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Hybrid magnetic nanoparticles as efficient
nanoheaters in biomedical applications
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Heating at the nanoscale is the basis of several biomedical applications, including magnetic hyperthermia
therapies and heat-triggered drug delivery. The combination of multiple inorganic materials in hybrid
magnetic nanoparticles provides versatile platforms to achieve an efficient heat delivery upon different
external stimuli or to get an optical feedback during the process. However, the successful design and
application of these nanomaterials usually require intricate synthesis routes and their magnetic response
is still not fully understood. In this review we give an overview of the novel systems reported in the last
few years, which have been mostly obtained by organic phase-based synthesis and epitaxial growth
processes. Since the heating efficiency of hybrid magnetic nanoparticles often relies on the exchange-
interaction between their components, we discuss various interface-phenomena that are responsible for
their magnetic properties. Finally, followed by a brief comment on future directions in the field, we
outline recent advances on multifunctional nanoparticles that can boost the heating power with light
and combine heating and temperature sensing in a single nanomaterial.
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1. Introduction

The optimization of the heating efficiency of magnetic nano-
particles (MNPs) can shape their future in biomedical applica-
tions, such as hyperthermia therapy,"” heat-mediated drug
delivery,®>* and heat-triggered control of biological processes.>*
At the same time, local heating phenomena have been
demonstrated to be also important in other scientific areas,
such as catalysis” and self-healing polymers.®
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The current knowledge on chemistry and magnetism at the
nanoscale has enabled the design of a large number of nano-
structures with controlled physical and chemical properties, as
a result of a fine tuning of their size, shape and composition.®
However, to overcome intrinsic limitations of these single-
phase systems, two (or more) inorganic materials can be
combined to form hybrid nanoparticles (HNPs). The most
widespread synthesis route is based on the epitaxial growth of
the individual components in a seed-mediated process, which
has triggered basic studies since novel properties are emerging
as a result of a profound understanding and control of the
interface characteristics.®** The integration of different
magnetic components can improve the heating efficiency
through an additional degree of freedom to tune the magnetic
anisotropy provided by the interface exchange coupling.’® In
addition, it has been shown that magnetically and optically
responsive components can be combined in HNPs, resulting in
an enhanced heating power>* and enabling an appropriate
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multifunctional platform to provide feedback on the local
temperature at the NP surroundings.**

There has been a number of good review papers on the
properties and biomedical applications of MNPs in the litera-
ture.””* Some have dealt with the designs of novel MNP
architectures to optimize their heating ability’’™ or have
devoted to multimodal heating®*** and local temperature
sensing,* but have not focused on HNPs. The others**?*?¢ have
provided a general overview of HNPs that also included non-
magnetic, polymeric or semiconducting materials, but with
marginal discussions on their heating ability. Here, we provide
insights into recent reports on inorganic HNPs with at least one
magnetic component. We assess recent advances in the
synthesis routes and outline the remarkable magnetic proper-
ties reported in the last few years, as well as the mechanisms
behind the control of their heating efficiency.

Since most of the reported systems rely on multi-step organic-
phase synthesis routes, in Section 2 we briefly introduce their
fundamental aspects. To this end, we highlight the important
findings on HNPs obtained by solution-based epitaxial growth,
cation-exchange and surface passivation routes. Next, in Section
3 we review the basic notions of magnetism at the nanoscale that
lay the main concepts of magnetic inductive heating, including
the theoretical and modelling approaches. Since the magnetic
properties of HNPs are closely related to the physics at the
interface, Section 4 provides deeper insights, through a careful
review of recent publications, into the interface-mediated
magnetic phenomena and their relations to the heating effi-
ciency. This section consists of four different aspects: (i) interface
exchange-coupling, (ii) imperfect coupling through defective-
nanoparticles, (iii) ultrathin shells, and (iv) modelling of the
heating power in HNPs. The important role the HNPs play is
analyzed and discussed in terms of their magnetic and heating
responses, which are governed by the nanostructure design.
While Section 4 mostly focuses on HNPs defined by their
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intraparticle interactions, Section 5 is devoted to multifunctional
HNPs. Recent works regarding the integration of heating and
temperature sensing in a single nanostructure and the
improvement of the heating power with optical excitation are
reviewed. Finally, an overview of the application of HNPs to
magnetic hyperthermia therapies and beyond is given in
Section 6.

The development of HNPs for heat-mediated biomedical
applications is a rapidly advancing field that requires an inter-
disciplinary approach in the crossover of materials science,
physics, chemistry and biology. The main goal of this article is
to provide a review of the latest advances on the optimization of
their heating ability through three interrelated concepts: (i) the
epitaxial growth and chemical stability of nanostructures, (ii)
the interface-mediated effects on the magnetic properties, and
(iii) the expanded multifunctionalities by the combination of
different stimuli-responsive materials.

2. Synthesis routes and novel hybrid
systems

The synthesis of HNPs has evolved significantly in the last
decades, and several methods have been reported, including
physical and chemical routes in either aqueous or organic
solvents.®*” Since most of the novel HNPs for efficient heating at
the nanoscale have been produced by organic-phase routes, we
will start by introducing some of its basic principles. Reactions
in organic solutions involve the thermal decomposition of
organometallic compounds in high boiling temperature
solvents (200-350 °C) and allow for the stabilization of the
nanocrystals by a library of different surfactants, mostly long-
chain acids, amines or phosphines according to the required
chemical binding.® This scheme enables an outstanding control
of the composition, size, polydispersity and shape of the NP
components,” which is essentially achieved through a nucle-
ation step (based on the rapid monomer supersaturation
promoted by hot injection or heat-up methods) well-separated
from a diffusion-limited growth stage.?®

Most approaches to the synthesis of HNPs are based on
a seed-mediated process where the seeds are previously
prepared and mixed with the precursors to form the second
inorganic component, a strategy that resembles the seed-
mediated routes developed for semiconductor HNPs* and for
the precise size control of single-phase MNPs.** Notably, both
epitaxial®** and non-epitaxial®* approaches have been reported.
In an epitaxial growth, the synthesis of the second component is
driven by the exposed facets of the seeds and a heterogeneous
nucleation enables the formation of the second phase by
stabilizing nuclei on the seeds’ surface.*” The thermodynamic
parameters of homogeneous and heterogeneous nucleation can
be very different and depend strongly on the interface energy
between the seed and the nuclei (E,). When E, is sufficiently
low, the energy barrier for heterogeneous nucleation is low and
the seed will be fully covered by the shell phase to form a core/
shell structure. Such a low E, is accomplished, for example, if
both components have similar crystal structures and a small
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lattice mismatch. On the other hand, if E. is large, a high energy
barrier can block the heterogeneous nucleation and the nuclei
may not be able to grow over the whole seed surface, leading to
asymmetric nanostructures with anisotropic morphologies,
such as Janus HNPs.*>**% It is worth mentioning that, apart
from the lattice structure, the chemical affinity between both
materials can also promote a heterogeneous nucleation,*
which has been proposed to synthesize non-epitaxial HNPs* in
a more complex framework that could allow for a greater variety
of possible materials.

In this section, we will review the solution-based synthesis
routes that have recently been employed to obtain HNPs. We
will integrate different perspectives by including epitaxial
growth- and cation exchange-based routes, as well as surface
passivation and recent advances in combining plasmonic
materials and iron oxides.

2a Epitaxial hybrid nanostructures

Heteroepitaxy can offer an unprecedented control of the phys-
icochemical properties in colloidal nano-synthesis by applying
several concepts from thin films research.’®*® In an epitaxial
growth, a material with a well-defined crystal orientation with
respect to a crystalline substrate is obtained. This concept has
recently been proposed to design HNPs with an outstanding
control of grain-boundaries in multigrain shells."®*” For
example, a precisely oriented tetragonal phase (Mn;0,) can be
grown on the {100} facets of a spinel phase (e.g. Co;0, nano-
cubes, although other materials can also be used), as
summarized in Fig. 1A. Such approach enables the development
of specific grain boundaries between the shell grains, whose
lattice is distorted near the edges of the cubes. This tight control
of grain boundaries in HNPs might offer novel, still unexplored,
tools to tune their magnetic properties through nanointerface
chemistry.*® In another example, Pratt et al.*> studied oxidized
metal Fe nanocubes and demonstrated that the multigrain iron
oxide lattice at the surface is strained because of the mismatch
between the oxide and the metal lattices. Strain gradients are
formed due to the cubic morphology of the nanoparticles,
leading to an enhanced diffusion of cations and an oxidation
process that is ultimately determined by the crystal strain in the
oxide shell. Since the oxidation extent of iron-based nano-
structures can determine their heating efficiency,***° novel ways
to control the underlying mechanisms are highly relevant.

As mentioned above, the simplest way to synthesize epitaxial
HNPs is to grow a second component with a similar crystal
structure and a low lattice mismatch through a seed-mediated
approach. Spinel ferrites are excellent candidates to this end,
thanks to the rich variety of phases with similar crystal lattices
and composition-driven different chemical and magnetic
properties.** Therefore, numerous epitaxial core/shell HNPs
have been produced with an excellent control over their
magnetic properties by combining Fe-, Co-, Zn- and Mn-ferrites
or mixed ferrites in either the core or the shell component.'****”
As will be discussed in Sections 3 and 4, the exchange-coupling
between both phases plays a crucial role in the outstanding
heating efficiencies of these kinds of hybrid systems.*
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(A) Design of multigrain MnzQO,4 shells grown on CosO4 nanocubes. The upper panel shows the orientation relationship between the cubic

core and the tetragonal shell by mapping the outer (green) and inner (red) spots of the FFT region (indicated by a purple square) obtained from the
associated HAADF-STEM image. The lower panel summarizes the grain boundaries between adjacent MnsO4 grains with a misorientation angle
of ~8.4°. Adapted with permission from Nature, ref. 10, Copyright 2020 Nature (B) high-resolution TEM and STEM-EELS elemental mapping
images confirm a coherent interface between FezO4 and CoFe,O4 in core/shell hybrid nanoparticles. Adapted with permission from ref. 42,
Copyright 2020 American Chemical Society (C) evolution from metal Fe to Fe/Fe-oxide core/shell and Fe-oxide hollow nanoparticles and
associated TEM images. Adapted with permission from ref. 40, Copyright 2016 Royal Society of Chemistry (D) TEM image of Janus Fe-oxide-Au
nanostars. Adapted with permission from ref. 2, Copyright 2020 Wiley-VCH (E) TEM image and EDS elemental mapping of Ag/FesO4 nano-

flowers. Adapted with permission from ref. 14, Copyright 2016 American Chemical Society.

Multiple organic-phase based routes can be adapted to
produce core/shell spinel ferrites, being metal oleates and metal
acetylacetonates the most common organometallic precursors.
The seed-mediated process originally proposed by Sun's group
to synthesize Fe;O, NPs with a tunable size between 6 and
20 nm (ref. 30 and 48) can be adapted to synthesize core/shell
HNPs with variable core and shell compositions.***>** For
example, 12 nm Fe;O, NPs were prepared by the thermal
decomposition of Fe(in) acetylacetonate in benzylether assisted
by oleic acid, oleylamine and 1,2-hexadecanediol and were used
as seeds for the growth of a Zn-Co mixed ferrite layer with
variable thickness and composition.”” In these HNPs, trans-
mission electron microscopy (TEM) studies (summarized in
Fig. 1B) reveal a coherent interface with continuous atomic
lattice fringes between core and shell thanks to the remarkably
low difference between the lattice parameter of the magnetite
and the mixed ferrite, below 0.3%. At the same time, electron

870 | Nanoscale Adv,, 2021, 3, 867-888

energy loss spectrum (EELS) images confirm the core/shell
architecture of the nanocrystals and the sharp compositional
interface between both phases.***>

In another study, Chai et al.”® synthesized FePt/metal-oxides
HNPs in a one-pot scheme based on the epitaxial growth of the
metal oxide on FePt seeds which were formed earlier in the
reaction. In a typical process, the authors mixed a solution
containing Pt(u) acetylacetonate, 1,2-hexadecanediol and octa-
decene with Fe() acetylacetonate, oleic acid and oleylamine. As
a result of the easier reduction of Pt(u), Pt-rich nuclei are formed
at lower temperatures, catalyzing the reduction of the Fe
precursor and enabling the formation of FePt particles that act
as seeds for the subsequent growth of the oxide phase. Inter-
estingly, the structure can accommodate a large lattice
mismatch (~8%) between both components through the
introduction of point defects®® or, eventually, by the formation
of grain boundaries in the oxide shell.>* Alternatively, Sanna

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Angotzi et al. proposed a two-step approach to synthetize core/
shell ferrites, which is based on the hydrolysis of metal
oleates under solvothermal conditions using mixtures of 1-
pentanol, toluene and water.** While controlling the size is
probably more difficult as compared to thermal decomposition
methods, this approach has the advantage of being easier and
less expensive. Although their potential for improving the
magnetic heating is still not fully clear, the thermal decompo-
sition synthesis of epitaxially grown HNPs can also be adapted
to obtain multi-shell HNPs.>>%”

2b Hybrid nanostructures through cation-exchange routes

Originally developed for semiconductor nanostructures,*® an
alternative approach for preparing magnetic HNPs relies on
cation-exchange (CE) processes.”** CE consists in the partial or
total replacement of cations from a nanocrystal structure with
other cations solubilized in the dispersion medium, without
modifying the original anion sublattice. Although the magnetic
properties of HNPs can be tuned in this way, it has been only
marginally applied to magnetic metal oxides up to now. A
typical CE process consists in mixing pre-prepared nano-
particles with additional metal precursors and surfactants and
heating the mixture at temperatures lower than usual organic-
phase synthesis values. Former reports showed that the
exchange of different transition metal cations occurs over the
whole volume of iron oxide nanocrystals,” which could be
employed to produce hollow nanostructures via the Kirkendall
effect.®>* On the other hand, following studies pointed to the
formation of core/shell structures due to the greater exchange
rate for cations located closer to the surface.®® For example, by
mixing oleate-capped Fe;O, NPs with CoCl, previously dis-
solved in oleylamine, heating the mixture at 200 °C and adding
trioctylphosphine, it is possible to exchange part of the Fe
atoms in the magnetite by Co cations,***° leading to an increase
in the effective anisotropy of the nanocrystals. The main
advantage of this method is the ability to tune the magnetic
properties without modifying the size and morphology of the
original NPs.*® However, the mechanisms behind CE in iron
oxides are far from being fully understood, and it has been
suggested that the metal oxidation state and the presence of
cation vacancies and oxidants in the reaction can play a crucial
role in determining the extent of the process and the final
product.®®*® Despite their potential to tune the magnetic prop-
erties, only a few works have been devoted to optimizing the
heating efficiency of nanostructures through CE-routes,* while
most studies have focused on the design of HNPs for catalysis
and magnetic resonance imaging (MRI) contrast agents.

2¢ Hybrid nanostructures to functionalize or passivate
chemically-unstable cores

Probably the first examples of HNPs have been obtained by the
transformation of chemically unstable metallic particles.®”
When exposed to air atmosphere, Fe MNPs are rapidly
oxidized,”™**% and a thin iron oxide layer is spontaneously
formed leading to core/shell structures, as shown in Fig. 1C.
Due to the large magnetic moment of metallic Fe, these Fe/

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fe;0, or Fe/y-Fe,O; architectures are expectedly promising for
the development of efficient nanoheaters.” However, following
a rapid initial passivation, the oxidation of the Fe cores
continues and, in some cases, after sufficient time, hollow iron
oxide MNPs with much lower magnetization are obtained.*® As
this process occurs much faster in smaller particles (below ~10
nm), better heating powers have been obtained for larger HNPs.
Similarly, Famiani et al. prepared Fe NPs with tunable size by
the continuous injection of Fe(CO)s to a mixture of 1-octade-
cene, oleylamine and hexadecylammonium chloride at high
temperature.”® The NPs result in a Fe/Fe-oxide core/shell
architecture and can be transferred to water by the exchange
of oleate molecules with a dopamine-functionalized amphi-
philic polymer. Notably, the authors report that the 18 nm NPs
showed a better chemical stability and larger heating powers
compared to the 15 nm NPs as a result of a lower oxidation
degree.*® Alternatively, Fe/Fe-oxide core/shell NPs with larger
sizes in the range 30-80 nm were prepared by the physical vapor
phase condensation route;”* as discussed by the authors, the
presence of a thin FeO interlayer and the core-shell ratio play
a critical role in determining the heating efficiency.

Despite the great synthetic control achieved in the last years,
HNPs are sometimes obtained due to difficulties in controlling
the Fe oxidation state. This is the case of the thermal decom-
position of Fe-oleate complexes that can lead to NPs formed by
a FeO-rich core and a Fe;0,/v-Fe,O; shell.”>”® Being antiferro-
magnetic, the wiistite (FeO) core tends to lower the magneti-
zation and the heating power and, to overcome this drawback,
post-processing is usually needed.” At the same time,
a controlled oxidation of the FeO domains within HNPs can
lead to defective-spinel ferrite nanocrystals, which can be
employed to optimize the heating power,”*”® as will be dis-
cussed in Section 4.

On the other hand, HNPs can be designed to enhance the
chemical stability of MNPs. It was shown, for example, that the
epitaxial growth of a Zn-ferrite layer on stoichiometric Fe;0,
cores prevented the magnetite oxidation,* which was otherwise
transformed to vy-Fe,03,°7® leading to a decrease in its
magnetic anisotropy and magnetization.*>* Interestingly, the
negligible lattice strain provided by the isostructural Zn-ferrite
layer could lower the cation diffusivities,"** hindering the
oxidation of Fe;O, cores and recalling the role of epitaxial
growth in colloidal chemistry as a tool to control the physical
and chemical properties. Another example is HNPs based on Fe-
carbides,” which can be synthesized by treating palmitic acid
and hexadecylamine-stabilized Fe nanocrystals with CO/H,.”®
The authors showed that a 2 nm-thick oxide layer was initially
formed on the surface of the NPs leading to a hybrid Fe carbide-
oxide structure that was transferred to water by dopamine-
based ligands. Interestingly, the heating powers decreased
after 4 months but were still high, suggesting that the Fe
carbide-based HNPs could provide a good compromise between
chemical stability and high magnetization.” Furthermore, by
tuning the Fe content in the carbide phase, it is possible to
achieve drastically different heating powers,** due to variations
in the heating mechanisms that govern the process.
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In order to be employed in most biomedical applications, the
HNPs require a surface functionalization. Since the synthesis
methods commonly employed in the synthesis of HNPs lead to
hydrophobic particles, the HNPs are usually treated to obtain
water-soluble colloids by either an inorganic or an organic
coating. In the first case, the HNPs are sometimes formed by an
active magnetic core encapsulated in a non-magnetic shell
intended to provide chemical stability, to prevent their aggre-
gation by isolating the magnetic cores, or to provide further
functionalization. We can highlight, for example, the use of
a carbon coating to provide chemical stability and biocompat-
ibility of FeCo particles with remarkably large magnetization,®*
or the coating of iron oxides with a thin SiO, shell through
a reverse microemulsion method.** Alternatively, HNPs can be
coated by organic molecules to provide water stability, likewise
the surface functionalization of single-phase MNPs.” The most
common strategies involve the exchange of oleate molecules
with hydrophilic ones, such as citrate,*® tetramethylammonium
hydroxide,”” dopamine-based polymers* or methoxy poly
(ethylene glycol).®* Alternatively, the oleate-capped HNPs can be
coated with amphiphilic polymers,*” which have an advantage
of avoiding the removal of the original ligands and provide
additional functionalization options. It is worth noting that,
depending on the nature and characteristics of the coating, the
functionalization step can have a variable impact on the
magnetic and heating outputs of the material. The interparticle
magnetic interactions and therefore the colloidal anisotropy of
the MNPs have been shown to depend on the characteristics of
the hydrophilic ligands,** which can ultimately determine the
heating efficiency. For example, it was shown that the heating
powers of bimagnetic core/shell HNPs with magnetically softer
shells are less sensitive to the ligand-exchange process
employed to transfer them to water from non-polar colloids.**

2d Synthesis of magnetic-plasmonic hybrid nanoparticles

Other HNPs combine two components that are able to interact
independently with external stimuli and contribute simulta-
neously to the heating power. A typical example is the combi-
nation of magnetic and plasmonic entities in a single
nanostructure, both able to deliver heat by dissipating the
energy from electromagnetic radiation.”® To provide an efficient
local heating, such components should be designed to interact
efficiently with the external stimulus. This means that the
plasmonic absorption should match the incident light wave-
length and that the characteristics of the magnetic entity should
be tuned according to the frequency and amplitude of the
external field.

To synthetize hybrid iron oxide-metal nanostructures,
Fe(CO); was decomposed in 1-octadecene and oleic acid on
previously formed Au NPs.*>* This procedure leads to NPs with
low polydispersity and a Janus (two-faced) structure as a result
of the formation of (111)/(111) or (111)/(311) Au/Fe-oxide inter-
faces, with a relatively low lattice mismatch. However, their
application to the design of efficient nanoheaters has been
limited by the difficulties in achieving, simultaneously, NIR-

absorbing metals (preferred due to the lower tissue
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absorption in this range) and Fe-oxides with appropriate
anisotropy and size for magnetic hyperthermia. The latter has
recently been accomplished in Janus Au/Fe-oxide HNPs with
a magnetic component of either 16 or 20 nm, suitable for
magnetic hyperthermia.> To further optimize the plasmonic
counterpart for photothermal therapies, the authors trans-
formed the morphology of the Au component in a second step
by injecting the former particles to a mixture of Au precursors in
N,N-dimethylformamide and polyvinylpyrrolidone to obtain
magnetic-Au spiky nanostars (as highlighted in Fig. 1D). Alter-
natively, Ag/Fe;O, nanoflowers formed by Ag domains encap-
sulated in aggregated Fe;O, nanocrystals (Fig. 1E) were
prepared in a single-step solvothermal process and have shown
an enhanced magnetic and optical absorption.**

Some efforts have been devoted to identifying the main
factors that determine the synthesis of iron oxide-metal (Au or
Ag) HNPs.**%% For example, Guardia et al. focused on the
behavior of Au/Fe-oxide dimers in magnetic hyperthermia
experiments® and found that chloride ions can promote the
nucleation of iron oxide on the Au NP surface. This strategy was
exploited to tune the size and shape of the Janus HNPs, and
large heating powers were reported for Fe-oxide domains of
24 nm. Other approaches directly provide water-dispersible
HNPs. For example, Curcio et al®® have recently shown that
the iron oxide nanoflowers prepared by the polyol method®* can
be coated with CuS shells, which enable a large photothermal
conversion of infrared light. The synthesis is based on the
reaction of cupric nitrate with polyvinylpyrrolidone and hydra-
zine to form a Cu,O shell on the NPs, which is treated in
a second step with ammonium sulfide leading to the sulfidation
of the oxide and the formation of a CuS spiky shell.

All the strategies summarized above are not exhaustive, and
there could be many more novel chemical methods out there in
the research community. However, we have tried to capture the
evolution of the field of HNPs, highlighting the important
progress that has emerged over the years.

3. Basics of magnetism and heating
processes at the nanoscale
3a Fundamentals

Before analyzing the inductive heating of HNPs, it is necessary
to review some basic notions on nanomagnetism that will allow
us to better understand the different elements involved in the
heating of HNPs. In general, MNPs present a size in the range of
1-100 nm, and they can be composed of different magnetic
materials such as Fe, Ni, Co, etc.”>*> Nowadays, for biomedical
and related applications, most of the MNPs are based on iron
oxides, magnetite and maghemite preferentially, due to their
good biocompatibility.®* Although these MNPs can present an
ordered internal magnetic structure such as bulk magnetic
materials, either Ferromagnetic (FM), Antiferromagnetic (AFM)
or Ferrimagnetic (FIM),” their magnetic response can be very
different. As the size of the MNPs decreases, they become single
domains below a certain critical size, and in this situation, each
MNP can be considered as a small magnet with a net magnetic
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moment resulting from the addition of all the magnetic
moments inside the MNP. Most of the MNPs employed for
biomedical applications are single domain.®® The magnetic
response of these MNPs depends both on their size and the
temperature. However, from the practical viewpoint, the
temperatures of interest in this kind of applications are gener-
ally close to room temperature. With decreasing size, the
magnetic response of the MNPs evolves from a magnetically
blocked state to a superparamagnetic (SPM) state. In this SPM
state, thermal fluctuations tend to dominate the magnetic
response of the MNPs, and their magnetic response is analo-
gous to that of a paramagnet, with zero coercivity and rema-
nence in the measured M-H curves. In biomedical applications,
SPM MNPs are often favorable, because, lacking coercivity and
remanence, they do not tend to agglomerate in the absence of
a magnetic field, which is important to minimize their toxicity
and improve their half-life inside the human body.”**” However,
small SPM nanoparticles also present some risks and limita-
tions®®* (e.g. crossing the blood brain barrier, low heating
efficiency, etc.), as we will discuss later.

Apart from the size and composition, there are two other
ingredients that define the magnetic response of these MNPs:
magnetic anisotropy and interparticle magnetic interactions.
Magnetic anisotropy is related to the dependence of magnetic
properties on a preferred direction, which in the case of MNPs
generally means that their net magnetic moment tends to align
in a preferential direction or directions. This preferential
alignment can drastically change the magnetic response of the
MNPs to an external field, and therefore the shape of their M-H
loops, which is crucial in different biomedical applications such
as magnetic hyperthermia. In the case of MNPs, four main
contributions to the anisotropy can be in principle considered:
(i) magnetocrystalline anisotropy, related to the intrinsic crystal
structure of the material and generally weaker than the other
contributions; (ii) shape anisotropy, related to the shape of the
MNPs and their magnetostatic energy; (iii) surface anisotropy,
mainly due to local symmetry breaking at the surface of the
MNPs and specially relevant at very small sizes; and (iv)
exchange anisotropy, often associated to the exchange coupling
of different magnetic materials, and therefore, especially rele-
vant in the case of HNPs. Finally, interparticle magnetic inter-
actions are normally of dipolar nature, rapidly decrease with
decreasing size of the MNPs, and in general are considered
undesirable in biomedical applications, since to they tend to
make the nanoparticles agglomerate and they often negatively
affect their magnetic response.

Magnetic heating is a general term to refer to the heating of
magnetic materials when they are under a high frequency
magnetic field. The heating of magnetic materials can be due to
hysteresis losses and/or eddy currents. Hysteresis losses are
related to the magnetic domains and to the hysteresis loop area
of the material. On the other hand, eddy-currents are associated
to electromagnetic field induction and lead to Joule heating. In
most MNPs, hysteresis losses represent the main heating mech-
anism and Joule heating can be neglected due the small size of
the MNPs. However, for larger magnetic materials, Joule heating
should also be considered.'® When subjected to an external AC

© 2021 The Author(s). Published by the Royal Society of Chemistry
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field, the net magnetic moments of the MNPs oscillate trying to
follow the AC field. However, at high frequencies, part of the
electromagnetic energy transferred by the AC field is lost, and
these losses are converted into heat. The heating efficiency of the
MNPs, also known as Specific Absorption Rate (SAR) or Specific
Loss Parameter (SLP), is one of the key parameters in biomedical
applications that rely on the heat release. By maximizing the
heating efficiency of the MNPs, we can reduce, for example, the
dosage of MNPs needed to reach the desired temperature. The
SAR or SLP, measured in W g%, can be determined through
either calorimetric or magnetometric methods.'** In calorimetric
methods, the heating curves, Temp vs. time, of the MNPs are
recorded at a certain AC field, and the SAR can be determined
from the initial slope of these heating curves:'*>'*

ms . AT

.
where Cj, is specific heat of the solvent, m,, is mass of the MNPs,
mg is mass of the solvent, and AT/At is the initial slope. In
magnetometric methods, the SAR is directly obtained from the
hysteresis losses. The energy losses are proportional to the area,
A, of the AC hysteresis loops (i.e. magnetization vs. AC magnetic
field) described by the magnetic moments of the nanoparticles
during the application of the AC field. Therefore, the SAR values
can also be obtained from the following equation:**

S, f

M; being the instantaneous magnetization at time ¢, H, the
amplitude of the AC magnetic field of frequency fat time ¢, and ¢
the weight concentration of MNPs in the medium. Here we
must remark that although the DC hysteresis loops, measured
with static magnetic fields, of SPM nanoparticles are anhyste-
retic, their corresponding AC hysteresis loops can present
hysteresis, leading to magnetic losses, due to the high
frequencies of the AC fields employed (see Fig. 2A). Although
both methods can be used to determine the SAR of the MNPs,
they can offer complementary information that comprehends
our understanding of the hyperthermic response of the MNPs.

Apart from the SAR, another parameter that is often reported
is the so-called intrinsic loss power (ILP), typically measured in
nH m”> kg™'. It was first introduced by Pankhurst et al.'® as
a way to try to avoid the intrinsic difficulty to compare SAR
values reported in different experiments:

SAR

Although sometimes useful, the ILP assumes a linear and
quadratic dependence of the SAR with the field frequency, f, and
amplitude, H, which, strictly speaking, is mostly valid for low
fields and small SPM NPs.'” Therefore, the ILPs reported for
samples that do not fulfill these requirements should be
compared with caution.

In order to optimize the heating output in biomedical
applications, it is in principle necessary to try to maximize the
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(A) Comparison between DC and AC hysteresis loops for superparamagnetic nanoparticles. The relevant parameters defining the

hysteresis losses (Mg, He, and Mg) have been explicitly indicated (B) electron cryotomography image of the chain of magnetosomes of M.
gryphiswaldense and experimental and simulated AC hysteresis loops measured at 500 kHz for bacteria dispersed in water (25 °C). Reproduced
from ref. 122 and 233 under a Creative Commons (CC BY 3.0) License. (C) 2D schematic representation of the different regions in a FM/FIM core/
shell spherical nanoparticle, and SAR of core/shell hybrid nanoparticles with different shapes: spherical (black), cubic (red), octahedral (green),
and truncated cuboctahedral (blue), and size distributions: log-normal size distribution (solid lines) and uniform particle size (dotted lines).
Adapted from ref. 124 with permission from The Royal Society of Chemistry.

hysteresis losses and therefore the SAR of the MNPs. For this,
there are different parameters that can be controlled, including
external parameters (field amplitude and frequency, dosage,
etc.) and internal parameters (size, anisotropy, spontaneous
magnetization, etc.). Since external parameters are limited by
medical, technical, and economical factors,*'**'* many
researchers have focused on tuning the internal parameters,
which are related to the MNPs properties. Among them, we can
define three main parameters that allows us to control the
hysteresis loop area:'*” (i) saturation magnetization (M), (ii)
effective anisotropy (K), and (iii) volume (V).

The saturation magnetization, M, is directly related to the
height of the hysteresis loop (see Fig. 2A), and depends on the
composition and crystallinity of the MNPs. For example, the
bulk M; value for bulk Fe is 220 emu g~ *, while for bulk Fe;0, it
is 92 emu g~ '. Therefore, by changing the composition of the
MNPs we can try to increase their M. At the same time, when
the size of the MNPs gets reduced, their M; value tends to
decrease due to poor crystallinity, surface disorder and similar
effects. Therefore, synthesis routes that allow one to obtain
MNPs with good crystallinity are necessary in order to ensure
a high M, value.*>**®

On the other hand, the effective anisotropy controls the
width (given by the coercive field, Hc) and overall shape of the
hysteresis loop, and it has been identified as a key param-
eter.' " By increasing the effective anisotropy of the MNPs,
the overall squareness and hysteresis loop area can be
increased, provided that the magnitude of the applied AC field
is larger than the effective magnetic anisotropy field. As we
commented before, the effective anisotropy can be tuned, for
example, by changing the shape of the MNPs.

Finally, the volume of the MNPs can also be modified to
control the SAR.**> For small SPM MNPs under low AC fields, the
SAR is expected to reach a maximum around 15-20 nm.'"

874 | Nanoscale Adv, 2021, 3, 867-888

However, recent works have shown that larger MNPs under
higher AC fields can give rise to much higher SAR values than
the ones obtained for SPM MNPs."*? In addition, size uniformity
is another important factor to ensure high SAR values."**

3b Theoretical modeling

As we commented above, in order to estimate the SAR, we need
to calculate the hysteresis loop area described by the net
magnetic moment of the MNPs under an external AC field. In
the last decades, different numerical models have been devel-
oped to estimate these hysteresis losses.”®">"® The most basic
model was introduced by Rosensweig'*® in 2002, the so-called
Linear Response Theory (LRT) or Néel-Brown relaxation
model. This model considers two heating mechanisms for the
MNPs under an AC field: the Brownian mechanism due to
physical rotation of the nanoparticles and the Néel mechanism
due to the rotation of the net magnetic moment within the
MNP. Each mechanism presents its own characteristic relaxa-
tion time, 1y = 7, exp(Ep/ksT) for the Néel relaxation, and 75 =
3nVnH/kgT for the Brown relaxation, which are dependent on
the anisotropy energy barrier Eg, the viscosity of the medium 7,
and the hydrodynamic volume of the MNPs, V. Under an
external oscillating field, H = H, cos wt, the response of the
magnetic moment is given by: M(¢t) = |x|H, cos (wt + ¢), and the
area, A, of the hysteresis loop can be expressed as:

wT

A= HOWfHZ >X0 [4)

1 + (wr)

where Y, is the initial susceptibility of the system, and 1/t = (1/
g + 1/1y). Although this model has been widely used to calcu-
late the SAR of NPs, its validity is mainly limited to low fields,
much smaller than the anisotropy field, and SPM MNPs.” In
addition, we have to remark that although in the literature some
works have distinguished between “relaxation losses” for small
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SPM MNPs and “hysteresis losses” for bigger MNPs, this sepa-
ration is, to some extent, artificial, since in the end all the heat
losses are hysteresis losses, as has been explained by Carrey
et al.”®

Other more complex models that have been employed to
simulate the AC hysteresis loops, include those based on the
Stoner-Wolfarth model,"””*** which describe the heating effi-
ciency of coherently reversed MNPs beyond the SPM
regime,”®"® or those using the Landau-Lifshitz-Gilbert equa-
tion for the magnetization dynamics of a single MNP:
diry,

T ()

diry, . 2 .

ar = Yily, X Begr — aity, X
being « the Gilbert damping constant (dimensionless
constant),"*”*** v the gyromagnetic ratio of free electron,
M = Mit, the net magnetization vector, Beg = —(1/M) OE/dutyy,,
and E the energy density of a single MNP. This energy density
can contain different contributions, including anisotropy and
dipolar interactions, in order to better reproduce the complexity
of the magnetic behavior of the MNPs."** For example, in
a recent work Gandia et al. have managed to accurately repro-
duce, within the framework of the Landau-Lifshitz-Gilbert
model, the experimental AC loops measured for magnetosomes
(~45 nm truncated octahedral magnetite nanoparticles) form-
ing a chain inside Magnetospirillum gryphiswaldense MSR-1
bacteria.' (see Fig. 2B).

Apart from the numerical models, Micromagnetic and
Monte Carlo simulations have also been employed to simulate
the magnetic response of the MNPs and estimate their
SAR.7%1?126 For example, the atomistic-scale modelling has
been used to simulate the magnetic response of the spins in the
core, the shell, and the interface between both,*** as shown in
Fig. 2C. These individual spins interact with the nearest
neighbors via Heisenberg interactions given by exchange
coupling constants, J. Different anisotropies, K, can be defined
depending on the location of the spins. This way, the energy of
the system is given by:

E= _Jcorez§i§} - JshellZ*i’@ - JIFZS‘IIS}

core shell IF

2 2 2
- ZKcure (*ié) _ZKshell (§1é1> _ZKIF (Sié,)
IF

core shell

2
- Z Ksurface (§lél) _ﬁzgl (6)

surface

being S; the atomic spin and é; the unit vector in the direction of
the easy axis at site i. By defining the energy of the system and
using an adequate algorithm, the magnetization behavior of
complex MNPs, including HNPs, can be reproduced, and from
there on, the SAR values can be calculated.

These numerical models and simulations have been very
helpful in order to better understand the relevance of the
different mechanisms controlling the heating efficiency of
MNPs, and to find new strategies that can improve the current
hyperthermia results. Nevertheless, it must always be taken into
account the limitations of the models employed, especially
when trying to reproduce the complex magnetic behaviors that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the MNPs in vitro and in vivo

experiments.

can exhibit during

110,127,128

4. Interface-mediated heating power

In this section, we will go through various interface phenomena
that determine the magnetic properties, and often the SARs of
HNPs, and are mostly associated with the exchange-coupling at
the interface. In addition, we will review recent reports that
provide a theoretical frame to rationalize the heating output of
HNPs in view of the different interface effects.

4a Exchange-coupling

In the case of HNPs, apart from tuning the shape, size, and
composition, the SAR can also be controlled through the
exchange coupling of their inorganic components, i.e. by tuning
their exchange anisotropy.®” This adds an additional degree of
freedom that has proven to be very useful in order to maximize
the heating efficiency of the HNPs.**®

Although first observed in fine particles,” most of the theory
behind exchange-coupled HNPs has been adapted from studies
on thin film bilayers.”®***'** Briefly, the strategy consists in
combining two inorganic phases with different anisotropy (K)
and magnetization (M). If the soft phase (lower K and usually
larger M) is smaller than twice the domain wall thickness (dy,) of
the hard phase (larger K and usually lower M), a rigid coupling
between both phases is expected.**** A rigid coupling means
that the magnetization of both components will reverse at the
same field and a smooth hysteresis loop will be observed. On
the other hand, an exchange-spring behavior will be observed
for larger soft layer thicknesses,'***** in which case the soft layer
reverses its magnetic moment at a lower field compared to the
hard component but returns to its original remanence state due
to the exchange interaction. Although the general exchange
coupling and associated exchange bias phenomena have been
widely exploited for the design of permanent magnets and
Magnetic Random-Access Memory (MRAM) applications, it has
been much less used for tuning the heating ability of HNPs,
probably because it requires overall sizes above the SPM limit,
less favorable in biomedical applications. Since ¢y, values for
typical hard magnetic materials are around 10 nm,* most
bimagnetic HNPs behave as rigidly-coupled magnets. In this
frame, the optimization of SARs depends on a fine-tuning of K
and M, which is basically determined by the parameters of the
hard (H) and soft (S) components weighted by their volume
fraction (f):

K = Kufyu + Kfs )
M = Myfu + Msfs (8)

As a result, a fine tuning of K can be attained without
compromising M, which is a difficult task in single-phase
MNPs. In addition, the interface exchange-coupling is respon-
sible for other unusual effects. For example, it was demon-
strated that the magnetic moment of a FIM phase can be
stabilized above its Curie temperature through a magnetic
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proximity effect due to the coupling with an AFM core in
HNPs,™* an approach that was later exploited to overcome the
thermal fluctuations of Co/CoO HNPs beyond the CoO Néel
temperature by embedding the particles in a NiO matrix.***
Both theoretically and experimentally, it has been demon-
strated that the combination of different magnetic phases in
HNPs*»*¢ can improve the response of the MNPs in hyper-
thermia.*® Many of these HNPs are based on combinations of
hard and soft magnetic ferrite phases in the form of core/shell
structures,**”*37138  guch as CoFe,0,/NiFe,0,4,"*° Fe;0,/
CoFe,04,'* Zn,Co,Fe,0,/y-Fe,05,'*" etc. Table 1 summarizes
some representative core/shell HNPs, together with the size of
their components and the experimental SARs. For example, Noh
et al."**'** used a hard magnetic core and a soft magnetic shell
to tune both K and M and increase the hysteresis loop area. In
this way, they managed to attain high SAR values of 10 600 W
g " (H = 460 Oe, f= 500 kHz) in 60 nm core/shell nanocubes of
Zn, 4Fe, 60,4/CoFe,0,4, although such high values are still
debated™** and are far beyond the SPM size range. On the other
hand, Simeonidis et al.” recently reported SARs of 900 W g~ ' (H
= 300 Oe, f = 765 kHz) in HNPs formed by 15 nm Fe cores
covered by a 24 nm-thick Fe;O, shell. In addition, Lavorato
et al.** studied the heating efficiency of the Fe;0,/Co,Zn; ,-
Fe,0, core/shell HNPs, demonstrating that it can be maximized
for x = 0.25 and a 3 nm-thick shell layer on a 12 nm core,
reaching a maximum value of 2400 W g~ ' (H = 800 Oe, f = 309
kHz). As shown in Section 3, the heating mechanism depends
strongly on the anisotropy and size of the HNPs; Fe;O,/
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Co,Zn, _,Fe,0, core/shell HNPs with variable shell composition
and size can provide an insight on the origin of the heating
powers in colloids with different viscosities. The authors
showed that a reduction in the shell thickness or in the Co/Zn
ratio resulted in a transition from a Brown-governed regime to
a region governed by a collective behavior, characterized by the
formation of chain-like structures.**

Most of the hard-soft exchange-coupled HNPs mentioned
earlier are based on the introduction of Co into one of the
ferrites to achieve a large Ky. However, the incorporation of Co
cations in Fe oxides is associated with an increased toxicity'**'**
and are not the best candidates for clinical applications. In this
context, Nandwana et al.*® studied a library of different Co-free
exchange-coupled HNPs containing Fe-, Zn- and Mn-ferrites
and mixed ferrites and showed that the optimization of the
shell fraction and composition allowed achieving a large SAR of
up to 827 W g~ (H = 63 Oe, f = 300 kHz). Soft-soft HNPs are
gaining interest because it has been demonstrated that to
achieve an efficient heat delivery in cells a purely magnetic
dissipation is required due to the MNP immobilization in bio-
logical media with large viscosities**'* and inhibition of
Brown dissipation mechanisms."*® Although not particularly
focused on the heating efficiency, an innovative approach to
control the effective anisotropy was proposed by Sartori et al.>®
by synthesizing core/shell/shell HNPs formed by iron oxides
with a Co-doped inner shell layer. The authors argued that this
led to a magnetic anisotropy enhancement in rather small

Table 1 Summary of bimagnetic core/shell hybrid nanoparticles, indicating nanocrystal morphology, overall and core sizes, applied frequency
(f), field amplitude (H) and experimental heating efficiency parameters. While most SAR and ILP values are expressed per gram of material, the
asterisks (*) indicate values reported per mass of metal atoms. Precaution should be taken when comparing ILP values calculated from different

reports since the conditions required for the LRT are not always fulfilled

Core/shell HNPs Morphology ~ Size (nm)  Core size (nm) f(kHz) H(Oe) SAR(Wg ') ILP(nHm”kg ")
Fe/Fe;0, (ref. 39) Sphere 183+ 1.1 114 303 308 696 3.8
Fe/Fe;0, (ref. 234) Sphere 15 10 177 330 140 1.1
Fe/y-Fe,03 (ref. 40) Sphere 14 7.2 310 800 130 0.1
FePt/Fe;0, (ref. 151) Cube 14.7 £1.1 4.1 630 236 1210 5.4
Fe, ,,C/Fe;_,0, (ref. 79) Sphere 1514+09 13 100 470 700 5.0
Fe30,4/CoFe,0, (ref. 137) Rock-like 12 £ 1.7 7.7 1.1 97 628 130* 0.5%
Fe30,4/CoFe,0, (ref. 140) Sphere 9.9+ 0.1 7.8+ 0.1 310 800 461 0.4
Fe30,/C0y 257N, 75Fe,0, (ref. 42) Polyhedron 182 +1.8 121+ 1.3 310 800 2400 1.9
Fe304/C0q 252 75Fe,0, (ref. 42) Polyhedron  18.2 + 1.8 12.1+ 1.3 310 200 285 3.6
Fe304/ZnFe,0, (ref. 42) Polyhedron 17.2 £ 1.7 12.1 £1.3 310 200 230 2.9
Fe;0,/Zn, 5Co sFe,0, (ref. 45) Sphere 94+14  7.5+27 817 200 190 0.9
Fe;0,/MnFe,0, (ref. 142) Sphere 15 9 500 469 2795%* 4.0%
CoFe,0,/Fe;0, (ref. 138) Sphere 12.8 9 183 214 59 1.1
CoFe,0,/Fe;0, (ref. 235) Sphere 11.9 8.7 765 300 450 1.0
CoFe,0,/Fe;0, (ref. 137) Rock-like 16 10.6 97 628 51% 0.2%*
CoFe,0,/MnFe,0, (ref. 47) Sphere 129+14 6.7+1.0 412.5 281 553 2.7
CoFe,0,/MnFe,0, (ref. 142) Sphere 15 9 500 469 2280* 3.3%
CoFe,0,/Ni, sZn, sFe,0, (ref. 236) Sphere 9 5 256 377 25 0.1
MnFe,0,/CoFe,0, (ref. 237) Sphere 16 10 765 352 160 0.3
MnFe,0,/CoFe,0, (ref. 142) Sphere 15 9 500 469 3034 4.4
7Zn, 4Fe, 0,4/CoFe,0, (ref. 126) Cube 70 50 500 474 10 600%* 14.9%
Zng 1;Mng ggFe; 004/v-Fe, 05 (ref. 141) Rock-like 9.2 ~8 831 300 799 1.7
Zny.4C0g 6Fe204/Zny 4Mn, cFe,0, (ref. Sphere 15 9 500 469 3886* 5.6%
142)

7, 4C00.6Fe,04/Zny ;Mn gFe,0, (ref. 83)  Polyhedron  11.2+1.3 7.6+ 1.4 200 761 1343 1.8
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particles mostly formed by Fe-oxides,*® both interesting condi-
tions for biomedical applications.

It is generally accepted that SPM particles are preferred for
minimizing the magnetic interactions at room temperature and
preventing toxicity effects associated with particle aggregation.
However, there is an alternative approach that utilizes magnetic
structures with very low remanence (e.g. vortex-like spin
arrangements in single-crystal magnetic nanorings*****°), which
have been also achieved in exchange-coupled cubic FePt/Fe;0,
core/shell HNPs.*s! Large relaxivity and SAR (up to 1210 W g *
for H = 236 Oe and f = 630 kHz) make this system suitable for
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a theranostic (therapy + diagnostic) platform that combines
both hyperthermia and MRIL.***

Apart from the core/shell structure, other different exchange-
coupled arrangements of HNPs have also been investigated for
magnetic hyperthermia, such as nanoflowers consisting of -
Fe,0; magnetic grains grown over the surface of MnFe,0,
core,™> or Fe;0, MNPs with embedded FeO nanoclusters.” In
this regard, there is still ongoing research on several possible
hetero-structures and assemblies that can allow one to tune of
the magnetic properties of the MNPs in order to enhance their
biomedical performance.?>****>
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(A) Cation-inversion gradient in the shell of a MnzO,4 domain grown on FezO,4 nanoparticles. Reprinted with permission from ref. 156,

Copyright 2018 American Chemical Society (B) Monte Carlo simulations of the spin configurations for spherical defected (upper panel) and
defect-free (lower panel) nanoparticles. From left to right the diagrams indicate the configuration under a positive field and two different reversal
fields, while core, surface and defect spins are represented in red, blue and black, respectively. The bottom inset indicates the comparison of the
simulated SAR values for both cases. Reprinted from ref. 75 under a Creative Commons Attribution 4.0 International Licence (C) FePt/FesO,4 core/
shell nanocubes: TEM images, 3D-TEM tomography and off-axis electron holography at the remanence state indicating a magnetic vortex
magnetic flux configuration. Adapted with permission from ref. 151, Copyright 2018 Wiley-VCH.
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4b Novel interface-mediated effects: defective hybrid
nanoparticles and imperfect coupling

As the SAR is strongly dependent on the magnetic anisotropy,
other interface-mediated effects that modulate the effective
anisotropy are expected to have a great importance. However,
their interpretation is often challenging and depends on
a comprehensive structural and magnetic understanding of the
interface. For example, by directly mapping the divalent and
trivalent metal atoms through atomic-resolution EELS measure-
ments, Torruella et al.*** demonstrated for the first time a cation
inversion gradient at the shell of Fe;0,/Mn;0, core/shell HNPs
(as highlighted Fig. 3A). By applying a set of different experi-
mental techniques to similar HNPs, it was demonstrated that
Fe;0, and Mn;O, are antiferromagnetically-coupled at the
interface, accounting for unusual magnetic properties such as
a positive exchange bias and an unexpected temperature depen-
dence of K.** Such a precise understanding of interface-mediated
effects suggests that HNPs offer unexplored ways for tuning the
magnetic properties apart from solely the weighted-contribution
of their core and shell components. In another report,’” HNPs
formed by Mn;0, domains grown on the corners of Fe;O, prisms
have shown unique magnetization reversal modes that are not
observed in single-phase MNPs. Interestingly, only a few exam-
ples of MNPs with such degree of morphological complexity have
been studied**® even though numerous complex structures have
been obtained in other nanomaterials, such as semiconductor
and noble metal nanocrystals.**

TEM studies have shown that metal-oxides HNPs can exhibit
a surprisingly sharp interface between both phases.***** While it
is accepted that a defect-free interface between two highly
crystalline phases maximizes the exchange coupling,'* it is less
clear to what extent an imperfect coupling can tailor the SAR.
Some studies suggested that this concept can be realized by
introducing non-magnetic atoms to reduce the number of
effective bonds at the interface,’® and that an imperfect
coupling can enhance the energy product.'®

In this context, researchers investigated MNPs obtained by
transforming FeO/Fe;0, HNPs into defective-spinel nano-
crystals either spontaneously or by mild thermal treatments.”7®
Interestingly, although the sharp interface between both
components is lost after the phase transformation, the defective
structures showed promising properties for magnetic hyper-
thermia. For example, Lak et al. showed that the treated MNPs
possessed structural defects, with Fe®" deficiencies and FeO
subdomains responsible for enhanced SAR values, which were
remarkably less dependent on the medium viscosity.” In
addition, it has been demonstrated that Fe,O/Fe;_s0, HNPs
obtained by the self-passivation of wiistite exhibit pinning
defects associated with a tetrahedral distortion in the spinel
structure that determine their larger SAR compared to non-
defective MNPs.”® A wiistite core can also be obtained during
the synthesis of Zn-substituted ferrites,'* leading to the intro-
duction of a small Zn fraction in the core and an increased
magnetic frustration.

Structural defects are ubiquitous in nanostructures
and can have a strong impact on the spin arrangement and

74,75,165-168
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magnetization reversal. For example, Fe;O, MNPs obtained by
different synthesis routes exhibited anti-phase boundaries,"*>**
which are detrimental to the heating efficiency since they are
responsible for a reduction in the magnetic moment. Other
structural defects, such as stacking faults, have been associated to
an anomalous size dependence of the magnetization and anisot-
ropy of the nanocrystals.***”* Depending on the type and density
of defects, both an increase”™ or a decrease™'”* in the overall
anisotropy were reported, providing novel ways to optimize the
heating output.”” In sum, the concept of defects nano-engineering
is a promising alternative approach for improving the heating
efficiency of the MNPs, which thus warrants further work.

4c Can ultrathin shells enhance the heating power?

The magnetization of small MNPs is usually lower than bulk
counterparts due to the canting of spins at the surface;'**'7>'7?
however, core/shell exchange coupled HNPs revealed interface-
mediated spin configurations different than their single-phase
counterparts.”®>7**’* When the shell layer is ultrathin, ie.
a few atomic layers-thick, novel and often unexplained proper-
ties have been reported, comprising unexpectedly large anisot-
ropies or coercivity gradients, probably associated to complex
spin arrangements at the atomic level.

For example, studies based on polarization-analyzed small
angle neutron scattering (SANS) and X-ray magnetic circular
dichroism (XMCD) revealed that the magnetic frustration
arising from the exchange coupling of thin (~0.5 nm) shells in
Fe;04/Mn,Fe; ,O, HNPs can induce a spin canting in the whole
MNP that may be responsible for variations in the hyperthermia
output of different MNP systems.'”* In the same line, the impact
of the spin arrangement on the heating ability has been
demonstrated on single-phase MNPs with similar composition
and size but prepared by different methods.'*® Daffé et al.*””
measured 7 nm MnFe,0,/CoFe, O, HNPs with a 0.5 nm-thick
shell that confers a strong anisotropy to the soft magnetic
core. By employing X-ray element-sensitive spectroscopic tech-
niques with different probe depths, they found a strong
gradient in the reversal fields of the Mn ferrite whose origin is
still unclear.

Other authors claimed that HNPs with ultrathin shells
exhibit an additional source of surface anisotropy due to the
spin disorder promoted by the shell layer."”®'”® For example, in
ref. 179 the authors reported on Co ferrite nanocubes covered by
a thin MnFe,O, shell and showed a marked increase in the
coercivity compared to bare cores, which was also observed in
bare surface-etched cores. However, the mechanisms behind
such apparent increase in the coercivity are far from being
understood. It was shown that the overall anisotropy of HNPs
with ultrathin shells depended on the metal precursor, surfac-
tant and solvent employed in the shell growth, probably due to
differences in the surface etching during the synthesis
process.'” This reflects the key role played by the shell forma-
tion kinetics and the difficulties in fully assessing the surface
properties, since variations in the nature of the organic capping
and changes in the oxidation state during the shell growth need
to be considered.”**>”® We emphasize that more work is
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required to understand the behavior of core/shell HNPs with
shells approaching a few monolayers and that further studies
on this issue should consider the extensive literature on thin
ﬁlm bilayers‘129,130,161,1807183

4d Modeling the heating efficiency of hybrid nanoparticles

There have been several recent theoretical studies to analyze and
better understand the parameters that control the heating effi-
ciency of HNPs. Some of the key parameters that have been
identified are:'”7%'* (i) the ratio between the different magnetic
phases present, which can modify the magnetic response from
a non-coherent (smaller loop areas) to a fully coherent (larger loop
areas) behavior; (ii) the nature and thickness of the interface layer
between the magnetic phases, which can modify the interactions
between them and therefore the magnetic switching response
and the hysteresis loop area; and (iii) the crystallinity of the
magnetic phases and the presence of defects/disorder, which will
also affect their effective anisotropy and the shape of the loop.
For example, Simeonidis et al.,”* carried out micromagnetic
simulations, based on the object-oriented micromagnetic
framework (OOMF), to simulate the magnetic behavior of the Fe
core and the Fe;0, shell, and analyze the influence of different
parameters such as the interface thickness and the poly-
crystallinity of the shell. Their results indicated that in
a coupled core/shell system, non-homogeneous magnetic
structures tended to appear, and non-coherent magnetization
reversal modes seem to be more adequate to generate large SAR
values. On the other hand, Lappas et al.”> used Monte Carlo
simulations to investigate how atomic scale defects can modify
the heating efficiency in Fe,O/Fe;_;O, HNPs. The defects’
additional anisotropy can lead to exchange randomness,
modifying the shape of the AC loops, and improving the SAR of
the MNPs under certain conditions. Their results indicated that
for small MNPs, the SAR could raise almost tenfold, up to 450 W
g~ (H = 460 Oe, f = 500 kHz), in comparison to non-defected
ones (Fig. 3B). Finally, Vasilakaki et al.'** carried out Monte
Carlo simulations to estimate the SAR of four different shapes
of core/shell HNPs (Fig. 2C). They found that for all shapes and
sizes, the FM/FIM core/shell MNPs gave higher SAR values that
the pure single-phase ones, and that the MNPs with the trun-
cated cuboctahedral shape exhibited the highest SAR values.

5. Multifunctional hybrid
nanoparticles

In the following, we will discuss recent advances devoted to
increasing functionalities in HNPs rather than tuning the
magnetic properties through the interactions between their
components. For a general discussion on multifunctional nano-
structures covering magnetic and non-magnetic materials in
biomedical applications, the reader is referred e.g. to ref. 23 and 25.

5a Getting multifunctional: heating and temperature
sensing

One of the most important challenges for the biomedical
application of MNPs as heat delivery agents is to achieve
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a uniform and controllable temperature rise in a certain
volume. Therefore, it is desirable to design MNP systems that
are able to deliver heat efficiently while providing a temperature
signal, which could help, at the same time, to understand
fundamental  aspects of thermal phenomena in
nanomaterials."®®

Until the last few years, the heating output of MNPs has been
solely evaluated by bulk temperature sensing (as described in
Section 3) that requires increasing the temperature of the whole
NP solution. However, it has been theoretically and experi-
mentally demonstrated that the temperature increment at the
surroundings of the MNPs is larger than at the whole
medium.™ Several approaches have been proposed to assess
the local temperature, including thermoresponsive fluorescent
dyes,>**>'®” lanthanide complexes'®® and upconverting nano-
particles."'® Some of these reports were based on the design of
HNPs with an inductive magnetic heating component
combined with a functional counterpart*® capable of providing
a temperature-sensitive response. Given that the temperature
sensing probe may interfere the Brownian motion of the NPs by
increasing the hydrodynamic size or modifying the interaction
with the fluid, particles with a purely Néel-type heating mech-
anism are preferred and, consequently, most of the proof
concepts are based on NPs with low anisotropy.

For example, Dong and Zink" designed HNPs formed by
a mesoporous SiO, loaded with iron oxide and upconverting
NaYF,:Yb,Er cores that act as nanoheaters and nano-
thermometers, respectively. The cores were prepared by
organic-phase synthesis routes and were simultaneously trans-
ferred to water by using cetyltrimethylammonium bromide
(CTAB) and covered with SiO, by the base-catalyzed condensa-
tion of tetraethylorthosilicate (TEOS). The intensity ratio of two
luminescence bands of the upconversion emission spectrum
reveals the temperature at the surroundings of the nanocrystals
during the magnetic field application, which is larger than the
macroscopic temperature rise of the bulk solution,' as shown
in Fig. 4A. In a similar approach, magneto-optical HNPs that
can deliver heat upon the application of an alternating
magnetic field while providing a thermal feedback were ob-
tained by encapsulating Fe-oxide and Nd-doped LaF; NPs in
a polymer.*® Interestingly, the authors employed the HNPs in ex
vivo sub-tissue heating experiments with thermal feedback and
found that there was no difference between the local tempera-
ture increase and the bulk temperature variation, presumably
due to a large thermal diffusion in the experimental set-up.

In a recent review, Cazares-Cortes et al. compared the
temperature rise (A7) reported for different systems that
employed polymers as spacers between the magnetic heat
source and the temperature probe.”” Even though they
compared reports dealing with different MNPs with variable
properties and SARs, they showed that AT increases rapidly
when approaching the surface of the particles (from 6 to 0.5
nm), indicating that there is a strong thermal gradient between
the MNPs and the surrounding medium.* Such hot spot effect,
can be exploited as a temporally and spatially-controlled heat-
triggered drug delivery platform®>'*® with minor long-range
undesirable effects. However, a recent study showed no
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Fig. 4 (A) HAADF-STEM image and elemental mapping of SiO»-encapsulated Fe-oxide and upconversion NaYF4:Yb®",Er®" nanoparticles (scale
bars = 50 nm). Temperature dependence of the excitation spectra and temperature change at the surroundings of the hybrid nanoparticles and
at the whole medium under the application of an alternating magnetic field. Adapted with permission from ref. 15, Copyright 2014, American
Chemical Society (B) TEM images of Fe-oxide/CusS hybrid nanoflowers and intermediate products (scale bars = 100 nm). Temperature rise (AT) as
a function of the Fe and Cu concentration for Fe-oxide/CusS hybrid (spiky) nanoflowers at an applied alternating magnetic field (AMF, 471 kHz and
180 Oe), a laser excitation (A = 1064 nm, 1 W cm™2) or a dual-excitation set-up (AMF + laser). Adapted from ref. 90 under Creative Commons

Attribution-NonCommercial 4.0 License.

difference between the thermochromic response of dyes
attached to the MNP surface and dyes dispersed in the fluid
during radiofrequency magnetic stimulation.”® The authors
pointed to the discrepancy between the existence of such
temperature gradients at the surroundings of the NPs and the
classical heat transfer theory. While more experimental
evidence on local thermal phenomena is crucial to clarify these
points, the design and study of hybrid NPs with multiple
architectures may play an important role. In addition, HNPs can
be also employed as a probe to study the heating mechanisms.
For example, fluorescence depolarization experiments were
employed to demonstrate that the rotational motion induced by
the external field (Brownian relaxation) is negligible in Eu-
doped Fe-oxide/SiO, core/shell nanoparticles, whose heating
process is ruled by a purely Néel-type process.™®

5b Boosting magnetic heating with light

One of the main drawbacks for the biomedical application of
MNP-mediated heating is the high dosage of material needed.
For example, to achieve a sufficiently large temperature rise
during magnetic hyperthermia therapies in vivo, MNP doses are
usually orders of magnitude larger than those needed for MRI
contrast agents.*

A possible approach for increasing the heating efficiency
consists in combining two stimuli-responsive materials in
HNPs. It is known that local heat can be delivered by the

880 | Nanoscale Adv, 2021, 3, 867-888

localized surface plasmon resonance through optical excitation
of plasmonic NPs, typically Au.** In most biomedical applica-
tions, giving the minimal absorption of light from biological
tissues, it is required for the NPs to absorb energy in the near-
infrared (NIR) range, which is achieved by tuning their size
and morphology.

In the last years, several studies focused on combining
magnetic and plasmonic components in a single HNP,>'42290:192
which were prepared by a number of different methods, as
outlined in Section 2. In a proof of concept, it has been shown
that Ag/Fe;O, nanoflowers can act as dual hyperthermia agents
demonstrating a synergistic effect that could help to reduce the
field or light intensity.** However, tuning simultaneously both
components to achieve efficient magnetic and optical heating
can be challenging, particularly for NIR-absorbing plasmonic
components. A possibility to do so is to grow Au on Fe-oxide
nanoflowers, which are known to provide large SARs, exploit-
ing the irregular cores morphology to achieve a NIR-absorbing
shell.™ As described in Section 2, a successful attempt is
based on Janus HNPs prepared by growing Au nanostars on
previously synthesized iron oxide particles with finely tuned
sizes for magnetic hyperthermia.” A similar approach involves
Cu,_,S as the optical component, allowing the large photo-
thermal conversion rates to be achieved in the second NIR
window,” which is preferred due to the lower light absorption
of biological tissue in this range. The photothermal heating

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mode has also been demonstrated in Fe/Fe-oxide core/shell
NPs™* and pure Fe-oxide nanostructures,'®® which could also
play a relevant role in dual-mode heating platforms, even in the
absence of a plasmonic component.

Taken together, these studies suggest that the development
of HNPs with magnetic and light-responsive entities can over-
come the limitations of purely magnetic nanoheaters. Although
a number of reports have demonstrated the increased heating
efficiency of a dual approach, the interactions between both
components during the application of a magnetic field or light
excitation are much less understood®”*** which warrant further
studies. In such kind of particles, the plasmonic surface can
provide further functionalization®”*** and more efforts are
needed to clarify, for example, the role of the metallic domain
on the heat dissipation during magnetic hyperthermia
experiments.

6. Biomedical applications: magnetic
hyperthermia and beyond

Magnetic HNPs have been applied in several areas, including
magnetic data recording, permanent magnets, microwave
absorption, magnetic refrigeration, self-healing materials and
tissue engineering.>?*'**>°* After the initial approval of iron
oxide MNPs as contrast agents for MRI*** and drugs for treat-
ment of iron deficiency,”” their biomedical applications are
expanding to advanced therapies thanks to their high surface to
volume ratio, unique tunable properties, colloidal stability, and
biocompatibility. The optimization of the heating efficiency
would be particularly appealing for biomedical applications
based on the local heat generation, including magnetic hyper-
thermia, while lending the usefulness to heat-triggered drug
delivery® and heat-mediated cell signaling.®

Magnetic hyperthermia is one of the most promising thera-
pies for cancer treatment™'*>'°**** due to the deep tissue pene-
tration and localized targeted confined heating provided by the
MNPs. It is essentially based on the use of MNPs to Kkill or
deactivate cancer cells by releasing heat through the different
mechanisms summarized in Section 3. By increasing the
temperature, the cancer cells suffer a progressive deterioration
that can eventually lead to their apoptosis, or controlled death,
which is considered the ideal way to get rid of cancer cells.'®
This is normally achieved by increasing the temperature of the
cancer cells to around 42-44 °C, the so-called therapeutic
window. Higher temperatures (>50 °C) would lead to a more
disruptive destruction of the cancer cell (through thermal
ablation) that could pose some risks for the patient.* In
addition, it has been observed that by raising the temperature
in the tumor area, we can improve the efficiency of the therapies
commonly employed for cancer treatment, such as chemo-
therapy and radiotherapy.>*® The advantages of MNPs mediated
hyperthermia in comparison with current cancer treatment
techniques are rather significant:°*'°® the MNPs, through
external magnetic manipulation and adequate coating and
surface functionalization, can target the tumor in a more
specific way, minimizing the risk of collateral damage; the small
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size of the MNPs and high penetration of magnetic fields
through human tissues are ideal to ensure the efficiency of the
treatment in a wide range of tumors; the incorporation of the
MNPs into the cancer cells allows for the repetition of the
treatment for several days without having to administer addi-
tional dosages to the patient, etc.

The size, shape and composition of single-phase MNPs have
been optimized in the last few years to maximize their heating
efficiency.®>?72% SARs as large as 2560 W gr. ' (40 nm Fe;O,
MNPs at 260 Oe and 325 kHz),>* 1111 W g, ' (28 nm Fe;0,
MNPs at 415 Oe and 150 kHz),2*® 209 W gg. ' (17 nm Fe;0,
MNPs at 126 Oe and 343 kHz)*” and 3417 W Zmeeal (22 nm
Coy.03Mny 55Fe, ;0,/Si0, MNPs at 408 Oe and 380 kHz)* were
reported. Particular attention has been paid to the improve-
ment of the SLPs under clinically relevant conditions; 500 W
Zmetal - (ILP = 26.8 nH m* kg~ ') was reported® for 22 nm
Zn, sFe, ;0,/Si0, MNPs at 88 Oe and 380 kHz, while 960 W g *
(ILP = 23.4 nH m” kg™ ') was measured for suspensions of
bacterial magnetosomes (30 nm Fe;O, MNPs at 126 Oe and 410
kHz).>*°

As we outlined in the previous sections, HNPs provide an
extra degree of freedom to tailor the overall properties and to
achieve larger SARs, amongst the highest reported values till
date.*>79126142 This js evidenced by comparing the values
mentioned above with those summarized in Table 1. HNPs can
overcome intrinsic limitations of conventional single-phase
nanomaterials. For example, the effective anisotropy of HNPs
can be controlled without changing the overall particle size,***
and incoherent reversal modes can be promoted by the HNP
architecture.”® While the anisotropy tuning in single-phase
MNPs is strongly dependent on small variations in the
composition or dopants,® which may be difficult to control
independently from the particle size, the effective anisotropy of
HNPs can be tuned precisely by combining variable fractions of
exchange-coupled components with different anisotropies. This
is the reason why larger SARs have been reported for HNPs,
overcoming, in many cases, those of single-phase MNPs.
However, such improvements are at the expense of a more
complicated synthesis process and, usually, of introducing
additional metal cations into the oxide.

It has been found that the hyperthermia treatment using
bimagnetic core/shell CoFe,O,/MnFe,0, is more efficient in
eliminating the U87MG cancer cells in nude mice compared to
Feridex and doxorubicin."** The SAR has been further improved
in cubic shape MnFe,0,/CoFe,0, core/shell HNPs that enabled
a more efficient hyperthermia treatment of drug-resistant
cancer cells compared to single-phase ferrite nanocubes.'*®
The superior magnetic hyperthermia function of Zng 4Cog -
Fe,04/Zn, 4Mn, sFe,0, HNPs conjugated with Zn(u)-bis(dipico-
lylamine) (bis-ZnDPA) and a chemotherapeutic drug (B-Lap)
showed self-amplified apoptosis targeting and inhibited tumor
growth.”"*

On the other hand, it has been shown that heat-mediated
responses can provide a novel way to act remotely on biolog-
ical processes. For example, cell functions can be controlled by
the gene expression activated by MNPs,**" and the local heat
generated by MNPs under alternating magnetic fields can be
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used to stimulate regions inside the brain, opening the control
of cellular signaling without the need for permanent
implants.”** As these applications rely on nanomaterials able to
deliver heat during the application of an external magnetic
field, HNPs optimized for efficient nanoheating or with addi-
tional functionalities may pave the way for a deeper control over
these processes.

From a theranostic perspective, HNPs that combine optical
and magnetic components have gained considerable attention
due to their intriguing multifunctional properties ranging from
imaging and diagnosis to therapeutics.** Several studies have
been conducted especially with Fe;04/Au nanostructures using
simultaneous alternating magnetic field and laser irradiation,
showing enhanced dual heating efficiency>'***** whereas, Au/
Fe;0, nanoparticles were used for magnetic field-guided pho-
tothermal therapy.****'* Au-decorated Fe;O, nanoparticles have
shown an enhanced dual magneto and photothermal response
while also being a controlled anticancer drug vehicle.**® Fan
et al. showed highly selective, targeted diagnosis, isolation and
irreparable cancer cell damage using aptamer conjugated
Fe;0,4/Au nanoparticles when irradiating with 670 nm light at
2.5 W cm 2 for 10 min.?"” Recently, it has been shown that
magneto-plasmonic Fe;O,/Au showed a remarkable improve-
ment in therapy of glioma cells.””® PEGylated Fe/Fe;O, NPs,
showed magnetic targeting using MRI and near-infrared pho-
tothermal therapy.'* Results on the photothermal efficiency of
PEGylated Fe/Fe;O, HNPs showed a comparable efficiency with
Au nanorods. Later, in 2016 Espinosa et al. reported on an
extremely large SAR of 5000 W g~ ' in iron oxide nanocubes by
dual mode alternating magnetic field and near-infrared laser
irradiation.™® Magneto-plasmonic Fe;O4/Au nanoparticles were
also used for dual-mode magnetic resonance and computed
tomography imaging applications.>**>*?

Beyond magnetic hyperthermia, there has also been an
increasing attention to the use of HNPs for novel MRI contrast
agents. SPM iron oxide MNPs have been one of the most studied
nanomaterials to this end, because of the decrease in the water
protons transverse relaxation time (7T,) mediated by the
magnetic moment.” This leads to a rise in the transverse
relaxivity (r, = 1/T,) that increases the negative contrast. In this
line, the ferromagnetic cores in bimagnetic core/shell Fe/Fe;0,
could enhance the overall magnetic moment, while the SPM
shell could reduce inter-particle aggregation.”****” Thus, this
kind of HNPs conserve high r,, interesting for MRI-based
imaging; however, as we pointed out in Section 2, their
magnetic properties are degraded with time. Furthermore,
Cardona et al. reported r, values higher than 300 mM "' s™" at
1.5 T, and cell viability at concentrations as high as 0.5 mg mL "
for bimagnetic Zn, sMn, sFe,04/Fe;0,4 core/shell HNPs,**” while
T1-T, dual-modal contrast agents have also been realized using
Fe;0,/MnO and Fe;0,/Gd,0; HNPs,??5-23¢

7. Concluding remarks and outlook

The novel HNPs synthesized over the past decade by different
methods have shown nanointerfaces with chemical and phys-
ical properties that cannot be attained in single-phase MNPs,
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and have been rationalized thanks to the framework provided
by epitaxial growth-directed methods and advanced character-
ization techniques. Although several advances have been real-
ized on semiconductor and metal-based NPs, further work is
needed on defect-engineering approaches for tuning the
magnetic properties in view of their biomedical applications.
While it is challenging to achieve a fine control over the nature
and density of crystal defects, new synthesis methods and
characterization tools are being developed to achieve this goal
and can have an important role in improving the heating power
of MNPs. Similarly, we envision that there is still room to
explore the magnetic properties of HNPs obtained through
cation-exchange routes, particularly for NPs with complex
morphologies. Regarding HNPs obtained by the controlled
oxidation of chemically unstable cores such as Fe or FeCo, we
emphasize that further studies on the kinetics of the oxidation
process are needed to evaluate if a compromise between a large
magnetization and a low chemical stability is advantageous for
an efficient and robust heat delivery.

Currently, the most powerful aspect of magnetic HNPs is
probably the new properties that emerge from interface-
mediated phenomena, which are absent in single-phase nano-
materials. The interface exchange coupling has been employed
to finely tune the anisotropy and magnetization of HNPs
providing an additional degree of freedom beyond the compo-
sition, size and shape: overall exchange-coupled systems now
exhibit large heating powers of a few kW g~ (~1 kW g~ ' for
biomedically safe magnetic fields). Recent results have shown
that unexpected properties arise from imperfectly coupled
interfaces, which can be obtained e.g. by the transformation of
FeO/Fe;0, core/shell HNPs into single-phase defective spinels
that exhibit heating powers less sensitive to the magnetic
interactions and larger than their defect-free counterparts. We
highlight the importance of advanced characterization tech-
niques sensitive to the interface at the atomic level to show the
full potential of novel systems in the future. Some examples
include advanced TEM techniques, EELS and strain mapping
with atomic-resolution at the interface, as well as magnetic
state-sensitive XMCD and SANS.

Apart from bimagnetic structures, HNPs formed by magnetic
and plasmonic components exhibit large heating powers under
dual magnetic field and infrared light excitation. Although the
synthesis processes required to tune independently the size and
shape of both components are not straightforward, recent
papers have shown that those structures can be advantageous to
overcome the limitations of magnetic or photothermal heating,
i.e. low heating power and poor tissue penetration, respectively.
Future works on these materials should consider the interac-
tions between magnetic and plasmonic components, such as
the heat dissipation effect of the plasmonic phase during the
magnetic excitation, which have not been fully explored yet.
Other structures have shown the remarkable ability of sensing
the temperature at the surroundings of the HNPs during the
magnetic field excitation, which would provide additional data
to understand local heating effects. Finally, we would like to
remark that although most of the research on the heating ability
of HNPs focused on the magnetic hyperthermia therapies, other

© 2021 The Author(s). Published by the Royal Society of Chemistry
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biomedical applications based on local heating effects (such as
magnetothermal brain stimulation and heat-induced gene
expression) can benefit from novel systems with enhanced
heating abilities and functionalities.
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