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Abstract: Magnetic nanoparticles can generate heat when exposed to an alternating magnetic field.
Their heating efficacy is governed by their magnetic properties that are in turn determined by their
composition, size and morphology. Thus far, iron oxides (e.g., magnetite, Fe3O4) have been the most
popular materials in use, though recently bimagnetic core-shell structures are gaining ground. Herein
we present a study on the effect of particle morphology on heating efficiency. More specifically, we
use zero waste impact methods for the synthesis of metal/metal oxide Fe/Fe3O4 nanoparticles in
both spherical and cubic shapes, which present an interesting venue for understanding how spin
coupling across interfaces and also finite size effects may influence the magnetic response. We show
that these particles can generate sufficient heat (hundreds of watts per gram) to drive hyperthermia
applications, whereas faceted nanoparticles demonstrate superior heating capabilities than spherical
nanoparticles of similar size.

Keywords: magnetic nanoparticles; core-shell; spin-coupling; physical vapor deposition; sustainable
synthesis techniques; hyperthermia

1. Introduction

Thermal medicine is supposed to date back at least to the first millennium BC, when
Herodotus (4.75) described the joy and healing that the Scythians experienced from hemp-
laden whole-body steam baths. Since then, several heating techniques have been developed,
for instance by means of radiofrequency antennas and ultrasounds. A major drawback of
these protocols is the fact that they dissipate too much power into body tissues, limiting
their clinical application. Therefore, there has been a growing interest in the possibility
of locating magnetically controlled thermal energy to maximize the therapeutic effect at
appropriate depths in the body while minimizing unwanted heating side effects [1]. Within
this context, in 1957, the use of nanometer magnetic heating seeds (between 20 to 100 nm in
size) to treat cancer was first proposed [2]. Nowadays, high frequency heating of magnetic
nanoparticles (NPs), systems with units lying in the dimension range where magnetic
nanoscale effects different than the bulk state are observed, is an incipient technique for
many diverse applications ranging from the ablative treatment of some types of cancer to
the curing of epoxy resins.

Most of its potential lies in the fact that the degree of order in the system changes
in response to external magnetic stimuli; this is usually a hysteretic irreversible process,
which increases the entropy, and hence causes the unavoidable heat dissipation. Heat
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originates as a result of the work done by the magnetic field applied on the NPs, which
can either cause them to rotate (extraparticle Brownian displacements), or to switch their
magnetization (intraparticle Néel relaxation). The whole process that takes place releasing
heat depends on the field parameters (frequency and intensity), the properties of the NPs
(composition, size, shape), as well as the characteristics (viscosity) of the dispersion matrix.
All these factors drive the magnetization process (a relevant review is available at [3]).
For example, iron oxide NPs at concentrations of 5 mg per one gram of lymphoid tissue
showed about 1.2 MHz as the optimum frequency when field intensities in the range up to
about 25 kA/m were applied [2].

From there on, researchers have focused on optimizing chemical synthesis routes
to adjust the composition, volume (V), and shape of the NPs, aiming to tune both their
saturation magnetization (MS), and effective anisotropy energy density constant (Keff).
Depending on the available fields, the specific loss power (SLP) of the system, a proxy
for the heating efficiency of NPs, could be significantly enhanced by employing highly
crystalline building blocks of 3d transition metals [4]. Unfortunately, those metals suffer
from degradation and biocompatibility issues. Hence, an alternative option is using iron
oxide core-shell nanostructures: not only because of the good biocompatibility of iron-
oxides [5] but also because the core-shell structure allows for a fine tuning of the magnetic
(and thus hyperthermia) properties [6]. In this regard, physical methods represent an
advance with minimum use of chemical reagents in the development of nanotechnology [7].

The aim of this study is to illustrate the different effect of the shape tuning of core-shell
Fe/Fe3O4 nanoparticles on their heating efficiency under high-frequency alternating mag-
netic fields. For this purpose, reference spherical and cubic NPs of comparable total and
shell dimensions were produced by physical vapor deposition, a chemistry-free technique.
Apart from the induced magnetic effects, iron oxide coating promotes the biocompatibility
aspect of these systems in terms of the cancer treatment applications. The heating efficiency
of their aqueous dispersions was evaluated under various magnetic hyperthermia condi-
tions. The results were then compared to the theoretically estimated maximum achievable
efficiency within the given field conditions, in order to interpret the severe limitations
revealed during experimental practice.

2. Results

In this study, we utilized two different methods to produce core-shell Fe/Fe3O4 NPs:
spherical nanocrystals were synthesized by concentrated solar-based medium-vacuum
evaporation; those with cubic geometry were fabricated using a sputtering-based high-
vacuum cluster gun.

2.1. Structure and Morphology

XRD diagrams of the two types of samples are shown in Figure 1. As illustrated,
both systems are composed of metal iron and an iron oxide with inverse spinel structure,
i.e., Fe3O4. The intensity of the identified peaks corresponding to each phase is in accor-
dance with the core-shell configuration derived through TEM observations (Figure 2). In
particular, spherical NPs have an average diameter of around 35 nm with relatively high
polydispersity (~20%). The size distribution is shown in the Supplementary Material. A
low-contrast layer that surrounds most of the particles (around 2.5 nm in thickness) is in
agreement with the presence of the assumed iron core-iron oxide shell morphology. This
oxide shell engulfing the metallic Fe core is polycrystalline.
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Figure 1. X-ray diffraction diagram of spherical and cubic core-shell Fe/Fe3O4 nanoparticles. Small 

lines indicate the corresponding peaks identified as Fe3O4 and Fe according to the JCPDS-PDF 

database cards #86-1344 and 87-0721, respectively. 

Cubic NPs present similar volume per particle (edge 27 nm) but improved monodis-

persity with a standard deviation 7.7%. The shell thickness is around 3 nm. Another im-

portant characteristic of nanocuboids is their broader tendency to self-assemble into long-

range mesoscopic chains, with the presence of the flat surface facilitating the stability of 

such an arrangement in comparison to the spherical particles [8]. Such an effect, which is 

enhanced upon the drying of the dispersion, explains the higher aggregation rate of cubic 

nanoparticles giving the impression of a larger concentration in TEM images (Figure 2b). 

It should be mentioned that functionalization tests using aqueous-compatible ligands 

with affinity to the iron oxide caused only a slight modification of the nanoparticles’ sta-

bility and distribution, which is explained by the relatively large size of the nanoparticles 

and the already good stability of the pure nanoparticles. 

 

Figure 2. TEM images of (a) spherical and (b) cubic core-shell Fe/Fe3O4 nanoparticles showing the 

size distribution and the self-arrangement after evaporation of the solvent. Insets indicate detailed 

characteristics of the core and shell regions in magnified nanoparticles. 

2.2. Magnetism and Heating Efficiency 

The magnetic behavior of the two samples was assessed by recording the correspond-

ing quasistatic hysteresis loops (Figure 3). The measurements were carried out in the field 

range above the saturation point, and at one of the fields (24 kA/m) tested during the 

hyperthermia experiments. The saturation magnetization of spherical NPs approaches 

Figure 1. X-ray diffraction diagram of spherical and cubic core-shell Fe/Fe3O4 nanoparticles. Small
lines indicate the corresponding peaks identified as Fe3O4 and Fe according to the JCPDS-PDF
database cards #86-1344 and 87-0721, respectively.
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Figure 2. TEM images of (a) spherical and (b) cubic core-shell Fe/Fe3O4 nanoparticles showing the size distribution and
the self-arrangement after evaporation of the solvent. Insets indicate detailed characteristics of the core and shell regions in
magnified nanoparticles.

Cubic NPs present similar volume per particle (edge 27 nm) but improved monodis-
persity with a standard deviation 7.7%. The shell thickness is around 3 nm. Another
important characteristic of nanocuboids is their broader tendency to self-assemble into
long-range mesoscopic chains, with the presence of the flat surface facilitating the stability
of such an arrangement in comparison to the spherical particles [8]. Such an effect, which is
enhanced upon the drying of the dispersion, explains the higher aggregation rate of cubic
nanoparticles giving the impression of a larger concentration in TEM images (Figure 2b). It
should be mentioned that functionalization tests using aqueous-compatible ligands with
affinity to the iron oxide caused only a slight modification of the nanoparticles’ stability
and distribution, which is explained by the relatively large size of the nanoparticles and
the already good stability of the pure nanoparticles.

2.2. Magnetism and Heating Efficiency

The magnetic behavior of the two samples was assessed by recording the correspond-
ing quasistatic hysteresis loops (Figure 3). The measurements were carried out in the field
range above the saturation point, and at one of the fields (24 kA/m) tested during the
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hyperthermia experiments. The saturation magnetization of spherical NPs approaches
150 Am2/kg, which is indicative of a comparable presence of Fe and its oxides, while
cubic NPs present a higher impact from the enriched oxide phase that shifts magnetization
to lower values. The coercivity values for the two samples were found around 23.3 and
23.6 kA/m, respectively, for the spherical and cubic nanoparticles. For the specific particles
size range where hysteresis losses represent the dominant magnetic heating mechanism, the
evaluation of DC minor loops, at least qualitatively, appears as a reliable way to compare
the heating potential of each sample [9]. In spite of the significant difference in MS, minor
loops at ±24 kA/m suggest that cubic NPs provide a higher energy product (i.e., hysteresis
area) than spherical ones. Such property is reflected in the heating efficiency determined
by calorimetric measurements under high-frequency fields. The recorded temperature
versus time curves for heating (field-on) and cooling (field-off) conditions are shown in
Figure 4 for different field intensities in the range 24–48 kA/m. By these diagrams it was
possible to calculate SLP values after subtracting the coil heat contribution and the losses
to the environment. The results are summarized in Table 1. For all conditions, the heating
efficiency for cubic NPs is higher by at least 30%. This should be put in perspective with
the 20% SLP enhancement for pure iron oxide NPs of similar sizes and shapes [10]. Notably,
the analyses were repeated daily in the same dispersion over a timespan of one week
without appreciable degradation, whereas the NPs powder showed the same magnetic
behavior when checked for a period of 10 months after preparation.
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Figure 3. Magnetic hysteresis loops of studied samples at 300 K, and corresponding minor loop at
maximum field of 24 kA/m shown in the inset.

Table 1. Specific loss power calorimetrically estimated for spherical and cubic core-shell
Fe/Fe3O4 NPs.

AC Field (kA/m)
Specific Loss Power (W/g)

Spherical Cubic

24 62 (±4) 83 (±4)
40 156 (±8) 292 (±11)
48 278 (±12) 374 (±13)



Magnetochemistry 2021, 7, 49 5 of 14
Magnetochemistry 2021, 7, x FOR PEER REVIEW 5 of 15 
 

 

 

Figure 4. Temperature versus time heating and cooling curves for (a) spherical and (b) cubic core-

shell Fe/Fe3O4 nanoparticles, obtained for 1 mg/mL water suspensions at applied AC field fre-

quency 375 kHz and intensities 24–48 kA/m. Heating occurs for 600 s when the AC field is turned 

off. 

3. Discussion 

Magnetic NPs provide an ideal biomedical tool in cancer therapy, remotely con-

trolled drug release and noninvasive magnetogenetics, thanks to their thermal losses dur-

ing the electromagnetic cycling. However, there is a lack of understanding of the mecha-

nisms responsible for this transfer of heat in the nanoscale. For instance, contrary to pop-

ular belief, high heating efficiency can only be achieved through hysteresis losses in large 

NPs (≥20 nm) systems, as it significantly exceeds that predicted by the linear superpara-

magnetic theory (defined as nonremanent quasistatic states at room temperature wherein 

the thermal fluctuations kBT dominate the magnetocrystalline anisotropy Keff.V) [11,12]. 

At the same time, one can expect that the effect of the magnetostatic interactions on the 

hysteresis loop may boost the heat output [10,13–15]. 

3.1. Effect of Geometry 

It is even more important that, as shown in the inset of Figure 3, the shape and area 

of the hysteresis loops for these nanoparticles differ considerably due to their different 

geometry. A parallelogram-shaped hysteresis is obtained in the case of the nanocubes, 

being quite different to the ellipsoidal-shape of the nanospheres. Thus, it can be assumed 

that the particles’ geometry provides a simple mechanism for designing the Keff of nano-

magnets [10], though the contribution of the linear arrangement in cubic NPs and the 

higher standard deviation of spherical NPs should be also considered. However, the char-

acter of the magnetization curves depends also on the angular distribution of “easy axes” 

with respect to the field [15]. While the direction of the anisotropy easy axes of the spher-

ical particles seems to be distributed at random, the near-perfect parallelogram shape for 

the minor hysteresis loop of the nanocubes sample indicates that their magnetization 

switches between two opposite directions along an easy axis, which is reasonable, given 

the increasing tendency of NPs to arrange in chains by sharing flat surfaces. Indeed, it 

resembles the coupling of vertically spaced vortex pairs [16], with parallel core polariza-

tions and opposite helicity [17]. Recent work by some of us adds strong evidence that 

these cubes are in vortex states [18]. According to ref. [19], the effective single-domain size 

in cubes is smaller than that of spherical NPs, and it stems from the fact that the only 

bodies which can be uniformly magnetized are the ones bounded by quadric surfaces, 

particularly spheres [20]. Furthermore, polydispersity in particle size [21], or in the ani-

sotropy energy per unit volume due to the different geometries of the samples [22], can 

also influence the measured performance. All the above-mentioned factors can explain 

the observed heating experiments (Figure 4). 

However, the quantification of the several different parameters and the correspond-

ing micromagnetic simulations of these nanostructures is beyond the scope of this paper. 

Figure 4. Temperature versus time heating and cooling curves for (a) spherical and (b) cubic core-shell Fe/Fe3O4 nanoparti-
cles, obtained for 1 mg/mL water suspensions at applied AC field frequency 375 kHz and intensities 24–48 kA/m. Heating
occurs for 600 s when the AC field is turned off.

3. Discussion

Magnetic NPs provide an ideal biomedical tool in cancer therapy, remotely controlled
drug release and noninvasive magnetogenetics, thanks to their thermal losses during the
electromagnetic cycling. However, there is a lack of understanding of the mechanisms
responsible for this transfer of heat in the nanoscale. For instance, contrary to popular
belief, high heating efficiency can only be achieved through hysteresis losses in large NPs
(≥20 nm) systems, as it significantly exceeds that predicted by the linear superparamagnetic
theory (defined as nonremanent quasistatic states at room temperature wherein the thermal
fluctuations kBT dominate the magnetocrystalline anisotropy Keff.V) [11,12]. At the same
time, one can expect that the effect of the magnetostatic interactions on the hysteresis loop
may boost the heat output [4,10,13,14].

3.1. Effect of Geometry

It is even more important that, as shown in the inset of Figure 3, the shape and area
of the hysteresis loops for these nanoparticles differ considerably due to their different
geometry. A parallelogram-shaped hysteresis is obtained in the case of the nanocubes,
being quite different to the ellipsoidal-shape of the nanospheres. Thus, it can be assumed
that the particles’ geometry provides a simple mechanism for designing the Keff of nano-
magnets [10], though the contribution of the linear arrangement in cubic NPs and the
higher standard deviation of spherical NPs should be also considered. However, the
character of the magnetization curves depends also on the angular distribution of “easy
axes” with respect to the field [14]. While the direction of the anisotropy easy axes of the
spherical particles seems to be distributed at random, the near-perfect parallelogram shape
for the minor hysteresis loop of the nanocubes sample indicates that their magnetization
switches between two opposite directions along an easy axis, which is reasonable, given
the increasing tendency of NPs to arrange in chains by sharing flat surfaces. Indeed, it
resembles the coupling of vertically spaced vortex pairs [15], with parallel core polariza-
tions and opposite helicity [16]. Recent work by some of us adds strong evidence that these
cubes are in vortex states [17]. According to ref. [18], the effective single-domain size in
cubes is smaller than that of spherical NPs, and it stems from the fact that the only bodies
which can be uniformly magnetized are the ones bounded by quadric surfaces, particularly
spheres [19]. Furthermore, polydispersity in particle size [20], or in the anisotropy energy
per unit volume due to the different geometries of the samples [21], can also influence the
measured performance. All the above-mentioned factors can explain the observed heating
experiments (Figure 4).

However, the quantification of the several different parameters and the corresponding
micromagnetic simulations of these nanostructures is beyond the scope of this paper. Still,
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this issue may be briefly exemplified through the Stoner–Wohlfarth model. Figure 5 shows
data that quantify performance achieved by core-shell NPs with similar composition to the
studied ones in comparison to single-phase Fe3O4 NPs, the most commonly used material
in hyperthermia studies. The comparison indicates that chain formation of cubic NPs
enhances SLP values since it brings this system closer to the parameters of the ideal case. It
can be assumed that if the cubic NPs showed similar randomness to the spherical ones,
then their SLP results would be slightly lower than the corresponding ones for the spheres.
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Figure 5. Estimation of the magnetic heating limit as function of the field strength at 375 kHz, for an
“ideal” system of identical spherical or cubic-shaped Fe3O4@Fe nanoparticles with characteristics
similar to the studied ones, in comparison to single magnetite particles, with easy axes aligned in
the field direction (empty bars) or randomly oriented (solid bars). Squares and circles indicate the
experimentally determined values for spherical or cubic-nanoparticles corresponding to right y-axis.
Please note the differences in axes scale.

3.2. Comparison with Other Core-Shell Systems

Numerically, the calculated SLPmax values for the situation of complete alignment of
particles’ easy axes are much higher than our experimental ones, as is generally the case
when comparing theory with experiment. In this light, studies reporting core-shell ferrites
with heating efficiencies above 10 kW/g [22–24], would come close to the SLPmax values in
Figure 5. There, the 10-fold improvement over conventional iron-oxides was attributed
to interphase exchange mechanisms but neither shape nor orientation contributions were
invoked for the explanation considering the relatively small deviation in the magnetic
properties (MS and Keff values) of the substituted ferrites (Zn, Co, Mn) in comparison to
Fe3O4.

Significantly lower heating capability was obtained for doped-ferrites with mean
core diameters of ca. 9 nm (i.e., in the same superparamagnetic regime as those in [22])
with a maximum of only ~100 W/g (concentration below 5 mg/mL) [25]. With regards
to the improvement in SLP due to an interphase exchange mechanisms [26], an example
shows synergistic effects (SLP ~500 W/g) in soft MnFe2O4 and hard CoFe2O4 bimagnetic
clusters when compared with the homomagnetic 9 nm counterparts (~100 and ~200 W/g
for Mn- and Co- ferrite, respectively) [27]. Such SLP values are similar to many others in the
literature [28–33]. Overall, despite the superior magnetic hyperthermia response in many
core-shell systems, recent experimental and theoretical studies failed to reproduce heating
efficiencies above a few hundreds of watts per gram [34], in line with our observations
(Table 2).
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Table 2. Summary of the literature studies using magnetic core-shell nanoparticles as magnetic
hyperthermia agents.

Reference System Size (nm) Frequency
(kHz) SLP (W/g)

[22] CoFe2O4@MnFe2O4 15 500 2280
[23] ZnFe2O4/CoFe2O4 70 500 10,600
[24] CoFe2O4@MnFe2O4 30 500 10,810
[25] (Zn,Co,Mn)Fe2O4 9 850 97
[27] MnFe2O4@CoFe2O4 81 765 525
[28] CoFe2O4@(Ni,Zn)Fe2O4 10 265 25
[29] (Zn,Co)Fe2O4@MnFe2O4 11 1955 520
[30] Fe3O4@(Zn,Co)Fe2O4 9.4 817 190
[31] CoFe2O4@MnFe2O4 14.4 1950 320
[32] CoFe2O4@Fe3O4 12.8 183 59
[33] Fe3O4@(Zn,Co)Fe2O4 13 97 380
[35] (Zn,Co)Fe2O4@(Zn,Mn)Fe2O4 7.6 200 1343
[36] (Co,Mn)Fe2O4 15 420 1718
[37] (Co,Mn)Fe2O4 22 380 3417
[38] Zn-doped Fe3O4 40 293 1675
[39] Fe3O4@(Co,Zn)Fe2O4 18 309 2400

Still, values around 1300 W/g were claimed for Zn/Co and Zn/Mn ferrite core-shell
nanocubes with mean size about 10 nm, although certain issues, such as the negative slope
for water control experiment was overlooked [35]. Of note, the measured SAR values of
around 1700 W/g for 15 nm hexagonal-shaped CoMn-doped iron oxides in tetrahydrofuran
decreased below 1 kW/g when transferred to water through oleic acid substitution with
DMSA [36]. Similarly, a heating efficiency of about 3.5 kW/g was measured for 22 nm
Co-Mn doped ferrites in aqueous dispersion; however, such heating performance was
due to Brownian motion, not hysteresis, and consequently decreased in high viscosity
glycerol solutions that simulate cellular media [37]. These results are in agreement with
those reported in cubic Co- and Zn-substituted ferrites after their cell internalization [38],
where the SAR showed a reduction of about 60% in the case of Zn0.21Fe2.79O4. The same
tendency applies to monodisperse Fe3O4/CoxZn1–xFe2O4 core-shell NPs [39].

Having seen the above, it is our opinion that variability of SLP values by more than
three orders of magnitude, even for nominally similar samples, can mislead research in
an extremely critical field of NPs application such as cancer treatment. As an approach to
address these issues, the adoption of universal indices, such as the intrinsic loss power (ILP),
has been proposed [40]. This is part of a standardization effort for developing validated
metrology of the heating properties of NPs with the aim of obtaining interlaboratory
comparable and user-independent results [41–44]. ILP manages to unify performance
data but only for relatively low and slow fields and for samples that fit to the Langevin
superparamagnetic regime. Otherwise, ILP values from even the same sample may vary
upon field conditions [45]. Indeed, the definition of ILP assumes that hysteretic losses per
cycle are frequency independent, which may not be true [46]. Additionally, it can even be
confounding because, for instance, a value of ILP as high as 14 nH·m2/kg [45], corresponds
to a SLP of no more than ~200 W/g, which is insufficient for clinical translation, i.e.,
extremely high concentration would be required to succeed conditions for cancer cells’
death [47]. In any case, such “normalizing” approaches would help to establish the practical
limits of what nanotechnology can deliver and identify a better way to evaluate results.

3.3. Perspectives

In our case, the simultaneous presence of the Fe and Fe3O4 phases provides an opti-
mum way to combine high MS values without the need to employ biologically incompatible
elements (Mn, Co, Ni) either in the form of oxides or as alloys. Additionally, the core-shell
configuration which is spontaneously achieved by the described chemistry-free method
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has the potential to result in the required enhanced Keff. This becomes clearer by pointing
out the limitations arising by the occurrence of each phase. Commonly available iron
oxide ferrofluids show SLP about 100 W/g [48], while in a few special cases experimental
values exceeding 500 W/g have been reported in the literature [49], which does not seem to
depend much on whether Fe3O4 or Fe3O4/CoFe2O4 core-shell NPs are employed as long
as optimized MS is achieved [50]. Figure 5 further demonstrates that SLP strongly depends
on the strength of the field. However, maximum values for single Fe3O4 NPs seem to be
confined by the correlation of the applied AC field to the coercive one. Suggestively, the
effect of applied field practically ceases to occur upon overcoming the coercivity of Fe3O4
NPs ~25 kA/m. On the other hand, metallic Fe is among the most efficient nanoheaters
since it combines high MS and higher coercive field than Fe3O4. Such characteristics usually
feature Fe NPs with low SLP values at low field intensities but are significantly improved
at higher ones as coercivity is approached (40–50 kA/m). With the purpose of illustration,
an extended analysis of Fe NPs with a size ranging about 6–30 nm at 274 kHz can be found
in [51]. The strong dependency of Fe NPs performance to the sample concentration and
field parameters was underlined for water-based dispersions which showed SLP values in
the wide range 0.2–2 kW/g [14]. As a result, the presence of the iron core contributes to
the enhancement of the attainable SLP as shown in Figure 5 for core-shell samples with
similar characteristics to the studied ones. More specifically, owing to the MS elevation and
the effect of exchange anisotropy, the estimated SLPmax for the ideal core-shell samples is
almost doubled with respect to the single Fe3O4 NPs.

With regards to the observed superiority of ideal spherical core-shell sample in
Figure 5, it should be exclusively attributed to the lower mass percentage of Fe3O4 consti-
tuting the particles’ shell in comparison to the corresponding oxide volume ratio for the
cubes. However, our experimental observations differ from the theoretical predictions and
indicate the nanocubes as the best performing system (Table 1). Therefore, it seems that
improvement of the Keff term is a dominant SLP-defining parameter overcoming the role
of the contribution of the higher MS observed for the spherical counterparts. Furthermore,
the assembling of the nanocubes in a chainlike fashion increases the correlation length, thus
modifying the response to external stimuli [8,10,54]. This effect stems from the dependence
of the entropy and dipolar interactions on the length of the chain, although the particular
details will depend also on the chain orientation with respect to the field direction [52].
For instance, monodisperse iron-oxide NPs of 44 nm in size, assembled into chains, have
achieved a heating performance of around 2 kW per Fe gram (1.5 kW/g nanoparticle)
under a 24 kA/m and 765 kHz, while the same nonassembled control samples show typical
iron-oxide SLP values below 500 W/g [14]. Moreover, the nanorods configuration can be
considered as a particular case of the item above [53], as is also the case for magnetotactic
bacteria [54] with SLP values reaching over 2 kW/g for 48 kA/m and 300 kHz.

A final mention goes to the nanoparticles’ form. The deviation of nanoparticles’ shapes
from the isotropic (spherical) one has been often mentioned as providing a positive effect
in SLP values. For instance, about 2 kW/g at 47.8 kA/m and 488 kHz were reported by
Yang et al. [55] for aqueous suspensions of Fe3O4 nanodisks, which is perfectly consistent
with calculations based on dissipation due to hysteresis loss. Similar values were also
achieved with other geometries, as long as the applied fields were enough to saturate
the measured samples. We mention, for example, the values reported for magnetite
nanorings with an average outer diameter of 70 nm and 50 nm thickness at 96 kA/m and
400 kHz [56], and flowerlike clusters composed of 11 nm Fe3O4 building blocks (21.5 kA/m,
700 kHz) [57]. In this regard, we highlight the particular case of the MnFe2O4/Fe3O4
binary system consisting of large 34 nm MnFe2O4 NPs surrounded by smaller 8 nm Fe3O4
particles, leading to 1700 W/g at 24 kA/m and 765 kHz [58]. Further examples above
1.5 kW/g include laboratory-scale optimized NPs at 31 kA/m and 700 kHz [59] and even
commercially available ones (Sigma-Aldrich 900,042 produced by Ocean Nanotec, LLC,
San Diego) at 59 kA/m and 345 kHz [60].
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4. Materials and Methods
4.1. Nanoparticles Preparation

Examining the role of the minimum surface-to-volume ratio appearing in spheres
or the higher surface magnetic anisotropy of cubes in the determination of SLP was the
motivation to compare spherical and cubic NPs in this study. Spherical core-shell Fe/Fe3O4
NPs were prepared using solar physical vapor deposition (SPVD) in a medium-vacuum
glass chamber [61]. Such process has been conducted in the facilities of PROMES in Odeillo-
Font Romeu, France. The solar furnace setup consists of a mobile plane mirror reflecting
the radiation on a 2-kW parabolic concentrator (2 m diameter) and then onto the target. In
our case, pressurized Fe (99.99%) powder pellets were used. The evaporation pressure was
set to 70 Torr by regulating the Ar flow. Powders were collected on a nanoporous ceramic
filter placed in the pumping line. A production rate of around 100 mg/h was established
during these experiments though the method is capable to provide up to 10 times higher
yields [62]. Spontaneous surface oxidation of Fe NPs upon exposure to air resulted in the
formation of a thin iron oxide coating.

The corresponding cubic-shaped core-shell NPs were fabricated in Barcelona, Spain,
using a home-built 1-in. diameter DC magnetron cluster source operating at 30 W in
the low 10−3 Torr range. Deposition took place at a production rate of 1 mg/h using a
(Fe 99.95%) target-to-substrate (corning glass) distance of 25 cm with Ar flow regulated
at around 80 cm3/min in a modification of the process reported previously [8,63]. It is
envisaged that given the effective high temperature near the target surface, the crystallinity
could also be increased, resulting in a cubic shape vs. the lower temperature synthesis of
spherical NPs by SPVD.

4.2. Characterization

The identification of the major crystalline phases was performed by X-ray diffraction
(XRD) using a Rigaku UltimaPlus operating at 40 kV and 30 mA with CuKa radiation, step
size 0.05◦ and step time 2 s. Obtained diagrams were evaluated after comparison to the
Powder Diffraction Files (PDF) database [64]. The size and morphological characteristics
of the NPs were studied by means of transmission electron microscopy (TEM) using a JEM-
1210 (JEOL) microscope, operating at 120 kV. TEM samples were prepared by depositing
a drop of the particles’ water dispersion onto a carbon coated copper grid. The size of
around 100 NPs was determined to estimate the size distribution, the average particles
dimensions and the standard deviation for each sample, i.e., the average variability from
the mean value corresponding to the diameter for spherical NPs and the side for cubic ones.
Sample weighting was performed in a 4-digit analytical balance with an error of ±0.1 mg.

Magnetic characterization was carried out in a superconducting quantum interfer-
ence device (SQUID) Quantum Design MPMS XL-7T magnetometer by measuring the
magnetization-applied field diagrams. Hysteresis loops corresponding to fields beyond
saturation (4 T) and minor loops in the range of magnetic hyperthermia (24–48 kA/m)
were recorded at 300 K.

Heating efficiency under magnetic hyperthermia conditions was evaluated through
calorimetric measurements using a 1.2-kW Ambrell Easyheat 0112 AC field generator
operating at 375 kHz and magnetic field intensities up to 48 kA/m. Used coil providing an
homogeneous field, consisted of 8 turns with a total height of 4.5 cm and an inner diameter
of around 2.5 cm. Temperature was monitored during the experiment using an Opsens
PicoM device with a GaAs-based fiber optic probe immersed in the center of a cylindrical
vessel (inner diameter 1 cm) containing 1 mL of dispersion. Dispersions of the studied NPs
are generally kept stable in distilled water for around 1 h and such behavior was preserved
even months after their preparation, indicating no tendency for nonreversible aggregation
during storage.

Although this study aims to a fundamental description of the impact on magneto-
heating response, the selected working conditions comply with the recently revisited limit
threshold for safe clinical use without patient discomfort (2 × 109 A /m s) [65]. Nanopar-
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ticles were dispersed in water to prepare a stable suspension of 1 mg/mL after bubbling
with nitrogen to displace dissolved oxygen and so minimize oxidation or hydrolysis effects.
In order to rule out interfering contributions, the SLP was estimated by the slope of the
temperature versus time curve after subtracting the signal from water control samples and
heat losses to the environment [43] as:

SLP = Cp
mf
mn

·∆T
∆t

(1)

where Cp is the specific heat of the solution, mf the solution mass, mn the mass of nanopar-
ticles and ∆T/∆t the initial slope of the heating curve.

4.3. Theoretical Estimations

The aforementioned calorimetric measurements are usually performed under nonadia-
batic conditions, which require data analysis to remove potential error sources. Hence, it is
best complemented with results from AC magnetometry and/or quantification of magnetic
losses by theoretical considerations. In order to estimate theoretically the maximum achiev-
able efficiency within the given field conditions, the following approach was applied. Let
us first presume that we have a group of identical particles (assuming no size distribution)
whose response to an applied field is linear to a very high frequency, which, for iron and
its oxides under common hyperthermia conditions, is expected to occur for particles of few
tens of nanometers in size. The maximum amount of electromagnetic energy (Emax) that
could be absorbed per cycle of magnetic field HAC = Happ· sin(2πft), where f is the field
frequency and Happ the amplitude, corresponds to that of a square hysteresis loop [66]:

Emax = 2Happ·2µ0MSV (2)

with µ0 being the permeability of the free space. Thus, optimizing the hyperthermia
performance implies reaching the closer possible to this theoretical limit.

It is evident that ellipsoidal-type hysteresis loops as those described by the Linear
Response Theory are far from this behaviour; on the contrary, it readily comes from uniaxial-
symmetry monodomain crystals if the magnetic field is applied parallel to the easy axis
direction [67] under condition Happ = 2Keff/µ0MS, i.e., with the field amplitude matching
that of the particles’ anisotropy field. In that case Equation (2) can be rewritten as:

Emax = 8Keff·V (3)

and therefore, the maximum SLP is given by:

SLPmax = 4
µ0
ρ

MS·Happ·f (4)

It is obvious that by just introducing the MS values from the hysteresis loops, the
applied field amplitude and frequency, and the average density estimated by the weighted
average of Fe/Fe3O4 in each system, it was possible to obtain SLPmax.

One should note that such maximum heating performance is theoretically defined by
basic electromagnetic considerations in terms of field and particle-magnetization properties,
regardless of the actual anisotropy of the particles. Optimizing the released heat is, thus,
equivalent to finding the optimum magnetization (MS)-anisotropy (Keff) combination, a
goal that researchers have usually searched for by tuning particle shape [68] or composi-
tion [69]. While both approaches have proven in general very successful, both suffer from
limitations. In this regard, core-shell compositions based on iron and its oxides offer a
robust way to overcome most of these limitations, as we have previously shown [6]; here
we aim to put together the core-shell approach with the shape contribution to the magnetic
and heating properties for systems with similar volumes and core-to-shell ratios.

It is important to mention that the above stands for the ideal theoretical conditions,
and any deviation from this arrangement will bring a decreased SLP. For instance, either
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the nonperfect alignment of the field and easy axis, dipole–dipole interactions or thermal
activation, modify the hysteresis shape. Thus, it is usually suggested that a particle system
will be randomly distributed within a viscous biological medium; in this case, a quick
estimate using the Stoner–Wohlfarth model indicates that (for noninteracting conditions)
the remanence and coercivity are half of the MS and anisotropy field, respectively. Then,
Equation (3) shall be reduced by four (other proportionality factors would apply whether
the magnetization switching is controlled by, for instance, a cubic magnetocrystalline
anisotropy) [70,71]. As a last note, this is valid only if the external field matches the
coercive field (HC), otherwise the system is likely to be subjected to nonsaturating magnetic
fields and will therefore be cycled around minor hysteresis loops with consequently smaller
heat release (on the other hand, even if Happ > HC then the losses would be limited to
4µ0

ρ MSHC·f).

5. Conclusions

The amount of energy transferred per unit time and mass of magnetic material during
the application of an AC magnetic field has been the subject of enormous studies pointing
to the potential use in biomedical practices, but only recently have we begun to understand
this. Herein, cubic- and spherical-shaped Fe/Fe3O4 core-shell NPs developed by chemistry-
free evaporation methods are shown to possess most of the required features for the
amelioration of magnetic hyperthermia efficiencies, i.e., high MS, exchange effects, shape
anisotropy, and chain formation. The used approach is one of the few methods to obtain
the specific Fe/Fe3O4 core-shell nanoparticles with similar total and shell dimensions in
two different shapes, in the quest to understand the shape effect with real experimentally
obtained samples. Nonetheless, the results showed that the obtained SLP values lie 2–3
orders of magnitude below the expected ones for ideal systems. In addition, the anisotropy
enhancement in cubic NPs appears as a more crucial contribution to establish a higher
SLP in spite of the higher MS in spherical ones. In summary, the presented data support
the prospect of increasing the heating efficiency, although SLP values above tens of kW/g
ferrofluid at affordable magnetic fields seem to be just out of reach. Future work will
demonstrate if this hypothesis holds true.
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