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How size, shape and assembly of magnetic
nanoparticles give rise to different hyperthermia
scenariost

H. Gavilan,®® K. Simeonidis, E. Myrovali, & € E. Mazario, 2
O. Chubykalo-Fesenko, @22 R. Chantrell, @ ¢ LI Balcells,® M. Angelakeris,
M. P. Morales © *2 and D. Serantes  *

The use of magnetic nanoparticles (MNPs) to locally increase the temperature at the nanoscale under the
remote application of alternating magnetic fields (magnetic particle hyperthermia, MHT) has become an
important subject of nanomedicine multidisciplinary research, focusing among other topics on the
optimization of the heating performance of MNPs and their assemblies under the effect of the magnetic
field. We report experimental data of heat released by MNPs using a wide range of anisometric shapes
and their assemblies in different media. We outline a basic theoretical investigation, which assists the
interpretation of the experimental data, including the effect of the size, shape and assembly of MNPs on
the MNPs’ hysteresis loops and the maximum heat delivered. We report heat release data of anisometric
MNPs, including nanodisks, spindles (elongated nanoparticles) and nanocubes, analysing, for a given
shape, the size dependence. We study the MNPs either acting as individuals or assembled through a mag-
netic-field-assisted method. Thus, the physical geometrical arrangement of these anisometric particles,
the magnetization switching and the heat release (by means of the determination of the specific adsorp-
tion rate, SAR values) under the application of AC fields have been analysed and compared in aqueous
suspensions and after immobilization in agar matrix mimicking the tumour environment. The different
nano-systems were analysed when dispersed at random or in assembled configurations. We report a sys-
tematic fall in the SAR for all anisometric MNPs randomly embedded in a viscous environment. However,
certain anisometric shapes will have a less marked, an almost total preservation or even an increase in
SAR when embedded in a viscous environment with certain orientation, in contrast to the measurements
in water solution. Discrepancies between theoretical and experimental values reflect the complexity of
the systems due to the interplay of different factors such as size, shape and nanoparticle assembly due to
magnetic interactions. We demonstrate that magnetic assembly holds great potential for producing
materials with high functional and structural diversity, as we transform our nanoscale building blocks (ani-
sometric MNPs) into a material displaying enhanced SAR properties.

Introduction

Several studies suggest that a key aspect for efficient magnetic
particle hyperthermia (MHT) is the accurate control of the heat
release at the nanoscale, which is critically related to the use
of magnetic nanoparticles (MNPs) with optimal and controlled
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size," shape® and geometrical configuration.’* While theore-
tical studies base the evaluation of nanomaterials designed for
MHT on the determination of the hysteresis area under
different AC fields, experimental studies rely primarily on the
determination of the specific absorption rates (SAR), which is
a physical parameter related to MNPs’ heat dissipation. The
most common calorimetric method to evaluate the SAR is the
placement of a suspension of MNPs into alternating magnetic
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fields (AMFs): the suspension absorbs the energy from the
field and transforms it into heat. If the field is strong enough,
and also thermal losses are small enough, SAR values can be
evaluated from the following equation: SAR = (Cryq/cre) % [dT/
de] (t = 0), i.e. from the temperature derivative over time at
instant ¢ = 0 given the heat capacity of the solvent (Cy;q) and
the mass iron concentration (cp).”

Among MNPs, those presenting anisometric shape have
raised great interest in the field of MHT due to their
additional shape anisotropy, which has accounted for
increased heat performances. In the past years, there has been
hectic research on the heat released by anisometric nano-
particles, including nanocubes, nano-octopods,” nano-
flowers,® elongated nanoparticles”'® and nanodisks'' and, in
some cases, their corresponding heat release mechanisms. As
an example, Cabrera et al. reported a large decrease (80%
drop) in the SAR of 21 nm magnetite cubes (this size lies in
superparamagnetic-ferromagnetic regime) in viscous media
(~100 mPa s), which was attributed to the Brownian relaxation
suppression.’” On the contrary, cubes of 14 and 11 nm (most
probably with a superparamagnetic behaviour) had a less
marked drop in the SAR (18 and 10%, respectively), as these
systems were relaxing essentially through the Néel mecha-
nism."® However, D. Serantes et al. recently predicted through
simulations the possibility to shift from the Brownian to the
Néel mechanism in a system of disk-like anisometric NPs.
While at low frequencies it was predicted that the disks
absorbed energy and transformed it into particle rotational
energy, at high frequencies the behaviour depended on the
amplitude of the applied field: for large field amplitudes
(greater than the switching field) the energy went into internal
energy (heating), whereas for small field amplitudes the
energy went into rotational motion.'* On the other hand, it
has been widely reported that the magnetization dynamics
under an AC field are intimately associated with the influence
of dipole interactions among MNPs, being able to either
improve or worsen the hyperthermic response of MNPs. In
this context, K. Simeonidis et al. demonstrated that even if
anisometric nano-spindles heat via Brownian relaxation (and
such a contribution can be discarded as a heating mechanism
in relevant media similar to that of tumours), the formation of
their corresponding chains led to the heat dissipation by the
Néel reversal mechanism (due to a progressive reorientation of
the elongated structures during the AC treatment)."”> As such,
both the optimization of the applied AMFs and the oriented
assembling of MNPs are recognized as important ways to opti-
mize MHT. In fact, reorientations of nanoparticles under AC
fields have been reported to take place in vitro, modifying
their heating performance."®

This work aims at the study of precisely the above-men-
tioned aspects of the design of MNPs for MHT, including the
size, shape and their assembly, both from a theoretical and
experimental point of view, giving rise to different magnetic
hyperthermia scenarios. We describe an experimental investi-
gation into the potential of a series of different anisometric
MNPs under AMFs. In order to provide a basis for interpret-
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ation of the experimental data, we provide a theoretical insight
for determining the maximum SAR value (equivalent to the
hysteresis area) for iron oxides nanoparticles (either magnetite
or its oxidized form, maghemite), considering that the heat
dissipation mechanism is the magnetization reversal over the
anisotropy energy barrier. We consider two different sizes of
each shape, and the different MNPs are investigated acting
either alone or collectively (thanks to their pre-assembly) to
release heat. The physical geometrical arrangement of these
anisometric particles, the magnetization switching, reorienta-
tion and the heat release under the application of AC fields are
analysed in aqueous suspensions and after immobilization in
agar matrix. Therefore, the presented MNPs were dispersed
either randomly or assembled and the magnetic characteriz-
ation was studied in two different orientations.

With respect to the synthesis of MNPs, the enormous pro-
gress that has been done in the chemical synthesis of nano-
structures, allows nanotechnologists to prepare MNPs with
well-controlled composition and morphology.> We have
selected hydrothermal and solvothermal routes, previously
reported by some of us, for the preparation of the following
anisometric ~ Fe;O4/y-Fe,0;  MNPs:  polyhedral/cubic,'”
elongated,’ disk-shaped'® and ensembles consisting of smaller
cores (nanoflowers)."® Hydrothermal and solvothermal routes
are more environmentally friendly, reproducible and scalable
because of the use of non-toxic solvents and milder reaction
conditions, overcoming some of the major concerns of the
current MNPs synthetic approaches.>’

With regard to the assembly of the anisometric MNPs, the
selected method is magnetic assembly. This is an approach
that acts at the nanoscale level, holding great potential for pro-
ducing smart materials with high functional and structural
diversity’" and transforming nanoscale building blocks into a
material that displays enhanced properties relative to the sum
of its parts.”> Magnetic-field-assisted assembly consists of the
application of an external magnetic field to a solution contain-
ing MNPs. The magnitude of the applied magnetic field pro-
motes the alignment of magnetic moments of the nano-
particles and the strong dipole-dipole interactions between
the neighbouring nanoparticles lead to a close-packed pattern
with an energetically favourable configuration.>® In compari-
son with other methods of assembly, i.e. those driven by mole-
cular interactions or template methods,> magnetic-field-
assisted assembly has the advantage of creating orientational
order of the building blocks or producing positional order
within the assemblies with delicate control over crystal sym-
metry and lattice constant.”® In addition, the use of aniso-
tropic magnetic nanoparticles as building blocks can change
substantially the collective magnetic properties of the assem-
bly due to their additional shape anisotropy; and can affect the
orientational order of the building blocks. As an example,
E. Wetterskog et al. reported colossal anisotropy of the
dynamic magnetic susceptibility in rod-shape assemblies of
nanocubes.”” C. Jiang et al. likewise reported enhancement of
coercivity and saturation magnetization in rod-shape assem-
blies of spherical and polyhedral nanoparticles.”®

This journal is © The Royal Society of Chemistry 2021
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Therefore, the present work addresses a major challenge in
MHT roadmap: understanding the dynamics of non-spherical
MNPs under the application of AC fields in a viscous environ-
ment. Although we report a systematic fall in the SAR values
for most of MNPs (either alone or assembled) in viscous
environment, certain anisometric shapes will have an almost
total preservation or even an increase in SAR when embedded
in a viscous environment with certain orientation.

Experimental and computational
details
Synthesis of anisometric nanoparticles

Magnetite nano-sized disks and spindles were synthesized in a
two-step procedure through the reduction of silica-coated
intermediated formed oxides and oxy-hydroxides as previously
described."® However, flowers'® and cubes'” were synthesized
directly by a polyol mediated synthesis and by oxidative pre-
cipitation in aqueous/alcohol media, respectively. Below are
found all the experimental details for their synthesis. The
main morphological and magnetic characteristics of the par-
ticles are summarized in Table 1. A scheme of the particles
under study and their synthesis routes are presented in Fig. 1.

Disks

Magnetic iron oxide nanodisks were first prepared as hematite
(a-Fe,03) by the precipitation of FeCl;-6H,0 in the presence of
sodium acetate into a Teflon-lined autoclave maintained at
180 °C for 12 h. Iron chloride was dissolved in 50 mL of absol-
ute ethanol and 1 mL of water under vigorous magnetic stir-
ring before sodium acetate was added in the mixture. The con-
centrations of FeCl; and sodium acetate in the final solution
were 0.096 M and 0.58 M, respectively. Water content is the
critical parameter to control disk dimensions. An increase of
water content from 1 mL to 5 mL results in the significant
decrease of the obtained disks diameter. The intermediate
solid product was washed with distilled water and dried over-
night at 50 °C. For the silica coating of the obtained nano-
particles, a quantity of the dried particles (100 mg) was dis-
persed in a 300 mL solution of 2-propanol/H,O 2:1 v/v,
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NH,OH 28% v/v (4.5 x 107" M) and tetraethyl orthosilicate
(TEOS) (2.8 x 107® M) under sonication. The reaction was
allowed to continue for 15 min. The product was washed twice
with 2-propanol and dried overnight at 50 °C. The silica-coated
precursor nanoparticles were reduced to obtain Fe;0, by treat-
ment at 360 °C in a H, atmosphere (1 atm) for 3.5 h.

Spindles

For the preparation of magnetic nano-sized spindles, goethite
(a-FeOOH) was prepared through the aqueous precipitation of
FeSO,4-7H,0 in the presence of Na,CO;. A solution of 0.15 M
FeSO, and 0.225 M Na,CO; were mixed to control the concen-
tration ratio [CO,>7/Fe**] at 1.5. The resulting solid was oxi-
dized in a thermostatic water bath at 44 °C under moderate
stirring by bubbling air at a constant flow. The main parameter
controlling the particle elongation is the [CO;>7/Fe**] ratio. In
particular, increasing the ratio in the range 1.5-12 results in
smaller spindles’ size. Both the surface coating of the spindles
with SiO, and the subsequent reduction of the spindles (from
a-FeOOH to Fe;0,) were performed identically to the pro-
cedure above described for disks.

Flowers

Small magnetic iron oxide nanoflowers were synthesized
directly by a polyol-mediated method. Typically, nanoflowers
around 27 nm were obtained by mixing FeCl;-6H,0 (4 mmol)
and FeCl,-4H,0 (2 mmol) in diethylene glycol and N-methyl
diethanolamine (1:1 v/v, 80 g) at room temperature and
adding a suspension of NaOH (16 mmol) dissolved in the
polyol (40 g). The temperature of the mixture was then elevated
to 210 °C with a rate of 2 °C min™" and stirred for 12 h. When
the reaction was cooled down, the nanoparticles were separ-
ated magnetically, washed, acid treated with iron(ur) nitrate at
80 °C for 45 min, treated with nitric acid at RT and washed
again. Citric acid was used to stabilize the particles in suspen-
sion by adding 13 mL of a 0.1 M citric acid solution to 7 ml of
a suspension containing 20 mg of Fe at pH 2. Afterwards, the
mixture was heated at 80 °C for 30 min. The solution was cen-
trifuged and washed with distilled water. Finally, the pH was
adjusted first to 11 with 1 M KOH and then to 7 with 0.01 M
HNO;. Large size of approximately 130 nm was also obtained

Table 1 Main morphological and magnetic characteristics of the studied samples. The dimensions are related to the longest dimensions of the
nanoparticles along two perpendicular directions and the size distribution is included between brackets

Magnetization Coercive field
(Am? kgp. ™) (kA m™)
Sample Dimensions (nm) Hydrodynamic diameter (nm)/PDI 5K 290 K 5K 290 K
Disks 90 (+18) x 17 (+4) 255 (0.35) 90 81 47 20
155 (+15) x 27 (+6) 201 (0.35) 121 113 50 18
Spindles 60 (+18) x 23 (+9) 147 (0.14) 101 90 26 9
250 (£50) x 50 (+10) 447 (0.10) 98 95 70 18
Flowers 27 (+3) 50 (0.17) 128 97 12 0
130 (+16) 156 (0.04) 127 103 10 0
Cubes 22 (£8) 95 (0.16) 118 113 18 0
44 (+7) 136 (0.13) 135 120 30 11

This journal is © The Royal Society of Chemistry 2021
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indirect hydro/solvothermal-based routes (yielding disks and spindles),

direct solvothermal-based route (yielding flowers) and direct oxidative precipitation route (yielding nanocubes). TEM images show the well-defined
shape of the MNPs: (a) disks 90 x 17 nm; (b) disks 155 x 27 nm; (c) spindles 60 X 23 nm; (d) spindles 250 x 50 nm; (e) nanoflowers 27 nm; (f)

nanoflowers 130 nm; (g) nanocubes 22 nm and (h) nanocubes 44 nm.

through a polyol approach by dissolving FeCl;-6H,O in ethyl-
ene glycol in the presence of trisodium citrate (Na;Cit) and
sodium acetate (NaAc). The final concentrations of the
reagents were [FeCl;] = 0.21 M, [Na;Cit] = 0.05 M and [NaAc] =
0.76 M. The mixture was then sealed in a Teflon-lined alumi-
num autoclave and maintained at 200 °C for 10 h. After
cooling down, the black product was washed three times with
distilled water by centrifugation.

Cubes

For comparison with a symmetrical-shaped system, cubic
shaped nanoparticles were produced following the partial oxi-
dation of FeSO,-7H,0 by NaNO; in water. Dimensions of the
particles were controlled through the excess of OH™.>® Briefly,
an Fe(u) solution was quickly added to a basic solution in the
presence of a mild oxidant under stirring in an oxygen free
atmosphere (glove box under nitrogen). The final concen-
trations were 0.2 M Fe**, 0.2 M NO;™~ and an excess [OH | of

15634 | Nanoscale, 2021,13,15631-15646

0.02 M after the precipitation of Fe(OH),. The initially formed
green rust was mechanically stirred for 15 min and then, the
reaction intermediate was aged at 90 °C for 24 h without agita-
tion to obtain magnetite nanocrystals. Particle size is reduced
from 44 nm to 22 nm by introducing ethanol in the media at
25%.

Orientation and immobilization of MNPs

For the orientation of nanoparticles, they were dispersed in an
agar solution at 70 °C (2% w/v) by sonication so that the final
concentration was 2 mg Fe per mL. Then, the mixture was
allowed to cool down in the presence of a homogeneous mag-
netic field of 50 kA m™". Specimens with randomly distributed
nanoparticles were obtained by the same process skipping the
application of the magnetic field during cooling. The soni-
cation at high temperatures for long time (30 min) indeed
minimizes magnetic particle interactions and random
orientation.

This journal is © The Royal Society of Chemistry 2021
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Characterization

Electron microscopy (SEM and TEM) imaging was performed
using FEI Quanta 200 ESEM FEG and FEI Nova NanoSEM
230 microscopes with a field-emission gun operating at 30 kv
whereas transmission electron microscopy (TEM) images were
captured by a JEOL JEM1010 microscope, operating at 100 kV.
Samples were prepared by placing a drop of the particles sus-
pended in water onto a carbon coated copper grid and allow-
ing it to dry at room temperature. The mean particle size and
distribution were determined from the TEM images by manual
measurement of the largest dimensions along two perpendicu-
lar directions of more than 100 particles using the public
domain Image]J software.

Colloidal properties were analysed by dynamic light scatter-
ing (DLS). Measurements were carried out in a Zetasizer Nano
S, from Malvern Instruments. The data analysis was performed
with the 2°¢ cumulant method, and the Gaussian distributions
are intensity-weighted.

Magnetic measurements of the randomly and magnetically
oriented specimens were performed in a Quantum Design
MPMS XL SQUID magnetometer at room temperature. Here,
measured samples were prepared by depositing a drop of a hot
agar dispersion with nanoparticles on a Si substrate, which
was then allowed to cool in the presence or absence of a 50 kA
m~" magnetic field. The magnetic moment per particle
has been calculated taking into account the M; value and par-
ticle’s weight, obtained from the volume of each particle as a
function of the size and shape, and the maghemite density
(4.9 gcem™).

Magnetic hyperthermia

Calorimetric measurements on the heating efficiency of
nanoparticles under an AC magnetic field were acquired
using a commercial converted 4.5 kW inductive heater at fre-
quency 765 kHz and magnetic field intensity of 24 kA m™".
The specific absorption rate (SAR) was derived from the slope
of the temperature versus time curve after subtracting water
background signal and heat losses to the environment.
Temperature was monitored by using an Opsens PicoM
device with a GaAs-based fiber optic probe. For each nano-
particle system four sets of measurements were performed
involving (i) 1 mL of aqueous dispersion, (ii) oriented agar
specimens with formed chains placed parallel to the AC field,
(iii) the previous specimens with formed chains placed per-
pendicular to the AC field and (iv) randomly distributed agar
specimens.

The orientation of the nanoparticles randomly distributed
in agarose gel was also attempted under the application of a
24 kA m™" AC magnetic field for sufficient time intervals to
reach a temperature of around 48 °C and kept at these levels
for 30 min by switching on/off the field. Finally, each sample
was cooled down to room temperature and any modification of
the SAR value owed to chain formation was evaluated by calori-
metric measurements.

This journal is © The Royal Society of Chemistry 2021
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Magnetophoresis experiments

The magnetophoresis experiments were performed in a
SEPMAG Q500mL low-gradient magnetic field (LGMF) (<100 T
m™") separation system by placing a bottle of radius 4 cm con-
taining 500 mL of a 0.03 M aqueous nanoparticles dispersion.
The specific system is based on a cylindrical cavity within an
arrangement of permanent hard magnets generating a con-
stant magnetic field gradient along the radius. The initial
black-brown dispersion becomes transparent progressively,
reaching a quasi-transparent final state with all particles close
to the walls of the bottle. Opacity measurements were recorded
using the external light source. Typical magnetic separation
curves consist on a plateau corresponding to the reversible
aggregation time followed by a progressive decay of the suspen-
sion opacity until 100% transparency is reached.

Computational details

All the simulations were performed with the OOMMEF software
package,”” which allowed us to perform different types of
simulations: in a quasi-static micromagnetic approach we dis-
cretised the particles and performed studies of shape and size
effects. In dynamical simulations of large particle ensembles,
the nanoparticles corresponded to the monodomain size,
which allowed us to study the average behaviour of entire
systems with and without thermal fluctuations. We used the
material bulk parameters of magnetite (maghemite), with the
cubic anisotropy constant K¢ = —11 k] m™>, (—46 k] m™?), and
Mg =480 kKA m™" (414 kKA m™"). The quasistatic simulations for
the study of the threshold nanoparticles size exhibiting the
coherent-reversal mechanism were performed using the energy
minimization evolver with the stopping criterion set to
mx H x m=01Am™", with s the unit magnetization direc-
tion and H the effective magnetic field. The unit cell discreti-
zation size was taken as 0.5 nm, and the exchange constant
value was 1.0 x 10~"" J m™". The dynamical simulations were
based on the macrospin approximation, where the magnetic
moment (¢) of each particle is a large macrospin proportional
to its size, || = MgV, with Mg and V the saturation magnetisa-
tion and particle volume, respectively (i.e., the atomic mag-
netic moments rotate coherently). For the simulations of ran-
domly dispersed systems, the easy axes of each nanoparticle
are randomly distributed by means of the standard
Oxs_RandomVectorField OOMMTF class and no demagnetising
fields were considered. The number of nanoparticles for this
type of simulations was 1000. The dynamics of each particle
moment are described by the Landau-Lifshitz-Gilbert
equation, with the damping constant fixed as a = 0.1. An
additional random field obeying the fluctuation-dissipation
theorem is used to account for thermal effects.?®

Results and discussion

Before presenting an experimental investigation of the effects
of particle morphology, characteristic size and assembly on
their magnetic properties and heating capabilities, we show

Nanoscale, 2021,13,15631-15646 | 15635
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some idealised model calculations. The aim of the calculations
is firstly to provide a general guide for the experiments and
secondly to determine the limits of the current model and,
therefore, to suggest further lines for experimental and theore-
tical developments.

Theoretical framework

Maximum attainable heating. The maximum amount of
electromagnetic energy that can be converted into heat is
defined both by the applied field and by the magnetic
material, and both are strongly limited. Regarding the field,
the combination of its amplitude (Hu.,) and frequency (f)
must be such that no eddy currents are induced in the biologi-
cal media; at the same time, there are intrinsic engineering
difficulties for producing homogeneous AC fields for human-
size dimensions. In practice, usual hyperthermia experiments
consider amplitudes of a few tens of mT, with frequencies in
the range 0.1-1.0 MHz. With respect to the magnetic material,
while the coating allows a relatively broad range of possibili-
ties, most current research is focused on magnetic iron oxides
cores based on their good biocompatibility. The question is,
therefore, what are the conditions for optimum absorbance of
electromagnetic power when using iron oxides as thermal
agents.

Considering single-domain iron-oxide nanoparticles within
the macrospin approximation (coherent rotation of the atomic
magnetic moments), the dominant heat dissipation mecha-
nism is Néel reversal of the magnetization over the anisotropy
energy barrier in applied field; note that the physical rotation
of the particles within the viscous media has been shown to
provide negligible heating in biological conditions.>**° We
note, however, that easy axis orientation via particle rotation
can affect the Néel reversal mechanism.">**** In the following
we will analyse the attainable efficiency in electromagnetic-to-
heat energy conversion in terms of Néel reversal.

First, we focus on the materials/field relationship, i.e., con-
sidering blocked nanoparticles (their energy barriers are large
with respect to thermal fluctuations) and fixing their size to
that corresponding to the coherent rotation mechanism. Some
illustrative dynamic hysteresis loops for this ideal case of
blocked nanoparticles for usual hyperthermia conditions and
the corresponding maximum areas are shown in Fig. 2, for
randomly dispersed magnetite (Fe;O,) crystals. Please note
that while these results are independent of the particle size,
the key assumption of coherent rotation in practice would
correspond to sizes of tens of nm in diameter. The hysteresis
loops shown in panels (a)-(c) for different H,,,, values exhibit
the usual features corresponding to the cubic negative an-
isotropy constant (K; < 0) characteristic for magnetic iron
oxides; the quasistatic case limit (solid grey lines) reproduces
the theoretical values for remanence and coercivity, My =
0.87Ms and H¢ = 0.2Hy, respectively, where Hy = 2|K]|/poMs is
the anisotropy field. Also shown (grey lines) is the maximum
SAR achievable if the anisotropy were tuned such that Hx =
Hpax. It is clearly observed that increasing Hp,ax results in
larger areas (i.e., bigger SAR), but always smaller than the

15636 | Nanoscale, 2021, 13, 15631-15646
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Fig. 2 Representative hysteresis loops for randomly dispersed non-
interacting magnetite nanoparticles for different values of Hax: (@)
7 mT, (b) 14 mT, and (c) 21 mT, for f = 765 kHz and T = 0 K. In each case
the coloured rectangle stands for the maximum possible area, and the
grey curve line corresponds to the theoretical quasistatic limit. Panel (d)
shows the SAR vs. H.x evolution of both pure magnetite (FezO4) and
maghemite (y-Fe,Os) cases for the same frequency and again without
thermal effects, where the solid lines stand for the associated maximum
possible value (square loop) based on the corresponding Ms values.

maximum deliverable energy, represented by the coloured
areas. This suggests that considerable increases of SAR are
possible using materials with large anisotropy. The depen-
dence of SAR vs. Hy,.x is shown in Fig. 2(d) together with the
theoretical possible maximum SAR, which - as anticipated
from the loops is significantly bigger.

Role of particle size. We shall analyse now the role of the
particle size, as it adds a critical dimension to the magnetic
response of the particles due to the possibility of thermal
activation over energy barrier and/or transition to non-coher-
ent reversal mechanism. Thus, the nanoparticle size has a
close interplay with the field amplitude. Thus, in Fig. 3(a) it
is observed that, depending on Hy,.yx, the SAR may exhibit two
distinct behaviours: a sigmoidal increase with particle size
for large fields; or first an increase and then a decrease, for
small fields. For a given size, larger field amplitudes always
increase SAR. We note that for simplicity we have just focused
on magnetite, as it is the phase expected to dominate for
large sizes, but the same considerations apply in general to
maghemite.

An additional aspect to consider regarding the size depen-
dence is that for large sizes the particle magnetization will
eventually undergo a transition to a noncoherent reversal
process, less costly energetically and hence less efficient for
hyperthermia. This is shown in Fig. 3(b), where the remanent
magnetisation displays a decrease from maximum value (ie.,
coherent behaviour) at about 65 nm. Larger sizes therefore do
not correspond to the macrospin approximation and thus
their heating performance cannot be interpreted within this

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Panel (a) shows the size-dependent SAR for different field ampli-
tudes, for f = 765 kHz at T = 300 K for magnetite randomly distributed
nanoparticles. Panel (b) displays the size dependence of the spon-
taneous magnetisation (M), with the dashed area corresponding to
non-collinear arrangement of the magnetization. Panels (c—e) show the
size-dependent SAR of randomly oriented magnetite nanoparticles with
different uniaxial-anisotropy constant, K, (5, 10, and 15 kJ m~3, respect-
ively). For each case, three different field amplitudes (5, 15, and 30 mT)
are considered; the light solid lines in panels (c—e) reproduce the data of
the spherical case (a-panel) for comparison. For illustrative purposes,
the aspect ratio for ellipsoidal shape that would correspond to the
additional K, contributions is shown. The x-axis labelled "dequi," stands
for the spherical size of equivalent volume for the different ellipsoids, so
that volume ranges are the same for the different aspect ratios.

assumption. This is the reason why the corresponding SAR
values are shown with a shadow area in panel (a).

Role of particle shape. Another significant characteristic is
the shape of the magnetic nanoparticles, which plays a double
role in their hyperthermia performance: on the one hand, by
bringing extra sources of anisotropy into play; and on the
other hand, by defining the interaction of the particle with the
environment.

Regarding the anisotropy, the particle shape results in
additional contributions that compete with, and often domi-
nate, the magnetocrystalline term.*>® Furthermore, the asym-
metry in the particle geometry may also bring into play other
sources of anisotropy (surface, magnetoelastic effects) as sig-
nificant contributions to the effective energy barrier.>”**

Regarding purely geometrical considerations, the shape of
the particle will define its interaction with the environment in
two different ways: on the single-particle level, by defining its
interaction with the viscous embedding media and, from a col-
lective-system consideration, in forming closely packed
arrangements as those often encountered after cell internaliz-
ation, ie. the shape of the particles will define their spatial
arrangement relative to each other and therefore the heating
response.

The simplest way of considering shape effects regarding an-
isotropy is probably by taking spherical particles and slightly
modifying their aspect ratio into ellipsoidal shape, where well
established relations define the extra uniaxial anisotropy con-
tribution (K,) coming from the magnetostatic energy depend-
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ing on the aspect ratio of the ellipsoids.*® This is in addition
to the intrinsic cubic anisotropy value of K. = —11 k] m™.
Some illustrative examples of simulated SAR values vs. size for
magnetite particles with an additional uniaxial anisotropy
term are shown in panels (c)-(e) within Fig. 3, for K, = 5, 10,
and 15 k] m™, respectively. A sketch of the ellipsoid dimen-
sions (together with the aspect ratio) is shown in each case for
illustrative purposes. To ease the comparison with the only-K¢
case of the (a) panel, just 3 field amplitudes are shown for
each K, value, using the same labelling as in panel (a) and the
light solid lines representing the respective curves for spherical
nanoparticles (K, = 0). Examples of hysteresis loops for various
particle sizes and anisotropy values are displayed in Fig. S1
within the ESI file.}

In Fig. 3 it is observed that the variation of the heating pro-
perties with nanoparticle size in the presence of an additional
shape anisotropy contribution is complex but systematic.
Consider first the case of spherical particles (panel (a). For the
larger fields the SAR increases monotonically even in the non-
coherent rotation regime. For the lowest field investigated the
dependence of SAR on diameter is non-monotonic, decreasing
above a critical diameter. From the Arrhenius-Néel law one
can determine a critical volume using KV, = kT x In(f'f,)(1 —
H/Hy) ™" where f is the field frequency and f, is the pre-
exponential factor of the Arrhenius-Néel law. Above the critical
diameter corresponding to V. the switching probability and
hence SAR decreases as shown. For small fields V. decreases
with K consistent with panels (c)-(e). For maximum field
values H > Hy, the critical volume is infinite and there will be a
monotonic increase to saturation. This is borne out by the
data of Fig. 3. For example, in the case of K, = 5 k] m™ (Hj =
20 mT) a peak has emerged for a maximum field of 15 mT and
for K, = 10 k] m™ (Hy = 40 mT) a peak appears in the data for
a maximum field of 30 mT. These results suggest that maximal
values of SAR could be obtained by varying the anisotropy but
with a greater requirement for control over the particle size.
Note that for the moment we have not considered the field fre-
quency, as its role is equivalent to that of the particle size.

Role of particle assembling. Another key aspect defining the
heating performance is the particle assembling, as it is often
observed that particles tend to aggregate after cell internalis-
ation,”” which may completely define their heat release in
comparison with the randomly dispersed case.”® *> The assem-
bling process is defined by a complex interplay between a
broad range of parameters, including the media properties
(viscosity, pH), the nanoparticle characteristics (size, shape,
anisotropy), the field parameters (frequency and amplitude)
and, obviously, the sample concentration see e.g. Bakuzis et al.
and references therein.*® In the following we will briefly
outline some basic aspects of the role of particle assembling,
and discuss those in relation to the two previous key elements
for heating, i.e. particle size and shape.

In general, the dominant interparticle interactions are mag-
netostatic in origin. Within close-packed arrangements the
shape of the particles may define the cluster geometry, due to
pure geometrical constraints. These aspects are highlighted in
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Fig. 4, for the case of cuboids of different aspect ratios: regular
(cube), elongated, and flat (see top (a) panel). The bottom (b)
panel shows how the SAR varies depending on the number of
particles within the cluster (N), for clusters with chain-like
shape with the field applied parallel to the chain direction.
The dimensions for the different shapes are adjusted so that
the particle size is always the same, and therefore the only
difference is the particle shape. For completeness, two
different particle sizes are considered, equivalent to spherical
particles of 44 nm and 22 nm in diameter, shown in top and
bottom panels within Fig. 4(b). The sizes were chosen for com-
parison with experiments with 44 nm particles with chain-like
geometry and uniaxial-assumption simulations.

In Fig. 4, completely different trends are observed depend-
ing on the particle geometry: for cubes, the SAR increases
when forming a dimer, but becomes essentially negligible for
higher numbers of particles due to minor loop generation. For
asymmetrical cuboids, the SAR increases for up to 3 particles
for the biggest particle size, but such continues increasing up
to 4 particles for the smaller sizes for the flat cuboids. It is
clearly illustrated that assembling is per se a critical factor
defining the hyperthermia performance, but that it also
strongly depends on the particle size and shape which in turn
constitute complete hyperthermia-defining aspects in their
own right, as previously described.

(a)
. g
a 1.12a

(b)
>
o)
(52
&
o
=
=
0
<
n
N
Fig. 4 (a) Sketches of the different geometries of cuboids with different

aspect ratios but same particle size, including a regular one (green
cube), a flat (blue cuboid), and an elongated one (red cuboid). Panel (b)
shows the SAR evolution as a function of chain length for the different
geometries, for two different particle sizes (equivalent to spheres of
44 nm and 22 nm in diameter for the top and bottom panel, respect-
ively). The error bars represent the standard deviation in SAR over 20
cycles, for each case.
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The general scenario presented above briefly summarizes
some basic aspects of key parameters defining the hyperther-
mia performance of magnetic nanoentities. An additional
complexity is the lack of theoretical tools able to systematically
approach the general problem, as only very specific cases can
be efficiently treated: in general, treating the shape in a com-
plete manner, especially for large nanoparticles, would require
a micromagnetic description that current computational tech-
niques cannot simulate on the timescale corresponding to the
hyperthermia scenarios. This is particularly limiting for the
case of assemblies of particles: while the dipole-dipole
approach can be effective to describe for example chains of
spherical particles, including the shape can only be efficiently
done (in terms of computational resources) for very simple
cases as for example the cuboids described here. But even this
case would correspond to a very ideal situation, with no inter-
layer spacer between the particles, lack of size/shape polydis-
persity, etc. In the following we will describe some experiments
assessing the potential of anisometric MNPs, including disks,
ellipsoids, cubes and flowers, for MHT. We provide two
different sizes of each shape, well within the range of simu-
lated ones (equivalent volumes), and the MNPs will be studied
in water or in viscous media randomly oriented or assembled
with the aid of an external magnet. In agreement with the
theoretical studies about the need of high fields to overcome
Hy, a large magnetic field intensity of 24 kA m™" was used in
our experiments.

Structural, colloidal, and magnetic behaviour of anisotropic
magnetic nanoparticles. The studied Fe;O, nanoparticles
present the shape of disks, spindle and flowers (see Fig. 1 for
TEM images and Fig. 5 for SEM images). For each morphology,
at least two size variations were synthesized. The average
dimensions and morphologies were determined by electron
microscopy and are summarized in Table 1. Disks (a and b)
are well-defined particles with a diagonal-to-thickness ratio of
5.5 and a hexagonal-shaped outline, sharper for larger (155 x
27 nm) and smoother for smaller ones (90 x 27 nm). TEM
images clearly show the tendency of smaller disks to spon-
taneously form medium-range side-by-side arrangements,
unlike the bigger ones, which present a random spatial con-
figuration. On the other hand, spindles (c and d) show a
higher variation in the length-to-thickness ratio (2.5-6) and
regardless of the size, TEM shows no self-arrangement occur-
ring spontaneously. Due to the synthesis route followed for the
spindles and the disks, these morphologies present voids in
their volume,'® nevertheless despite their large size and the
porosity associated to their synthesis route, these samples
have a monocrystalline structure (Fig. S2+). Flower-like nano-
structures (e and f) are macroscopically observed as almost
spherical nanoparticles of 27 and 130 nm, respectively, but
higher magnifications reveal the presence of much smaller
cores (<10 nm) as building units of such aggregates and
indeed they present a polycrystalline structure.® In addition,
22 and 44 nm (in edge lengths) cubic shape nanoparticles with
a monocrystal structure®” were synthesized (g and h) for a com-
parison to the other systems proposed in this study. Also, in
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Fig. 5 SEM images of studied samples with different morphologies and sizes: (a) disks 90 X 17 nm and (b) 155 X 27 nm, (c) spindles 60 X 23 nm and
(d) 250 x 50 nm, (e) flowers 27 nm and (f) 130 nm. (g) Suspension homogeneity versus time of the separation processes for disks, spindles and
flowers of different sizes. Samples are initially homogeneous (t)), tso indicates the point of aggregation formation and t; corresponds to the steady
state where separation is completed. (h) The bars stand for the SAR values for studied nanoparticles dispersed in water at 2 mgr. mL™, under an AC

field of 24 kA m~* amplitude and 765 kHz frequency.

the case of the cubes, as in the case of the flowers and spin-
dles, no spontaneous arrangement of the particles occurs.

In general, samples selected in this work are monodis-
persed in size with narrow size distributions (standard devi-
ations, o ~0.2, except flowers of 27 nm that present ¢ ~ 0.1).
Such deviations are linked to the hydrothermal and solvo-
thermal methods that offer a good control in terms of size
distribution.

Although TEM shows no spontaneous self-arrangement for
all shapes except for disks, the corresponding hydrodynamic
size characterized by DLS measurements in the aqueous nano-
particle suspensions is indicative of certain aggregation degree
(Fig. S3 and S4t). The highest divergence between the actual
dimension derived from TEM images and the hydrodynamic
diameter is found for the smaller disks, consistent with the
observed lineal packing. Assuming a side-by-side orientation
of disks, the hydrodynamic diameter of 255 nm is equivalent
to an average linear arrangement of 15 particles. The slight
increase in the hydrodynamic dimensions observed for some
samples (in comparison with the dimensions determined by

This journal is © The Royal Society of Chemistry 2021

TEM), if so, is attributed to random aggregation due to their
magnetic nature, as explained below. The relative spatial con-
figurations of the MNPs with different morphologies were like-
wise studied by SEM (Fig. 5(a-f) for the disks, spindles and
flowers) and, in agreement with our observations by TEM, only
the disks of smaller size form linear arrangements. In
addition, all the MNPs are expected to have negative surface
charge at pH 7.5%7%8

The contribution of size, size distribution and structural
defects of studied samples are also reflected in the measured
magnetic properties. Fig. S5 shows the hysteresis loops
recorded for disks, spindles and flowers at room temperature,
showing that only the flowers have a superparamagnetic
behaviour at room temperature. The rest of magnetic para-
meters (both at room temperature and at 5 K) of these mor-
phologies are shown and compared to that of the cubes in
Table 1. Magnetization values range between 81-120 Am?
kgp. ' with the lowest values corresponding to the smallest
disks and spindles for which a large number of voids were
formed during the synthesis. On the other hand, the satur-
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ation magnetization for better crystalline nanoparticles
approaches the bulk value for Fe;O, or y-Fe,O;. Flowers
present a superparamagnetic behaviour at room temperature
with zero coercivity in spite of their total particle sizes (around
30-130 nm). This is clearly a feature of its flower-like mor-
phology where each particle consists of several cores, crystallo-
graphically oriented or even fused with some exchange inter-
actions between cores.*” This is a very relevant aspect for MHT,
based on the key role the internal structure may play on the
relaxation mechanism. The rest of the samples show the
typical ferrimagnetic characteristics of iron oxide nano-
particles with sizes well above the superparamagnetic limit
(>20 nm) with a coercive field ranging between 9-20 kA m™" at
room temperature and up to 50-70 kA m™"* for disk and spin-
dles at low temperature due to the shape anisotropy
contribution.

The potential effect of an external DC magnetic field on the
behaviour of the nanoparticles has been initially studied by
monitoring the time-dependence of turbidity of highly diluted
water dispersions ([Fe] = 0.03 mg mL™") placed into a cylindri-
cal cavity surrounded by permanent magnets with a radial
field gradient of 100 T m™". Fig. 5(g) shows the monitoring of
the stability of the suspensions over time under the presence
of the external magnetic field. The response of each system
should be correlated with the magnetic moment per particle,
the hydrodynamic size, and magnetic interactions. The contri-
bution of surface charge was overridden since electrophoretic
measurements indicated a similar zeta-potential for all studied
samples, which appear negatively charged at the pH of separ-
ation (pH 7). In particular, disks appear very susceptible to the
application of the magnetic field, with their complete and
rapid separation taking place in less than 500 s. Such instabil-
ity should be attributed to the high initial hydrodynamic size
and the quick formation of longer chains triggered by the
applied field and the high magnetic moment per particle
(38-115 x 107*> Am? kg, Table S11). An early loss of hom-
ogeneity (indicated by the ¢50 point) is also observed for large
spindle particles, which is also explained by the high hydro-
dynamic size and magnetic moment per particle (117 x 10~
Am” kgg. ). However, further separation follows a very slow
rate finally meeting the steady-state separation (around 80%)
for the small spindles. This is an indication of the weaker ten-
dency for chain or aggregate formation in this sample, which
exhibits a magnetic moment per particle of 6 x 107'> Am?
kgr. ', As expected, large flowers follow a faster separation rate
than smaller ones, with the latter being only slightly affected
by the applied field and remaining stable for long periods,
probably due to their low hydrodynamic diameter and small
magnetic moment per particle (4 x 107> Am* kgg. ' against
400 x 107" Am? kgg. ' for the larger flowers). Low interparti-
cle interactions in the flowers could be also responsible for the
slower separation suggesting the absence of big aggregates
from the beginning.

The evaluation of the magnetic hyperthermia efficiency in
2 mgg. mL~" water dispersions under an AC field is summar-
ized in Fig. 5(h) and all the heating/cooling curves of the
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different samples are found in Fig. S6.f With respect to the
size for a given shape, the general trend is that an increase in
the dimensions leads to an increase of SAR (as shown by the
disks, the spindles and the cubes), this being more marked for
the disks (although aggregation of the small disks led to small
values of SAR which were difficult to measure accurately). In
the case of large disks and large spindles, maximum values of
SAR were 800 and 750 W gp. ', respectively. It is also worth
noticing that the spindles heat very similarly for such different
sizes probably due to incoherent magnetisation rotation result-
ing from the elongated shape. The particular case of the nano-
flowers does not follow the trend predicted by the theoretical
calculations used in this work because the magnetic properties
of this kind of MNP (packed crystallites), critically depend on
the size, orientation and contact of the cores inside the flower,
giving rise, as in the case of the smaller flowers, to a collective
magnetic behaviour that accounts for such high SAR values in
aqueous solutions, reaching 2400 W g '.>° The corres-
ponding heating rate of large flowers with smaller cores does
not exceed 300 W gg. . Finally, the cubic shape also gives rise
to SAR values that exceed 1000 W g, " for the smallest cubes
and 1500 W gg.~ " for the larger ones. This shape has proven to
be highly efficient for MHT.>'™>*

In order to compare the different shapes, the SAR values
have been normalized by the volume of each particle (Tables
S2 and 3t), establishing the following order in efficiency for
MHT: flower (small) > cube (small) > spindle (small) > cube
(big) > disk (big). In summary, randomly oriented anisometric
MNPs produced by an indirect synthesis protocol (hydro-
thermal/solvothermal + reduction), as in Fig. 5 in water, do not
surpass, in terms of heating efficiency, the most promising
MNPs produced so far by direct hydrothermal/solvothermal
synthesis of magnetite: nanoflowers. On the other hand, SAR
values of small spindles do exceed those of cubic shape. Next,
we gelatinise MNPs with different shapes in agarose matrix,
which represents a tumour tissue phantom system, and assem-
bly the MNPs under a magnetic field gradient.

Assembling anisometric nanoparticles under a static mag-
netic field. The assembling process of the MNPs dispersed in
agar is illustrated in Fig. 6 and SEM images for random agar
dispersions are presented in Fig. S7 and S8.f In biomedical
uses, MNPs are distributed in a viscous environment losing
some degrees of freedom in their movement. For this reason,
results of laboratory measurements on the heating efficiency
of water dispersions usually deviate from actual hyperthermia
tests within the intracellular space.”®***> Experiments in
agarose gel matrices provide a way to simulate the viscosity of
cell environments and therefore, may provide a more accurate
representation.’® The viscosity of our agar solution is around
100 mPa s at room temperature. In our case, the effect of par-
ticle orientation during agarose gel formation under the appli-
cation of an external field was studied as a determining para-
meter for the enhancement of hyperthermia effect.

All MNPs presented a certain degree of assembly, depend-
ing on the geometry and the dimensions of the MNPs.
Electron microscopy has allowed to identify three kinds of

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Schematic of the field-guided gelation process for the orien-
tation of nanoparticles into agarose: first, the nanoparticles with
different morphologies are added to a vial containing the agarose in the
form of viscous liquid (at 70 °C under sonication) and after 30 minutes
under sonication (to obtain a homogeneous sample), the samples are
allowed to cool down naturally. To promote the formation of the assem-
blies with the particles of different morphologies, i.e. disks shown in the
graph, the gelation process takes place under the presence of a magnet,
obtaining stable gels containing assemblies of magnetic nanoparticles.

alignment. Large disks and large spindles assembled forming
micron-sized chains. MNPs have a second-order alignment,
meaning that they display a short-range orientation with
respect to chains (Fig. 7(a). While disks stacked in piles, spin-
dles appear oriented at different angles with respect to the
main chain direction. The second kind of alignment is that of
symmetrical nanoparticles: both large and small flowers, as
well as 44 nm cubes (Fig. S91), which are aligned with the
direction of the applied field not only macroscopically but also
at the nanoscale level. This is also the case of 130 nm nano-
flowers, which form highly ordered assemblies (Fig. S10(a)f).
Obviously, symmetrical shape favours such arrangement since
their aspect ratio is equal to 1. On the other hand, MNPs with
high aspect ratio (A. R. >2-6), such as disks, cannot promote
such ordered structures (Fig. S10(b)f shows in detailed the
disks are not forming straight pillars but, although interacting
face to face with each other, they are displaced with each
other). While the large flowers, disks and nanocubes assemble
in micron-size chains, small flowers and spindles form nano-
size chains (Fig. S11 and 12}). We surmise that this is due to
the thermal mobility of these samples, which competes with
the orientation forces under the influence of an external mag-
netic field gradient, thus, they form isolated nano-size chains.
Also, “free MNPs” (not belonging to any chain) at random posi-
tions, or even in large aggregates in the agar, are present,
which in the latter case are most probably related to the SEM
sample preparation.

Moreover, the heat released by the assemblies of aniso-
metric NPs in water was compared to that of the same aniso-
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metric NPs in agar viscous media and random configuration.
It should be noted that TEM images of the NPs in water show
that none of the morphologies/sizes tend to form spontaneous
assemblies except from the 90 x 18 nm disks (Fig. 5). However,
SEM images of the NPs in agar show a fraction of small
random aggregates (Fig. S7 and S87), which may be hard to
avoid in spite of the sonication at high temperature for long
time (see Experimental section for details). As such, the dis-
persion of MNPs in agarose (randomly) indeed leads to a
reduction of the SAR values (Fig. 7(b), green bars), with the
exception of small spindles, and the big flowers, whose
heating efficiency remains unchanged, and it could be a conse-
quence of the increase of the viscosity of the media and, to a
less extend, to the formation of small aggregates during the
immobilisation process. This fact reflects the mechanisms the
different MNPs follow to relax, ie., small spindles and big
flowers are relaxing purely by Néel mechanism, and therefore
the heat efficiency is viscous independent. Importantly, small
flowers despite such decrease in volume, still have SAR values
of approximately 1400 W gy, '. On the other hand, the pre-
orientation with respect to the relative direction of the applied
AC magnetic field appears as the key parameter to improve
magnetic hyperthermia of immobilized particles. For large
disks, a significant SAR enhancement (1300 W g™') is
measured when the AC field is parallel to the particle orien-
tation. Such a SAR value is up to 10 times larger than that
measured for immobilized particles in the random state and
even exceeds the value obtained for water dispersion (800 W
g~ "). Considering the combination of high field amplitude and
frequency used in this study, results suggest that for disks, hys-
teresis losses dominate versus Brownian-origin heating while
the SAR value follows a rapid increase as the angle between
the AC field and the disk stacking tends to zero, i.e., the field
is aligned with the stacks. The low efficiency for smaller disks
should be attributed to the lower anisotropy barrier due to
thermal fluctuations at such sizes and the induced decoupling
of magnetization. In symmetrical particles like the flowers and
cubes, enhancement by 2-3 times is obtained also in AC field
applied parallel to the particle orientation.

However, in spindles, the perpendicular AC field appli-
cation to the particle orientation seems to favour SAR
elevation. This is in good agreement with the experimental
and theoretical estimations obtained for similar particles
intentionally oriented in agarose by applying an AC field which
simultaneously maintained the temperature above 46 °C."
The spontaneous perpendicular orientation during treatment
was found responsible for the significant increase of hysteresis
losses (1.5 times) and therefore, heat generation.
Proportionally, the additional contribution of AC field in
further orientation of spindle particles beyond that observed
in Fig. 7(a), should be also assumed.

A qualitative explanation of heating rate enhancement may
be given through minor loops recorded for the randomly
immobilized and the field-oriented samples in the agarose
matrix (Fig. 7(c)). DC minor loops were measured in the
agarose-immobilized samples in order to obtain a qualitative
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Fig. 7 Magnetic characterization of the assemblies of MNPs. (a) SEM images of successfully oriented large disks, large spindles, large and small
flowers under a DC field. Low magnifications indicate the long-scale orientation while higher magnifications show the arrangement of particles into
the chains. (b) SAR values for studied nanoparticles stabilized in agarose at 2 mgg. mL™%. Each set of bars indicates the cases of random distribution
(green), magnetic orientation perpendicular (blue) and parallel (red) to the applied AC field. Calorimetric measurements carried under AC field 24 kA
m~ and frequency 765 kHz. (c) Minor loops of randomly distributed (blue) and oriented nanoparticles in agarose obtained by applying a DC mag-
netic field parallel (red) or perpendicular (green) to the orientation direction.

impression on the effect of orientation to the maximum value
of hysteresis losses by comparing the randomly distributed to
the oriented nanoparticles. For samples with hysteresis losses
representing the dominant magnetic heating mechanism, the
evaluation appears as a reliable way to predict proportionally
the behavior of oriented samples under AC magnetic field con-
ditions. The hysteresis losses appear to increase when the
oriented specimens are placed to the favourable direction of
the DC field (as in the case of 44 nm nanocubes for a parallel
orientation, Fig. S131). In the case of the disks and the spin-
dles this increase is found in the parallel and perpendicular
configurations, respectively. Orientation perpendicular to a
static dc field is unexpected and counter-intuitive. Further
work is needed to understand the phenomenon, as it is
expected to be defined by a delicate balance between particle
aspect ratio, interaction strength, and field amplitude.>®
Oriented samples seem to enable a faster magnetization
reversal as better shown for the flowers. It is also characteristic
that the minor loop for oriented small spindles is only slightly
different to the random state for which a preservation of the
water dispersion’s SAR value was observed. Enhancement of
the effective anisotropy parallel to the chain direction explains

15642 | Nanoscale, 2021, 13, 15631-15646

the improvement of SAR in oriented disks and flowers. Positive
dipolar interaction is expected to dominate the magnetic
behaviour of these aggregates having larger anisotropy along
the particle stacking or chaining as was previously observed
for barium hexaferrite platelets and cubes.**” However, for
spindle particles, higher heating rates occur towards the per-
pendicular direction of the chains independently of the par-
ticle size. In this case, demagnetizing dipolar interactions may
happen due to the aggregation of the spindle particles avoid-
ing the formation of well-ordered structures of particles with
longest dimension aligned with the DC field. Instead, spindles
appear tilted or perpendicular to the DC field direction. In this
context, the SAR enhancement observed in the perpendicular
direction is attributed to the spindles oriented perpendicularly
to the chain direction, as those observed in the SEM image
and the origin of the differences between the anisometric par-
ticles is the determining role of the shape anisotropy that may
counterbalance the effect of chain formation. Again, when the
SAR values are normalized by the volume of each MNPs
(Tables S2 and 3f), we observe the same order in heating
efficiency: nanoflower (small) > spindle (small) > cube (big) >
disk (big). Importantly, nano-spindles and nanoflowers maxi-

This journal is © The Royal Society of Chemistry 2021
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mize the heating rates up to 1.5 times using assemblies in per-
pendicular and parallel direction, respectively, with respect to
the field. Nanocubes have a 2-fold increase in the parallel
direction. Finally, we observe a striking 14-fold increase in the
case of the disks. Such variety of behaviours reflects the deli-
cate interplay between easy axes arrangement and interparticle
interactions, which has been experimentally shown it can
enhance or reduce the effective anisotropy®® responsible for
the local energy barrier, and consequently the achievable heat
release.””

In all cases, the rotation of magnetization orientation is
against the anisotropy forces. But the magnetic anisotropy of
an assembly of anisometric nanoparticles is a complicated
combination of magneto crystalline and surface anisotropy,
and inter particle interactions. Here, particle sizes are within
the critical size for single-domain behaviour assuring the
maximum coercivity and far from the superparamagnetic limit
assuring high saturation magnetization except for the biggest
flowers that are composed of small cores (around 5 nm in
diameter).

Reorientation of the assemblies under the alternating mag-
netic field. To understand the reorientation occurring in our
systems, we study the heat release in assemblies before and
after application of the AC field. Previously, orientation of
immobilized nanoparticles into agarose was evidenced by the
determination of hysteresis area in magnetic measurements
combined with theoretical calculations.™ Here, after the appli-
cation of the AC field, samples were cooled down and then re-
measured in calorimetric measurements to estimate the modi-
fication of SAR value. Fig. 8 presents the heating efficiency of
specimens prepared by randomly dispersing small-sized
flowers and spindles into agarose gel, before and after the AC
field orientation procedure. Considering that specimens were
placed with their long axis parallel to the AC field and then

2500
2000 random .
A& 1500 |- 1 endicular b
Q perp!
z | ; .
g
5 1000 - ) T
parallel
500 |- T
0 . |E|'I
Spindles Flowers Flowers
60x23 nm 27 nm 130 nm

Fig. 8 SAR values before (green) and after orientation attempted (per-
pendicular, blue; and parallel, red) under AC field (24 kA m™, 765 kHz)
for small spindles, small and large nanoflowers stabilized in agarose
compared to their random initial state.
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measured both at the same and the perpendicular direction,
results look very similar to those observed for orientation in
DC field as shown in Fig. 8. In particular, SAR values achieve
almost the twice that of the random distribution state for
small flowers (27 nm) when chains are oriented in the direc-
tion of the AC field. In contrast, maximum SAR is found for
spindle particles when chains are oriented perpendicular to
the direction of initial AC field. It should be mentioned that,
due to the lower heating efficiency of disks and large spindles
the orientation temperature, where gel melting starts to occur,
was never reached while low orientation tendency in large
flowers explains the absence of any SAR enhancement.

It is important to keep in mind that while the reorientation
per se plays a secondary role in heating (as shown in many
works),?>?%% it may completely change the amount of dissi-
pated energy via Néel rotation. Consider, for example, the
extreme cases of uniaxial-anisotropy particles with the easy
axes parallel or perpendicular to the AC field: the parallel-
aligned case would lead to maximum heating (in case major-
loop conditions are fulfilled),®" whereas the perpendicular-
aligned case would lead to no heating (no energy barrier to
jump - i.e. no energy cost).®” This is to say, physical rotation of
the particle may allow the transition from poorly dissipative
regime of linear magnetization-field response to the nonlinear
one, responsible for much higher losses.>® Since MNPs are
likely randomly oriented when dispersed within the crowded
biological environment, which implies a distribution in local
heating efficiency,” considering the reorientation of the par-
ticles towards the most effective heat-dissipation configuration
constitutes a rather important aspect to consider for magnetic-
hyperthermia related applications.®'~>*%463

In summary, in this work we have prepared and compared
assemblies of MNPs obtained by hydrothermal and solvo-
thermal methods, whose heat release seems promising for
hyperthermia applications, not only in biomedicine but also
in catalysis or environmental remediation. Along in this line,
we study and compare relevant magnetic properties (DC hyster-
esis loops) and migration properties of all the MNPs (under
the presence of a magnetic field gradient), as these properties
are responsible for their assembly.

The theoretical approach suggests clear directions for
experimental developments in MHT, as for example the exist-
ence of an optimal field amplitude depending solely on the
particle properties, the critical size depending on the particle
anisotropy, or the optimum chain sizes that should be experi-
mentally observable. Also, it is interesting that the largest SAR
occurs for the case of small flowers where the simulations
show that the reversal mechanism is coherent. Firstly, note
that the quasi-static hysteresis loops of Fig. 7(c) show that the
flowers have the smallest hysteresis are and therefore a low
expected SAR, which is inconsistent with Fig. 7(b). The model
calculations (on the timescale of SAR experiments) predict a
large value of SAR in Fig. 3, essentially because hysteresis
develops at the short timescale.

Experimentally, the small flowers have been shown to
consist of small sub-grains with crystallographically aligned

Nanoscale, 2021,13,15631-15646 | 15643
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easy axes. We can surmise that the structure gives rise to
‘supermoments’ avoiding the anisotropy reduction arising
from misoriented polycrystals as is usually the case (for
example for the 130 nm flowers). These would be expected to
couple strongly with the ac field and any applied external field,
thereby enhancing the SAR value, while the granular nature of
the flower sub-structure precludes non-uniform magnetisation
states and the consequent reduction of SAR. A similar
dynamic effect is shown in Fig. 4, where it is seen that increas-
ing the length of the chain of cubes gives rise to a non-mono-
tonic variation of SAR, with the initial increase cancelled out
by transition to minor loop behaviour with increasing chain
length. This suggests that both the flower structure and the
chain-assembly have well-defined intrinsic advantages which
could be enhanced through design and optimisation.

Conclusions

Anisometric MNPs could be the ideal agents to optimize the
response to external AC fields for magnetic fluid hyperthermia.
Theoretically, it is shown that by increasing H,,., considerable
increases in SAR are possible using materials with large shape
anisotropy. The main limitation is the particle size since large
particles undergo non-coherent magnetisation rotation that
may work to the detriment of the SAR. Looking at the assem-
bling effect on SAR, nanoparticle shape is the main limitation
due to the formation of anisometric aggregates whose SAR
depends on the applied field direction. Experimentally, cubic
NPs obtained through non-hydrolytic synthesis routes and
nanoflowers have demonstrated unrivalled hyperthermia per-
formance, however this work reveals the potential of other ani-
sometric shapes, especially disk and spindles produced by
hydrolytic synthesis routes, whose assemblies achieve SAR
values as high as 1400 and 1300 W gg. ", respectively, in
viscous (100 mPa s) media that mimics tumour microenviron-
ments. Among these samples, attending to the SAR data nor-
malized by the particle volume, small spindles clearly stand
out as efficient nanoheaters. While nanodisks multiply their
heat performance when they form pillar-like assemblies with a
direction parallel to that of the applied AMF, spindles multiply
their performance when their assemblies are perpendicular
with respect to the applied AMF direction.

Although the AMF conditions used in this work are above
the clinical safe limit (usually, an H x f of maximum 5 x 10° A
m~'s™" should be satisfied), the presented characterization in
viscous media mimicking tumour microenvironment and the
comparison of our MNPs with gold standards of MNPs (like
nanocubes and nanoflowers) is useful and expands the knowl-
edge on MHT, deepening in the role of MNPs’ size, shape and
orientation under external magnetic field gradients, presenting
different hyperthermia scenarios. Nevertheless, the most
promising morphologies presented in this work (nanoflowers
and spindles) have been already characterized with clinical
relevant field amplitude and frequency conditions (10-50 mT
and 100-200 kHz), keeping therefore the H x f within the bio-
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safe range avoiding Eddy currents (<5 x 10° A m™" s7"). In the
case of nanoflowers, the reported SAR values are around 500
W gre ' (H x f=4.40 x 10° A m™"' s7') for a size of 24 nm;*°
and for spindles, the reported SAR values are around 400 W
gre ' (Hx f=4.80 x 10° A m™" s7") for the dimensions of 87 x
16 nm.? This work opens the possibility of further enhance
those values, even in viscous media, through the sample’s pre-
assembly forming nano-size chains (in the case of the flowers
and the spindles chains, respectively, when oriented parallel
or perpendicular with respect to the applied AMF). In addition,
this work successfully achieves heating rates exceeding those
using non-spherical Fe;0,/y-Fe,O3; nanoparticles prepared by
aqueous chemistry in highly viscous media.

As a final remark, we would like to highlight a recent work
by N. Mille et al.°® on the dynamics of chain formation during
magnetic hyperthermia, showing that the chain structures may
evolve over several seconds, in good agreement with our experi-
mental results shown in Fig. 8. Such dynamical behaviour has
a direct impact on the heating performance, as clearly illus-
trated in Fig. 4(b) theoretically, where large differences in
heating are reported by small variations in chain length.
Considering the interplay of nano-structuring dynamics with
particle size and shape constitutes an intriguing research line
for further studies, both from the experimental and theoretical
points of view.
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