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a b s t r a c t

The heating ability of the same magnetic nanoparticles (MNPs) dispersed in different media has been
studied in the 170–310 K temperature range. For this purpose, the biggest non-twinned nanoparticles
have been selected among a series of magnetite nanoparticles of increasing sizes synthesized via a
seeded growth method. The sample with nanoparticles dispersed in n-tetracosane, thermally quenched
from 100 °C and solid in the whole measuring range, follows the linear response theoretical behavior for
non-interacting nanoparticles, and displays a remarkably large maximum specific absorption rate (SAR)
value comparable to that of magnetosomes at the alternating magnetic fields used in the measurements.
The other samples, with nanoparticles dispersed either in alkane solvents of sub-ambient melting
temperatures or in epoxy resin, display different thermal behaviors and maximum SAR values ranging
between 11 and 65% of that achieved for the sample with n-tetracosane as dispersive medium. These
results highlight the importance of the MNPs environment and arrangement to maintain optimal SAR
values, and may help to understand the disparity sometimes found between MNPs heating performance
measured in a ferrofluid and after injection in an animal model, where MNP arrangement and en-
vironment are not the same.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The heating ability of magnetic nanoparticles (MNPs) for
magnetic hyperthermia [1,2] is commonly quantified by means of
the specific absorption rate (SAR) [3,4], also referred to as specific
loss power (SLP). This heating ability is related to the magnetiza-
tion reversal processes that occur when the MNPs are subjected to
an alternating magnetic field. Accordingly, SAR values depend, like
magnetic properties, on temperature.

Given that magnetic hyperthermia therapy involves tempera-
tures from 36 up to about 50 °C, it is essential to evaluate SAR in
this narrow temperature range, in function of the amplitude, H0,
and frequency, f, of the applied magnetic field. Some materials
may show a weak SAR variation in this range, making reasonable
the use of average values for therapy planning. But in other cases,
SAR values may change appreciably as temperature increases. An
extreme case is found in self-regulating MNPs [5], in which the
SAR drop at the temperature range of interest is the basis of their
functionality.
Also, the determination of SAR in a wider temperature range
may provide further information about the MNPs, needed for the
feedback synthesis–characterization–application. For example, it is
well-known that the thermal dependence of the out-of-phase ac
magnetic susceptibility, χ″, provides useful information of certain
magnetic transitions. At low H0 values, where the linear response
theory [6] is fulfilled, SAR is linearly proportional to χ″, thus pro-
viding similar information [7], but obtained with f and H0 values
more adequate for magnetic hyperthermia.

SAR(T) characterization may be also useful in the study of the
behavior of MNPs in different dispersive media, where viscosity
changes due to melting or pre-melting processes can allow or-
ientation or free movement of MNPs. In this sense, the influence of
the MNP colloidal environment on the temperature evolution of
the magnetization, M, has been studied [8,9] under static magnetic
fields, through zero-field-cooled (ZFC) and field cooled (FC) M(T)
measurements. Also, ac susceptibility studies have been performed
on similar systems [10], using alternating magnetic fields with low
amplitudes and frequencies.

In this work, we apply SAR(T) characterization to study the
behavior of several systems composed of the same magnetic na-
noparticles in different dispersive media and subjected to an al-
ternating magnetic field suitable for magnetic hyperthermia. The
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Table 1
Summary of samples prepared for SAR(T) measurements.

Sample Medium c (mg/g) c (mg/mL)

C6 n-Hexane 8.9 5.84
C6-bis n-Hexane 15.3 10.10
C12 n-Dodecane 9.0 6.90
C16 n-Hexadecane 8.3 6.44
C24 n-Tetracosane 9.0 7.08
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different SAR(T) values and trends obtained demonstrate that, not
only the intrinsic properties of the MNPs determine their heating
ability, but also the spatial arrangement can enhance or reduce
SAR values and shift the temperature at which the heating ability
becomes maximal. Even though the experiments are not per-
formed in physiological environment, the present findings cer-
tainly give a clue about the origin of the loss of performance of
MNPs in in-vivo applications [11].
Epo Epoxy resin 84.3 62.7
2. Experimental methods

2.1. Synthesis of magnetic nanoparticles

A series of magnetite nanoparticles of increasing sizes was
synthesized following and adapting the original seeded growth
method of Sun et al. [12,13] and a more recent study by Erné et al.
to obtain so-called “facets” and “twins” nanoparticles [14]. Thus ca.
6 nm Fe3O4 spherical nanoparticles seeds were obtained adding
Fe(acac)3 (2 mmol, 499.9% trace metal basis), 1.2-hexadecanediol
(10 mmol, 97%), oleic acid (6 mmol, 90%) and oleylamine (6 mmol,
470%) to 20 mL benzyl ether (99%) under a flow of argon and first
stirring magnetically at room temperature under Ar for 5 min. The
mixture was then heated to 200 °C, maintained for 2 h at this
temperature and heated to reflux (ca. 293 °C) for 1 h, under con-
tinuous stirring and flow of Ar. The rate of heating, a key para-
meter with respect to final nanoparticle size and shape, was the
maximum attainable with our setup, at ca. 2.5 °C/min. The formed
black dispersion was cooled to room temperature by removing the
heat source, maintaining stirring. Once at room temperature, the
reaction mixture was opened to air and ethanol (40 mL) was ad-
ded, resulting in the precipitation of a black solid that was sepa-
rated by centrifugation. This raw product was redispersed in
n-hexane (40 mL, 499%) in the presence of oleic acid (0.05 mL)
and oleylamine (0.05 mL) with bath ultrasonication. After cen-
trifugation to remove undispersed material, the product was then
precipitated with ethanol (16 mL), centrifuged to remove the su-
pernatant, and redispersed into n-hexane (16 mL) with bath ul-
trasonication. A first growth step was then done adding 84 mg of
the obtained seeds dispersed in n-hexane to a mixture of Fe(acac)3
(2 mmol), 1.2-hexadecanediol (10 mmol), oleic acid (2 mmol) and
oleylamine (2 mmol) in 20 mL benzyl ether previously stirred for
5 min under a flow of Argon at room temperature. The mixture
was then brought to 100 °C, temperature at which it was kept
30 min without condenser under Ar flow to evaporate the hexane.
After fitting the condenser, the mixture was then warmed further
and kept 1 h at 200 °C and finally refluxed 30 min, all under Ar
flow. The exact same workup procedure as for the seeds was used.
A total of 26 identical growth steps were then done using the exact
same procedure except for the amount of nanoparticle seeds from
the previous steps, now using 80 mg, and for the last seven growth
steps reducing the amount of both oleic acid and oleylamine to
1 mmol. All reagents and solvents were purchased from Aldrich at
the indicated purities and used without further purification.

2.2. Characterization of structure, morphology and size

The hydrodynamic size of MNPs was monitored after every five
growth steps by Dynamic Light Scattering (DLS) using a Zetasizer
Nano ZS from Malvern Instruments in backscatter mode using a
633 nm HeNe laser. The position of the maximum of the intensity
distribution of particle sizes was used to check this size. For DLS
experiments, the MNPs were suspended in hexane to reach a
concentration of 0.03 mg/ml.

Complementary, given that the DLS intensity distribution does
not reflect the precise size of MNPs, Transmission Electron
Microscopy (TEM) images were taken after selected growth steps,
in order to determine morphology and real size. Small quantities
of diluted hexane ferrofluids were dropped onto carbon-coated
copper grids and the solvent was left to evaporate. Observations
were made on a JEOL 2000 FXII instrument working at an accel-
eration voltage of 200 kV.

The crystalline phase of selected nanoparticles was identified
by X-ray powder diffraction (XRD). Experiments were performed
with a Phillips X′per Pro diffractometer (Cu Kα radiation) on MNP
powder. Diffraction patterns were recorded in the 2θ range 10–
100° with a scan step of 0.03° (2θ) for 3 s.

2.3. Preparation of samples for SAR(T) measurements

The MNPs obtained after the 20th growth step, selected for the
study, were suspended in 4 different alkane solvents and in epoxy
resin (Epofix™). A summary of the samples and their character-
istics can be found in Table 1.

For the samples dispersed in n-hexane (C6H14), n-dodecane
(C12H26) and n-hexadecane (C16H34), aliquots of the original fer-
rofluid (in n-hexane) were evaporated in weighted vials. Once the
sample solid mass (MNPsþsurfactant) was determined, the ade-
quate volume of the selected organic solvent was added to reach
the desired approximate concentration, and the vials were after-
wards ultrasonicated in a water bath for 5 min at room tempera-
ture. Eventually, special purpose quartz containers were filled with
these ferrofluids and sealed with adhesive to prevent leakages
under the vacuum conditions required for the measurements.

The sample dispersed in tetracosane (C24H50) was prepared in a
similar way but, due to the higher melting point of this alkane
(48–54 °C), the dispersion was performed in a water bath at 100 °C
under ultrasonication with a Hielscher UP200s working at 85% of
its maximum power for 30 s using the S3 tip. After filling the
quartz holder, the sample was thermally quenched in an ice-water
bath and then sealed with the adhesive. Quenching provides a
much more homogeneous final MNP distribution than slow cool-
ing, based on visual inspection.

A last aliquot of the original ferrofluid was washed three times
with dicloromethane and ethanol to remove as much surfactant as
possible. The solid was then dispersed in epoxy resin in a high
concentration, and the mixture was heated at 60 °C for resin
curing.

2.4. Determination of sample concentration

The sample concentration, c (mass of magnetic material per
mass or volume of sample), was determined combining elemental
analysis with measurements of first magnetization curves, M(H).
The Fe content was determined by Inductively Coupled Plasma-
Optical Emission Spectroscopy (ICP-OES, Jobin Ybon 2000). M(H)
curves were measured from 0 to 5 T at 300 K in a superconducting
quantum interference device MPMS-XL from Quantum Design.

An additional sample of MNPs dispersed in tetracosane was
prepared in the same way as sample C24. After recording its M(H)
trend, this sample was digested in aqua regia at 90 °C and diluted



Fig. 1. XRD patterns of MNP powder (continuous line) compared with the Fe3O4

peak positions from database reference (bars).
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in distilled water up to a volume of 50 ml for ICP-OES analysis.
Assuming stoichiometric magnetite composition of the MNPs, the
specific saturation magnetization, MS, of this sample was
determined.

In addition, M(H) curves of all samples collected in Table 1 were
measured on the same specimen used for magnetothermal mea-
surements. The mass of magnetic material was then calculated
dividing the MS values by the specific MS value obtained above.
Diamagnetic corrections corresponding to sample holders and
solvents were determined experimentally from separate mea-
surements and taken into account for magnetization calculations.

2.5. Measurement of heating ability

The heating ability of the MNPs was characterized through SAR
(T) measurements. SAR is defined as the heating power released
per unit mass of magnetic material during ac-field exposure, and
can be calculated by the pulse heating method [3] as,

Δ
Δ

=SAR
C

m
T
t (1)MNP

where C (in J/K) is the heat capacity of the specimen (sam-
pleþcontainer), mMNP is the mass of magnetic nanoparticles and
ΔT is the temperature increment of the specimen during an ac-
field pulse of duration Δt. Accordingly, to obtain SAR(T) trends,
ΔT(T) and C(T) dependences must be determined.

C(T) was calculated using the mass and specific heat capacity
(in J/gK) of all components of the specimens at the adequate
temperature range. The specific heat capacity of the quartz sample
holders, epoxy resin, adhesive sealant and n-tetracosane with
dispersed MNPs was determined experimentally by Differential
Scanning Calorimetry (DSC) using a Q1000 device from TA In-
struments and indium and sapphire as calibrants. The specific heat
capacity of n-hexane, n-dodecane, n-hexadecane and magnetite
were taken from the literature [15–17].

The thermal evolution of ΔT was measured using a unique
special-purpose magnetothermal setup working in adiabatic con-
ditions, and following the procedure described elsewhere [7]. In
the present case, the temperature of the specimens was first de-
creased down to ca. 170 K. ΔT(T) values were then determined
from 170 K to 315 K on heating ramps achieved by applying suc-
cessive ac-field pulses of duration Δt. During each pulse, the
specimen releases heat and undergoes self-heating. ΔT is then
calculated as T2�T1, where T2 and T1 are, respectively, the back-
ward and forward extrapolation of the temperature drifts after and
before the ac-field application, at the midpoint of Δt. Each ΔT
value is divided by Δt and assigned to the midpoint temperature
T¼(T1þT2)/2. FinallyΔT(T) is used together with C(T) and mMNP to
calculate SAR(T), according to Eq.(1). Measurements were per-
formed with ac-field frequency and amplitude of 111 kHz and
3 kA/m, respectively, in order not to overtake the traditional bio-
logical range of ac-field application in humans [18] and study the
low-field heating of the nanoparticles.
Fig. 2. Hydrodynamic size corresponding to the position of the maximum of the
intensity distribution obtained with DLS, together with TEM images of selected
growth steps.
3. Results and discussion

3.1. Series of magnetic nanoparticles

Confirmation of the iron oxide phase expected to form under
the used synthetic conditions, i.e. magnetite, [12,13] was obtained
from XRD. Fig. 1 shows the typical XRD pattern of the powder, in
this case obtained after the 19th growth step, showing that the
crystalline structure of the MNPs is essentially magnetite.
The hydrodynamic size of MNPs derived from first order DLS
experiments, although a few nanometers bigger than the real MNP
size, is a good guiding parameter of the growth process, provided
that MNPs are narrow-sized and non-agglomerated, which was
the case here. Fig. 2 displays this size, measured after every five
growth steps, corresponding to the position of the maximum of
the intensity distribution obtained with DLS.

According to Fig. 2, the hydrodynamic size of the seeds is
9.8 nm. At the 5th growth step, this size is already 17.5 nm, and
scarcely increases during the following steps in which 2 mmol of
oleic acid and oleylamine are used in the synthesis. This is actually
very similar to the trend observed by Luigjes et al. through TEM for
their “twins” series [14]. From the 21st growth step, the amount of
both oleic acid and oleylamine was reduced to 1 mmol, with the
aim of allowing further growth of the MNPs, and reaching a size of
about 20 nm. This growth is indeed observed in the hydrodynamic
sizes of 25th and 27th growth steps. However, the width (not
shown) of the DLS intensity distribution also increases, indicating
higher polydispersity.

TEM images of selected growth steps shown in Fig. 2 reveal that
MNPs between the 5th and the 20th growth step are not spherical
but polyhedral, with rather similar shapes and a narrow size dis-
tribution. However, MNPs of the 27th growth step display more
dissimilar shapes, and a wider size distribution, confirming the
DLS observations. A closer inspection indicates the MNPs of these



Fig. 3. TEM image of MNPs of the 20th growth step, together with the TEM size
histogram fitted to a normal distribution (circles with continuous line) and the DLS
intensity distribution (circles with dashed line serving as guideline).

Fig. 4. SAR(T) trends of samples C24 and Epo, solid in the whole T range.

Table 2
Summary of SAR(T) results.

Sample Tmelting (K)a SARmax (W/g) TSARmax (K)

C6 173–181 4.6 229
C6-bis 173–181 4.8 222
C12 260–270 2.7 273
C16 279–295 3.0 271
C24 4320 7.3 246
Epo – 0.8 288

a Melting temperature intervals were extracted from heat capacity measure-
ments in Refs. [16] and [15].
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last growth steps are essentially twinned or multiple-domain
particles, again in qualitative agreement with previous work [14].
It is interesting to note that the comparatively slower rate of
heating used here has only little influence on the relative growth of
MNPs size or on the growth mechanism resulting in the formation
of “twins”, and only results in smaller MNPs.

Considering the above results, MNPs of the 20th growth step
were selected for the magnetothermal study. Although smaller
than initially pursued, they are more homogeneous in size and
shape than bigger MNPs obtained by reducing the amount of
surfactant. More importantly, no significant twinning effects of the
particles are detected. Although of larger size, these twinned
particles were shown to have a significantly smaller size of the
magnetic domains than that of the whole particle [14], which
could be detrimental for the heating efficiency. Fig. 3 displays a
bigger TEM image of the selected sample, together with the size
histogram, obtained by measuring the diagonal of 300 MNPs from
several TEM images, and the DLS intensity distribution. According
to TEM, the selected particles present a normal size distribution,
with a mean value of 13.9 nm and a standard deviation of 2.2 nm.
DLS intensity distribution indicates that the sample does not
present aggregates in hexane at low concentrations.

3.2. Samples for SAR(T) measurements

Six samples were prepared for SAR(T) characterization, using
MNPs coming from the same synthetic batch obtained after the
20th growth step. The specific saturation magnetization of this
batch, evaluated through a sample dispersed in n-tetracosane, is
MS¼81.26 emu/g, only slightly lower than that of bulk magnetite,
(86.1 emu/g), in accordance with the crystalline phase obtained by
XRD.

According to Table 1, samples C12, C16 and C24 have similar
concentrations, ranging between 6.44 and 7.08 mg/mL. Samples
C6 and C6-bis show, respectively, slightly lower and higher con-
centrations than the other alkane samples. All these samples dis-
play MNPs well dispersed in their dispersive media. MNPs in Epo,
however, presents a strongly inhomogeneous distribution. This
implies that, even if the average concentration of this sample is
62.7 mg/mL, the local concentration of MNPs is undoubtedly much
higher. In addition, the surfactant of these MNPs was eliminated to
facilitate their dispersion in epoxy resin, surely allowing very small
interparticle distances in certain areas.
3.3. SAR(T) results for solid samples

Fig. 4 displays the SAR(T) trends of samples C24 and Epo, which
are solid in the whole measurement temperature interval. In ad-
dition, Table 2 collects, among others, some key parameters of
these results.

Sample C24, thermally quenched from the liquid state, is ex-
pected to preserve a well-dispersed MNP distribution. Its SAR(T)
trend presents a maximum of 7.3 W/g at 246 K. This value is re-
markably high, taken into consideration the used set of ac-field
parameters. Indeed a recent discussion on SAR values and extra-
polations [19] shows that the SAR of magnetosomes [20], one of
the highest found in literature, changes from 960 W/g, at 410 kHz
and 10 kA/m, to 12.8 W/g under the conditions used in this work
(111 kHz and 3 kA/m), a value of the same order as the maximum
SAR achieved by sample C24.

As explained in the introduction, SAR(T) is linearly proportional
to χ″(T) when the linear response theory (LRT) is fulfilled. In these
conditions, the relationship between both magnitudes is

πμ
ρ

χ= ″SAR fH
(2)

0
0
2

where m0 is the permeability of free space and ρ is the mass
density of the magnetic material. According to Carrey et al. [6], in



Fig. 5. SAR(T) trends of samples C6, C6-bis, C12 and C16, liquid at room T. Grey
zones delimit the melting intervals of organic solvents according to heat capacity
measurements in Refs. [15] and [16].
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non-interacting MNP systems, LRT is valid when

μ
<H

k T
M V (3)

B

S M
0

0

where kB is the Boltzmann constant, and VM is the magnetic vo-
lume of each MNP. Assuming cubic MNPs to calculate VM, using the
size determined by TEM and a mass density of magnetite of 5.2
g/cm3 to convert the measured MS to SI units, the maximum H0

value allowed by Eq. (3) at the lowest considered temperature
(170 K) is 4.5 kA/m, neglecting the thermal dependence of MS.

Since measurements were carried out at 3 kA/m, the LRT is
fulfilled in the T measuring interval. This implies that SAR(T) can be
used to locate the onset of the superparamagnetic behavior of the
studied MNPs by means of the blocking temperature, Tb, tempera-
ture at which χ″(T) and, consequently, SAR(T), are maximum. Given
that sample C24 is solid in the whole measurement interval, the
maximum observed can only be assigned to the unblocking of Néel
relaxation mechanism, whose characteristic time, τN, is defined as

⎛
⎝⎜

⎞
⎠⎟τ τ=

KV
k T

exp
(4)

N
M

B
0

where τ0 is a constant, usually taken as 10�9 s, and K is the ani-
sotropy constant of the MNPs. Knowing that at Tb, 2π � f � τN¼1 [21],
τN and K can be estimated using our data. A K value of 26 kJ/m3 is
obtained, in the range of that of bulk magnetite, 23–41 kJ/m3 [21].

This analysis leads to interpret that sample C24 is scarcely af-
fected by interparticle interactions, and that 246 K is the blocking
temperature of the Néel relaxation mechanism of its non-interact-
ing MNPs. Bigger MNPs would have displayed Tb values nearer to
room temperature, being more adequate for magnetic hy-
perthermia applications. Equally, the use of higher ac-field fre-
quencies would have shifted this maximum to higher temperatures.

The maximum theoretical SAR value acquired by this sample
can be calculated using Eq. 2 and the expressions for χ″ and χ0 in
reference [21], namely,

χ χ π τ
π τ

χ χ
μ

″ =
+

≅ =f
f

and
M V

k T
2

1 (2 ) 3 (5)i
S M

B
0 2 0

0
2

where χ0 can be approximated to the initial susceptibility of the
sample. Note that, at Tb, χ″¼χ0/2. The calculated and experimental
values for sample C24 are 7.9 W/g and 7.3 W/g, respectively, again
neglecting the thermal dependence of MS. This result reveals a
really good quantitative agreement between experimental and
analytical results in SAR measurements of MNP systems, scarcely
found in the literature.

Contrary to the high SAR values of C24, sample Epo shows a
dramatically lower heating performance, consequence of the high
agglomeration state of its MNPs. Indeed, their maximum SAR is
just 11% of that of sample C24. This result illustrates the disparity
sometimes found between MNPs performance in a well-dispersed
ferrofluid and after injection in an animal model, where MNPs
agglomerate by cellular uptake and adhesion to tissue [22]. Other
feature of the highly interacting state of this sample is the shift of
its blocking temperature 42 K to higher temperature [23].

3.4. SAR(T) results for liquid samples

Fig. 5 shows the SAR(T) evolution of samples C6, C6-bis, C12 and
C16 which are all liquid at room temperature, but not in the whole
measurement interval. Table 2 collects key parameters of these results.

The first outstanding result is that none of these SAR(T) trends
achieve the maximum SAR value of 7.3 W/g displayed by the solid
sample C24, even if samples C12 and C16 are also solid at the
blocking temperature of C24, 246 K. Another remarkable result is
that all trends start together and converge (except that of C6-bis)
at high temperatures.

Samples C6 and C6-bis, the least and most concentrated liquid
samples, respectively, display very similar SAR(T) trends. This fact
indicates that the slight concentration differences between these
samples are not a significant parameter to be taken into account at
studying their heating behavior. The maximum SAR of these samples
is about 65% that of sample C24, and is achieved at lower tempera-
tures (229 and 222 K), when the samples are in liquid state. In fact,
these samples are liquid in the whole temperature range since, al-
though they are about to solidify at 170 K, the typical solidification
thermogram is not observed in the cooling trends previous to mea-
surements. Samples C12 and C16 do solidify during cooling down to
170 K. Their SAR(T) show a similar and continuous increasing trend
up to the melting temperature, after which a continuous decrease
takes place. Maximum SAR values are achieved at the trend-change
temperatures, and are about 40% that of sample C24.

At this point, it must be recalled that SAR(T) measurements
take place under zero static magnetic field. The cooling process
takes place without any magnetic field and the measuring heating
ramp is achieved by the self-heating of the sample subjected to
successive alternating magnetic field pulses. Therefore, the ob-
served behaviors cannot be related to texturing or arrangements
induced by the application of a dc magnetic field.

One possible explanation for the different behaviors of the li-
quid samples is that, due to the slow cooling rate of these samples,
MNPs may gradually acquire a certain spatial arrangement upon
solidification. This cannot occur in sample C24, thermally quen-
ched. For example, ac susceptibility studies on similar ferrofluids
[10] reveal that solvent freezing significantly affects the inter-
particle dipole-dipole interaction, causing characteristic spin-
glass-like dynamics. In our case, further characterization is needed
to make such a statement.

Given that the SAR data of samples C6, C6-bis, C12 and C16 is
similar between 170 and 190 K, the acquired arrangement is ex-
pected to be also similar. From 190 K, samples C6 and C6-bis
readily lose this arrangement, but still their SAR(T) trends do not
join that of C24. This suggests that the transition between the
formed arrangement and the well-dispersed state is not fully ac-
complished, maybe due to the successive application of ac-field
pulses. The continuous increase of SAR(T) for samples C12 and C16
in the solid state, up to solvent melting temperature, suggests that
the blocking temperature of the formed arrangement lies beyond
their melting temperatures. Eventually, once all samples are liquid,
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they display similar SAR(T) trends, which allows to discard the
presence of an appreciable contribution of Brown relaxation me-
chanism to SAR. Indeed, since the viscosity of the solvents at 298 K
are appreciably different, at 0.300, 1.383, and 3.032 mPa � s for
samples C6, C12 and C16 respectively, a predominance of Brown
relaxation would result in SAR differences, not observed. Also, it
has to be noted that the presence of MNPs is expected to induce
changes in the viscosity of the solvent, even more noticeable un-
der the presence of a magnetic field [24]. This effect makes diffi-
cult the estimation of the Brownian characteristic relaxation times.

A final remark about the observed behaviors is that no sharp SAR
increases due to possible pre-melting processes have been observed
before the melting intervals. Incoherent melting at the solvent-MNP
interfaces has been shown to allow physical reorientation of spa-
tially fixed MNPs, leading to sharp magnetization increases in pre-
sence of static or dynamic magnetic fields [9,10,19], as well as to
SAR increases in presence of alternating magnetic fields [19]. In the
present case, the similarity between the SAR(T) trends of samples
C12 and C16, with different melting and possibly pre-melting
temperatures, leads to discard such effect.
4. Conclusion

A series of magnetite nanoparticles of increasing sizes have
been synthesized following and adapting existing methods in the
literature. Remarkably, the slower heating rates used in the
synthesis due to setup restrictions result in smaller MNPs, but has
only little influence on their relative growth or on the formation of
twinned particles.

The biggest non-twinned MNPs have been selected for SAR(T)
measurements, dispersed in several liquid or solid dispersive media,
in order to explore the thermal dependence of their heating be-
havior in different arrangements and environments. One important
result is the achievement of a non-interacting MNP distribution in
thermally quenched n-tetracosane. This assembly displays a block-
ing temperature and a maximum SAR value in very good quanti-
tative agreement to the linear response theory for non-interacting
MNPs. In addition, this maximum SAR value is comparable with
that of magnetosomes at similar amplitude (3 kA/m) and frequency
(111 kHz) of the alternating magnetic field.

None of the samples dispersed in solvents that are liquid at
room temperature reaches the maximum SAR value of the sample
dispersed in n-tetracosane. This is possibly due to the formation of
certain structures with higher blocking temperatures during the
slow cooling of these samples previous to solidification. Even-
tually, MNPs without surfactant and non-homogeneously dis-
persed in epoxy resin exhibit only an 11% of the heating ability of
the non-interacting sample dispersed in n-tetracosane.

As final remark based on the above results, the same MNPs may
present many different heating behaviors depending on their ar-
rangement and environment. Accordingly, MNP spatial distribu-
tion should be better characterized in-vitro and better controlled
in-vivo in order to reach good correlations between the heating
abilities measured in the laboratory and those achieved in mag-
netic hyperthermia treatments.
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