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Magnetic iron oxide nanoparticles (IONPs) are heavily explored as diagnostic and therapeutic agents due to
their low cost, tunable properties, and biocompatibility. In particular, upon excitation with an alternating
current (AC) magnetic field, the NPs generate localized heat that can be exploited for therapeutic hyperthermia
treatment of diseased cells or pathogenic microbes. In this review, we focus on how structural changes and
inter-particle interactions affect the heating efficiency of iron oxide-based magnetic NPs. Moreover, we present
an overview of the different approaches to evaluate the heating performance of IONPs and introduce a new

theranostic modality based on magnetic imaging guided—hyperthermia.

1. Introduction

Iron oxide nanoparticles (IONPs) are widely investigated due to
their tunable magnetic properties and potential as diagnostic (i.e. as
magnetic resonance imaging contrast agents and magnetic particle
imaging tracers) and therapeutic (e.g. drug and gene delivery, hy-
perthermia) agents [1-23]. Upon excitation with an AC field, these
unique materials can transform electromagnetic energy to heat, and the
heat generated can be utilized to destroy cancer cells or pathogenic
microbes. In magnetic hyperthermia, the heating can occur by any of
the three mechanisms: (1) eddy current heating due to the effects of
induction from the application of an alternating pulsed magnetic field;
(2) frictional heating induced by the interaction between the NPs and
the surrounding medium, and (3) relaxation and hysteretic losses of
the magnetic NPs [24].

The use of IONPs for magnetic hyperthermia treatment of cancers
was first demonstrated by Gilchrist et al. in 1957 [25]. Following this
seminal work, various groups have investigated the important opera-
tional parameters to effectively carry out the use of magnetic hy-
perthermia in cancer therapy [26-28]. In 2004, the first clinical
magnetic hyperthermia treatment system was developed at Charité —
Medical University of Berlin [29], and a few years later, Magforce
obtained European regulatory approval to treat patients with brain
tumor using magnetic hyperthermia [30]. Over the years, the utility of
magnetic hyperthermia has been extended to other applications
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including heat triggered drug delivery [31-34], biofilm inactivation
[35,36], and fabrication of smart heat responsive materials [37].

While magnetic hyperthermia has been clinically approved for
brain tumor treatment in Europe, it is still not widely utilized in the
clinic. Particularly, magnetic hyperthermia has not been approved as a
treatment approach in hospitals in the USA and other parts of the
world. The lack of widespread adaptation of this treatment modality
can be partly attributed to gaps in the development of optimized
magnetic NP hyperthermia agents.

Shown in Fig. 1 is a schematic representation of the important
parameters (i.e. optimization of the magneto-structural properties of
magnetic NPs, magnetic dipolar interaction effects, reliability of the
methods used in magnetic hyperthermia measurements) that need to
be addressed in designing IONPs with optimized heating efficiency for
various magnetic hyperthermia applications (e.g. magnetic imaging-
guided hyperthermia, magnetic actuated drug delivery, thermal cancer
therapy, biofilm eradication). To date, several excellent review articles
have been published, which focused on the different synthetic routes
that have been developed to prepare IONPs with different morpholo-
gies and surface chemistries [4,9-12,15,17,22,38—40], while some
articles have detailed the different heat release mechanisms in mag-
netic hyperthermia [41,42]. In this review article, we will center the
discussion on how the different structural motifs such as NP size,
composition, morphology, and nano-assemblies (i.e. clustering and
chaining) affect the magnetic hyperthermia properties and heating
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Fig. 1. Schematic diagram illustrating the important parameters affecting the efficiency of magnetic hyperthermia treatment and the different types of biomedical magnetic

hyperthermia applications.

efficiency of iron oxide-based NPs.

2. Basic principles and measurements in magnetic
hyperthermia

2.1. Magnetic behavior of single domain nanoparticles

The Stoner-Wohlfarth (SW) model describes the magnetic behavior
of a single domain NP (Fig. 2a) [43]. The total energy (E) of such a
system is defined by both the anisotropy energy (E,) and the Zeeman
energy (E.):

E = E\+E, = KVsin® 0—HVM, cos(0—¢) (€))

where, K is the uniaxial magnetic anisotropy, H is the applied field,V is
the NP volume,M; is the saturation magnetization, 0is the angle
between the easy axis and the NP magnetization, and ¢ is the angle
between the easy axis and the applied magnetic field. At H = 0, the
energy barrier is equivalent to KV and for systems wherein the
anisotropy energy barrier is comparable to the thermal activation
energy ( KV ~kgT),magnetic moment switching becomes feasible lead-
ing to superparamagnetic behavior.

Superparamagnetism involves the thermal activated switching of
the magnetic moment of a NP. This occurs above the so-called blocking
temperature (73), which is described by the equation,

KV
T kpln (t,/70) (2)

AE =KVsin’6

where, kgis the Boltzmann constant, z,, is the measurement time, and 7
is the attempt time, which is typically approximated as 10~°s. For
magnetite (Fe304) NPs, superparamagnetic behavior at room tempera-
ture typically occurs at particle sizes smaller than 25 nm in diameter
[16].

2.2. Heating of magnetic nanoparticles in an AC field

Various models and experimental data have been employed to
better understand the heating process in magnetic hyperthermia [41—
47]. In 2002, Rosensweig developed the linear response theory (LRT)
to explain the heating of colloidal magnetic fluids subjected to an
alternating magnetic field [44]. In his formulation, it was assumed that
the heat generation was only due to the rotational relaxation of non-
interacting single domain NPs, and the magnetization of the NPs varies
linearly with the applied magnetic field. From the LRT model, an
expression for the power dissipation (P) was derived as follows [44]:

P=p,my’ fH* 3

where,H and f are the amplitude and frequency of the AC magnetic
field, respectively,u, represents the permeability of free space, and y”’
is the out-of-phase component of the colloidal magnetic fluid AC
susceptibility. In turn, y’’can be expressed as:
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where, w = 2xaf, y, is the actual susceptibility, and 7 is the effective
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Fig. 2. (a) Representation of the energy barriers governing single domain particles. (b) Relaxation processes that influence the heating properties of magnetic nanoparticles.
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relaxation time. The effective relaxation time is dependent on the
collective contributions of both Néel and Brownian relaxation pro-
cesses (Fig. 2b). Néel relaxation involves the internal rotation of the
magnetic moment and has a characteristic time, zy, which is expressed
as:

exp [ X2
ﬁ p kT
Y T”JT
kT 5)
On the other hand, Brownian relaxation pertains to the physical
rotation of the magnetic NP itself and the characteristic relaxation
time,zp, is represented in the following equation:

3nVu
kgT (6)

B =

where, 5 is the dynamic viscosity and Vy is the hydrodynamic volume.
The effective relaxation time can then be expressed as:

1 1 1

T B Ty 7
Substituting Eq. (4) into Eq. (3) results in an expanded form of the
power dissipation expression:

2afr ]

_ 2
P = pymy fH [1+[2m‘1]2

®
which showcases the dependence of the heat generation process with
the frequency and amplitude of the applied AC field, and the magnetic
NP relaxation processes.

The heating efficiency is represented by the specific loss power
(SLP) also referred to as the specific absorption rate (SAR), which is
defined as the ratio of the heat power dissipated and the mass of the
magnetic NPs, myyp:

P

MyNp 9

SLP =

One limitation of the SLP representation is its dependence with H?,
which makes direct comparison of reported literature values difficult
owing to variations in the applied AC field conditions. To address this
issue, the intrinsic loss power (ILP) can be calculated whereby the SLP
is normalized to the AC field strength and frequency [48]:

sLP
FH? (10)

The ILP representation, however, is only applicable at low field
strengths and low frequency AC excitations.

ILP =

2.3. Magnetic hyperthermia measurement

2.3.1. Calorimetric method

The calorimetric approach is the most commonly adapted method
in evaluating the magnetic hyperthermia properties of magnetic NPs.
In this method, the temperature increase in the sample is recorded over
a period of time as the magnetic NPs are exposed to an AC field of a
particular amplitude and frequency (Fig. 3a). A fiber optic temperature
probe is typically used in conjunction with a magnetic induction
heating system consisting of a water cooled coil that is connected to
a high power rf generator. Samples are placed in a thermally insulated
container to avoid heat loss to the environment during measurement,
and the SLP is calculated from the temperature derivative over time at
instant ¢t = Oas,

CV, dT
mywp dt li—o 11

where,C is the volumetric specific heat capacity of the sample solution,
V, is the sample volume, m is the mass of the magnetic material, and

SLP =

Progress in Natural Science: Materials International xx (xxxx) Xxxx—xxxx

dT/dt is the initial slope of the change in temperature versus time
curve.

Evaluation of the heating efficiency using the calorimetric method is
ideal when measurements are performed under adiabatic conditions
where there is no heat exchange between the sample and the
surroundings [50]. To eliminate conduction, convection, and thermal
radiation heat losses, high vacuum conditions and adiabatic shields are
used during measurements [51]. However, such systems are costly and
difficult to set-up and operate; hence, adiabatic systems are rarely used
in calorimetric magnetic hyperthermia measurements [50-52].

On the other hand, the heating efficiency evaluated using non-
adiabatic systems shows an average decrease of about 21% in the
measured SLP value [51]. However, non-adiabatic systems are com-
monly adopted because of the quick measurement time and ease of
operation. By taking into account all the thermal losses from a non-
adiabatic set-up it can also be a reliable approach to measure the
heating efficiency of magnetic NPs [53]. In a non-adiabatic system, the
heating curve starts to drop as higher temperatures are reached due to
thermal losses (Fig. 3a). Wildeboer et al. proposed an alternative
method to better evaluate the SLP by adding a thermal loss parameter,
L, which can be estimated by determining the slope for multiple
temperatures along the heating curves [53].

(cw,% + LAT)

SLER orrectedsiope =
et mynNp (12)

where, AT is the average temperature difference between the sample
and the baseline.

2.3.2. Magnetometric method

A second approach that can be employed to evaluate the heating
efficiency in magnetic hyperthermia is based on the measurement of
the dynamic magnetization M (¢) of the sample. In the magnetometric
method, the SLP can be calculated by integrating (performed over one
period 2z/f) the dynamic magnetization with respect to the applied
field strength [49,54]:

_f
stp =1 55 M) dH 13

where, f is the frequency andc is the weight concentration of the NP. In
this approach the SLP is proportional to the area of the AC hysteresis
loop (Ajy) as illustrated in Fig. 3b.

3. Structural effects on magnetic hyperthermia properties of
IONPs

During magnetic hyperthermia measurements, the power dissi-
pated is dependent on the intrinsic magnetic properties of the IONPs,
which influences its relaxation (Néel and Brownian) and hysteretic
losses (AC field effects and magnetic dipolar interaction effects). Based
on the LRT model, the heating efficiency is proportional to the
saturation magnetization of the magnetic NP but peaks at a certain
NP size (volume) and magnetic anisotropy [8,44]. The optimum NP
size and crystalline anisotropy also depend on the strength and
frequency of the applied AC field. Magnetic dipolar interactions that
promote the formation of nano-assemblies organized as nanoclusters
or nanochains, can also modify the relaxation behavior of the magnetic
NPs. In the succeeding sections, the structural effects (size, composi-
tion, shape, exchange-coupling, formation of nano-assemblies) on the
heating efficiency of IONPs will be discussed to provide a better
understanding on how each materials parameter can be optimized
for magnetic hyperthermia applications.
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(b) Magnetometric method
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Fig. 3. Schematic diagram of the different approaches used to evaluate the heating efficiency of magnetic nanoparticles: (a) calorimetric method, wherein the changes in the temperature
of the sample is recorded as it is exposed to an AC field excitation (the SLP is calculated from the initial slope of the change in temperature vs. time curve); and (b) magnetometric
method, which involves the measurement of the AC susceptibility of the sample wherein the SLP is proportional to the area of the hysteresis curve. The hysteresis plot was adapted with

permission from reference [49] copyright (2016) American Chemical Society.

3.1. Size dependence of the magnetic hyperthermia properties of
superparamagnetic nanoparticles

Changing the size of IONPs dramatically alters its response to an
applied AC field. Superparamagnetic NPs are governed by size depen-
dent Néel and Brownian relaxation losses, which in turn directly affect
the heat power dissipation process. The magnetization of IONPs
decreases with decreasing particle size [55]. Owing to their small size,
magnetic IONPs exhibit low saturation magnetization due to surface
and internal spin canting effects [56,57]. Spin-spin exchange coupling
gives rise to magnetically disordered spin glass-like layers on the
surface of magnetic NPs, which is not readily observed in bulk
magnetic materials [56,57]. In addition, the presence of a magnetically
frustrated layer on the NP surface, due to incomplete coordination of
the metal ions, also lowers the magnetization of magnetic NPs [58].

Because the SLP value is dependent on the magnetization and
relaxation time of the NP, for a given magnetic material there is an
optimum size that will result in enhanced hyperthermia effects [44].
For superparamagnetic IONPs, Vreeland et al. observed that for an AC
excitation field of H = 36.5 kA/m and f= 341 kHz, the optimum size
showing maximum SLP was around 22 nm, which matches the
theoretical prediction of the LRT [44,59]. To understand the contribu-
tions of Néel and Brownian relaxation on the SLP, NPs can be placed in
solvents more viscous than water such as glycerol that minimizes
Brownian relaxation. Cobalt ferrite (CoFe»O,4) NPs placed in increasing
amounts of glycerol showed a sharp change in SAR from 420 to 90 W/g
[60].

The SLP value is also proportional to the applied AC magnetic field
strength and frequency. Maximum absorption of magnetic energy
occurs when the characteristic fluctuation time is close to the period
of the excitation field (wt=1) [61,62]. This means that for a given f
there is an optimum size that resonates well with the applied field. For
a series of 17—47 nm-sized nano-octopods, maximum heat dissipation
was observed for the smallest size at low AC fields ( < 300—400 Oe)
while the SLP increased linearly with size at higher fields (> 400 Oe)
[49]. To better understand the size and field dependence of the heating
efficiency in the nano-octopod system, AC magnetometry measure-
ments were conducted at different applied field strengths. It has been
demonstrated that at low fields, the magnetic hysteresis loop area is
larger for smaller nano-octopods (17 nm), while at higher fields the
hysteresis loop area is more enhanced for the bigger nano-octopods
(47 nm). This effect was explained in terms of the relationship between
the applied AC field (H4c) and the calculated anisotropy field (H4).
When Hyc< H,u, the hysteresis loop area for the smaller nano-
octopods were larger but with increasing H ¢ the bigger NPs start to
respond fully to the magnetic field excitation and hysteresis losses
become more dominant. This in turn leads to a continuous increase in

heating efficiency for the bigger sized nano-octopods while for the
smaller nano-octopods the coercive field saturates much faster leading
to lower heating efficiency at higher applied fields [42,49].

While it may sound counter intuitive, hysteresis losses are also
possible for NPs that are superparamagnetic at room temperature due
to the high frequencies used in magnetic hyperthermia measurements
(i.e. hyperthermia AC frequencies used are typically larger than 100

kHz) [63]. At high frequencies, hysteresis occurs when the magnetiza-
tion response of the NPs lag behind the applied field. Similar to a
blocking temperature there is also a parameter called the blocking
frequency, f,, whereby at a frequency below f,, the NPs are super-
paramagnetic but above this frequency, hysteresis is observed [64].

3.2. Chemical composition effects on the magnetic hyperthermia
properties

Chemical tuning of the magnetic property of iron oxide-based NPs
is critical in optimizing their performance in magnetic hyperthermia
applications. Specifically, developing strongly magnetic nano-ferrites is
important since the SLP value increases linearly with magnetization.
Over the years, IONPs, of the Fe30, spinel ferrite phase, have been
widely explored because of its low cost and biocompatibility. However,
a limitation with this system is that the saturation magnetization of
bulk magnetite is relatively low (92 emu/g) [49]. As such, other types of
ferrites have been investigated including jacobsite (MnFe,0,), which
has a higher magnetization (110 emu/g) in the bulk phase.

To better understand the effect of chemistry on the magnetic nature
of iron oxide-based NPs, a first step is to look into the magnetic
ordering in its crystal lattice. Magnetite and jacobsite belong to a
special class of ferrites called spinels, which is represented by the
general formula MFe,O,4, where M can be any of the divalent metal
ions. The spinel ferrite structure can be best described as a face-
centered cubic arrangement of oxygen atoms, with M?* and Fe3*
occupying any of two different crystallographic sites. These sites have
tetrahedral or octahedral oxygen coordination, which are often termed
A and B-sites, respectively [65,66]. In the unit cell, there are 8 A-sites
and 16 B-sites, where the magnetic moments of the cations are aligned
parallel with respect to one another. Between the A and B-sites, the
magnetic ordering is anti-parallel and as there are twice as many B-
sites than A-sites, there is a net moment of spins yielding ferrimagnetic
ordering for the crystal. Fe;0,4 has an inverse spinel structure with the
tetrahedral A-sites occupied by Fe®* ions while the octahedral B-sites
are occupied by Fe?* and Fe®* ions. Therefore, Fe;0, has an idealized
magnetic moment of 4 u; per formula unit. On the other hand,
MnFe,0,4 has a mixed spinel structure with the A sites occupied by
Mn2*Fe3*(0 < x < 1) while the B sites are occupied byMn2*Fe;*,,
which results in an idealized magnetic moment of 5 y; per formula
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unit. The nature of the divalent metal cation and the magnetic ordering
in the crystal lattice help explain the observed larger SLP for MnFe,04
NPs (411 W/g) than that of similarly sized Fe304 NPs (333 W/g) [67].

Another way to tune the magnetism of spinel ferrites is to dope the
system with non-magnetic Zn>* ions resulting in a mixed ferrite phase
such as (Zn.Fe;_)Fe,04 Whenx < 0.4, the Zn?* ions occupying the
tetrahedral A-sites can lower the antiferromagnetic coupling interac-
tions between the Fe®* ions in the A and B sites resulting in a net
increase in magnetization for the Zn-doped system [68]. At higher Zn>*
doping levels, the antiferromagnetic coupling interactions between
Fe®* ions in each B-site become dominant and net magnetization
decreases [68]. Spherical (Zng 4Fe( ¢)Fe,O4 NPs were demonstrated to
have higher magnetization and an SLP twice larger compared to its un-
doped Fe304 NP analog with values of 438.6 and 189.6 W/g, respec-
tively [69]. These results showcase the importance of changing the
chemical composition of magnetic materials to enhance magnetization
that effectively leads to an increase in magnetic hyperthermia heating
efficiency of magnetic NPs.

3.3. Shape anisotropy effects on the magnetic hyperthermia
properties

The heating efficiency of a magnetic NP shows the dependence on
the crystalline anisotropy and one route to tune the magnetic
hyperthermia properties is to optimize the shape anisotropy by
developing NPs with different morphologies. Along this line, cubic
shaped IONPs have been synthesized because of their anticipated
higher magnetization compared to their spherical counterparts. It has
been demonstrated theoretically that cubic NPs have lower surface
anisotropy compared to spheres due to smaller amount of disordered
spins as a result of the flat surface of the cube and the fact that it is
comprised mostly of low energy < 100> facets [70]. On the other
hand, the curved surface of spherical NPs leads to a more pronounced
surface spin canting (Fig. 4(a) and (b)) [70]. This phenomenon has
been confirmed in experimental studies whereby the comparison of
cubic and spherical IONPs, with similar magnetic volumes, showed
about two-fold increase in SLP for the cubic analogs (356.2 vs.
189.6 W/g) [69]. The effect of shape on magnetic hyperthermia
efficiency is further enhanced when the chemical composition is tuned
as well in order to create intrinsically more magnetic NPs by doping
IONPs with Zn* as previously discussed in Section 3.2. Zng4Fes 604
nanocubes showed an SLP value of 1019.2 W/g which is two times
larger than that of Zng4Fe> 04 nanospheres (438.6 W/g) (Fig. 4(c))
[69].

Khurshid et al. have demonstrated that optimization of shape
anisotropy and not only saturation magnetization can be used to create
materials with higher SLP [71]. Cubic shaped exchange coupled FeO/
Fe304 NPs with higher shape and effective anisotropy but lower
saturation magnetization compared to their spherical equivalents were
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reported to show a higher heating efficiency (200 vs 135 W/g) [71]. An
important consequence of their result is that it provides a different
approach to enhance the SLP by way of modulating the effective
anisotropy and not simply increasing the saturation magnetization of a
magnetic NP.

In addition, Fe3O4 nano-octopods (deformed cubes) were reported
to show better heating efficiency compared to spheres due to enhanced
shape anisotropy [49]. The deformed shape caused local symmetry
breaking as a result of structural defects, broken symmetry bonds, and
surface strain [49,72,73]. The nano-octopods were found to have an
anisotropy (8x10° erg/cm? for 17 nm and 1.2x10° erg/cm?® for 47 nm)
that were an order of magnitude higher than that of bulk magnetite
(1.1x10° erg/cm®) and larger than that of cubic shaped magnetite NPs
(7.7 and 4.2x10° erg/cm® for 20 and 40 nm sized nanocube, respec-
tively) [74,75].

Iron oxide nanorods with tunable aspect ratio were also recently
reported to show enhanced magnetic hyperthermia efficiency (862 W/
g) compared to its cubic (314 W/g) and spherical (140 W/g) counter-
parts of similar magnetic volumes [76]. This effect was attributed to the
larger saturation magnetization and effective anisotropy that originate
from the pronounced unidirectional shape anisotropy of the nanorods
[76].

NPs with different morphologies such as nanoflowers made of
maghemite NPs have also been reported to show higher SLP values
compared to dispersed NPs [77]. The increase in heating efficiency is
attributed to the magneto-structural properties of the nanoflowers,
which are composed of highly ordered nanocrystals that do not behave
like isolated grains [77]. In addition, the nanoflowers exhibited lower
anisotropy due to coalescence and crystal ordering of the individual
grains while the spherical particles showed higher surface disorder and
consequently, higher surface anisotropy. IONPs with novel and more
complex shapes and structures such as hexagonal nanoplates, brick-
like nanostructures, as well as nanoclusters of Mn-Zn-ferrite NPs have
also demonstrated enhanced SLP [78—80]. These results showcase the
importance of shape anisotropy in improving the magnetic hyperther-
mia performance of iron oxide-based NPs.

3.4. Effect of exchange coupling on the magnetic hyperthermia
properties of spring nanomagnets

Exchange spring nanomagnets are composed of magnetically hard
and soft phases, which can interact by magnetic exchange coupling to
combine the best properties of each type of magnetic material [81-86].
The hard phase component provides a high coercive field while the soft
phase component contributes toward a higher saturation magnetiza-
tion for the coupled system (Fig. 5(a)). In these materials, the soft
phase is pinned to the hard phase at the interface, which gives rise to
characteristic features of having a reversible demagnetization curve
while possessing a high energy product, (BH)ax, (Fig. 5(b))

1
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Fig. 4. Simulated magnetic spin states of (a) cubic and (b) spherical nanoparticles; the color map indicates the degree of spin canting in the presence of an external magnetic field (By),
where red indicates non-deviated spins and blue indicates highly canted spin states; local spin states on the surfaces of nanoparticles are depicted on the right corners of (a) and (b). This
illustration is reprinted with permission from reference [70], copyright (2012) American Chemical Society. (¢) Comparison of the heating efficiency of spherical (Sph) and cubic (Cube)
magnetite nanoparticles with Zn-doped magnetite spherical (Zn-Sph) and cubic (Zn-Cube) nanoparticles; the nanoparticle samples were compared against a commercial reference
sample (Ref). This figure was reproduced from reference [69] with permission from the Royal Society of Chemistry.
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Fig. 5. (a) Mlustration of the magnetic interactions in an exchange spring nanomagnet consisting of hard core and soft shell magnetic layers. (b) TEM image and electron energy loss
spectroscopy (EELS) mapped-images of 15 nm CoFe,O,@MnFe,0, exchange spring nanomagnet, and (c) plot showing the comparison of the heating efficiencies of single-component
and core-shell nanoparticles. These figures were reprinted with permission from reference 67, copyright from the Macmillan Publishers Ltd: Nature Nanotechnology.

[70,81,85]. When an external magnetic field is applied, a twisted
magnetic structure emerge as the magnetic moment of the soft phase
reorient towards the direction of the external field, while remaining
pinned at the interface of the hard magnetic phase(Fig. 5(a)) [85].
Removal of the magnetic field demagnetizes the soft phase and causes
its magnetization to realign with the hard magnetic phase again; this
phenomenon is referred to as the exchange spring process.

Over the past years, dramatically improved heating efficiency was
observed for an exchange coupled nanomagnet made of 15 nm sized
spherical CoFe-O,@MnFe>04 (2280 W/g), compared to single compo-
nent spherical NPs of 9 nm-sized CoFe,O, (443 W/g), and 15 nm sized
MnFe,04 (411 W/g) [67]. Furthermore, the magnetism and anisotropy
of exchange spring magnets can be tuned by combining different types
of hard and soft magnetic spinel ferrites [67,81—84]; exchange coupled
magnetic NPs composed of core@shell spherical structures of
COF6204@F6304, F6304@COF8204, COF6204@MHF6204, MHF6204@
CoFes0y4, and (Zng 4Coq.6)Fes04@(Zng 4Mng ¢)Fe>0,4 were synthesized
and showed very high heating efficiencies between 1120 to 3886 W/g,
which were an order of magnitude higher than single component
Fe304, MnFe,0,4, and CoFe,04 (339-443 W/g) NPs (Fig. 5(c)) [67].
Extending the concept of exchange spring magnets with spherical
morphology to other shapes, core-shell Zng 4Fe2.60,@CoFe,0, cubic
NPs with an average diameter of 60 nm were prepared and exhibited a
coercivity 14 times larger than that of a pure CoFe,O4 nanocube
analog. The high coercivity of the core-shell nanocube resulted in an
ultra-high SLP value of 10600W/g [70]. The large coercivity due to the
exchange anisotropy energy arising from interfacial interactions has a
significant effect on the heating efficiency of ferrimagnetic NPs for
magnetic hyperthermia applications. These results demonstrate that
enhanced magnetic hyperthermia efficiency can be achieved by ex-
ploiting size, composition, and shape effects into creating exchange

spring nanomagnets with tunable magnetic properties to achieve
maximum SLP values.

3.5. Magnetic dipolar interactions: effect of nanochain and
nanocluster formation on magnetic hyperthermia properties

In magnetic hyperthermia measurements, excitation of a single
magnetic NP can only lead to a very small temperature increase of
about 107° K [87], and NP concentrations on the order of 10° em™ is
required to reach therapeutic temperatures [88]. At high concentra-
tions, magnetic NPs can aggregate and form nano-assemblies, which
can lead to changes in hyperthermia performance compared to well-
dispersed magnetic NP formulations [89]. In vivo, uptake of magnetic
NPs in sub-cellular vesicles such as lysosomes can lead to formation of
magnetic NP aggregates that modify their magnetic hyperthermia
properties due to dipolar interactions [90].

Magnetic dipolar interactions between neighboring NPs can be
regulated by introducing capping ligands that increase inter-particle
spacing [91,92]. The relationship between the energy associated with
dipole-dipole interactions in relation to inter-particle spacing is
described as follows [91]:

Eqq =—(uomg)/ (4al?) 14

where, mq is the NP magnetic moment and / is the particle-particle
separation. Theoretical [93-103] and experimental studies
[93,102,104-116] have been carried out in order to better understand
the effects of magnetic dipolar interactions in hyperthermia measure-
ments. Dipolar interaction effects on heating efficiency in magnetic
hyperthermia have been shown to Dbe either positive
[75,77,93,104,115,117,118] or negative [94,96,113,119,120]. It has
been demonstrated that the reduction or enhancement in the heating
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Fig. 6. Schematic representation of the different nano-assemblies that could form
during AC magnetic field excitation.

Dispersed nanoparticles

efficiency of magnetic NPs is due to the formation of nano-assemblies
during hyperthermia measurements. When exposed to an AC field,
magnetic NPs can form linear aggregates of magnetically ordered
structures such as chains (Fig. 6) [104]. Several groups have pointed
out theoretically [93,102] and have shown experimentally
[75,104,117,118,121] that chain-like structures can give rise to an
increase in the heating efficiency of NPs. In order to maximize the
heating efficiency it is necessary to assemble NPs into chains with a
uniaxial anisotropy, which leads to hysteretic losses that can improve
the heat power dissipation process [93,121]. This type of assembly
leads to an enhancement of the effective anisotropy of the NPs due to
the unidirectional magnetization orientation as a result of the dipolar
coupling along the chain [121]. These particles that pack together in a
chain-like formation display an increased ferromagnetic behavior with
their moments locked in the direction of the magnetic field, which leads
to an experimentally observed increase in heating efficiency
[104,122,123]. Moreover, cubic NPs have been reported to self-
assemble spontaneously into chains resulting in high surface magnetic
anisotropy and consequently, very high hyperthermia efficiency [75].
Negative effects on heating efficiency by nanochain formation have
likewise been reported but it was pointed out that while heating
efficiency decreases with chain length there is an optimum chain
length to achieve high SLP values [121,124]. Spontaneous formation
of chains due to an increase in particle concentration may lead to
coalescence and cluster formation, which reduces the heating efficiency
of the magnetic NPs [75].

Modification of particle concentration has been employed to vary
the strength of dipole-dipole interactions [120,125]. Salas et al.
compared the heating efficiency of NPs (12 and 22 nm) dispersed in
agar at two different concentrations (2.5 and 10 mg Fe/mL) and for
both sizes, a reduction in the heat release at higher NP concentrations
was observed due to aggregation resulting in formation of nanoclusters
(based on hydrodynamic size measurement) and increased dipole-
dipole interactions [126]. These NPs embedded in agar, were estab-
lished to have randomly oriented anisotropy axis with regard to the
direction of the external field or the particle magnetization vector based
on magnetometry measurements. The angle (6) between the easy axis
and magnetization vector becomes finite for the NPs that were
immobilized in agar and results in a reduction of the hysteresis area
and heating efficiency [121]. Coral et al. also arrived at the same
conclusion, wherein nanoclusters were shown to have lower heating
efficiency with increasing cluster size and increasing number of
particles in the cluster [120]. Moreover, the negative effects of nano-
clustering to the heat dissipated during magnetic hyperthermia have
been reported by other groups and an increase in the intensity of
dipolar interactions resulted in a decrease in magnetic susceptibility
and hysteresis losses leading to a reduction in the SLP value
[96,119,125]. On the other hand, it has been reported in literature
that favorable increase in heating effects were observed with clusters in
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the form of nanoflowers compared to individual particles [77]. These
nanoflowers, however, contain single grains that have the same crystal
orientation and all of its anisotropy axes are aligned giving it a different
magnetic organization than the clusters discussed earlier in which the
magnetic particles have randomly oriented anisotropy axes instead
[77,120,125]. These studies have demonstrated that in most cases,
magnetic dipolar interactions have favorable effects in magnetic
hyperthermia heating when directionally oriented nanochains are
formed but can lead to lower efficiencies when more disordered
nanocluster assemblies arise during measurements.

4. Emerging research directions: magnetic imaging guided—
hyperthermia

The ability to perform magnetic hyperthermia treatment in an
imaging environment could revolutionize the way we diagnose and
eradicate diseases. Combined hyperthermia and imaging could have
several advantages including the ability to evaluate the local concen-
tration of the magnetic NPs trapped inside diseased tissues, thereby
enabling a more defined treatment plan to prevent overheating side
effects. Moreover, the magnetic field used in hyperthermia could be
provided by the same hardware utilized in magnetic imaging, which
will facilitate the ease in adapting a coupled theranostic approach in
disease management.

The development of a combined hyperthermia therapy with mag-
netic particle imaging (MPI) has been proposed [127-129]. MPI is an
emerging imaging modality that is highly sensitive and directly detects
magnetic NP tracers with no background signal coming from the tissue,
thus, offering real-time, high resolution imaging of iron oxide-based
NP tracers [130-132]. The magnetic NPs being developed for magnetic
hyperthermia are also explored in MPI, whereby Néel and Brownian
relaxation processes mainly dictate the heating mechanism in hy-
perthermia as well as the signal generation in MPI, making this coupled
technology ideal in developing optimized magnetic NPs for theranostic
applications.

Our group has recently reported and demonstrated for the first time
the use of tailored iron oxide-based NPs for an MPI-guided magnetic
hyperthermia (hMPI) approach [69]. In this study, shape and composi-
tion effects on MPI signal were investigated using magnetic particle
spectroscopy by comparing spherical and cubic NPs of Fe;O, and
Zngs Fes 604 with the same magnetic volume (3600-3700 nm®).
Magnetic hyperthermia experiments were also performed under static
gradient fields similar to the one used in MPI (Fig. 7(a)—(c)).
Zng4 Fes 604 spherical NPs showed a 2-fold enhancement in MPI signal
compared to as-synthesized Fe3O,4 and an 8-fold improvement com-
pared to commercially available IONPs. Moreover, Zng, Fes 04 cubic
IONPs showed a 5-fold improvement in the heating efficiency com-
pared to the commercially available sample with good MPI signal.
Outside the field free region (FFR), the magnetization of the NPs is
saturated and magnetic hyperthermia and MPI signal are non-existent.
Thus, targeted and selective heating using magnetic hyperthermia can
be achieved using MPI as a diagnostic tool (Fig. 7(d)).

5. Summary and outlook

Magnetic hyperthermia is a promising therapeutic approach, but in
order to move this treatment modality to the clinical setting a better
understanding of the behavior of magnetic NPs during hyperthermia
measurements is required. As a first step, it is imperative to develop a
standardized method of reporting hyperthermia efficiencies and to
establish clinically acceptable AC magnetic field excitation conditions.
Another key aspect that can enable the wide-spread adaption of
magnetic hyperthermia to combat diseases is the development of
optimized and well characterized magnetic NP hyperthermia agents.
In this review we have presented how tuning of NP size, composition,
shape, and exchange anisotropy can be utilized to improve the heating
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under Gradient Magnetic Field Application
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Fig. 7. (a) Schematic illustration of the magnetic hyperthermia measurement set-up under a gradient magnetic field similar to an MPI environment. (b) Thermal images of the
nanocomposites with zine-doped cubic iron oxide nanoparticles during magnetic hyperthermia measurement with and without gradient magnetic field application. (¢) Thermal image
intensity profiles of the center lines along the gradient field direction acquired 30 s after magnetic hyperthermia measurements with and without the application of a gradient magnetic
field. All the hyperthermia measurements were performed at H=16 kA/m and f=380 kHz. Figures (a)—(c) were reproduced from reference 69 with permission from the Royal Society of
Chemistry. (d) Schematic representation of an MPI-guided hyperthermia treatment whereby the signal is generated in the field free region (FFR). Outside the FFR, the magnetization of
the magnetic nanoparticles is saturated and no signal is observed for both MPI and magnetic hyperthermia.

performance of iron oxide-based magnetic hyperthermia agents.
Combining the advantageous effects of each parameter can result in
the development of magnetic NPs with unprecedented heating effi-
ciencies to enable effective in vivo applications. Moreover, due to the
tendency of magnetic NPs to aggregate when internalized by the cells, a
thorough study on how nano-assemblies affect the efficiency of the heat
generation process is needed. Furthermore, emerging technologies that
can provide novel diagnostic capabilities and facilitate targeted heating
should be explored. Along this line, the combination of magnetic
imaging technologies with magnetic hyperthermia, such as hMPI, is
an exciting theranostic approach that could revolutionize the way we
manage inoperable diseases in the clinic.
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