFH) has emerged as a potential
candidate for improving the classical hyperthermia
therapy in oncology (Maier-Hauff et al. 2011; Land-
eghem et al. 2009; Johannsen et al. 2010; Thiesen
et al. 2008) known since centuries ago (Alexander
2003). Within the magnetic hyperthermia (MH)
strategy, the death of a target malignant tissue is
achieved by the increment of the local temperature
generated by the magnetic nanoparticles (MNPs)
when exposed to a time-varying magnetic field. This
application of MNPs as heating agents requires non-
toxicity, colloidal stability, and biodegradability
(Goya et al. 2008a, b). The most spread materials
studied for MFH applications are magnetite (Fe;0,4)
and its related ferric oxide maghemite (y-Fe,03), since
they are the only magnetic nanomaterials approved for
human uses so far. To improve stability and biocom-
patibility, the MNPs are coated with a polysaccharide
and suspended in water-based solvents, but the effects
of these coatings on the efficacy in magnetic resonance
imaging (MRI) or MFH applications are still under
debate (Tanaka et al. 2010).

A key factor to increase the efficiency of nanopar-
ticles in MFH clinical protocols is a high specific
power absorption (SPA) in a bio-friendly frequency
range (radio-frequency). A high SPA of nanoparticles
within a target tissue (a tumor, for example) allows a
fine control over affected area, reducing the damage to
the healthy tissue. Moreover, large SPA values imply
shorter exposition times of the organism to the
magnetic material used and to the radio-frequency
magnetic field applied, as well as a better efficiency in
the heating process of the target tissue. The highest
values of SPA reported so far for iron oxide nanopar-
ticles was about 900 W/g for magnetosomes (Alphan-
dery et al. 2011; Hergt et al. 2005). For synthetic iron
oxide NPs, Hergt et al. (2005) have observed a SPA
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about 400 W/g for MNPs in an applied field of
16 kA/m and 400 kHz, while Goya et al. (2008a, b)
measured ~ 150 W/g for MNPs with bimodal size
distribution and in an applied field with 13 kA/m and
250 kHz. The ability to absorb radiated power from an
alternating magnetic field at low frequencies (i.e.,
<10° Hz) depends on the magnetic losses (fluctuation
of magnetization through energy barriers), which is
determined by the magnetic properties of the system
(anisotropy, volume of the particle, and magnetiza-
tion), and the rheological properties of the target
physiological medium (i.e., cell culture or tissue),
which determines the mechanical relaxation. Looking
for the physical parameters that optimize the power
absorption efficiency of a ensemble of nanoparticles, it
is important to remark the competition of two main
mechanisms: the mechanical mechanism that is the
physical movement of the nanoparticles in the fluid
(Brownian movement) (Goya et al. 2007), and the
magnetic mechanism, which could be the Néel
relaxation (for a SPM system) or hysteresis losses
(for a blocked system) (Carrey et al. (2011). For
single-domain superparamagnetic NPs in a colloidal
suspension, the physical mechanisms involved are
both Brownian and Néel magnetic relaxation, which
cab assumed as parallel process according to Rosen-
sweig (2002).

In a previous work (Goya et al. 2008a, b), we have
demonstrated that the high power absorption of
monodomain MNPs in an ac magnetic field in radio-
frequency range is not proportional to the magnetiza-
tion of saturation MS, but related to the average
particle volume and the size distribution, for a given
MNPs effective magnetic anisotropy. Here, we under-
take a systematic work on the power absorption of
ferrite nanoparticles with average particle sizes
(d) ranging from 7 to 25 nm. Our results confirm that
the heating generation in our superparamagnetic iron
oxide nanoparticles, as measured through the SPA
(H =13 kA/m, f=250 kHz), are originated from both
Néel and Brown relaxation, and consequently the size
dependence of SPA can be explained using the simple
model of Néel and Brown relaxation of the magnetic
moment as proposed by Rosensweig (2002). Within
this model, and using experimentally determined
magnetic parameters of each sample, we have found
an excellent matching between theoretical and exper-
imental values of SPA for every average size within
this range.
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Materials and methods

The synthesis of the ferrite MNPs was based on the
high-temperature decomposition of the precursor
Fe(acac); in the presence of a long-chain alcohol
(1,2-octanediol) and surfactants (oleic acid and oleyl-
amine) as reported by Sun et al. (2002) and (2004), and
using diphenyl ether (boiling point ~533 K) as
organic medium. For NPs with (d) <10 nm, a single-
step procedure was used and the final particle sizes
were tailored through the molar ratio [Fe(acac);]/
[surfactant] as described in Vargas et al. (2005).
The synthesis lasted for 120 min in argon flux
(~0.5 L/min.) in reflux regime at 7 = 533 K. Three
samples with (d) = 3, 7, and 9 nm, labeled APO1,
AP02, and APO3, respectively, were synthesized by
this single-step procedure. NPs with (d) >10 nm were
grown using previously synthesized seeds and the same
protocol, in order to further increase the final particle
size, similarly to that used by Torres et al. (2010) for
the system CoFe,QO,. The set of samples grown initially
from the 10 nm particles were labeled as GEY'Y, where
YY indicates the number of times the re-crystallization
took place (running from 01 to 03). The sequence goes
like this: particles from sample AP03 (9.5 nm) were
used as seeds for GEO1 synthesis, GEO1 as seeds of the
GEOQ2, and finally GEO2 as seeds for GEO3. For theses
samples, 50 mg of seeds and 2 mmol of precursor were
used, except for sample GEO3 (20 mg of seeds). Since
the reaction time at high-temperature is incremented
for each sample, the total crystallization time increases
from 120 min (10 nm seeds) to 480 min for GEO3.
After the synthesis, ethanol was added to the solution
and the particles were precipitated by centrifugation
(7,000 rpm/10 min). This washing and centrifugation
procedure was repeated three times. Samples CYY
were synthesized in a similar way, but using 3 nm NPs
(sample APO1) as the first seed. In total, this set
contains six samples: CO1-CO06. In order to reduce the
particle size dispersion in samples CYY when com-
pared with samples GEXX (see Table 1), the molar
relation [seeds]/[precursor] were incremented to 80
mg/2 mmol. In this case, the centrifugation protocol
was set at 5,000 rpm/40 min and two more steps of
15,000 rpm/10 min in order to only separate the larger
particles selected in the first step.

Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) images were obtained
in a transmission electron microscope (FEI TECNAI

T20 and JEOL 2010F from FEI and Jeol company,
respectively), after dropping the colloidal solution
onto a carbon-coated copper grid. The ac susceptibility
measurements with frequencies from 0.1 to 1 kHz and
field amplitude of 160 A/m, were performed as a
function of temperature from 2 to 300 K with a
Quantum Design SQUID magnetometer, as well as the
magnetization curves as function of temperature and
applied field. The experimental SPA measurements
were made in a home-made ac-field applicator,
consisting of a resonant LC tank working at
f = 220-260 kHz, and field amplitudes from O to
12.7 kA/m, and equipped with a quasi-adiabatic
sample holder [losses by irradiation was estimated in
15, see Natividad et al. (2009)], working with ~0.5 to
1 ml of ferrofluid. Temperature data in this experiment
were taken using a fiber optic temperature probe
immune to radio-frequency environments. The exper-
iments were carried at 1 wt% as standard concentra-
tion for all samples, with the NPs dispersed in toluene.

Experimental results
Structural and magnetic characterization

Analysis of particle size and morphology using bright-
field TEM images (Fig. 1) for samples APXX (single-
step synthesis) showed the gradual increase of particle
size with increasing molar precursor/surfactant ratio,
with (d) = 3,7,and 9 nm for samples APO1, AP02, and
APO3, respectively. The size distributions of the APXX
particles are well fitted with a Lognormal function and
the morphology was found to be spherical-rounded.
Further increase of sizes could be achieved by
re-growing the particles by the seed method described
in the previous section, up to 25 nm. For samples
GEO1-GEO03, the size dispersion increased somewhat
for each successive synthesis. These samples exhib-
ited a bimodal distributions, with maxima at (d) = 11
and 14 nm for samples GEO1 and GEO2, respectively,
and a minority amount of small nanoparticles with
particles size about 3 nm (see Goya et al. 2008a, b).
The diameter of the smaller particles observed corre-
sponds roughly to the size of the initial ferrite nucleus
formed after the decomposition of the precursor and
the amount of smaller particles changes with the
re-crystallization time, suggesting that the contribu-
tion of smaller average sizes results from a fraction of
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Table 1 Results of TEM, magnetic, and SPA measurements for samples APXX, GEXX, and CYY

Sample  (d) (nm) o MFPE® kA/m)  TE¥ (K) K @Im) K (kImd) x107'' s)  SPA (W/g)
APO1 3 0.13 27 13 320 130 55

AP02 0.17 60 21 42 90 15 5
AP03 0.23 182 25 23 30 6 10
GEO1 11 0.15 200 28 14 10 6 5
GE02 14 0.26 215 35 8 3 23
GE03 17/26 0.13/020 229 92 13 3 130
co1 7 0.20 223 15 32 - - 4
02 9 0.30 403 17 16 - - 22
03 715 021/027 270 25 5 - - 52
o4 10 0.28 345 21 14 50 1.2 9
C05 15 0.23 394 24 25 1.0 137
Co6 12 0.25 404 30 40 0.9 344

seeds that remain without growing. The diameter
histogram of sample GEO3 present maxima at 17 and
26 nm. Probably, the broad size dispersion with
bimodal size distribution in these samples is related
to the synthesis procedure, where we worked with a
low concentration of seeds in the re-growth process.

TEM images of samples CYY are presented in
Fig. 2. The mean diameter of the nanoparticles did not
continuously increase after each re-crystallization step,
as observed in the histograms presented in the respec-
tive insets. The values of mean diameter d and the size
distribution of samples CYY are obtained from the
fitting of the diameter histogram with a lognormal
function and the values obtained are given in Table 1,
together with those obtained for samples APXX and
GEXX. Comparing the size distribution of samples
CYY and GEXX, we observe a narrower grain size
distributions for samples CO1-CO06, indicating that the
increment in the molar ratio seeds:precursor and the
different centrifugation protocols were effective to
reduce the dispersion.

HRTEM CYY nanoparticles confirm their high
crystallinity of the particles in all samples and the first
Fourier transformation (FFT-HRTEM) confirms the
spinel structure of the ferrites (see Fig. 3 for samples
CO01 and C02; the insets show the respective diffrac-
tion patterns for the selected zone of the images, which
can be indexed to crystalline planes of the spinel
structure), which is confirmed by the XRD profiles
(not shown). The crystalline characterization of sam-
ples APXX and GEXX and magnetic properties were
presented elsewhere (Goya et al. 2008a, b).

@ Springer

The magnetization loops of samples CO1-C06 mea-
sured at 250 K are presented in Fig. 4a. We observe the
absence of the coercivity for all samples (superpara-
magnetic regime) as expected from the ac measurement
data showed below. The saturation magnetization Mg at
250 K and 5 K (see inset of Fig. 4a) decrease with
decreasing the particle diameter. For larger particles, we
observe highest MS values, being about 400 kA/m at
250 K for samples with d > 8 nm.

Magnetization measurements of samples C01-C06
as function of the temperature measured with 8 kA/m
in zero-field-cooling (Mzrc(T)) and field-cooling
(Mgc (T)) are shown in Fig. 4b. By using the energy
barrier distribution f{7T) given by:

1 d(Mzrc — Mgc)
o — Mzre — VIFC)

T T )

we obtain the blocking temperature Ty for all systems,
given in Table 1 (and indicated by an arrow in the
ZFC-FC curves in Fig.4b). By using the Néel model
(t= 107106Xp(KeffV/kBTB), where V is the particle
volume, K.V is the effective anisotropy barrier E,,
and kg is the Boltzmann’s constant) and using the
mean diameter from TEM analysis, we calculate the
effective anisotropy constants K¢, which are close to
the expected one for the magnetocrystalline anisot-
ropy constant for the bulk material (K.; = 30 — 50
kJ/m?) (Kakol et al. 1989).

From the measurements of the in-phase (') and
out-of-phase (¥”) components of the ac susceptibility
of our samples as a function of temperature and
frequency, it is possible to determine the effective

f(T)
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Fig. 1 TEM images of samples APO1 (a), AP2 (b), and AP0O3
(c). The insets show the size histograms fitted with a Lognormal
distribution

anisotropy constant K.gac) and the characteristic
relaxation time 1, for our system. For that, we assume
that the spin relaxation is thermally activated process,

as proposed by the Néel model: Ty = KV/kgln(1/
tof), and these values can be obtained from the linear fit
of the values of (1/f) versus Tgl, where the blocking
temperature Ty corresponds to the maximum in the
out-of-phase component y” (T, f). The in-phase (y')
and out-of-phase (") curves for samples C04—-C06 are
shown in the supplementary material, as representa-
tive of the systems. For samples CYY, a bimodal
distribution of particles can be noticed with increasing
number of re-growth steps. In Fig. 5, we present the
plot of (1/f) versus Tg ' for samples C04, C0O5, and C06
with the corresponding linear fit. The values of
K.r(ac) values calculated are close to those ones
obtained from the analysis of the M(7) dc measure-
ments, and both are given in Table 1 together with the
values obtained for 1.

The magnetic parameters obtained for samples
APXX, GEXX, and CYY from magnetization and
susceptibility measurements are given in Table 1.

SPA Measurements

For measuring the SPA of all samples, we applied an
ac magnetic field (f = 250 kHz, Hy = 13 kA/m) and
extracted the time dependence of the temperature
increase (T vs. f) of the ferrofluid containing the NPs.
The time dependence of the temperature for samples
APXX, GEXX, and CYY are presented in the
supplementary material. As a reference for heat losses
from the experimental setup, experiments with pure
water were performed. The fastest response was
observed for sample C06, which reached T > 70 °C
in less than 5 min. Experimentally, the SPA of a
magnetic colloid constituted by a given mass of the
nanoparticles myp, diluted in a mass of liquid carrier
my 1q is evaluated by the SPA:

SPA = =
MNps mNps At

P (cLigmuig + cxpsimnps) AT 2)

where ¢y 1 and cnps are the specific heat capacities of the
liquid carrier. Since the corresponding contributions for
magnetite NPs in water at our standard concentration
(N 1% Wt) are CrLiQ MLiQ = 4.19 J/K and CNPsINPs =
6.7 x 1073J/K, we can approximate myiq CLig +
MNpsCNPs ~ MLIQ CLIQ and write Eq 2 as:

ciQmuiQ AT

SPA = — (3)

mNps

@ Springer
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Fig. 2 TEM images of samples C01-C06 (a—f, respectively) with the corresponding histograms (insets) fitted with a Lognormal
distribution (solid line)

Fig. 3 HRTEM images of samples CO1 (a) and CO2 (b), The insets show the respective diffraction patterns for the selected zone of the
images, which can be indexed to crystalline planes of the spinel structure

Therefore, we can obtain SPA from derivation of experiments should be done in adiabatic conditions
the curve T versus ¢ for all samples. For accurate (Natividad et al. 2009). To avoid heat losses by
estimation of SPA values of magnetic colloids, exchange with the sample environment (sample holder

@ Springer
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Fig. 4 a Magnetization loops of samples CO1-06 measured at
250 K (the inset shows the dependence of MS with the mean
diameter of the nanoparticles), b zero-field-cooling and field-
cooling curves measured with H = 8 kA/m. The arrows

walls, irradiation, etc.), we have used the criterion of
the maximum of the derivative d7/d¢ to determine
SPA. As the maximum increase always occurs within
the first few seconds of the experiment, the adiabatic
character of the measurement is granted. Additionally,
this criterion of maximum derivative can be taken as a
rule for comparing data from different authors,
irrespective of the exact shape of the T(f) curves,
which often depends on the experimental details. All
SPA values are given in Table 1.

Discussion

In order to estimate the influence of Néel relaxation in
the SPA observed for our systems, we extrapolated the
blocking temperature of sample CYY for the SPA
experiment conditions (f= 250 kHz and H, = 13
kA/m) by using the Néel Model:

KeV(1 — HMs/2K)*
ksT

(4)

N = ToeXp

where Ty is the Néel fluctuation time, Mg is the
magnetization saturation, Vis the particle mean volume,
To is the characteristic fluctuation time (~107°—
107195), K. is the effective anisotropy constant, and
kg is the Boltzmann’s constant. We calculated for the
sample withd = 17 nma T ~ 380 K, and for the other

indicate the blocking temperature obtained from the maximum
in the energy barrier distribution ((1/7)d(Mzgc — Mgc)/dT vs.
T) for each sample

samples, excepting those with bimodal size distribution,
we obtained Ty close or lower than room temperature.
So, almost all samples will be in the superparamagnetic
regime in the conditions of our SPA measurements.
Hydrodynamic radius d;, where measured for these
samples by light scattering, being around 12-30 nm. In
fact, we can consider that d}, is approximately the mean
diameter plus the organic layer of oleic acid in the
surface (around 1-3 nm). The Brown relaxation time

1.000 £ 3
0.135E 3
. b ]
2
70018 E
s b ]
0.002 i 4 €05
‘ = C04
R = ¥ C06 1
0.000 ‘ ‘ ‘
0.006 0.008 0.010 0.012 0.014
-1 -1
T, (K)

Fig. 5 Linear fit of (1/f) versus Tg ' for samples C04, C05, and
CO06. The blocking temperature Ty corresponds to the maximum
in the out-of-phase component (y”) of the ac susceptibility for
each frequency f. By using the Néel model, it is possible to
estimate the values of K ¢ and T,
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can be obtained by t g = 3nVy/kgT, where 7 is the
viscosity of the liquid and V}, is the hydrodynamic
volume of the particles. We obtain that the tg of all
samples is lower than the characteristic time of our SPA
experiment (1/f) for all mean diameters involved, even
when considering the presence of the organic layer with
thickness estimated of 1-3 nm. So, the Brown relaxa-
tion mechanism is expected to have strong influence in
the heating generations of all samples. In this way, we
could not expect heating generation as consequence of
hysteresis area as expected for blocked nanoparticles
with larger hydrodynamic radius; in this case, Brown
relaxation will be dominant.

According to Rosensweig (2002), both Brown and
Néel relaxation processes occur in parallel and the
effective relaxation time is given by:

Ta =75 TN (5)

The out-of-phase component (") the susceptibility is
given by:

N/ anOfTEff (6)
- 2
1+ (27tenf)

where ), is the static susceptibility of the system.
According to Eq. 6, y” presents a maximum for
2nf = 144, consequently SPA also presents a maxi-
mum when this condition is attempted. In this way, the
SPA of the system can be calculated by:

SPA = p Hifry” (7)

In real colloids, the constituent nanoparticles have a
distribution of particle sizes around a mean value (d).
The statistical mean value and standard deviation of
this size distribution have a strong effect on the
resulting SPA values, and must therefore be taken into
account by the convolution of the SPA and distribution
function:

SPA((d)) = / SPA(x)P(x)dx (8)
0

where P(x) is the distribution function of the particles.
For the usual size distributions found in most synthetic
MNPs, the effect of the distribution function P(x) in
Eq. 8 1is to reduce the maximum, while broadening the
peak profile of the SPA((d)) curve.

We reinforce that the application of the model
presented above for the heat generation requires one of

@ Springer

these conditions: (a) superparamagnetic regime at
room temperature and 250 kHz, and/or (b) a small
relative small hydrodynamic diameter, without the
formation of agglomeration. These two conditions
make that g and Ty values are smaller than 1/2 nf. The
ac susceptibility and magnetization measurements
together with the determination of V}, show that our
samples accomplish at least one of these necessary
characteristics. Magnetization measurement as func-
tion of applied field of sample GEO3 exhibits a small
hysteresis at room temperature, which can be inter-
preted that hysteresis losses can be important for the
heating generation of this sample. However, it is
important to note that the magnetic measurements are
performed in nanoparticles that are immobilized, in
contrast to the situation of the SPA experiments where
the MNPs are suspended in a liquid carrier and can
thus relax through Brown mechanism.

Therefore, assuming that the Néel and Brown
relaxation mechanisms are independently, the SPA
values can be calculated by Eq. 8 with using the
structural and magnetic parameters presented in
Table 1, together with the hydrodynamic diameter.

Figure 6 presents the calculated dependence of SPA
with the diameter of nanoparticles dispersed in toluene
for an alternating magnetic field with Hy = 13 kA/m
and f = 250 kHz, and assuming the magnetic param-
eters characteristic of ferrite nanoparticles with size
dispersion of ¢ = 0.20, K.y = 50 kJ/m’, Mg = 512
kA/m and 1y = 107'%s. We also consider that a
monolayer of oleic acid covers the nanoparticles, as in
our samples, with characteristic thickness of 3 nm.
Therefore, hydrodynamic radius was considered as
(dn) = (d) + 6 nm. Inset of Fig. 6 presents the size
dependence of Ty, Tg, and T, together with the values
of 1/f, which marks the limit where the hysteresis losses
contribute to the heating generation.

As observed in Fig. 6, there is a strong dependence
of the SPA with the particle mean diameter (d), with a
maximum of SPA (~400 W/g) for d = 13 nm.
Several works (Gonzalez-Fernandez et al. 2009;
Gonzales-Weimuller et al. 2009; Levy et al. 2008;
Vaishnava et al. 2007) have previously presented by
experimental and numerical calculations the strong
dependence of the SPA on particle volume, which is
due to the volume dependence of both Néel and Brown
relaxation times. The key parameters to the Brown
relaxation time is the hydrodynamic radius of the
particle and the viscosity of the fluid, while for the
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Fig. 6 Calculated SPA versus d curves of nanoparticles
dispersed in toluene for an alternating magnetic field with
Hy = 13 kA/m and f = 250 kHz, and assuming the magnetic
parameters characteristics of Fe;O4 nanoparticles with size
dispersion of ¢ = 0.20: K¢ = 3 kI/m>, Mg = 450 kKA/m and
To = 107'%s. Hydrodynamic radius was considered as
(da ) = (d) + 3 nm. Inset presents the size dependence of
™ T, and Tegr

Néel relaxation of single-domain nanoparticles, the
relevant parameter is the product E, = K.V, where
K. is the effective anisotropy constant and V is the
particle volume. Therefore, these parameters are
determinant for the SPA values observed for our
samples.

Figure 7 presents the measured value of SPA for
samples APXX and GEXX, and Fig. 6b presents the
equivalent curve for samples CYY, with maximum of
344 W/g at d = 12 nm for sample CO06. In the same
figure, we also present the calculated SPA values (Eq. 8)
with considering the Néel and Brown relaxations and
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Fig. 7 Comparison between experimental SPA values of
samples APXX and CYY with calculated ones (Eq. 8) with
assuming the Néel and Brown relaxations and the morpholog-
ical and magnetic parameters of each sample given in Table 1

using the morphological and magnetic parameter
given in Table 1. We observe the good agreement of
our experimental, despite the bimodal diameter dis-
tribution, with the presence of very small nanoparti-
cles (<5 nm) observed in all samples grown by the
seeds procedure, are not take into account, which
would lead to a reduction in the calculated SPA values.
It is more evident for samples GEXX, where the larger
dispersion leads to a mismatch between and experi-
mental values. Concerning the high value of SPA
observed for sample GEO3, it is due to the 17 nm
particles, since our calculations indicate a lower SPA
for the nanoparticles with d ~ 20 nm in this sample.
Notice that Néel relaxation time has an exponential
with V, while Brown relaxation time presents a linear
one. Thus, the Néel relaxation will dominate the
heating generation for smaller diameters (d < 11 nm
for f = 250 kHz), while Brown relaxation dominates
for larger ones (d = 20 nm for f = 250 kHz). The
Néel and Brown relaxation times have the same
magnitude for a narrow range of diameters
(11 nm < d < 13 nm), where both relaxations con-
tribute significantly for the heating generation. Brown
relaxation should be considered in the hysteresis area
of the blocked nanoparticles, which has no easy
analytical solution Carrey et al. (2011). For larger
nanoparticles, the heating generation will be deter-
mined by the hysteresis are of the nanoparticles, and
the optimization of the nanoparticle parameters for
hyperthermia should be obtained in another way
(Carrey et al. 2011; Usov 2010; Seung-Hyun et al.
2012). An additional drawback in comparing SPA
values from different authors is the field- and
frequency dependence of this parameter. A single
expression including the effects of magnetic field and
frequency of the actual measurement is needed if
different experiments are to be compared. Since SPA
values are dependent on the amplitude and frequency
of the magnetic field applied in each experiment,
comparison between heating performance of different
MNPs through this parameter is seldom illustrative.
To solve this difficulty, Kallumadil et al. (2009) have
discussed the use of a system-independent parameter,
called intrinsic loss power (ILP), which is defined as
ILP = SPA/fH*>. The ILP value was thought as
independent of the field- and frequency, for f values
on the kHz range and H < Hc, where Hc is the
coercivity of the magnetic material. Usual values
found in the literature range between O and
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4 nH m* kg™!, the highest reported so far being
3.1 nH m* kg_l for commercial (Micromod Nano-
mag-D-Spio) samples with average crystallite size of
11.8(0.56) nm. When converted into ILP we obtained
values between 0 (for sample APOl1) and 8.1 nH
m” kg™ (for sample C06). We remark that the concept
of the ILP is more accurate if it is assumed as an
estimation of the capability of the system to absorb the
power of the ac magnetic field (which is proportional to
f-H?). SPA is not only dependent on the particle size,
but also depends on the formation of agglomerates of
the magnetic interparticle interaction, since it leads to
the increment of the blocking temperature and to the
strongly increment of the hydrodynamic radius, making
no valid the heating generation as originated by Néel
and Brown relaxations, being dependent of the hyster-
esis losses in a blocked regime Carrey et al. (2011). In
this case, the parameters to be optimizes for maximum
SPA values will be different, demonstrating the impor-
tant role of colloidal stability of the ferrofluid in the
final power absorption efficiency. This observation
opens the question of how chemical changes into
physiological medium (pH, salinity, etc.) will affect the
SPA of a given colloid for biomedical applications.

Summary

Summarizing, experimental study and numerical cal-
culations of SPA as a function of particle size of Fe;0,4
nanoparticles show that morphological (the average
size and size distribution) and magnetic (anisotropy
constant and relaxation time) characteristics of the
nanoparticles constituting a heating agent are central
parameters for the design of efficient heating agents.
Numerical calculations considering the heating gener-
ation due to the Néel and Brown relaxations are in good
agreement with experimental data. Looking at the
mechanisms of heating generation, our numerical
calculations indicate that for our experimental condi-
tions (f = 250 kHz and H, = 13 kA/m) the Néel
relaxation is predominant for d < 11 nm, Brown and
Néel relaxations compete for 11 nm < d < 13 nm and
Brown relaxation dominates for d = 20 nm. SPA
value as large as 344 W/g was obtained for a sample
containing nanoparticles with average size of 12 nm
in an ac magnetic field with Hy = 13 kA/m and f =
250 kHz. Based on our results, it is possible to
design nanoparticles with morphological and magnetic

@ Springer

properties that optimize the heating generation, in
accordance with the frequency and amplitude of the ac
magnetic field, by the Néel and Brown relaxations.
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