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Abstract

The final goal in magnetic hyperthermia research is to use nanoparticles in the form of a
colloidal suspension injected into human beings for a therapeutic application. Therefore the
challenge is not only to develop magnetic nanoparticles with good heating capacities, but also
with good colloidal properties, long blood circulation time and with grafted ligands able to
facilitate their specific internalisation in tumour cells. Significant advances have been achieved
optimising the properties of the magnetic nanoparticles, showing extremely large specific
absorption rate values that will contribute to a reduction in the concentration of the magnetic
fluid that needs to be administered. In this review we show the effect of different characteristics
of the magnetic particles, such as size, size distribution and shape, and the colloidal properties
of their aqueous suspensions, such as hydrodynamic size and surface modification, on the
heating capacity of the magnetic colloids.
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Introduction

Recent studies have reported the development of theranostic

magnetic nanomedicines capable of directing a drug toward a

target tissue or cell, while allowing simultaneous monitoring

of the response to the treatment [1,2,3]. The advantage of this

approach is the high drug loading on the nanoparticle surface

due to their small size (i.e. their high specific surface), and the

ability to magnetically address it to the tumour site that limits

the biodistribution and hence reduces any adverse effects. The

therapeutic effect of the drug can be enhanced if magnetic

nanoparticles accumulated in a specific area are heated above

body temperature under the action of an alternating magnetic

field (magnetothermia or magnetic hyperthermia). The

heating efficiency depends on the magnetic properties of

the nanoparticles, the strength and frequency of the magnetic

field, and the cooling capacity of the blood flow in the target

site [4,5]. Furthermore, nanoparticles can be loaded with

specific antibodies to facilitate tumour targeting [6].

Encouraging preclinical data of hyperthermia treatments

have been obtained in cancer patients [7] and numerous

reviews have been published on the subject [8–11]. The

treatment still requires some improvements related to the

selective heat induction in tumour sites, the homogeneity of

the temperature distribution into the tumour [12,13], and the

reduction of the invasiveness of the technique. In cancer

therapy, it seems that the future of the theranostic agents is

likely to be employed in synergic combination with other

therapies [14]. For example, it has been reported that

magnetic heating can enhance the effect of radiation or

drugs [7,15,16]. Nowadays, there is intense research to

identify the best magnetic nanoparticles that with the

minimum amount of material allows for sufficient and

homogeneous heating within the appropriate field parameters.

Magnetic nanoparticles for biomedical applications must

combine a handful of key features, from the colloidal to the

magnetic properties, for optimal behaviour [17]. Thus,

particles should show small hydrodynamic size and narrow

size distribution to ensure colloidal stability, long blood

residence time and possibilities for crossing biological

barriers such as cell junctures and membranes. Their surface

coating must guarantee biocompatibility and, if possible,

provide specificity for biological target sites. Finally, it is

obvious that nanoparticles should exhibit good magnetic

properties in terms of high magnetisation values and high

magnetic susceptibility for an optimum performance in

diagnosis and therapy. Nanoparticle size and shape are key

features controlling the magnetic moment and the magnet-

isation rotation mechanism that governs how a material

responds to an alternating magnetic field. The degree of

crystallinity and the magnetic interactions between particles

also have a strong influence on the magnetic properties. In

most cases the synthesis is responsible for these material

features, such as the presence of impurities or defects, and the

formation of irreversible agglomeration, which are reflected

in their magnetic properties.
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To identify the most suitable material for this application,

it is worth considering the main mechanisms of heat

generation: 1) eddy currents, 2) hysteresis losses (more

important for multi-domain particles) and 3) Néel and

Brownian relaxations (for single-domain nanoparticles) [10].

Those hyperthermia mechanisms have been extensively

studied and are not the objective of this review.

Nevertheless, it is useful to briefly consider their implications

here. Thus, the heating efficiency will depend on the material

properties as commented above and on the amplitude and

frequency of the applied field. Therefore, key parameters

inherent to the nanoparticles (in which this review will focus)

are size and hydrodynamic size, size distribution, shape,

crystallinity, chemical composition, concentration and other

parameters affecting inter-particle interactions such as the

viscosity of the medium. Key parameters not inherent

to the nanomaterial are the amplitude and the frequency

of the applied magnetic field. Appropriate field conditions

depend on the properties of the material in such a way

that, given two samples of nanoparticles A and B, there

will be some field conditions for which the heating efficiency

of A will be greater than that of B, while for other field

conditions the result will be the opposite, B heating more

than A [18].

The advantage of working with superparamagnetic nano-

particles (below a certain size, ferro- and ferrimagnetic

materials exhibit a thermally activated spin fluctuation

behaviour) is that it is easier to keep their colloidal stability

due to their smaller size, avoiding agglomeration and

therefore the potential embolisation of capillary vessels. It

has been shown that the presence of superparamagnetic

particles leads to a powerful enhancement of proton relax-

ation times in nuclear magnetic resonance imaging (MRI) in

contrast to ferromagnetic particles [19,20]. The effect of the

nanoparticle size on the heating capacity of a suspension

under an alternating magnetic field is not so clear [21]. In

principle, large particles (4 10 nm) are preferred due to their

larger magnetic moment while keeping coherent magnetisa-

tion rotation (5 70 nm) [3]. However, magnetic interactions

between particles are stronger as particle size increases,

leading to undesirable collective behaviours [22,23] and poor

colloidal stability. Particle sizes larger than 10 nm and smaller

than 50 nm seem to be ideal for this application.

Iron oxide-based nanoparticles are the most common

materials in magnetic hyperthermia research [24,25] and

chemical precipitation in water and thermal decomposition in

organic media are by far the most commonly employed

methods for the synthesis. Other methods, like the polyol

process and electro-oxidation [26,27], have been reported to a

lesser extent. The choice of the synthetic procedure is the first

step when planning to apply magnetic nanoparticles for

hyperthermia and it is a crucial selection that will determine

the physicochemical properties of the magnetic nanoparticles

(MNPs) and, therefore, their potential success for this

application.

In this review we will focus on calorimetric measure-

ments performed with liquid suspensions of MNPs to

evaluate the heating capacity of a material. We will pay

special attention to the effect of different characteristics of

the magnetic particles such as size, size distribution and

shape, and colloidal properties of aqueous suspensions,

such as hydrodynamic size and surface modification. These

physicochemical properties are related to the synthesis

procedure and can severely affect the heating capacity of

magnetic colloids. Other important features are the coating

and the hydrodynamic size, which will also affect the cell

uptake [28]. It seems that hyperthermia treatment could be

more effective if nanoparticles are internalised by the cells

[29], although the activation of cation channels in cells

when the nanoparticles are bound to the plasma membrane

has also been reported [30]. The most common physical

magnitude for reporting the calorific power of MNPs is the

specific absorption rate (SAR), also called specific loss

power (SLP). It is the energy absorption rate per gram of

material during exposition to an alternating magnetic field

and is calculated from the expression in Equation 1 [10].

SAR ¼ c � ðDT=DtÞ ð1Þ

where DT is the increase in temperature, Dt is the measure-

ment time, and c is the specific heat of the sample.

Experimentally the ratio DT/Dt is the initial slope of the

temperature versus time dependence [31].

Comparison between published SAR values will be

discussed although it is difficult due to the lack of any

standardised protocols to characterise magneto-thermal

properties.

Synthesis method

Interesting SAR values have been reported for MNPs larger

than 10 nm. Aqueous synthesis methods such as the co-

precipitation of Fe(II) and Fe(III) salts, described by Massart,

and its modifications, provides MNPs with sizes between 3

and 12 nm. Precipitation in water of Fe(II) salts described by

Sugimoto for the synthesis of MNPs allows preparation of

particles with sizes �30 nm [32]. This route has been

explored for the preparation of particles suitable for hyper-

thermia, and the first results showed that the smaller particles

(30–50 nm), within the theoretical monodomain range, are

better than larger particles (450 nm), which exhibited nearly

null heating efficiency, in spite of their high saturation

magnetisation (MS) values [33,34]. The differences may be

due to the use of fields insufficient to saturate the largest

particles. The main drawback of the Sugimoto route lies in the

poor colloidal stability of the MNPs due to their large size and

the absence of surfactants, complicating their use for

biomedicine. For that reason, to obtain biocompatible and

stable MNPs by this approach, the main challenges are to

activate the surface and develop efficient coatings.

Thermal decomposition in organic media is a well-known

method of preparing nanoparticles larger than 10 nm [35].

Tuning the size of MNPs prepared by thermal decomposition

is possible by adjusting experimental parameters such as the

nature of the iron precursor (e.g. Fe(CO)5, Fe(acac)3,

Fe(carboxylate)3, FeO(OH)), the nature of the stabilisers

(e.g. long-chain carboxylic acids, long-chain amines, phos-

phines, alcohols), concentration of the reagents, temperature

and temperature ramp or stirring rate [36]. One strategy

to increase nanoparticle size is the seed-growth process.
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This method, however, should be carefully used because it can

lead to MNPs with crystal defects as has been recently

reported [37]. The nanoparticles were apparently highly

crystalline, even when observed by high-resolution transmis-

sion electron microscopy (HRTEM), but a thorough strain

tensors study revealed that in fact those MNPs had defects

consisting in strained regions (Figure 1). Those subtle defects

were responsible for shifting down saturation magnetisation

and SAR values dramatically.

In another approach, highly uniform nanoparticles up

to 22 nm were prepared with good properties for hyper-

thermia by a modification of the iron(III) oleate decom-

position method described by Park et al. [38]. In this case

size control was achieved by changing surfactant concen-

tration (oleic acid in octadecene) and reaction times to

affect nucleation and growth rates (Figure 2) [39]. Finally,

the synthesis of nanoparticles up to 180 nm free of internal

defects has also been achieved by thermal decomposition in

organic media using decanoic acid as surfactant and benzyl

ether as solvent and controlling the temperature ramp

[40,41].

Data concerning calorimetric experiments in the literature

usually differ a lot in the experimental conditions, including

the amplitude and the frequency of the applied alternating

magnetic field. Nevertheless, it is possible to compare some

works and to extract some important conclusions, always

keeping in mind that the maximum SAR for a particle will

depend on the field and frequency. Figure 3 shows data from

samples synthesised by co-precipitation and thermal decom-

position. Co-precipitation in water usually yields MNPs with

broad size distributions, and consequently (as will be

discussed below), low SAR values. However, when those

MNPs are subjected to a size selection process, the heating

efficiency under the same applied field is comparable to the

one achieved by MNPs synthesised by thermal decomposition

[41,42]. On the other hand, as commented before, if seed-

growth is employed to increase the size of MNPs synthesised

by thermal decomposition, SAR values drop dramatically

[37]. The crystallinity and structural defects that cause this are

mainly related to the synthesis temperature and the presence

of impurities.

To tackle the final goal of using MNPs in humans it would

be highly desirable to develop methods for mass production

for the industrial-scale manufacture of large quantities of

product. The co-precipitation route has been already scaled up

following the Massart procedure or its modifications [43,44].

The Sugimoto procedure seems to be very promising for

obtaining larger particles because of the use of water and

cheap reactants [32], and work concerning the scaling up of

this process is in progress in our group. More challenging is

the scaling-up of the thermal decomposition process, for

which some methodologies in the multi-gram scale have been

described but much effort is still needed to preserve high-

quality properties and reproducibility [38,45].

Figure 1. HRTEM micrographs of nanoparticles obtained by thermal decomposition controlling the size by seed-growth (showing strains responsible
for lowering the magnetisation. Reproduced with permission from Levy et al. [37]).
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Particle size, size distribution and shape

Size

It is well established that the size of MNPs has a big impact

on the heating efficiency since the power dissipation, P, of a

given sample is related to the relaxation time:

P ¼ ��ðH�Þ2���
2�f 2�

1þ ð2�f �Þ2
ð2Þ

�B ¼
3�VH

kBT
ð3Þ

�N ¼
ffiffiffi
�
p

2
��

exp KV
kBT

� �
ffiffiffiffiffiffi
KV
kBT

q ð4Þ

where �0¼ initial DC susceptibility, H0¼ amplitude of the

applied field, m0¼ permeability of free space, f¼ frequency of

the applied field and � ¼ relaxation time. Relaxation time is

related to the size of nanoparticles, among other parameters,

as is shown in Equations 3 and 4 (where �B¼Brownian

relaxation, �N¼Néel relaxation, �¼ viscosity, VH¼hydro-

dynamic volume, V¼magnetic volume, kB¼Boltzmann

constant, T¼ temperature, and K¼magnetic anisotropy

energy density). Néel relaxation (Equation 3) time (�N)

increases with magnetic volume, V, while Brownian relax-

ation (Equation 2) time (�B) is proportional to the hydro-

dynamic volume, VH, which is the size of the particles in

suspension [46]. The former is directly related to the MNPs

core size while the latter is related to the size of the core, the

aggregate and the coating. Relaxation depends on the volume

of the particles, so small changes in diameter make huge

differences in SAR. Thus, a change in diameter from 13 to

15 nm (15%) leads to a 50% increase in volume for cubic

shaped particles and 35 % for spherical. Concerning the other

mechanisms of heat generation commented in the introduc-

tion, AC hysteresis losses can be important if nanoparticles

are ferromagnetic, while eddy currents are expected to be low

for particles with diameters smaller than 200 nm [47].

It should be highlighted that, given the amplitude (H) and

frequency (f) of an applied alternating magnetic field, the

dependence of SAR with size is not necessarily linear for

measurements performed over a wide enough size range

[9,40,41,48,49]. Indeed, experimental data in the literature

show that, for any given frequency, SAR increases with size to

reach a maximum, after which larger particles exhibit less

heat dissipation efficiency (Figure 3B). The particle size at

which maximum SAR is attained increases with the amplitude

of the magnetic field [49].

Size distribution

Closely related with the issue of size is that of size

distribution, which must be considered in order to explain

hyperthermia results [50,51]. Its influence on the calorific

power is two-fold: 1) samples with broad size distributions

have many particles with different sizes and, consequently

potentially different efficiencies for heat dissipation as

discussed above, and 2) MNPs with non-similar sizes may

have distinct saturation magnetisation values and anisotropies,

also affecting the calorific power. So, a polydispersed sample

will have in general a reduced maximum SAR value but may

produce calorific output over a broader frequency range.

However, monodispersed samples will have enhanced

SAR values but only at the right frequency (Figure 3C).

This has been calculated theoretically [42,46,52] and

quantified experimentally [39]. For particles of similar

average size, the SAR value significantly increases, as does

the MS value (from 52 emu/g to 69 emu/g) when the size

distribution becomes narrower (from 14� 1 nm in diameter to

15� 4 nm) (Figure 4).

For hyperthermia studies it would be highly desirable to

use the narrowest possible size distributions for a better

understanding of the phenomena and a more homogenous

heating effect. In other words, for this application the

synthesis of MNPs by thermal decomposition seems to be

ideal. This method allows the obtaining of particles with

standard deviations in size lower than 10%, while size selec-

tion is needed if the co-precipitation route is chosen.

Figure 2. HRTEM and TEM micrographs of nanoparticles obtained by thermal decomposition, modifying surfactant concentration and reaction time
(reproduced with permission of the Royal Society of Chemistry from Salas et al. [39]).
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Shape

MNP shape affects magnetic and magneto-thermal properties

through its influence on the saturation magnetisation and

magnetic anisotropy. Spherical particles have a higher number

of defects at the surface than cubic particles, which affect both

properties: saturation magnetisation and magnetic anisotropy.

The saturation magnetisation of Zn0.4Fe2.6O4 MNPs was

found to be higher for nanocubes than for nanospheres of the

same volume (18 and 22 nm of edge and diameter,

Figure 3. (A) Comparison between the
experimental SAR values (W/g Fe) of
nanoparticles of different sizes obtained
by three different synthetic approaches: 1)
co-precipitation in water followed by a size
selection process (œ, 31 mT, 700 kHz) [42],
2) thermal decomposition in organic medium
(*, 30 mT, 700 kHz; �, 26 mT, 700 kHz)
[41], 3) thermal decomposition in organic
medium followed by seed growth (+, 26 mT–
700 kHz) [37]. (B) Evolution of SAR
(f¼ 54 kHz) as a function of magnetic field
amplitude for two samples of different sizes
(data extracted from Mehdaoui et al. [49]).
(C) Illustration of three different samples
(S1, S2 and S3) with different sizes and size
distributions and how the optimum frequency
(f1, f2 and f3) for the maximum SAR is
affected.

Figure 4. Difference in SAR values (50 mT, 77 kHz) between two samples synthesised by thermal decomposition in 1-octadecene, with the same mean
size but different size distribution. Scale bars¼ 50 nm.
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respectively) [53]. Analogous results were reported by

Gonzalez-Fernandez et al. for cubic and spherical magnetite

MNPs of similar size around 45 nm (Figure 5) [33] and for

nanoparticles synthesised by thermal decomposition in

organic media [54].

Maghemite flower-like MNPs have been synthesised by

following a polyol method and their heating efficiency

measured [55]. These nanoflowers were composed of smaller

grains of 11 nm in intimate contact with very small

misalignments between the grains. Indeed most of the

nanoflowers appear as single crystalline by HRTEM. In

general, their heating efficiency (H¼ 27 mT, f¼ 700 kHz)

increases with size (in the range 22–55 nm) and is always

greater than the individual 11 nm crystallites obtained by a

similar polyol method. Nanoflowers synthesised with long

reaction times present better alignment of the individual

crystallites providing the highest SAR values. Those values

are closed to the ones reported for MNPs of 16.5 nm

synthesised by co-precipitation and subjected to a size

selection process (H¼ 31 mT, f¼ 700 kHz) [42].

Also, the heating efficiency of those nanoflowers can be

compared with nanocubes of similar sizes synthesised by

thermal decomposition in organic medium, and examined

under the same conditions of amplitude and frequency of the

applied alternating field (Figure 6) [41]. Thus, with H¼ 27–

30 mT and f¼ 700 kHz, nanoflowers of 38 nm exhibit a heating

efficiency considerably greater than nanocubes of the same

size. It seems clear that larger fields are required to maximise

the loss in those cubes. However, nanocubes of 19 nm are more

efficient than any other studied nanocube or nanoflower.

Chemical composition

Iron oxide MNPs are most often composed of variable

proportions of maghemite (g-Fe2O3) and magnetite (Fe3O4).

Both have magnetic properties making them suitable for

biomedical applications but magnetite has higher values of

MS and anisotropy [56], so the proportion between both has

an impact on the magnetic properties. On the other hand the

normal chemical evolution of Fe3O4 into the body is to be

slowly oxidised to Fe2O3. For this reason some reports

propose a pre-oxidation of the material before using it in

biological samples.

The g-Fe2O3/Fe3O4 proportion has been shown to depend

on slight changes of the experimental parameters in MNPs

synthesised by co-precipitation [57] and by thermal decom-

position [38]. In addition, the formation of an FeO phase in

the thermal decomposition of Fe(oleate)3 has been recently

reported [58], so the experimental parameters must be

carefully chosen to avoid this undesired result.

Ferrites of the type MFe2O4 have also been employed for

hyperthermia research. Changes in ferrite composition can

change loss mechanism. For example, cobalt ions can increase

saturation magnetisation and anisotropy, increasing the

heating potential of ferrites [59,60]. Indeed, CoFe2O4 MNPs

obtained by co-precipitation and stabilised with citrate

exhibited superior heating properties than their analogous

counterparts of maghemite [42]. However, there are concerns

about the use of such CoFe2O4 MNPs because of their

potential toxicity. In spite of these concerns, Cheon et al.

synthesised a set of nanoparticles of the types MFe2O4 and

core@shell MFe2O4@MFe2O4 (M¼Mn, Fe, Co) (size¼ 15

nm) and found SAR values (47 mT, 500 kHz) as high as

3,000 W/g with the following trend: CoFe2O4@Fe3O4 5
CoFe2O4@MnFe2O4 5 Fe3O4@CoFe2O4 5 MnFe2O4@

CoFe2O4 5Zn0.4Co0.6Fe2O4@Zn0.4Mn0.6Fe2O4. The in vitro

cytotoxicity, after 24 h, of CoFe2O4@MnFe2O4 and

MnFe2O4@CoFe2O4 core-shell MNPs was studied finding

Figure 6. SAR values for nanoflowers (solid, hollow and crossed circles correspond to particles synthesised at different experimental conditions)
and nanocubes (solid squares), under similar field conditions. TEM micrographs adapted with permission from Guardia et al. [41] and Hugounenq
et al. [55].

Figure 5. Difference in SAR values between two samples with similar
mean size but different shape [33].
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no problems of cell viability. CoFe2O4@MnFe2O4 were then

tested for in vivo hyperthermia experiments with mice

obtaining promising results [61], and the magnetothermal

response of Zn0.4Fe2.6O4-based nanomaterials was recently

used for drug delivery in mice [15].

Colloidal properties, magnetic interaction and media
viscosity

The final goal in magnetic hyperthermia research is to use

nanoparticles in the form of colloidal suspension injected into

human beings. Therefore the challenge is not only to develop

magnetic nanoparticles with good heating capacities, but also

with good colloidal properties, long blood circulation times

and with grafted ligands able to facilitate their specific

internalisation in tumour cells.

Surface coating is the way for introducing functional

groups to anchor biomolecules to the nanoparticle surface.

Coating may affect the nanoparticle magnetic properties due

to a partial dissolution of the particle during the process

(which will lead to a reduction in MS) [62]. However, when

particle size is preserved, coating with carboxylic acids leads

to the formation of strong bonds at the nanoparticle surface,

reducing spin canting and increasing saturation magnetisation

[63]. But coating also determines to a great extent the

biodistribution. Magnetic hyperthermia requires an accumu-

lation of the nanoparticles at the tumour area that have not

been achieved up to now by intravenous injection in

comparison to intratumoral injection. Biodistribution may

vary the aggregation state of the MNPs and therefore the

magnetic interactions between them, and the viscosity media

will depend on the organ or tissue of accumulation.

Interactions between magnetic nanoparticles involve

dipole–dipole interactions and can have an important influence

on their hyperthermia performance. They are affected by

concentration and have a great influence on the magnetic

relaxation and the susceptibility [64]. It has been shown that

there exists an optimal concentration for which the SAR is

maximum [65]. Dipole–dipole interactions can occur between

1) strongly bounded particles (i.e. throughout aggregates of

particles), or 2) between aggregates and/or individual particles.

In the latter case, interactions depend on concentration when

dilution leads to separated particles reducing the agglomerate

size. However, when dilution separates aggregates, interactions

within the aggregates rule the magnetic behaviour (Figure 7).

On the other hand, size, shape and proximity between particles

within the aggregate are also crucial factors to take into account

for understanding the heating efficiency of a colloidal suspen-

sion, as it was shown for nanoflowers [55].

It has been proposed that these interactions may enhance

the heating efficiency by dipolar coupling under an oscillating

magnetic field and by increasing local temperature due to the

increase in the local concentration and anisotropy [66,67].

Larger particles have larger interactions and agglomeration is

more likely at higher concentrations. However, these inter-

actions do not always favour heat generation. For 30 nm

nanoparticles, concentration plays a relevant role in the

calorific output due to the larger interactions. As concentra-

tion increases, SAR first increases up to a maximum and then

decreases [68]. With smaller nanoparticles between 6 and

14 nm, no variation of SAR was found in a broad range of

concentrations (Figure 8) [69].

This size-dependent influence of concentration on SAR

seems to be widespread, as recently reported for big particles

[21,54]. In a similar way to the behaviour reported above, SAR

values exhibit a maximum for particles of 37 and 65 nm (shifted

to lower concentration for the latter) while it just decreases with

concentration when the particles are 150 nm in size.

The influence of concentration lies in dipole–dipole

interactions, whether they are beneficial or detrimental for

hyperthermia, that increase with size and have been con-

firmed by susceptibility measurements, as well as have been

confirmed the relationship between them, magnetic reman-

ence and hysteresis losses [22]. Thus, the nanoflowers

discussed before can be seen as irreversible aggregates of

smaller individual particles of 11 nm in very intimate contact.

From this point of view that kind of aggregation leads to a

huge increase in SAR [23].

Finally, viscosity directly affects the Brownian relaxation

and some authors have evaluated SAR values in different

solvents and mixtures, or even in agar media to simulate the

viscosity of the cell. In all cases the general trend is a

progressive reduction of SAR values when increasing

viscosity, as observed for MNPs in aqueous and agar

suspensions [69] or in different glycols [42,70].

Figure 7. Cartoon illustrating the effect of concentration on individual
particles and aggregates.

Figure 8. SAR (W/g Fe) versus concentration of MNPs of various sizes
(concentration scale is logarithmic). Full circles: 30 nm (249 kHz,
12.5 mT) [68]. Empty circles, squares and triangles: 13, 11 and 8 nm,
respectively (522.7 kHz, 9.4 mT) [69].
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Conclusions and future directions

Recent developments indicate that magnetic hyperthermia

could help to improve clinical practice in the treatment of

cancer, most probably in synergy with other conventional

treatments. Significant advances in the field of magnetic

hyperthermia mediators have been presented here and the

complexity of the problem has been highlighted. There

already exist methods to obtain magnetic nanoparticles with

the appropriate properties to be used as hyperthermia agents,

bearing in mind that these properties must be optimised to suit

the magnetic field and application frequency that will be used.

The lack of conclusive data comparing the predicted and the

in vivo performance makes it difficult to decide an optimum

MNP size, which will also depend on the experimental

conditions of the magnetic field.

The scaling-up of the synthesis by thermal decomposition

in organic media remains a challenge. More promising seems

to be the mass production of larger particle sizes by the

controlled oxidation of an Fe(II) salt in water.

Additionally, the coating and the colloidal properties must

be carefully taken into account, which can be a difficult task

for some of the large magnetic particles. Nanoparticle

functionalisation to specifically target the hyperthermia

agent to a tumour ensuring complete removal of the malignant

cells while preserving the healthy ones remains a challenge.

Up to now, accumulation of the nanoparticles at the tumour

area has been achieved by intratumoral injection.

Declaration of interest

This work was partially supported by projects from the

Spanish Ministry of Economy and Competitiveness

(MAT2011-23641 and CSD2007-00010 to MPM), the

Madrid regional government CM (S009/MAT-1726 to

MPM) and EU-FP7 MULTIFUN project (NMP-Large ref.

246479). The authors alone are responsible for the content

and writing of the paper.

References

1. Arias JL, Reddy LH, Othman M, Gillet B, Desmaële D, Zouhiri F,
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