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Abstract: The use of magnetic nanoparticles in hyperthermia, that is, heating induced by alternating
magnetic fields, is gaining interest as a non-invasive, free of side effects technique that can be
considered as a co-adjuvant of other cancer treatments. Having sufficient control on the field
characteristics, within admissible limits, the focus is presently on the magnetic material. In the
present contribution, no attempt has been made of using other composition than superparamagnetic
iron oxide nanoparticles (SPION), or of applying surface functionalization, which opens a wider range
of choices. We have used a hydrothermal synthesis route that allows preparing SPION nanoparticles
in the 40 nm size range, with spherical, cuboidal or rod-like shapes, by minor changes in the synthesis
steps. The three kinds of particles (an attempt to produce star-shaped colloids yielded hematite)
were demonstrated to have the magnetite (or maghemite) crystallinity. Magnetization cycles showed
virtually no hysteresis and demonstrated the superparamagnetic nature of the particles, cuboidal ones
displaying saturation magnetization comparable to bulk magnetite, followed by rods and spheres.
The three types were used as hyperthermia agents using magnetic fields of 20 kA/m amplitude
and frequency in the range 136–205 kHz. All samples demonstrated to be able to raise the solution
temperature from room values to 45 ◦ C in a mere 60 s. Not all of them performed the same way,
though. Cuboidal magnetic nanoparticles (MNPs) displayed the maximum heating power (SAR or
specific absorption rate), ranging in fact among the highest reported with these geometries and raw
magnetite composition.
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When a suspension of magnetic nanoparticles (with certain geometrical and structural
properties to be discussed below) is subjected to an alternating magnetic field of suitable
strength and frequency, heat is released into the suspending medium, leading to an increase
in temperature. The phenomenon is known as magnetic hyperthermia (MH) and although
biomedical applications were first proposed comparatively recently [1] (previously research
was focused on Joule heating by induced electric fields originated by magnetic fields in
the MHz frequency range [2]), intense heating by alternating magnetic fields applied
to ferromagnetic materials has been used for almost a century [3,4]. The basis of MH
treatment of tumors is the fact that heating the tumor cells in a temperature up to 41–46 ◦ C
for a short period of time causes apoptosis without significantly affecting the surrounding
healthy native cells. The main reasons for this finding are related to the fact that the pH
of the intracellular environment is lower in the tumor cells than in the healthy cells, and
this makes the former more sensitive to overheating, and in addition the poor and not
well-organized vascularization of the tumor cell hinders heat dissipation as compared to
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the normal ones [5]. The denaturalization of some cell proteins and its effect on subsequent
activation and deactivation paths has also been mentioned [6,7]. Whatever the exact
mechanism, it is admitted that magnetic hyperthermia allows the local treatment in a
specific site of the body reducing the need for surgery or complementing it, while keeping
the secondary effects of chemotherapy to a minimum.
As a result, MH has demonstrated good in vitro results when used against a wide
variety of cancer cells, either alone [8] or, mainly, in combination with (as coadjuvant of)
other therapies, including chemo- and radiotherapy [9–13]. Specifically, it has been demonstrated that magnetic hyperthermia improves the anticancer effects of some drugs [14], and
enhances the release of encapsulated antitumor drugs [15–19]. Furthermore, hyperthermia
may favor the immune response via several mechanisms, by enhancing the migration of
immune cells toward the tumor and their toxicity against malignant cells [20]. Although no
similar in vivo efficacy has been demonstrated [14], there are abundant reports regarding
MH (co-)treatment of tumor xenografts in mice [11,15,21–24].
All these examples show that magnetic nanoparticles (MNPs) are potent devices that
can be used as therapeutic tools in oncology, particularly in hyperthermia. In order to
consider the requirements for the MNPs, which can be expected to work best as hyperthermia agents, it is necessary to recall the physical bases of hyperthermia. Heat can
evolve in the presence of alternating magnetic fields by eddy currents, but this mechanism can be neglected because of the small dimensions of the MNPs applicable in the
biomedical field. Second,
H we can think of hysteresis losses related to the area of the hysteresis cycle as w = f BdM, where w is the power dissipated per unit volume, f is the
frequency of the magnetic field B, and M is the material magnetization. The field frequency
must be low enough to avoid tissue heating by eddy currents and significant peripheral
nerves stimulation [25]. Hence, typical values of f are around 105 Hz, but there is safety
limit for the product f ·B when a field is applied to humans; this limit is established in
2π f B ≤ 3800 T/s [26], meaning that the field strength is at most of a few mT. Considering
that the saturation magnetization of SPION is achieved at about 10 kOe (or 1 T in air in
SI units), it is clear that the hysteresis losses can be neglected because we are under the
established limit. However, if the size is such that the particles are magnetic monodomains,
each one will be as a permanent magnet with magnetization parallel to the easy axis [27,28].
When a number of particles are randomly fixed in a rigid matrix, the magnetization will be
negligible, and the flipping between the two orientations of the magnetic moment along
the easy axis at low temperatures will only occur at high strength or high frequency of
an externally applied magnetic field. An approximately square hysteresis cycle can be
expected. This form of magnetic behavior is called superparamagnetism, and the model
described is known as Stoner-Wohlfarth description [27–29]. It is important to consider
these mechanisms, as superparamagnetic nanoparticles have been shown to absorb much
more power at physiologically relevant magnetic fields and frequencies than multi-domain
particles [30].
At finite temperature, the transition between the two orientations can be thermally
produced and the coercive field tends to zero, so that the cycle shows virtually no hysteresis, and the magnetization curve looks like that of a paramagnetic material, hence
the denomination of this behavior. The characteristic time needed for such spontaneous
inversion of magnetization (or for reaching equilibrium after application
 of a step magnetic


field) is called Néel relaxation time, τN , exponentially growing with Ke f f V/k B T [31,32],
where Ke f f is the effective magnetic anisotropy of the particles (approximately equal to
25 kJ/m3 for magnetite [33,34], V is the particle volume, and k B T is the thermal energy. For
instance, for a magnetite sphere 20 nm in diameter, at room temperature, τN ' 7 s [35,36]).
According to the so-called linear response theory, if the field frequency is ≥ 1/τN ≈ 0.1 Hz,
the magnetization of the sample will lag behind the applied field, leading to an imaginary
component, χ00 , of the magnetic susceptibility, which is in fact equivalent to a finite area
hysteresis cycle. For high frequencies, the magnetic moment will remain in its orientation
and no net magnetization will show up. According to Carrey et al. [28], this simplified
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approach is valid only for low field strengths and highly anisotropic particles. In practical
hyperthermia applications, the particles can be free to rotate under the action of the field
and viscous friction torques. The process is denominated Brownian relaxation, [31,37] and
its characteristic time is τB = 3ηV/k B T, which, for water (viscosity η) amounts to about
7 µs for the magnetite particles referred to above. This opens a window of field frequencies
in the hundreds of kHz range for maximizing the value of χ00 ; note for such frequencies the
Néel process is irrelevant, and only friction will be ultimately responsible for heating (a
more detailed discussion can be found in Refs. [38,39]).
We can now consider the question of what conditions must MNPs fulfill to be reliable
hyperthermia candidates? In order to show an effective magnetic hyperthermia response,
the MNPs requirements are (in addition to being non-toxic):

•

•

•

•

Superparamagnetic behavior. The particles should have zero coercive field, so that
magnetization is only produced by the external field, and no aggregation takes place
in quiescent conditions.
Appropriate particle size. Ideally, particles should be larger than 15 nm and smaller
than 100 nm. The magnetization of MNPs decreases with decreasing particle size [40].
For a given magnetic material there is an optimum size that will result in enhanced
hyperthermia effects [41], but in general below 15 nm the heating absorption of the
nanoparticles is limited, so it is highly desirable to determine hyperthermia efficiency
of MNPs with mean size ranging above the superparamagnetic limit ≥15 nm). In contrast, those above 100 nm are of lesser interest because they display high coercivity and
strong remanence, both undesired. For example, for superparamagnetic MNPs, Vreeland et al. observed that for an AC excitation field of H0 = 36.5 kA/m and f = 341 kHz,
the optimum size showing maximum rate of release heat was around 22 nm, which
matches the theoretical prediction of the lineal response theory [42,43]. Many authors
have demonstrated that the optimal size for internalization into tumor cells, especially
if these MNPs are used as theranostic agents (intracellular hyperthermia) is below
100 nm [44,45].
The MNPs must be highly magnetizable. The rate of change of the magnetic energy of
.

.

a system under the action of a time varying magnetic field, H, is given by −µM·H,
with µ the magnetic permeability of the medium and M the magnetization [46].
The suspension of MNPs must be colloidally stable, with low degree of aggregation
or agglomeration. It has been shown that an improvement of stability brings about a
better hyperthermia performance [47,48].

Shape and crystalline anisotropies: the heating efficiency of MNPs shows dependence
with the crystalline and shape anisotropy, which is optimized by developing MNPs with
different morphologies [49]. Along this line, cubic shaped MNPs have been synthesized
because of their higher magnetization compared to the spherical MNPs [50], due to their
reduced surface anisotropy. Song et al. produced and compared the heating performance of
quasi-cubical and spherical Fe3 O4 nanoparticles under fields of 100 kHz and 30 kA/m. For
equal concentration of Fe, the heating power was far higher for quasi-cubical particles [51].
Denfeng et al. demonstrated that rod-shaped MNPs can kill cancer cells more effectively
than spherical MNPs when being exposed to AMF [52]. Another study by Nemati et al.
compared deformed cube (octopods) shaped MNPs with spherical nanoparticles of similar
volume and demonstrated superior heating performance of the octopods [53]. The shape
of MNPs can also influence their rate of uptake and toxicity [54]. A recent study of shape
effects has been reported by Mohapatra et al. [55], with very significant findings. They
investigated the hyperthermia performance of spheres, octahedral, cubes, and multipods
sized around 10 nm, together with 25 nm rods and 80 nm wires, all with magnetite
composition. The heating power increased in the order multipods < spheres < cubes <
octahedral < rods < wires, indicating a large effect of shape anisotropy on the hyperthermia
effect of magnetic particles. According to the Stoner-Wohlfarth model, a contribution of
minor hysteresis loops in the case of magnetic wires resulted to be determinant in this case.
In fact, Iacob et al. [56] in a numerical simulation of the heating rate of spheroidal particles
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of different dimensions and axial ratios found that magnetic shape anisotropy can surpass
the magnetocrystalline anisotropy for axial ratios as low as 1.2.
These factors must be considered when designing nanoparticles for clinical applications. Higher heating efficiency would be desirable, as it would reduce the amount of
nanoparticles, field strength, and frequency required to induce significant heating. Regarding their composition and crystal structure, MNPs are mostly made from ferromagnetic iron
oxides, such as magnetite (Fe3 O4 ) or maghemite (γ-Fe2 O3 ) for biomedical applications [32],
although the former are the most interesting ones, with the additional advantage that they
usually show less toxic effects in the organism [12,57].
As mentioned, the control and modulation of different magnetite nanoparticles in
terms of size and morphology appears very important in order to get potent magnetic
hyperthermia agents for biomedical applications. In this paper it is described an easy
synthetic method that allows obtaining MNPs with different morphologies, by just varying
three simple variables: reaction time, reaction temperature, and solvent. The four different
morphologies obtained show a mean particle size in the range 20–60 nm, which, as detailed
above, is the optimum size range for hyperthermia and tumor cell endocytosis. The
magnetic hyperthermia response for each of the obtained nanoparticle morphologies has
been determined and compared, using magnetic field intensities and frequencies which are
safe for biomedical applications [58].
2. Results and Discussion
2.1. Morphology and Particle Size Distribution
The hydrothermal methods are increasingly used for the preparation of MNPs because
of their versatility in obtaining crystalline particles with controlled size and morphology
in reasonable cost and good yield [59,60]. In the present work, four different nanoparticle
morphologies were obtained using this method: spheres (SP), cubes (CU), rods (RO), and
stars (ST). No significant evidence of aggregation was found from TEM observations for
any of the MNPs dispersed in TMAH aqueous solution (Figure 1). As observed in this
figure, spherical nanoparticles can be easily transformed to cubic morphology by changing
the suspension solvent from hexane to ethyl acetate. Size is not modified significantly
(Figure 2). However, the cubic morphology produces significant changes in the magnetic
and hyperthermia properties of the particles, as will be described below.
Reaction temperature can also affect the particle morphology. The nucleation process
is thermodynamically controlled and can be altered using different temperature reactions
at the beginning (when nucleation process is predominant) and at the end of the reaction.
This temperature change allows the production of rod morphology, keeping the dimension
of the nanoparticles between 20 and 60 nm (Figure 2); specifically, the average sizes (±SD)
were: 22.2 ± 0.1 nm (diameter of SP), 24.1 ± 0.4 nm (size of CU), 27 ± 7 nm (length of rods),
3.6 ± 0.5 nm (width of rods), and 64 ± 11 nm (width of ST).
The preparation of star morphology required changing the solvent, the reaction time,
and the initial molar ratios of reactants (Table 1). Benzyl ether acts as antioxidant, and it is
transformed into benzaldehyde and benzoic acid in the presence of oxygen. As a result,
benzyl ether provides a stronger reductive environment than 1-octanol in the reaction
process. Such environment facilitates the decomposition of Fe(CO)5 , and, as a consequence
the nucleation process in benzyl ether occurs earlier and faster than in 1-octanol. The lower
HDA concentration versus OA induced the preferential growth along different directions,
resulting in the formation of the star nanoparticles.
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surface, by comparison with the existing literature data [61]. Results were obtained in
TMAH 25%wt aqueous solutions, and they are presented in Figure 4. It can be expected
that nanoparticles will acquire surface charge as a result of the ionization of the adsorbed
TMAH molecules. This is a strong base and the presence of hydroxyl groups associated
to its dissolution produces an increase in the negative charge of SPION [62]. Thus, the
isoelectric point of the investigated MNPs was in the vicinity of pH = 5.5, lower than
that of bare magnetite (pH = 6.5) [63], indicating that the adsorption of OH- leads to the
requirement of more acid conditions for neutralizing the surface.
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2.5. Hyperthermia Response
Nanospheres, nanocuboids, and nanorods exhibited an intense hyperthermia response
in the range of frequencies tested. These three magnetite morphologies (all at 10 mg/mL)
increase the temperature from 25 to 45 ◦ C in a few seconds when the magnetic field is
applied (Figure 6). In general, a higher frequency of the applied magnetic field increases
the specific absorption rate (SAR) of the nanoparticles. The hyperthermia response is
heavily influenced by the morphology of the nanoparticles. Having the same amount
of iron oxide (magnetite nanoparticle concentration) and similar particle sizes, the SAR
values for cuboidal nanoparticles were far superior than those for nanospheres or nanorods
(Figure 7). Considering that shape anisotropy is higher for nanorods than for nanocuboids,
it could be expected to obtain higher hyperthermia response for the former. A recent simulation, where it was compared the achievable hyperthermia response using nanorods and
nanocubes, showed that when the average dimensions are below 60 nm, shape anisotropy
is insufficient to stabilize the particles even at short timescales. Surface anisotropy or
particle–particle interactions make important contributions to Néel heating in magnetic
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The fact that Keff is maximum for this geometry [55] explains this result, considering that
the size of our particles allows neglecting the possible role of hysteresis. To our knowledge,
this value is the highest found at these frequencies for cubic magnetite nanoparticles,
suggesting that this system is very attractive as a potent hyperthermia agent that can
be applied at low, biomedically safe frequencies (less than 400 kHz). Nanospheres and
nanorods showed similar SAR and ILP values at low frequencies (130–180 kHz), although
at 205 kHz the spherical morphology displayed a noticeable increase in both parameters,
probably due to the already mentioned lack of stabilization of the nanorods.
Figure 6. Hyperthermia response tests: temperature-time curves of samples (a) SP, (b) CU, (c) RO at different field frequencies and 16.2 kA/m field strength. Sample concentration was 10 mg/mL for all the nanoparticle systems.
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temperature, and a black precipitate was obtained. The product of the hydrothermal
synthesis is separated magnetically from the mother liquor, followed by repeated washing
with ethanol, and finally dried or re-suspended in hexane (SP, RO, and ST). In the case
of the CU sample, a two-step process was followed, starting with the above described
spherical particles in hexane, and exchanging the solvent with ethylacetate, as follows:
10 mL of magnetite/hexane nanoparticle suspension (10 mg/mL) was placed in a round
bottom flask and 50 mL of ethyl acetate was added. This mixed solvent nanoparticle
suspension was sonicated using an ultrasonic probe (Branson Sonifier 450, Danbury, CT,
USA) for 10 min. Finally, the hexane solvent was evaporated under vacuum at 55 ◦ C.
3.3. TEM Characterization: Morphology
The morphology of the nanoparticles was analyzed by transmission electron microscopy (TEM) using a High-Resolution LIBRA 120 Plus Carl Zeiss microscope (Oberkochen,
Germany). TEM images were analyzed with J-Image software (ImageJ2 online version
from University of Wisconsin, Madison, WI, USA) in order to calculate the particle size
distribution of the dried NPs (n > 1000 nanoparticles).
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3.4. X-ray Diffraction Measurements
The crystalline phase was identified by recording X-ray powder diffraction patterns
(XRD) of the dry, washed samples using a Bruker D8 Advance diffractometer (Berlin,
Germany) equipped with a CuKα radiation source (λ = 1.5406 Å) and a Bruker LINXEYE
detector. Analysis was carried out at 25 ◦ C, 40 kV and 40 mA. The 2θ measured range was
20◦ –70◦ , at 0.02◦ steps, with a measurement time of 576 s/step.
3.5. Electrophoretic Mobility: Isoelectric Point Determination
Electrophoretic mobility measurements were carried out in a Zetasizer Nano-ZS
(Malvern Instruments, Worcestershire, U.K.) at 25 ◦ C. Samples were prepared by simply
adding 0.5 mL of MNPs suspensions (10 mg/mL) in TMAH 25%wt solution to 50 mL 5 mM
KNO3 water solution (fixed ionic strength) until finally obtaining a slightly turbid solution
adequate for this type of determination. The pH of the suspensions was then adjusted
by adding a suitable amount of KOH (0.01 or 0.1 M) or HNO3 (0.01 or 0.1 M). For each
suspension, 5 measuring runs were taken, with 11 cycles in each run.
3.6. Magnetic Properties
Magnetization cycles were obtained at room temperature (20 ◦ C) in an MPMS-XL
SQUID magnetometer (Quantum Design, San Diego, CA, USA). Between 1 and 3 mg dried
samples were used for these measurements.
3.7. Magnetic Hyperthermia Determinations
The alternating currents necessary to produce the magnetic fields applied to the
samples were produced by a Royer-type oscillator with 8 turn coils (20 mm in diameter and
45 mm in length) made of copper tube 6 mm in diameter, refrigerated with 25 ◦ C water. The
magnetic field strength H0 was 16.2 kA/m (measured with a NanoScience Laboratories Ltd.
Probe (UK), with 10 µT resolution) in the center of the coil, where samples were located.
Five frequencies were used, namely 136, 146, 160, 180, and 205 kHz.
For the determination of the heat released by the particles under the action of the field,
0.5 mL suspensions containing 10 mg/mL of each sample were placed in Eppendorf tubes,
thermally isolated, and located in the center of the coil. Temperature T changes vs. time
were registered at 1 Hz sampling rate with an optical fiber thermometer (Optocon AG,
Dresden, Germany) connected to a computer. The experiments were always performed in
samples pre-thermostated at 25 ◦ C.
The heating efficiency (as evaluated by the specific absorption rate, SAR) of the
nanoparticles was calculated from the initial slope dT/dt (first 30 s after the magnetic field
was switched on), of the temperature vs. time data using the following equation [25,36]:
SAR =

CVs dT
m dt

(1)

where C is the volume specific heat capacity of the sample (CH2 O = 4185 J/LK), Vs = 0.5 mL
is the sample volume, and m is the mass of magnetic material (5 mg in the present investigation). As the hyperthermia response is also dependent on the frequency f and strength
H0 of the magnetic field, hence on the particular measuring system used, it is sometimes
preferred to use an intensive, device-independent quantity to describe the hyperthermia efficiency for a given sample in terms of the so-called intrinsic loss power or ILP [31], typically
expressed in [nHm2 kg−1 ] and given by:
ILP =

SAR
f H02

(2)

4. Conclusions
Four different morphologies of magnetite nanoparticles have been synthesized using similar methodologies, obtaining comparable particle sizes. The reaction variables
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such as solvents used, temperature, and duration of reactions influence the shape of the
nanoparticles. The synthesized nanoparticles showed an optimal particle size to be used
as hyperthermia agents. The heating capacities of these superparamagnetic nanoparticles have been characterized and investigated in terms of SAR/ILP. A modulation of
the saturation of magnetization and hyperthermia response were obtained in function
of the morphology of the nanoparticles used. Cuboidal nanoparticles exhibited higher
heating absorption properties and intrinsic loss power than nanospheres or nanorods,
and the highest ILP described in the literature is for nanocubes with the same magnetic
material at these low frequencies. It is suggested that this morphology could be optimum
for hyperthermia using relatively low magnetic field strength and frequency, which is
clinically preferred. These magnetic quasicubic nanoparticles can be a very powerful tool
in biomedical applications.
Author Contributions: Conceptualization, Á.V.D. and G.R.I.; methodology, F.R.-O.; validation,
F.R.-O.; investigation, F.R.-O.; writing—original draft preparation, F.R.-O. and Á.V.D.; writing—
review and editing, Á.V.D.; supervision, G.R.I. and Á.V.D.; project administration, Á.V.D.; funding
acquisition, Á.V.D. and G.R.I. All authors have read and agreed to the published version of the
manuscript.
Funding: This research received no external funding.
Data Availability Statement: The data is available on reasonable request from the corresponding
author.
Acknowledgments: Financial support from the Spanish Institutions: Mineco, (RyC-2014-16901),
Ministerio de Ciencia, Innovación y Universidades (PGC2018-098770-B-I00), and Junta de Andalucía
(Programa Operativo Feder 2014-2020, grants BF-FQM-141-UGR18, A1-FQM-34-UGR-18, C-FQM497-UGR18) is gratefully acknowledged.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.

13.

14.

Luderer, A.A.; Borrelli, N.F.; Panzarino, J.N.; Mansfield, G.R.; Hess, D.M.; Brown, J.L.; Barnett, E.H.; Hahn, E.W. Glass-CeramicMediated, Magnetic-Field-Induced Localized Hyperthermia: Response of a Murine Mammary Carcinoma. Radiat. Res. 1983, 94,
190. [CrossRef]
Oleson, J.R. A Review of Magnetic Induction Methods for Hyperthermia Treatment of Cancer. IEEE Trans. Biomed. Eng. 1984, 31,
91–97. [CrossRef]
Burch, C.R.; Davis, N.R. On the quantitative theory of induction heating. Philos. Mag. J. Sci. 1926, 1, 768–783. [CrossRef]
Fischer, W. Electrical induction heating without iron conclusion. Naturwissenschaften 1931, 19, 974–980. [CrossRef]
Farzin, A.; Etesami, S.A.; Quint, J.; Memic, A.; Tamayol, A. Magnetic Nanoparticles in Cancer Therapy and Diagnosis. Adv.
Healthc. Mater. 2020, 9, 1901058. [CrossRef]
Leuenberger, P.; Ganscha, S.; Kahraman, A.; Cappelletti, V.; Boersema, P.J.; von Mering, C. Cell-wide analysis of protein thermal
unfolding reveals determinants of thermostability. Science 2017, 355, 7825. [CrossRef] [PubMed]
Hildebrandt, B.; Wust, P.; Ahlers, O.; Dieing, A.; Sreenivasa, G.; Kerner, T. The cellular and molecular basis of hyperthermia. Crit.
Rev. Oncol. Hematol. 2002, 43, 33–56. [CrossRef]
Kobayashi, T. Cancer hyperthermia using magnetic nanoparticles. Biotechnol. J. 2011, 6, 1342–1347. [CrossRef]
Chang, D.; Lim, M.; Goos, J.A.C.M.; Qiao, R.; Ng, Y.Y.; Mansfeld, F.M.; Jackson, M.; Davis, T.P.; Kavallaris, M. Biologically
Targeted Magnetic Hyperthermia: Potential and Limitations. Front. Pharmacol. 2018, 9, 831. [CrossRef] [PubMed]
Hilger, I. In vivo applications of magnetic nanoparticle hyperthermia. Int. J. Hyperth. 2013, 29, 828–834. [CrossRef] [PubMed]
Xie, L.; Jin, W.; Zuo, X.; Ji, S.; Nan, W.; Chen, H.; Gao, S.; Zhang, Q. Construction of small-sized superparamagnetic Janus
nanoparticles and their application in cancer combined chemotherapy and magnetic hyperthermia. Biomater. Sci. 2020, 8,
1431–1441. [CrossRef] [PubMed]
Brero, F.; Albino, M.; Antoccia, A.; Arosio, P.; Avolio, M.; Berardinelli, F.; Bettega, D.; Calzolari, P.; Ciocca, M.; Corti, M.; et al.
Hadron Therapy, Magnetic Nanoparticles and Hyperthermia: A Promising Combined Tool for Pancreatic Cancer Treatment.
Nanomaterials 2020, 10, 1919. [CrossRef] [PubMed]
Lu, Y.; Rivera-Rodriguez, A.; Tay, Z.W.; Hensley, D.; Fung, K.B.; Colson, C.; Saayujya, C.; Huynh, Q.; Kabuli, L.; Fellows, B.; et al.
Combining magnetic particle imaging and magnetic fluid hyperthermia for localized and image-guided treatment. Int. J. Hyperth.
2020, 37, 141–154. [CrossRef]
Wu, M.; Huang, S. Magnetic nanoparticles in cancer diagnosis, drug delivery and treatment. Mol. Clin. Oncol. 2017, 7, 738–746.
[CrossRef] [PubMed]

Nanomaterials 2021, 11, 627

15.
16.
17.
18.
19.

20.
21.

22.

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.
39.
40.

41.

12 of 13

Lu, Y.-J.; Chuang, E.-Y.; Cheng, Y.-H.; Anilkumar, T.; Chen, H.-A.; Chen, J.-P. Thermosensitive magnetic liposomes for alternating
magnetic field-inducible drug delivery in dual targeted brain tumor chemotherapy. Chem. Eng. J. 2019, 373, 720–733. [CrossRef]
Hardiansyah, A.; Destyorini, F.; Irmawati, Y.; Yang, M.-C.; Liu, C.-M.; Chaldun, E.R.; Yung, M.-C.; Liu, T.Y. Characterizations of
doxorubicin-loaded PEGylated magnetic liposomes for cancer cells therapy. J. Polym. Res. 2019, 26, 282. [CrossRef]
Ding, X.; Zhao, H.; Li, C.; Wang, Q.; Jiang, J. All-in-one theranostic nanoplatform with controlled drug release and activated MRI
tracking functions for synergistic NIR-II hyperthermia-chemotherapy of tumors. Nano Res. 2019, 12, 2971–2981. [CrossRef]
Mi, P. Stimuli-responsive nanocarriers for drug delivery, tumor imaging, therapy and theranostics. Theranostics 2020, 10, 4557–4588.
[CrossRef] [PubMed]
Khizar, S.; Ahmad, N.M.; Ahmed, N.; Manzoor, S.; Elaissari, A. Encapsulation of doxorubicin in magnetic-polymer hybrid
colloidal particles of Eudragit E100 and their hyperthermia and drug release studies. Polym. Adv. Technol. 2020, 31, 1732–1743.
[CrossRef]
Peer, A.J.; Grimm, M.J.; Zynda, E.R.; Repasky, E.A. Diverse immune mechanisms may contribute to the survival benefit seen in
cancer patients receiving hyperthermia. Immunol. Res. 2009, 46, 137–154. [CrossRef]
Cabeza, L.; Ortiz, R.; Prados, J.; Delgado, Á.V.; Martín-Villena, M.J.; Clares, B. Improved antitumor activity and reduced toxicity
of doxorubicin encapsulated in poly(ε-caprolactone) nanoparticles in lung and breast cancer treatment: An in vitro and in vivo
study. Eur. J. Pharm. Sci. 2017, 102, 24–34. [CrossRef] [PubMed]
Wang, L.; Chen, S.; Zhu, Y.; Zhang, M.; Tang, S.; Li, J. Triple-Modal Imaging-Guided Chemo-Photothermal Synergistic Therapy
for Breast Cancer with Magnetically Targeted Phase-Shifted Nanoparticles. ACS Appl. Mater. Interfaces 2018, 10, 42102–42114.
[CrossRef] [PubMed]
Cho, H.-Y.; Mavi, A.; Chueng, S.-T.D.; Pongkulapa, T.; Pasquale, N.; Rabie, H. Tumor Homing Reactive Oxygen Species
Nanoparticle for Enhanced Cancer Therapy. ACS Appl. Mater. Interfaces 2019, 11, 23909–23918. [CrossRef] [PubMed]
Li, J.; Liu, Y.; Li, X.; Liang, G.; Ruan, C.; Cai, K. ROS self-generation and hypoxia self-enhanced biodegradable magnetic
nanotheranostics for targeted tumor therapy. Nanoscale Horiz. 2020, 5, 350–358. [CrossRef]
Wildeboer, R.R.; Southern, P.; Pankhurst, Q.A. On the reliable measurement of specific absorption rates and intrinsic loss
parameters in magnetic hyperthermia materials. J. Phys. D Appl. Phys. 2014, 47, 495003. [CrossRef]
Atkinson, W.J.; Brezovich, I.A.; Chakraborty, D.P. Usable Frequencies in Hyperthermia with Thermal Seeds. IEEE Trans. Biomed.
Eng. 1984, 31, 70–75. [CrossRef]
Lacroix, L.-M.; Malaki, R.B.; Carrey, J.; Lachaize, S.; Respaud, M.; Goya, G.F. Magnetic hyperthermia in single-domain monodisperse FeCo nanoparticles: Evidences for Stoner–Wohlfarth behavior and large losses. J. Appl. Phys. 2009, 105, 023911. [CrossRef]
Carrey, J.; Mehdaoui, B.; Respaud, M. Simple models for dynamic hysteresis loop calculations of magnetic single-domain
nanoparticles: Application to magnetic hyperthermia optimization. J. Appl. Phys. 2011, 109, 083921. [CrossRef]
Stoner, E.C.; Wohlfarth, E.P. A mechanism of magnetic hysteresis in heterogeneous alloys. Philos. Trans. R. Soc. Lond. Ser. A Math.
Phys. Sci. 1948, 240, 599–642. [CrossRef]
Wahajuddin Arora, S. Superparamagnetic iron oxide nanoparticles: Magnetic nanoplatforms as drug carriers. Int. J. Nanomed.
2012, 7, 3445–3471. [CrossRef]
Ortega, D.; Pankhurst, Q.A. Magnetic hyperthermia. Nanoscience 2012, 1, 60–88. [CrossRef]
Pankhurst, Q.A.; Thanh, N.T.K.; Jones, S.K.; Dobson, J. Progress in applications of magnetic nanoparticles in biomedicine. J. Phys.
D Appl. Phys. 2009, 42. [CrossRef]
Mamiya, H.; Fukumoto, H.; Huaman, J.L.C.; Suzuki, K.; Miyamura, H.; Balachandran, J. Estimation of Magnetic Anisotropy of
Individual Magnetite Nanoparticles for Magnetic Hyperthermia. ACS Nano 2020, 14, 8421–8432. [CrossRef] [PubMed]
Coral, D.; Mera, J. A Guide to Study Iron Oxide Magnetic Nanoparticles with Biomedical Applications. Part II. Ing. Cienc. 2017,
13, 207–232. [CrossRef]
Deatsch, A.E.; Evans, B.A. Heating efficiency in magnetic nanoparticle hyperthermia. J. Magn. Magn. Mater. 2014, 354, 163–172.
[CrossRef]
Obaidat, I.M.; Issa, B.; Haik, Y. Magnetic Properties of Magnetic Nanoparticles for Efficient Hyperthermia. Nanomaterials 2015, 5,
63–89. [CrossRef]
Torres, T.E.; Lima, E.; Calatayud, M.P.; Sanz, B.; Ibarra, A.; Fernández-Pacheco, R.; Mayoral, A.; Marquina, C.; Ibarra, M.R.; Goya,
G.F. The relevance of Brownian relaxation as power absorption mechanism in Magnetic Hyperthermia. Sci. Rep. 2019, 9, 1–11.
[CrossRef] [PubMed]
Dutz, S.; Hergt, R. Magnetic nanoparticle heating and heat transfer on a microscale: Basic principles, realities and physical
limitations of hyperthermia for tumour therapy. Int. J. Hyperth. 2013, 29, 790–800. [CrossRef]
Hergt, R.; Dutz, S.; Zeisberger, M. Validity limits of the Néel relaxation model of magnetic nanoparticles for hyperthermia.
Nanotechnology 2009, 21, 015706. [CrossRef]
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