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Magnetite nanoparticles (NPs) are extensively investigated for biomedical applications, particularly as
contrast agents for Magnetic Resonance Imaging and as heat mediators in Magnetic Fluid Hyperthermia.
For the latter, one of the goal of the research is to obtain materials with improved hyperthermic prop-
erties. A valuable strategy is the increase of the magnetic anisotropy of commonly employed magnetite
through the total or partial substitution of Fe?* ions with Co?* ions. Here we present a study on a family
of 8 nm Co-doped magnetite NPs (CosFes _,04), with composition ranging from pure magnetite (x=0) to
stoichiometric cobalt ferrite (x=1), aimed to investigate the evolution of the hyperthermic properties
with the increase of Co content. We found that the addition of a small amount of Co is enough to sharply
increase the Specific Absorption Rate (SAR). The SAR further increases with x but it reaches a maximum
for an intermediate value (x=0.6). Such anomalous behavior is ascribed to the intrinsic magnetic
properties of the material, and, in particular, to the magnetic anisotropy, which displays the same pe-
culiar trend. The Co-doping thus may represent an effective strategy to improve the poor hyperthermic

efficiency of very small magnetite NPs ( < 10 nm).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

One of the most intriguing properties of magnetic nano-
particles (NPs) is the capability to generate heat under an alter-
nating magnetic field thanks to the energy losses occurring during
the magnetization reversal [1-3]. This property is the base of a
promising application in biomedicine, known as Magnetic Fluid
Hyperthermia (MFH), which can be employed as anticancer ther-
apy by thermal ablation or, since cancerous cells are more sensi-
tive to heat than healthy ones, by apoptosis or as coadjuvant for
chemo- and radio-therapies [4,5]. In comparison with other hy-
perthermic treatments, MFH offers a better selectivity as the heat
is locally generated in the tissue where the NPs accumulate.
Moreover, in principle MFH could be conjugated with Magnetic
Resonance Imaging (MRI) providing the opportunity to build up a
theranostic nanosystem able to diagnose, treat and monitor the
cancer evolution during the therapy. The multifold properties of
magnetic NPs can be further exploited by the widespread func-
tionalization reactions at the NPs surface which confer tailored
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properties depending on the target application of the nanosystem
[3,6].

Among the parameters which can be tuned to optimize the
hyperthermic efficiency, the mean size of NPs is one of the most
effective [7,8]. The optimal size, however, depends on the com-
position of the selected material. As instance, for iron oxide fer-
rites, i.e. magnetite (Fe;0,4) and maghemite (y-Fe,O5), which have
been the first and most investigated materials for biomedical ap-
plications because of their biocompatibility, the optimal size is
around 12-24 nm, depending on the oxidation degree and on the
applied frequency [7-11]. A further reduction of the particle size is
one of the challenges in the material research for biomedical ap-
plications since smaller systems are expected to better avoid the
immunitary system and have a longer circulation time in blood
vessels, thus increasing the probability to target the tumor tissue.
In addition, for magnetic carriers, small NPs are more stable
against aggregation, avoiding precipitation and consequently the
risk of blood vessel occlusion. In order to reduce the NP size while
increasing or at least keeping constant the hyperthermic efficiency
obtained with the traditional iron ferrites, the research has then to
focus on alternative materials. A straight strategy to achieve this
goal is to increase the magnetic anisotropy of iron oxide-based
materials by replacing, for example, the divalent iron with a more
anisotropic cation, like cobalt. It has been already demonstrated,
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indeed, that small sized NPs (d<12nm) of cobalt ferrite
(CoFe;04), which bulk anisotropy constant is ca. 20-30 times
greater than magnetite, have a larger hyperthermic and MRI
contrast efficiency than magnetite NPs of the same size [7,12].
Despite the promising properties of this material, its use in bio-
medical application is debated due to the presence of cobalt. While
for uncoated cobalt ferrite NPs a non-negligible toxicity is reported
in the literature [13,14], the coating with silica or polymers
strongly improves their biocompatibility [13,15,16]. However, a
low residual toxicity is often still present, depending on the cel-
lular line investigated and on the concentration of the NPs used
[17,18]. Moreover, it must be noted that almost all cytotoxicity
tests reported in the literature are performed at much lower NPs
concentrations than that required by hyperthermia assays. The
release of free cobalt ions from the NPs (leaching) is reported in
several works, the amount of cobalt released depending on the
concentration, on the coating and on the experimental conditions
of the tests [17,19,20]. Moreover, another possible source of toxi-
city is the Co release occurring during the biodegradation of those
NPs that have not completely excreted from kidneys, liver or other
excretion pathways. In this manifold scenario, the presence of
cobalt could in some cases represent a potential source of toxicity,
in particular if large amounts of NPs or high concentration are
used. A controlled reduction of cobalt content can thus represent a
suitable compromise between the needs of limiting the potential
toxicity and the advantage of the aforementioned properties of a
strong anisotropic material. Indeed, in a recent study of Co-doped
NPs grown in the internal cavity of functionalized human ferritin,
some of us demonstrated that a small amount of doping (5% w/w)
was enough to strongly enhance the hyperthermic efficacy on
melanoma cells with respect to the undoped samples, without
compromising the cytotoxicity of the material [21]. Moreover,
some of us reported that the magnetic anisotropy of 5nm
CoxFegj3_2/3x04 NPs does not increase monotonously with Co
reaching a maximum for intermediate composition (x=0.6) [22].
These results suggest the possibility to reduce significantly the Co
content while achieving performances that match and even out-
class those of stoichiometric cobalt ferrite. Although nanocrystal-
line cobalt ferrite has already been investigated for application in
MHEF [7,12,23,24], to our knowledge no attention has been paid to
the dependence of the hyperthermic efficiency on the cobalt
content.

Here we report the synthesis and characterization of a family of
8 nm non-stoichiometric cobalt ferrite, CosFes_,04 with
0 <x < 1.0 and the investigation of their ability to generate heat
under an alternating magnetic field. Samples were synthesized by
thermal decomposition of metal acetylacetonates in high-boiling
solvents in the presence of surfactants. This method allows for
obtaining high crystalline, size-controlled MNPs with tuned
composition from magnetite to stoichiometric cobalt ferrite. The
hyperthermic efficiency of the obtained samples was found to
have a non-monotonous trend with Co-content, reaching max-
imum values for the intermediate composition x=0.6. A complete
structural and magnetic characterization was performed in order
to correlate this peculiar behavior with the properties of the
material.

2. Materials and methods
2.1. Synthesis

All the samples were prepared under inert atmosphere using
commercially available reagents. Hexane (99%), phenyl ether

(Ph;0, 99%), benzyl ether (Bn,0, 99%), 1,2-hexadecanediol (HDD)
(97%), oleic acid (OA) (90%), oleylamine (OAM) (70%), lauric acid

(LA) and cobalt(Il) acetylacetonate (97%) were purchased from
Aldrich Chemical Co. and Iron(Ill) acetylacetonate (99%) from
Strem Chemicals, Inc. Absolute ethanol was from Fluka. All che-
micals were used as received.

In a typical synthesis, Fe(acac); and Co(acac), (in various pro-
portions, 1 mmol total), OA (0.64 ml, 2 mmol), OAM (0.64 ml,
2 mmol) and HDD (0.67 g, 2.3 mmol) were mixed and magneti-
cally stirred under a flow of nitrogen in Ph,0 (30 ml). The mixture
was kept at 200 °C for 2 h under a blanket of nitrogen and vigor-
ously stirred, then heated to reflux for 1h. The black-brown
mixture was cooled down to room temperature and EtOH was
added to the mixture, under ambient conditions, causing the
precipitation of a black powder which was separated via cen-
trifugation (5000 rpm, 10 min). The black product was dispersed
by sonication in EtOH several times, then centrifuged (5000 rpm,
10 min) and dried. The product could be readily dispersed into
hexane.

Samples with different metal compositions were obtained by
modifying the initial metal ratio in the reaction synthesis. How-
ever, since the effective metal Co:Fe ratio was found systematically
lower than the nominal one (see discussion below, Section 3.1),
the reaction conditions were modified to increase the incorpora-
tion of Co in the final products by changing the kind and amount
of surfactants and/or the solvent used (benzyl ether or phenyl
ether). The experimental conditions used for the synthesis of the
different samples are reported in Table 1.

In the following, the synthesized CoyFes_ O, samples will be
labeled as CoFezz, where z is the cobalt content (i.e. zz=06 for
x=0.6).

2.2. Structural characterization

Size and morphology of the NPs were determined by Trans-
mission Electron Microscopy (TEM), using a CM12 PHILIPS mi-
croscope operating at 100 kV. Samples were prepared by drop
drying a diluted suspension of NPs in hexane onto 200 mesh
carbon-coated copper grids. The recorded images were analyzed
with the Image Pro-Plus® software. The mean diameter and the
size distribution of each sample were obtained from a statistical
analysis over 500-900 particles.

Powder X-Ray Diffraction (XRD) measurements were carried
out using a Bruker D8 Advance diffractometer equipped with a
CuKa radiation and operating in #-26 Bragg Brentano geometry at
40 kV and 40 mA. Lattice parameters, a, and mean crystallite dia-
meters, dxgp, were evaluated using the TOPAS® software (Bruker)
by the method of Fundamental Parameter Approach considering a
cubic spatial group Fd3m.

ICP-AES measurements were performed in triplicate by a Var-
ian 720-ES Inductively Coupled Plasma Atomic Emission Spectro-
meter (ICP-AES). For the analysis, about 1 mg of sample was
digested by concentrated aqua regia (HCl suprapure and HNOs3
sub-boiled in 3:1 ratio) in the presence of H,0,, diluted with
ultrapure water (> 18 Q) and then analyzed using Ge as internal

Table 1
Experimental conditions used for the synthesis of Co,Fes_,04 samples.

Sample x nominal®  x effective” Surfactant Solvent
Fe 0 0 AO, OAM Bn,0
CoFe02 0.3 0.2 AO, OAM, HDD  Ph,0
CoFe04 0.5 0.4 AO, OAM, HDD  Ph,0
CoFe06 0.9 0.6 AO, OAM Bn,0
CoFe09 1 0.9 LA Bn,0
CoFe10 1 1 OAM Bn,0

@ x calculated from the Fe and Co precursors ratio.
P x calculated from the Co:Fe ratio obtained from elemental analysis (ICP-AES).
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standard. Calibration standards were prepared by gravimetric se-
rial dilution from monostandards at 1000 mg L. The wavelengths
used for Co, Fe, and Ge were 238.204, 238.892, and 209.426 nm,
respectively.

2.3. Magnetic characterization

Magnetic measurements were performed using two SQUID
magnetometers (Cryogenic Ltd. S600 and Quantum Design
MPMS). Zero Field Cooled (ZFC) and Field Cooled (FC) magneti-
zation measurements were performed as a function of the tem-
perature applying a weak magnetic field (Hprope=5mT) after
cooling the sample in the absence (ZFC) and in the presence (FC) of
Hprobe. Powder samples were hosted in a Teflon sample holder and
then pressed in a pellet in order to prevent preferential orientation
of the nano-crystallites under the magnetic field. The diamagnetic
contribution of the sample holder, which was separately measured
in the same temperature and field ranges, was find negligible for
all the samples.

Calorimetric measurements of Specific Absorption Rate (SAR)
were performed using an experimental set-up made at the la-
boratory, composed by a power supply CELES®™ MP6/400 (FIVES
CELES), a water-cooled heating station connected to the power
supply and an induction coil. Measurements were carried out by
applying for 300 s a magnetic field of 12 kA/m amplitude and
183 KHz frequency on a toluene suspension of magnetic NPs in the
presence of 7.5 mM of OA and 7.5 mM of OAM. The concentrations
of the suspension were 1.6% w/w for Fe and CoFe02; 1.8% w/w for
CoFe04; 1.7% w/w for CoFe06; 1.1% w/w CoFe09 and 1.5% w/w for
CoFe10. The field amplitude and the frequency were measured
using a specific probe for high frequency magnetic field (AMF Life
Systems™). The temperature of the sample was recorded by a
temperature optical fiber probe (OPTOCON-FOTEMP) dipped into
the solution. Samples were surrounded by polystyrene and hosted
in a glass Dewar to ensure the proper thermal isolation.

50 nm
e

3. Results and discussion
3.1. Synthesis and structural characterization.

A set of 8 nm non-stoichiometric cobalt ferrite, CoyFe; Oy,
with different Co content (0 <x < 1.0) was successfully synthe-
sized by thermal decomposition of metal acetylacetonates in high-
boiling solvents with a synthetic strategy modified from that used
by Sun et al. [25]. The size was chosen close to the lowest limit of
the range corresponding to the theoretical maximum of SAR ex-
pected for stoichiometric cobalt ferrite [7]. However, using OA,
OAM and HDD as surfactants, we found that the Co:Fe ratio, de-
termined by ICP-AES, was always lower than the nominal value,
and, even by adding an excess of Co(acac), while keeping the total
moles of metal (Fe+Co) unchanged, samples with x > 0.6 could
not be obtained. A systematic Co depletion in Co,Fes_,O4 NPs
synthesized by thermal decomposition of metal acetylacetonate
precursors was already reported in the literature [26-28]. For in-
stance, Barron et al. [26] performed a systematic investigation of
the parameters involved in this synthesis and reported a constant
Co reduction throughout the whole investigated composition
range (0.15 <x < 1.0). Shemer et al. [27] attributed the Co deple-
tion to the presence of the long chain diol, HDD, although we did
not observe any difference when the reaction was repeated
without this surfactant (Table 1). In addition, a statistical study on
the synthesis of cobalt ferrite by thermal decomposition reaction
identified the decrease of the reflux temperature as responsible for
the reduction of the Co:Fe ratio, suggesting that the decomposition
of the Co-precursor occurs at higher temperature than the Fe
precursor [28].

In the present case, we found the surfactant plays a funda-
mental role in determining the final composition. Indeed, when
the NPs were synthesized using LA alone or OAM alone,
CoyFes _,04 with x=0.9 and x=1.0, respectively, were obtained.
This result can be explained considering that a modification of the
surfactant nature corresponds to a change in the decomposition
temperature of the metal precursors.

100:nm

Fig. 1. TEM images of Co.Fe; ,O4 NPs. (a) Fe (d=8.3 +£0.9 nm), (b) CoFe02 (d=8.6 + 2.5 nm), (c) CoFe04 (d=8.6 +2.2 nm), (d) CoFe06 (d=8.4+2.1 nm), (e) CoFe09
(d=8.6 + 0.6 nm) and (f) CoFe10 (d=8.2 + 1.1 nm). Average size and standard deviation evaluated from the diameter histogram, shown in the inset, are reported in brackets.

The best fit curve to a log-normal distribution is also reported as a continuous line.
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Fig. 2. XRD patterns of CosFe; 04 NPs compared to the reference pattern of cobalt
ferrite (black bars; PDF22-1086).

In Fig. 1 representative TEM images are reported together with
the particle size distribution obtained from a statistical analysis
over ca. 500-900 NPs. All samples are composed by uniform,
spherical shaped NPs of diameter d=8-8.5 nm (Table 1). The size
distribution can be nicely fitted to a log-normal function, as
commonly observed for NPs prepared with wet-chemical techni-
ques. The XRD diffraction patterns, reported in Fig. 2, well match
in intensity and peak position those of cubic spinel oxides. In fact,
the lattice parameters a, reported in Table 1, are close to the ones
expected for magnetite (8.3963 A) and cobalt ferrite (8.3919 A).
The crystallite diameters, dxgp, obtained with the Scherrer analysis
(Table 1), are comparable to those obtained by TEM measure-
ments, suggesting that the particles can be considered as single
crystals of high quality.

3.2. Hyperthermic and magnetic characterization.

The investigation of the hyperthermic efficiency of the
Co4Fes; _xO4 NPs was performed by evaluating the Specific Ab-
sorption Rate (SAR), i.e. the absorbed power per mass unit of the
toluene suspension (1.1-1.8% w/w). The SAR values were estimated
from the initial slope of the kinetic curves, dT/dt(0), using the

\ dT

equation
1
Z Cimi)dt(O) 1)

SAR =
mmetalk i

where i denotes each species (solvent, surfactants and NPs), ¢; the
specific heat, m; the mass and m;e¢q the total mass of metal. The
field amplitude, Ho= 12 kA/m, and frequency, f=183 kHz, were
chosen such as their product undergoes the tolerance limit (Hp-
f=5x10°Am~'s~!) currently accepted in order to avoid any
undesired side effects on human beings for small region exposure
[29]. Larger amplitudes or frequencies can produce uncontrolled

a
30
CoFe06
£ 90 CoFe04
g
= CoFe02
< 104 C::F:OC)
CoFel0
Fe
0
0 100 200 300 400 500
t(s)

Table 2
Chemical, structural and hyperthermic properties of CosFes_4O..

Sample  x* d (nm)” a (A)F dygp (nm)¢ SAR (W/g metal)®
Fe 0 83+09 83997(9) 8.0(01) 65405
CoFe02 02 86+25  8372(3) 77(02) 12+ 10
CoFe04 04 86422  8387(5) 86(02) 277121
CoFe06 06 84+21  8390(1) 81(01) 404135
CoFe09 09 86+06  8388(1) 7.7(02) 19.0+ 0.9
CoFeld 1.0 82+11  8406(1) 6.4 (01) 108+ 1.9

2 Cobalt content obtained from ICP analysis.

> NP average diameter and standard deviation obtained from TEM data.

¢ Lattice parameter.

4 Crystallite average size obtained from XRD data analysis (accuracy is given in
brackets).

€ SAR values obtained under an alternating magnetic field of 12 kA/m and
183 kHz; the data (mean + std) were obtained averaging over 3 measurements.

tissue overheating due to induced eddy currents and peripheral
muscles stimulation.

In Fig. 3a, the experimental kinetic curves are shown, while the
SAR values are reported in Table 2. Pure magnetite NPs of 8 nm
provide poor heating effect, while a sizeable value is measured
once NPs are doped even with a small amount of Co ions (x=0.2).
Interestingly, the heating efficiency further increases with the
amount of doping, reaches a maximum for x=0.6, but it drops
down for larger x (Fig. 3b). The interpretation of this result re-
quires the analysis of the magnetic properties of the samples as
the heating power depends not only on the parameters of the
external applied field, Hy and f, but also on the magnetization of
the material, Ms, and on the characteristic time of the magneti-
zation reversal, 7 :

SAR jHOMSZV[] f(’g;ﬁ)z] )
and

Kv
FTR o (kTT) (3)

V and K, being the NP average volume and the magnetic anisotropy
constant, respectively. In (3) we have not considered the Brownian
contribution since magnetic data indicates that it is negligible (see
below).

In Fig. 4, the temperature dependence of the ZFC and FC
magnetizations of the whole series are shown, while the blocking
temperature, T, identified by the ZFC maximum, are reported in
Table 3. The trend of T as a function of the Co content qualitatively
reflects what observed for the SAR, even though the presence of a
maximum cannot be revealed as the Ty for two samples (CoFe04
and CoFe06) are larger than the highest investigated temperature
(310 K).

50

(on

40 .
30

20 .

SAR (W/g)

00 02 04 06 08 1.0
x (Co Fe, O))

Fig. 3. (a) Kinetic curves and (b) corresponding SAR values of CosFes 404 NPs as a function of the cobalt content.
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Fig. 4. Temperature dependence of the ZFC/FC magnetizations. Each curve is nor-

malized to the corresponding ZFC maximum.

Table 3
Main magnetic parameters of the CosFes 404 samples.

Sample Tg* (K) uoH" (T) Ms€ 25K Ms/Ms¢ Mgt M
(Am?/kg) 25K 300K

Ms 1/Ms*
300K

(Am?/kg) (Am*/kg) (Am?/kg)
Fe 125 0.039 82 0.98 044 72 0.97
CoFe02 285 141 93 0.95 0.75 79 0.96
CoFe04 >300 1.42 98 0.95 0.82 81 0.99
CoFe06 >300 1.55 98 0.98 0.81 88 0.97
CoFe09 258 1.50 90 0.93 0.74 73 0.92
CoFe10 263 1.36 87 0.92 0.67 79 0.89

2 Blocking temperature.

b Coercive field at 2.5 K.

¢ Low temperature saturation magnetization estimated by fitting the high field
data to the law M=Ms+a/H+b/H>.

4 Low temperature magnetization at 5 T normalized to the saturation value.

¢ Reduced remanent magnetization (Mo 1/Ms 1).

f Room temperature saturation magnetization.

& Room temperature magnetization at 5 T normalized to the saturation value.

The field dependence of the magnetization was investigated
both at low (2.5K) and at room (300K) temperature. All the
samples do not display significant remanence nor coercivity at
300 K, while they show an hysteretic behavior at low temperature
(Fig. 5a). At both temperatures the saturation is almost completely
reached at the highest applied fields (Mst/Ms>0.9) and the
magnetization of saturation is close to the bulk value, confirming
the high crystallinity of the samples. It is generally found, indeed,
that Ms decreases with reducing the material size because of the

a 120 ’ ‘
80 P NOTE == Lt‘f
o
= 40 =
g 0 Fp
3 L‘ . i o
" T jﬁ =
et CoFc06
S - CoFe09
: +— CoFel0
-120 e NS
6.0 40 20 00 20 40 60

b, H(T)

formation of a spin-disordered layer at the NP surface, which, as it
has been recently demonstrated [30], can be strongly influenced
by the capping moieties that can partially restored the bulk en-
vironment. The reduced crystallite size of CoFe10, as evidenced by
XRD data, and the different kind of capping ligand used for the
preparation of CoFe09 can thus induce a decrease of the Ms which
cannot be directly related to their Co content. In the final discus-
sion, we will take into account that the Ms trend, again similar to
the SAR one, may be partially ascribed to these accidental factors.

The coercive field at low temperature, H¢, presents a sharp
increase once a small amount of Co is added, but no such sig-
nificant variations are observed among the Co-doped samples,
where again a trend similar to that of SAR can be observed. While
large values of Hc generally denote highly anisotropic systems, the
reduced remanence, Mr=Mj 1/Ms 1, is correlated to the nature of
the anisotropy symmetry, as Mg=0.5 and Mr=0.83 are foreseen
for uniaxial and cubic anisotropy, respectively. For spinel ferrites,
these two components are associated to the surface (uniaxial) and
magneto-crystalline (cubic) terms of the total magnetic anisotropy
[31]. In the present case, Mg exhibits a trend similar to the one
observed for SAR, Hc and Ty (Table 3) suggesting that the cubic
magneto-crystalline component is dominant for intermediate
compositions.

The magnetic anisotropy constant, K, can be estimated
from the low temperature coercive field Hc (Table 3) as, for an
ensemble of randomly oriented NPs at a finite temperature T,
He = 0.96M£[1 - (%)0'77 . In our case, since the temperature-de-

S B

pendent term is negligible for all samples (Tp is always much lar-
ger than T=2.5K), the anisotropy constant can be simply esti-
mated by K = HcMsjy gswhere Ms is the value at 2.5 K. The obtained
K values are always higher than the ones of the corresponding
bulk materials [32], consistently with the presence of a surface
anisotropy contribution which becomes relevant when the mate-
rial is reduced to the nanoscale. For instance, for the extremes of
the series Fe and CoFel0 K is 1.5 x 10%J/m>® and 5.7 x 10° J/m?,
respectively, comparing to bulk magnetite (1.3 x 10#]J/m?3) and
cobalt ferrite (2 x 10° J/m?3) [33]. As expected from the Hc and Mg
results, the so obtained K values (Fig. 5b) show that the maximum
of the magnetic anisotropy is reached at x=0.6. This result nicely
confirms the one we previously observed on investigating the
magnetic properties of a family of 5 nm maghemite NPs doped
with different amount of Co [22]. Moreover, since the trend of K
matches that of the remanence, it can be argued that K is mainly
driven by the magneto-crystalline contribution, supporting the
idea that such behavior is an intrinsic property of the doped
nanomaterial.

The analysis of the magnetic properties has clearly shown how
the SAR is related both to the magnetic moment and anisotropy, as
they all exhibit the same trend with increasing Co content. How-
ever, it can be instructive to evaluate the relative weight of Ms and

b -

by
o

J/m’)

K (10°
2

e v
— N

L]
00 02 04 06 08 10
x (Co Fe, O))

Fig. 5. (a) Low temperature field dependence of the magnetization, M, and (b) anisotropy constant, K, as a function of cobalt content.
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Fig. 6. Dependence of u = SAR/Mfas a function of cobalt content.

K in the determination of the final hyperthermic efficiency. Un-
fortunately, this is not an easy task, since, while Ms can be directly
obtained from the M vs. H curves at 300 K, the determination of
the magnetic anisotropy at room temperature is more complex. Its
value is indeed not accessible as neither hysteresis loops nor AC
susceptibility measurements can be used, since part of the samples
are blocked and part are unblocked at 300 K. Moreover, the large
temperature dependence of K and the different variation expected
for the various contributions to it prevent the use of the low
temperature data shown in Fig. 5b [34]. However, the weight of K
to the SAR can be tentatively estimated indirectly by removing the
contribution of the saturation magnetization. In Fig. 6 the para-
meter u = SAR/MZis reported as a function of x: the obtained data
maintain a similar percentage variation (1 — Umjn/Umax) Of SAR (ca.
80%), suggesting that the main contribution to the hyperthermic
behavior arises from the magnetic anisotropy. This result under-
lines how for non-stoichiometric cobalt ferrite the heating power
is fully determined by the magnetic features of the material in-
trinsically dependent on its Co-content. This further implies that in
our samples the Brownian relaxation does not contribute to the
heat dissipation mechanism, therefore allowing the control of the
hyperthermic effect independently of any external parameter
which, in the case of clinical application, are often unknown.

4. Conclusions

We reported the investigation of the structural, magnetic and
hyperthermic properties of a series of 8 nm Co-doped magnetite
NPs whose Co:Fe molar ratio has been varied systematically from
0 to 0.5 while keeping unchanged the mean diameter and the
spherical morphology. The structural characterization displays
that all the samples are composed of monodisperse and highly
crystalline NPs. The SAR, evaluated on toluene dispersions of the
NPs, increases with cobalt content up to x=0.6, and then decreases
for larger x values. The magnetic measurements enlighten that this
peculiar behavior can be ascribed to the magnetic anisotropy,
quantified by the effective anisotropy constant, K. The whole
magnetic data confirm what observed in our previous work on
5nm CoxFe(g3_24/3)04 NPs: the highest cubic contribution to
magnetic anisotropy and the maximum value of K are reached for
intermediate composition. Thus, the best hyperthermic efficiency
will be obtained for a partial substitution of Fe?* ions with Co?*
in the spinel lattice of magnetite. Moreover, it is important to
underline that, for CoxFe3_xO4, a mean diameter of 8-8.5 nm is
large enough for obtaining a significant heating applying field

amplitude and frequency compatible with clinical requirements,
while magnetite of same size shows only poor hyperthermic effi-
ciency. This result has a great interest for MFH application, since it
allows for the reduction of the NP size guaranteeing the hy-
perthermic efficacy independently of environmental parameters,
meanwhile increasing stability and circulation time in the body
fluids, and thus the targeting capability.
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