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From Micromagnetic to In Silico Modeling of Magnetic
Nanodisks for Hyperthermia Applications

Alessandra Manzin,* Riccardo Ferrero, and Marta Vicentini

Magnetic nanodisks have been recently proposed as biomedical tools for
therapeutics at the nanoscale level, with a special focus on hyperthermia for
cancer cure. Here we present a detailed study of permalloy nanodisks to be
used in alternative to superparamagnetic iron oxide nanoparticles, as efficient
heating agents that release heat via magnetic hysteresis. A micromagnetic

alternative to the typically used super-
paramagnetic iron oxide nanoparticles
(SPIONS).[12131 As an example, magnetic
nano/microdisks have been proposed as
efficient magneto-mechanical actuators to
destroy cancer cells, exploiting their ability

modeling analysis is carried out to identify sizes and ac field parameters that
maximize the specific loss power (SLP), guaranteeing the fulfillment of
biophysical constraints (Hergt—Dutz limit) and vortex state at remanence
(reduced agglomeration effects). The highest SLP (790 W g~') is found for
100 nm diameter and 20 nm thickness nanodisks, excited at a frequency of
75 kHz. Further analysis elucidates the influence of magnetostatic
interactions and local nanodisk-field orientation on the SLP of nanodisk
clusters, which originate from the deposition in target tissues. At high
concentrations, magnetostatic interactions can lead to a reduction of 40-50%
in the hysteresis losses. From thermal simulations, we finally demonstrate
that in a murine model temperature increments comparable to that obtained
in calorimetric measurements under quasi-adiabatic conditions can be
achieved only by using an order of magnitude larger dosage of nanodisks, due

to blood perfusion effects.

1. Introduction

In the last two decades, different types of magnetic nanostruc-
tures, like nanodisks that exhibit vortex configuration, have been
investigated for potential use in magnetic recording, magneto-
logic devices, and spin-torque nano-oscillators.['> More recently,
attention has been paid to biomedical applications related to
nanomedicine therapeutics and diagnostics, also with the ex-
ploration of non-spherical micro- and nanoparticles,*!! as an
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to rotate under the action of low frequency
magnetic fields (f = 10-20 Hz).'"*'®] They
have also been studied for drug delivery and
gene therapy, investigating the possibility
of driving the release of drug molecules via
mechanical oscillation and torque effects,
induced by low frequency fields as well
(f = 30 Hz).['-20 Furthermore, attention
has been focused on possible uses in cell
separation from blood samples for early
cancer detection,?! and in frequency-based
nanoparticle sensing, exploiting changes in
the ferromagnetic resonance behavior.[2?!

Another potential application is mag-
netic hyperthermia for cancer cure, where
disk-, ring-, cylinder-, sphere-, cube-, or
flower-shaped nanostructures made of
different magnetic materials have been ex-
plored as heating agents for the generation
of strongly localized increments of temperature.[*-*2] Under the
action of ac magnetic fields (f= 50-500 kHz) and for sufficiently
large size, they can produce heat via magnetic hysteresis, show-
ing values of specific loss power (SLP) higher than those of the
clinically approved SPIONs.33-37I Moreover, they can be charac-
terized by vortex state at remanence (e.g., for discoidal or annular
shape), feature that leads to small magnetostatic interactions and,
advantageously, to low probability of aggregation. However, the
nanomaterial design has to be followed by a careful selection of
the source excitation parameters (frequency fand amplitude F,
of the applied magnetic field) to not exceed the upper limitation
of 5x10° A m~! s7! (Hergt-Dutz limit),[*® conventionally used
in the literature to avoid unwanted non-selective heating due to
the generation of eddy currents. This criterion was proposed af-
ter the more rigid limitation of 4.85x108 A m~! 57!, known as the
Atkinson-Brezovich limit.[*"]

Despite the heating efficacy of magnetic nanomaterials with
hysteresis properties, a systematic analysis is required to identify
dimensional and physical properties as well as ac source condi-
tions that maximize the SLP, guaranteeing at the same time the
fulfillment of the biophysical constraints.*?! In the evaluation
of the produced SLP different phenomena have to be taken
into account, such as the local magnetostatic interactions and
the possible reorientation with the applied field in low viscosity
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media. Another fundamental aspect is the determination of
the temperature increase produced in biological tissues as a
function of the nanomaterial dose and of the exposure time, to
select operative conditions to be used in therapeutic sessions.

Here, we focus on nanodisks made of permalloy (Nig,Fe,,),
considered instead of iron oxide to explore the possibility to ob-
tain greater values of SLP, due to the higher saturation mag-
netization. Moreover, permalloy nanodisks coated on both top
and bottom surface with a gold layer have shown very good
biocompatibility and easy surface modification for further bio-
functionalization.[*?]

A parametric analysis is performed to find the optimal geo-
metrical properties, considering the Hergt-Dutz limit!®! for the
selection of fand H,. Specifically, we vary the disk diameter from
100 to 800 nm and the thickness from 15 to 30 nm. The SLP
is derived from hysteresis losses, being the predominant heat-
ing contribution for the considered nanomaterials. The analy-
sis is carried out via numerical modeling, calculating the hys-
teresis loops with a GPU-parallelized micromagnetic solver for
the spatial-time integration of the Landau-Lifshitz-Gilbert (LLG)
equation.[*!l The influence of nanodisk local concentration is also
investigated, focusing on the role of magnetostatic interactions
and relative orientation with the applied field. Moreover, we ana-
lyze the mechanical behavior in media with decreasing viscosity,
to verify the occurrence of a rotational motion driven by ac fields
with frequency variable in a range of interest for magnetic hyper-
thermia.

After selecting field parameters fand H,, in accordance with
the Hergt—Dutz limit,*® we calculate the temperature increase
in test tubes filled with ferrofluids containing permalloy nan-
odisks with variable concentration, under both adiabatic and
non-adiabatic conditions. The analysis, carried out with a finite
element model for the heat transfer equation, is focused on
nanodisks with optimized hyperthermia properties, addressed
by the previous micromagnetic modeling study. Then, we de-
termine, by solving the Pennes’ bioheat transfer equation, the
temperature increase induced in biological tissues. The study
is focused on a computational anatomical model of a mouse,
changing the size of the target region, where the nanodisks
are dispersed with variable dose, and its location in the body,
considering different organs.

2. Results and Discussion

2.1. Influence of Size

The heating contribution due to hysteresis losses can be finely
tuned by varying nanodisk geometrical properties. To this
aim, we investigate the influence of nanodisk diameter d and
thickness ¢t on the magnetization reversal mechanism and
hysteresis loop area, first focusing on a single nanodisk and thus
disregarding magnetostatic interactions. The loops are initially
calculated by applying the external field in the nanodisk plane
and neglecting thermal noise, conditions that lead to the highest
energy losses. We can consider the static approximation for the
hysteresis loop evaluation, due to the time scale of magnetization
relaxation processes at each equilibrium point, resulting in tens
of nanoseconds at most (i.e., for irreversible jumps).
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The micromagnetic simulations, carried out with the numer-
ical model described in Section 4, are performed by considering
magnetic properties typical of permalloy, i.e., saturation magne-
tization of 860 kA m~!, exchange constant of 13 p] m~!, negli-
gible magnetocrystalline anisotropy and damping coefficient of
0.02. The nanodisk diameter is varied in the range from 100 to
800 nm and the thickness from 15 to 30 nm, in order to find the
optimal conditions for the maximization of the specific heating
capabilities.

The influence of geometrical properties on the hysteresis loop
shape are depicted in Figure la,b, which report respectively
the loops calculated for different diameters (d = 150, 300, and
650 nm) fixing t to 15 nm, and for different thicknesses (t = 15,
20, and 30 nm) fixing d to 400 nm. Apart for the case with d =
150 nm and ¢ = 15 nm, each loop branch is characterized by two
irreversible jumps, corresponding to vortex nucleation and ex-
pulsion, connected through a reversible part dominated by vortex
translation in the disk plane. At remanence, a negligible average
magnetization is found, with the vortex pinned at the nanodisk
center. The evolution of magnetic state is clearly illustrated by
the magnetization maps reported in Figure 1a, calculated for d =
300 nm and ¢t = 15 nm. When d = 150 nm and t = 15 nm, the
magnetization reversal occurs at zero applied field with an irre-
versible jump between two C-states, leading to a negligible loop
area.

Figure 1a,b well demonstrate that, in the case of vortex for-
mation, wider hysteresis loops can be obtained by reducing
nanodisk diameter and/or increasing nanodisk thickness. These
conditions lead to greater heating capabilities, as shown by the
diagram in Figure 1c, which reports the specific energy losses,
E = py ¢ H, - dM, calculated from the major hysteresis loops as
a function of parameters d and t. The data are plotted only for
the cases characterized by vortex nucleation, confirming, for the
considered values of d and t, the classification of remanent states
previously reported by Ha et al.[*?]

To maximize the hysteresis losses, the amplitude of the ex-
ternal field should be large enough to enable vortex expulsion.
For the major loops, the estimated losses vary from 25 k] m™3
(case with d = 800 nm and ¢ = 15 nm) to 133 k] m~> (case with
d = 100 nm and ¢t = 30 nm). For the considered geometrical
properties, it is worth noting that vortex expulsion can be ob-
tained by applying external fields with large amplitudes, rang-
ing from ~63 kA m™' for d = 800 nm and ¢t = 15 nm up to
~122 kA m~! for d = 150 nm and ¢t = 30 nm. This strongly impacts
on the maximum field frequency that can be selected to guaran-
tee the satisfaction of the biophysical constraints for safe in vivo
treatments.

2.2. Influence of Temperature

It should be remarked that the results reported in Figure 1 have
been calculated by neglecting thermal noise and by assuming
ideal material and geometrical properties (absence of defects) for
the considered nanodisks. If we include thermal agitation effects,
introduced in the simulations via a Langevin approach (see Sec-
tion 4), we can observe a modification of the hysteresis loop, with
a significant decrease in the field corresponding to vortex expul-
sion and, consequently, in the saturation field. Thermal noise can
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Figure 1. Role of geometrical properties. a) Comparison of the hysteresis loops calculated for different diameters (d = 150, 300, and 650 nm) fixing
thickness t to 15 nm. The maps show the magnetization configurations at remanence and at the equilibrium state immediately before vortex expulsion
(the color wheel represents the angle, in degrees, between the magnetization vector and the x-axis). b) Comparison of the hysteresis loops calculated
for different thicknesses (t = 15, 20, and 30 nm) fixing diameter d to 400 nm. c) Diagram reporting the specific energy losses, estimated as a function of
d (100-800 nm) and t (15-30 nm), neglecting thermal noise effects. The white area corresponds to no vortex nucleation conditions.

moderately impact also on the vortex nucleation field, which can
be randomly reduced or amplified.

The influence of temperature on the hysteresis loops is
illustrated in Figure 2a, for nanodisks with a thickness of 30 nm
and a diameter variable from 150 to 500 nm. Each new loop
has been calculated by setting the temperature at 45 °C (318 K),
a value that is expected to be reached during hyperthermia
sessions, and by extracting the average curves over 20 stochastic
realizations; anyway, taking into account the randomness of
thermal fluctuations we can expect practically negligible vari-
ations in the magnetization reversal process by varying the
temperature within a limited range. The saturation magnetiza-
tion Mg at 318 K has been fixed to 800 kA m™!, according to
the law M(T) = M (1 — bT*/> = ¢T*/*> — aT?) derived from the
classical spin-wave theory,****I considering M5 = 860 kA m™', a
=0.19x1077 K2, b = 0.88x107° K>/2, and ¢ = 0.09x 1077 K=>/2.144]

Figure 2b compares the values of the vortex expulsion field
H,,, determined with and without the inclusion of thermal ef-
fects, for the entire considered ranges of thickness and diame-
ter. It is worth noting that the role of temperature is higher for
the nanodisks with smaller diameter and larger thickness, and
reduces with the diameter increase. The highest expulsion field,
122 kA m™!, obtained with zero temperature when d = 150 nm
and t = 30 nm, decreases up to 88.5 kA m~!. As a conclusion,
thermal effects favor the vortex expulsion enabling to reach sat-
uration with strongly reduced fields. Anyway, the impact on the
hysteresis losses is quite limited, with a decrease in the order of
24-30%, for example, for the major loops, the estimated losses
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vary from 19 k] m~3 (against 25 k] m~* when d = 800 nm and

t =15 nm) to 93 k] m~3 (against 133 k] m~ when d = 100 nm
and t = 30 nm).

If we consider the Hergt-Dutz limit3¥! and the applied field
is in the order of the vortex expulsion field, the maximum
allowable frequency f, ., should vary in the range 55-160 kHz
(Figure 2c¢, top). The lowest values of frequencies have to be
selected for the excitation of nanodisks with small diameter and
thickness of 20-30 nm. Despite the reduction in frequency due
to the fulfillment of the biophysical constraint, these nanodisks
result to be the most efficient in terms of heat generation, as
illustrated by the diagram in Figure 2c (bottom), which reports
the maximum obtainable specific loss power (SLP,..) as a func-
tion of d and ¢, calculated by fixing the frequency to f,,,.. The SLP
estimation is performed by setting the mass density of permalloy
at8.72 g cm™>. In particular, SLP,, varies from 790 W g™! (d =
100 nm, t = 20 nm) to 235 W g~! (d = 800 nm, t = 30 nm), when
applying an external field with a frequency of 75 and 100 kHz,
respectively. This is a very satisfying result, considering that the
100 nm size, for which the largest SLP is obtained, is also more
beneficial in terms of cell uptake, blood circulation half-life and
biodistribution.!*’] Moreover, the achieved heating performance
are better or comparable to the ones previously documented
for iron oxide nanodisks. For the latter an SLP of 125 W g!
was reported for diameters larger than 20 nm, setting the field
frequency fat 310 kHz and its amplitude F, at 64 kA m~1,[*
while an SLP of about 250 W g~! was found for 150-200 nm
diameters, with f = 180 kHz and H, = 0.95 kA m~.1] An
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Figure 2. Role of temperature. a) Comparison of the hysteresis loops cal-
culated for different diameters (d = 150, 300, and 500 nm) and thickness
t equal to 30 nm by including thermal noise (T = 318 K). b) Influence
of thermal noise on vortex expulsion fields for different values of d (100—
800 nm) and t (15-30 nm). ¢) Maximum frequency f.., (top) and specific
loss power SLP,,., (down) as a function of d and t when including thermal
noise and considering Hergt-Dutz limit.
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impressive value of SLP, in the range of 4400 W g~! was also
reported for 225 nm diameter iron oxide nanodisks,?®! but it
was obtained under the application of a field with f= 488 kHz
and H, = 47.8 kA m™', thus exceeding the Herzt-Durz limit of
about five times. Moreover, the larger nanodisk size (225 nm
against 100 nm) can negatively impact on the internalization by
cancerous cells and on the average lifetime in blood.!**]

2.3. Influence of Disk-Field Relative Orientation and Dispersion
Medium

The previous results have been obtained by applying the exter-
nal field in the nanodisk plane. In a real hyperthermia session,
the nanodisks are dispersed in the target biological tissue with
a stochastic spatial distribution. Thus, the relative orientation
between the external applied field and each nanodisk is differ-
ent, impacting on the magnetization reversal process and, con-
sequently, on the global hysteresis losses. Here, we investigate
the role of the inclination of the applied field with respect to the
nanodisk plane, evaluating the vortex nucleation and vortex ex-
pulsion fields, H,,. and H,,;,, as a function of disk-field relative
angular orientation ¢ (see the schematic below Figure 3a for its
definition), also including temperature effects (T'= 318 K). We fo-
cus the attention on a nanodisk with d = 150 nm and ¢ = 25 nm,
dimensions that guarantee vortex nucleation and enable us to ob-
tain good hyperthermia properties, as illustrated by the diagram
in Figure 1c.

As an example, Figure 3a shows the hysteresis loop calculated
when ¢ = 70°; the modification of the loop shape with respect
to the case ¢ = 0 is well evident, with a strong amplification of
the vortex expulsion field, which reaches values in the order of
180 kA m~!. The results obtained when varying ¢ between 0 and
85° are summarized in Figure 3b, which highlights how the in-
crease in ¢ leads to an amplification of both H,,. and H,,,. In
particular, H_ varies moderately when ¢ is in the range of 0
40°, with a steep rise for values of ¢ larger than 80°, due to the
reduction in the applied field component lying in the nanodisk
plane. In particular, the simulations provide for H, . an estimate
of ~#230 kA m~! when ¢ = 85°.

Also the vortex expulsion field H,,, increases smoothly up
to @ = 40°, but reaches a value close to 400 kA m~! when ¢
= 85°, resulting in a quasi-infinite amplitude if the external
field is applied orthogonally to the nanodisk plane and thermal
effects are disregarded. This makes critical the generation of
hysteresis losses (presence of a loop with non-negligible area)
under real operative conditions, which have to be governed
by biophysical constraints on the maximum allowable applied
field amplitude and frequency. For the specific dimensions of
d = 150 nm and ¢t = 25 nm, if we fix A, to 100 kA m™* and f
to 50 kHz to guarantee the satisfaction of Hergt-Dutz limit,
a nanodisk that is orientated with an angle ¢ higher than 45°
with respect to the field provides a negligible contribution to
the global hysteresis losses. In this case, after the application
of the alternating field, the vortex (present at the initial rema-
nence state) starts to moves reversibly in the nanodisk plane,
without generating losses, due to the absence of cyclical vor-
tex expulsion and nucleation. This has a negative impact on
the total amount of heat that can be produced by a stochastic
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Figure 3. Role of disk-field relative orientation and dispersion medium. a) Hysteresis loop of a nanodisk with diameter d = 150 nm and thickness t =
25 nm, calculated for an external field applied at an angle ¢ = 70° with respect to the nanodisk plane (see schematic below), including thermal effects
(T =318 K). b) Vortex nucleation and expulsion fields for the same nanodisk as a function of disk-field relative angular orientation ¢. c) Diagram of the
SLP of random distributions of 10000 nanodisks (d = 150 nm, ¢ = 25 nm) with angular orientation governed by a Gaussian function having mean u,,
and standard deviation o, (the field frequency is set at 50 kHz). d) Time-evolution of the disk-field relative orientation ¢, as a function of applied field
parameters and dispersion fluid (water or blood), for a nanodisk with (d) (d = 150 nm, t = 25 nm) and (e) (d = 800 nm, t = 25 nm).

spatial distribution of nanodisks dispersed in a target tissue,
as well illustrated by the diagram in Figure 3c. In particular,
Figure 3c reports the SLP extracted from a Monte Carlo simula-
tion of random distributions of 10 000 non-interacting nanodisks
(infinite dilution) with variable angular orientation ¢ governed
by a Gaussian function having mean y, and standard deviation
o, The results are obtained for nanodisks with d = 150 nm and
t=25nm, setting A, at 100 kA m~! and fat 50 kHz. Values of SLP
between 300 and 440 W g~! can be found when most of the nan-
odisks have angular orientation ¢ lower than 40°, while negligible
hysteresis losses are obtained when almost all the nanodisks are
tilted of angles larger than 60°. The average is around 225 W g™,
which provides an approximated estimate of the amount of heat
that could be deposited in a real hyperthermia session.

A phenomenon that has to be considered is the possible rota-
tion of the nanodisks within the medium in which they are dis-
persed, to align themselves with the applied field. This effect is
here analyzed by means of a simple physical model, which takes
into account the viscous drag torque and thermal fluctuations,
focusing on fluids with viscosity properties similar to that of wa-
ter and blood (see Section 4). Inside high-viscosity media (e.g.,
biological tissues and stiff gelatin gels), we can assume that the
nanodisks are immobilized.[?>#]

The rotational dynamics of a nanodisk with d = 150 nm and
t=25nm is shown in Figure 3d, which reports the time-evolution
of the disk-field relative orientation ¢ under different operative

Adv. Theory Simul. 2021, 4, 2100013 2100013 (5 of 13)

conditions, depending on the applied field amplitude (20-45 kA
m™!) and frequency (10-100 kHz), and on the dispersion fluid
(water or blood). The fluid viscosity is fixed to 0.894 mPa-s for
water (at environment temperature) and to 58 mPa-s for blood
at low shear rate.[*®] At the beginning of the transient, the nan-
odisk is assumed to be orthogonal to the field and in vortex state.
When the field is applied, the vortex starts to oscillate in the disk
plane trying to follow the field variations. In water, the alignment
with the field is practically instantaneous and a small amplitude
oscillatory behavior appears, governed by Brownian effects. In
blood, the motion is slower and the nanodisk completes its ro-
tation in a time interval in the order of 0.5-2 ms, depending on
H,. The increase in the field amplitude leads to a reduction in
the time required for the alignment, due to the more pronounced
displacement of the vortex in the nanodisk plane, responsible for
the generation of a more significant torque. In particular, when
varying H, from 20 to 45 kA m™! there is a halving of the align-
ment time, while negligible variations are found when modifying
the frequency. The obtained results demonstrate that in fluids the
alignment with the field can be achieved even for very low values
of F1,, despite the inability to magnetically saturate the nanodisks
and the generation of a very small torque on the out-of-plane vor-
tex magnetization component.

For larger nanodisk dimensions (e.g., d = 800 nm and t =
25 nm), the time needed for the complete rotation increases,
reaching a value in the order of 10 ms when H, = 35 kA m™!
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(see Figure 3e). Anyway, also in this case the reorientation of the
nanodisks with the field occurs in a very short time window, lead-
ing to a condition for which the SLP is maximized, as proven by
Figure 3c. This further corroborates the experimental results pre-
viously obtained on magnetite ellipsoidal nanoparticles!®! and
nanodisks,?®! for which an enhancement of the heating effi-
ciency has been observed in aqueous suspensions with respect
to gel media.

2.4. Role of Local Concentration and Magnetostatic Interactions

The extravasation and accumulation of nanomaterials in tumor
tissues are not completely understood phenomena governed by
both inter-endothelial and trans-endothelial transport processes.
Inter-endothelial routes comprise pores or open fenestrations in
the tumor blood vessels, while trans-endothelial pathways are
based on transcytosis by tumor endothelial cells.[*-!] As corrob-
orated by micro-CT imaging, high-resolution optical imaging and
numerical modeling, the spatial-temporal distribution of nano-
materials in the target tissue is not uniform, with the forma-
tion of high-density agglomerates imposed by the host biological
matrices,’>° as simplified in the schematic of Figure 4a. This
effect can be amplified in the presence of magnets with collecting
action®’! and, in the case of magnetic hyperthermia, it can lead to
a heat deposition variable in space and in time and, consequently,
to a heterogeneous temperature increase. The heat released in
the tissue results to be a function of the local concentration of
the magnetic nanomaterials, with the SLP locally influenced by
the magnetostatic interactions and the orientation with respect to
the applied field. As elucidated in Sub-section 2.3 the latter plays
an important role in the case of nanodisks, due to their shape
anisotropy properties.

To investigate the influence of magnetostatic interactions, we
calculate the magnetization reversal processes and hysteresis
losses of an ensemble of 55 nanodisks (with 150 nm diameter and
25 nm thickness), randomly distributed in the space with differ-
ent volume concentrations. The volume concentration is defined
as the ratio V,,,uodisks/ Veystemr Where Vi ooqis is the volume of a
nanodisk multiplied by the number of nanodisks and V., is
the minimum volume of the 3D domain containing all the nan-
odisks. To limit the effect of orientation with respect to the field,
all the considered stochastic distributions are characterized by a
variable angle ¢ governed by a Gaussian function having mean
H,, in the order of 10-15°.

The influence of nanodisk volume concentration on the local
SLP is shown in Figure 4a, for a field frequency of 50 kHz. The
increase in volume concentration leads to a decrease in the SLP,
which reduces from ~440 W g! for well-dispersed systems, char-
acterized by negligible magnetostatic interactions, to #260 W g™
for concentrations close to 30%. This means that the heat (joules)
released for a concentration of 30% is only 60% of the amount
that could be achieved if the SLP did not decay with concen-
tration rise. This result corroborates previous findings on the
detrimental effect of magnetostatic interactions on the hyper-
thermia properties of magnetic nanomaterials, documented by
simulations!®®! as well as measurements in liquids with variable
ferrofluid concentration.>">]

The reduction in the hysteresis loop area with volume con-
centration is described by Figure 4b, which shows a compari-
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son between the hysteresis loops calculated at T'= 318 K for two
concentrations, equal to 0.1% and 27.6%. The low concentration
gives rise to a loop with two well-defined irreversible jumps, cor-
responding to vortex nucleation and expulsion, phenomena that
occurs in a synchronous way in all the nanodisks. The high con-
centration is responsible for a gradual reversal process, with in-
distinguishable vortex nucleation/expulsion transitions. This is
a consequence of the strong magnetostatic interactions between
nanodisks and of the local misalignment with the applied field,
which lead to a non-synchronous magnetization switching with
vortexes generated and expelled at different applied fields. The
above effect is well illustrated by the maps of the magnetization
spatial distributions, calculated at different equilibrium points
along the reversal process (Figure 4c). It is clear that for high
concentrations not all the nanodisks are in the vortex configu-
ration at remanent state, with the appearance of non-negligible
remanence magnetization and coercive field.

2.5. Thermal Effects in Test Tubes

Typically, the heating properties of magnetic nanomaterials are
tested by performing calorimetric measurements of suspensions
in in vitro tissue analogues, which can be aqueous solutions or
gels. A critical issue is the setup of adiabatic conditions, to avoid
heat transfer between the ferrofluid sample and the surround-
ings, and thus minimize external environment effects. To inves-
tigate the impact of non-adiabatic conditions, we calculate the
time-evolution of temperature within test tubes filled with fer-
rofluids containing different concentrations of permalloy nan-
odisks having a diameter of 150 nm and a thickness of 25 nm.
The used numerical model is described in Section 4.

To simulate different environmental cooling conditions (free
convection in air), a heat transfer coefficient variable from 0 to
50 W m~2 K~! is considered at the interface between the tube ex-
terior surface and the surrounding air. The tube, made of propy-
lene (material density p of 905 kg m~*, heat capacity C, of 1900
J kg7! K71, thermal conductivity k of 0.185 W m~! K1), has an
internal diameter of 6.1 mm at the beginning of the non-tapered
part, a total height of 3 cm and a wall thickness of 0.6 mm. The
tube is partially filled by the ferrofluid, i.e., up to 1.75 cm from
the tapered bottom.

Figure 5a shows the spatial distribution of the temperature in-
crease at the end of the heating transient, consequent to the ap-
plication of a uniform 50 kHz magnetic field; the nanodisks are
dispersed in water (p = 997.05 kg m~’, C, = 4183 ] Kg~' K™,
k=0.6 Wm™ K!) with a concentration of 0.2 mg ml~!. As
a first approximation, the SLP in water is set at 440 W g7,
value obtained under the hypotheses of infinite dilution (opti-
mal dispersion) and nanodisks aligned with the applied field,
thanks to the low viscosity of water (see Sub-section 2.3). The
map in Figure Sa, calculated for h = 10 W m~2 K™', puts in ev-
idence how also at equilibrium, reached after ~30 min, there is
a temperature gradient within the ferrofluid, with a variation of
~2 K between the peak (at the sample surface) and the mini-
mum (at the tube bottom). Other effects that concur to tempera-
ture inhomogeneity comprise the magnetic field non-uniformity,
convective currents, and non-uniform distribution of nanoma-
terials within the tube, due to precipitation toward the bottom.
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Figure 4. Role of local concentration and magnetostatic interactions. a) SLP versus local volume concentration, evaluated at 50 kHz for random distri-
butions of 55 nanodisks with 150 nm diameter and 25 nm thickness, including thermal effects. The reported data represent the average of 10 stochastic
realizations with the relative standard deviations; the schematic illustrates the nanomaterial release and cluster formation in tissues. b) Comparison of
the hysteresis loops calculated at T =318 K for two volume concentrations, equal to 0.1% and 27.6%. c) Evolution of the equilibrium states along the
descending branch of the hysteresis loop for the concentration of 27.6%. The color wheel represents the angle, in degrees, between the magnetization
component in the xy-plane and the x-axis (direction of application of the field).

All these issues would require a careful location of the ther-
mal probe within the sample or the multiple recording of heat-
ing curves placing probes at different locations in the sample
holder.[60-62]

The heating transient in water, consequent to the ac field appli-
cation for 25 min, and the successive cooling transient are shown
in Figure 5b, as a function of parameter h, considering a nan-
odisk concentration of 0.2 mg ml~'. The time-evolution of the
temperature increase is calculated in a point internal to the sam-
ple (labeled as P in Figure 5a); at the end of the heating process
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this ranges from 2.3 °C (for h = 50 W m~2 K1) up to 22 °C (for
adiabatic conditions), with a steeper rise for low values of h, as de-
picted by the summary graph on the right. It is important to note
that after 25 min, the ferrofluid has not reached the regime con-
dition yet for values of h lower than 10 W m= K™, with the possi-
bility of an additional increase in temperature for longer heating
processes. For such values, also the considered cooling process
of 25 min is not sufficient to completely cool-down the sample,
with a strong rise in the transient time interval for adiabatic con-
ditions.
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Figure 5. Analysis of thermal effects in test tubes. a) Map of temperature increase AT at the end of the heating transient, consequent to the excitation of
150 nm diameter and 25 nm thickness permalloy nanodisks, dispersed in water with a concentration of 0.2 mg ml~". The internal black line represents
the sample surface (filling level). b) Influence of the heat transfer coefficient h at the interface between air and tube wall on the heating-cooling transients
in water. The temperature increase is evaluated in point P for a concentration equal to 0.2 mg ml~; the graph on the right reports the values of AT after
25 min versus h. c) Comparison of heating-cooling transients, calculated in water and gel for a concentration ranging from 0.01to 0.3 mg ml~", fixing h
to 10 W m~2 K~7; the graph on the right reports the values of AT after 25 min versus the concentration.

In Figure 5¢ we compare the heating-cooling transients cal-
culated for different concentrations of nanodisks (variable from
0.01 to 0.3 mg ml™!), fixing h to 10 W m~2 K~! and considering as
a dispersion medium both water and a viscous gel with the prop-
erties of gellan gum (p = 1010 kg m~>, C, = 4160 ] Kg~' K™,
k=0.53 W m~! K™!). For the latter, according to the analysis in
Sub-section 2.3, the SLP is set at 225 W g~!, due to the random
orientation of the nanodisks with respect to the applied field. Af-
ter a 25 min heating process, the temperature increase in point P
is equal to 10.8 °C in water and 5.5 °C in gel, for a nanodisk con-
centration of 0.3 mg ml~!, while an increase lower than 0.5 °C
is found in both media for a concentration of 0.01 mg ml™'.
The temperature variation with the concentration is linear, as de-
picted by the summary graph on the right.

2.6. Thermal Effects in a Murine Model

In this Sub-section we mimic in vivo tests, calculating the temper-
ature increase induced in a murine model. As a first approxima-
tion, the permalloy nanodisks are uniformly dispersed in a spher-
ical region internal to the body and then excited by a uniform ac
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magnetic field along the mouse body axis. The used numerical
model is described in Section 4. The role of various parameters
is investigated, namely the nanodisk concentration, the size § of
the region where the nanodisks are dispersed and that represents
the target tissue, and the thermal properties of the organ where
this region is mainly located. The considered murine model, de-
picted in Figure 6a, is a male nude normal mouse with a length of
8.6 cm (excluding tail),[**! segmented into voxels of 0.25 mm size,
in turn discretized into 6 tetrahedral elements, for a total of about
9 million tetrahedrons. The tissue density and thermal proper-
ties are extracted from the IT’IS Foundation databasel®) (Table
1) and the heat convection coefficient h at the air—skin interface
is assumed equal to 0.5 W m~2 K~1,[®] fixing the temperature of
air to 25 °C and the initial temperature of skin to 33 °C.[%]

To perform a direct comparison to experiments in test tubes,
we focus on the same nanodisk geometrical properties consid-
ered in Sub-section 2.5. The SLP is set at 225 W g~!, chosen
as a precautionary value to take into account the reduction in
SLP occurring at high concentrations (Figure 4a) and when
the nanodisks are dispersed in strong viscosity media, like,
biological matrices, where the reorientation with the applied
field is very limited (Figure 3c).
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Figure 6. Analysis of thermal effects in a murine model. a) Schematic of the considered mouse, with the indication of the spherical region where
the nanodisks are dispersed and the transversal plane for the calculation of the temperature increase map. b) Comparison of maximum and average
temperature increments achieved at the heating equilibrium, by varying the organ where the target region is placed, its size  and the dose of permalloy
nanodisks. c) Heating transients for different organs, fixing 6 to 6 mm and the nanodisk dose to 5 mg cm™3.

Table 1. Density and thermal properties of some of the tissues relevant for our study (Source: IT'IS Foundation database)¢4].

Tissue Density p Thermal Heat capacity C, Tissue-blood Metabolic heat
[kg m™3] conductivity k kg™ K] perfusion rate W generation rate Q,,
Wm™ K] kg s~ 'm™3 W m™3]
Lung 394 0.387 3886 2.764 2446.41
Brain 1045 0.547 3696 13.956 16230.62
Liver 1079 0.519 3540 16.24 10712.89
Intestine 1030 0.493 3595 18.494 16370.23
Heart 1081 0.558 3686 19.403 42640.2
Fat 911 0.212 2348 0.521 461.48
Thorax/Skull 1908 0.32 1313 0.334 295.49
Skin 1109 0.372 3391 2.064 1827.1

Figure 6b shows the maximum temperature increase reached
at thermal equilibrium, as a function of permalloy nanodisk dose
(magnetic material concentration variable between 0.1 and 5 mg
per 1 cm? of tissue) and parameter § (ranging from 4 to 8 mm,
for a volume of the target region between 34 and 268 mm?). The
simulations are performed placing the target region in different
organs (liver, intestine, lung, and brain). As a comparison, we
also report the values of AT averaged on the region itself. The
temperature variation is calculated considering as a reference the
thermal gradient due to the only metabolic heat.

It is important to note that for the lowest nanodisk dose
(0.1 mg cm™3), due to the dominance of blood perfusion effects,
the temperature increase is practically negligible, regardless of 6
and the target organ, while for the same concentration in water or

Adv. Theory Simul. 2021, 4, 2100013 2100013 (9 of 13)

in a viscous gel this results to be 3.6 and 1.9 °C, respectively (see
Sub-section 2.5). To observe an appreciable rise in temperature
in the perfused biological tissues, a larger amount of magnetic
material is needed, in line with previous findings.[*¢7-%°1 As
an example, when § = 4 mm, a dose of at least 5 mg cm™
is required to obtain a maximum increase of some degrees
centigrade (i.e., 2.9 °C in the liver, 3.1 °C in the intestine, 3.5 °C
in the brain, and 5.4 °C in the lung). When doubling the size of
the spherical region where the nanodisks are dispersed there is
a significant increase in the maximum temperature increment,
which ranges from 8.7 °C in the liver to 22.9 °C in the lung,
reaching temperatures compatible with thermal ablation.[*”] This
result demonstrates the possibility of reducing the nanodisk
dose for larger tissue portions, with a consequent limitation of
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Figure 7. Analysis of thermal effects in a murine model. a) Maps of the temperature increase calculated on transverse sections of the mouse body in
correspondence of the different target organs, setting the size of the target region (indicated with a black circle line) to 6 mm and the nanodisk dose to
5 mg cm™~3. b) Maps showing the tissues and organs traversed by the considered sections.

potential toxicity effects.””! The maximum temperature increase
is observed in the lung, due to the lower thermal conductivity
and reduced blood perfusion rate, in comparison to the other
considered organs (see Table 1). Overall, there is a variation in
the order of 20-30% between the maximum and the average
temperature increments, due to the thermal gradient from the
center of the treated region to its periphery.

Another important aspect to be mentioned is the quite rapid
heating transient, i.e., the thermal equilibrium is reached within
20 min at most, regardless of the organ where the target region
is placed, its size 6 and the nanodisk dose. As illustrated in Fig-
ure 6¢, for fixed values of § and nanodisk concentrations, the tran-
sient is longer in the lung, due to the higher heat capacity and
reduced blood perfusion rate.

Finally, the temperature increase can show a non-spherical dis-
tribution when the target region extends toward other tissues
or organs with significantly different thermal properties. This
can lead to amplified side-effects and to a displacement of the
point where the maximum temperature increment is reached,
which moves from the region center toward tissues with lower
thermal conductivity and blood perfusion rate. The above effects
are observable in Figure 7a, which reports the maps of the tem-
perature increase calculated on transverse sections of the mouse
body placed in correspondence of the different target regions (see
schematic in Figure 6a), fixing the size of the target region to
6 mm and the nanodisk dose to 5 mg cm~>. The maps in Fig-
ure 7b show the tissues traversed by the considered sections. As
an example, when the target region is mainly located in the lung,
the maximum temperature increment shifts toward the thorax
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and the surrounding fat, while close to the heart there is a more
limited temperature increase. The temperature amplification ef-
fects due to the proximity to fat are found also for the liver and
the intestine; for the brain there is a significant temperature in-
crement toward the skull.

3. Conclusion

In this study, we have explored, with a numerical modeling based
methodology, permalloy nanodisks for potential application in
magnetic hyperthermia, as heating agents that produce heat via
magnetic hysteresis. Modeling has proved to be fundamental to
corroborate previous experimental results (from SLP measure-
ments) and support nanodisk design, thus addressing bottom-up
nanolithography process. The analysis has demonstrated that the
optimal heating efficiency can be achieved with nanodisks hav-
ing diameters around 100-200 nm and thickness of 20-30 nm.
In this case, values of SLP in the order of 500 W g~! can be ob-
tained with field frequencies below 100 kHz, to avoid exceeding
the Hergt-Dutz limit on the ac source parameters. The highest
SLP (790 W g~!) has been found at a field frequency of 75 kHz for
a diameter of 100 nm and a thickness of 20 nm; this is a size that
is also more advantageous in terms of cell uptake, blood circula-
tion half-life and biodistribution. Moreover, for all the considered
dimensions the nanodisks exhibit vortex state at remanence, thus
conveniently reducing the possibility of aggregation.

Attention has been focused on phenomena that can influ-
ence the magnetization reversal process and consequently the
hysteresis losses, at the basis of the heating mechanism. First,
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we have analyzed the possible rotation of the nanodisks within
low-viscosity media; under this condition, we have found that
the alignment of the nanodisks with the applied field occurs
very rapidly (order of milliseconds), leading to a condition for
which the SLP is maximized. This result further corroborates
previous experimental findings on ellipsoidal- or disk-shaped
particles, for which an enhancement of the heating efficiency
has been observed in water with respect to gel media or cell
cultures. Second, we have investigated the influence of the
inter-particle magnetostatic interactions, which result to play
an important role at the nanoscale level, due to the possible
formation of nanodisk clusters after the accumulation in the
target tissue. Specifically, we have found that at very high local
concentrations the magnetostatic interactions can be respon-
sible for a reduction of 40-50% in the SLP, as a consequence
of the strong modification of the shape of the global hysteresis
loop. In particular, a gradual magnetization reversal process
takes place, with indistinguishable vortex nucleation/expulsion
transitions.

Finally, we have mimicked experimental tests, focusing on
calorimetric measurements in test tubes and on in vivo appli-
cations in murine models. Via thermal simulations, we have
demonstrated that in a mouse model temperature increments
comparable to that obtained in calorimetric tests under quasi-
adiabatic conditions can be achieved only by using an order
of magnitude larger dosage of nanodisks, due to blood perfu-
sion effects. In particular, a dose of at least 5 mg cm™ of mag-
netic material is required to obtain a maximum temperature
increase of some degrees centigrade in a 4 mm sized target
region. When doubling the size of the target region we have
found a significant enhancement of the maximum temperature
increment, compatible with thermal ablation (e.g., 22.9 °C if
the treated region is placed in the lung, characterized by low
thermal conductivity and blood perfusion rate). This allows us
the possibility of reducing the nanodisk dose for larger por-
tions of tissue, with a consequent limitation of potential toxicity
effects.

To conclude, another important aspect to be mentioned is the
presence of side-effects at the periphery of the target region, with
a significant temperature increase toward tissues with lower ther-
mal conductivity and blood perfusion rate, like fat. This result
demonstrates the utility of in silico models in supporting in vivo
tests, with the prediction of possible adverse effects that can be
partially controlled, for example, with a guided intra-tumoral par-
ticle injection.

Finally, as a future work we intend to implement a numerical
model able to simulate the accumulation of the magnetic nan-
odisks inside the target tissue, in order to determine the induced
temperature increase as a function of the nanodisk spatial and
temporal distribution.

4. Experimental Section

Hysteresis Loop Calculation: The hysteresis loops of the permalloy
nanodisks are calculated through the numerical integration of the LLG
equation

oM 14 a
— =——MX |Hs+ — MXxXH 1
ot ( +a2) eff MS ( eFF) Q]
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where M is the magnetization vector with amplitude equal to the satura-
tion magnetization Ms, y is the absolute value of the gyromagnetic ratio
and a is the damping coefficient. The effective field H g is the sum of the
applied external field, the magnetostatic field, the exchange field, and the
magnetocrystalline anisotropy field, assumed to be negligible for permal-
loy. It can also include the thermal field Hy,, here evaluated following the
Langevin approach and the fluctuation-dissipation theorem,l”™l that is

H ) 2akgT @
= T, R
th=1 YHoMsAs3 At

where T is the absolute temperature, kg is the Boltzmann constant, and
Ho is the magnetic permeability of vacuum. The components of stochas-
tic vector 1 are Gaussian random numbers, uncorrelated in space and
time, and with zero mean value and dispersion 1. Parameter As is the av-
erage size of the spatial discretization, in the order of the exchange length
(=5 nm), and At is the time-step.

The numerical integration of the LLG equation is performed by means
of a GPU-parallelized micromagnetic code, able to efficiently handle 3D
random distributions of magnetostatically interacting magnetic thin-film
objects.[*1:72] The magnetization vector is assumed to be uniform within
each discretization element. The exchange field is calculated with a finite
difference technique able to treat non-structured hexahedral meshes, thus
guaranteeing the accurate description of the nanodisk curved edges.[”’]
When many nanodisks are considered (as in the study of Sub-section 2.4),
the magnetostatic field is separated into two contributions: an internal and
an external one. The first contribution includes the magnetostatic interac-
tions internal to each nanodisk and is determined by numerically solving
the Green’s integral equation. The second contribution describes the mag-
netostatic interactions between nanodisks and is calculated by approxi-
mating each nanodisk as a collection of magnetic dipoles, associated with
mesh hexahedra.[*!]

The time-integration of the LLG equation is performed by means of a
norm-conserving scheme based on the Cayley transform and the Heun
method.l7475]

Model of Mechanical Behavior in Fluids: A simple physical model is
used to analyze the temporal scale of the reorientation mechanisms occur-
ring in fluids, where the magnetic nanodisks tend to align with the applied
alternating field. We build an orthogonal system of reference with center
in the nanodisk barycentre and axes that coincide with the projection of
the field on the nanodisk plane (u), the fixed axis of rotation (w) and the
normal to the nanodisk plane (v). The model, based on the angular mo-
mentum conservation equation, aims at determining the time evolution of
the rotation angle 6, identified as the angle between v-axis and the direc-
tion of the field, or its complementary angle ¢, i.e. the angle between the
field direction and u-axis (see schematic below Figure 3a). The equation
for the nanodisk angular motion in a fluid in the presence of an external
magnetic field H, can be written in the following form:

Ii—?:yo(mxHa)+’cD+rB (3)

where I is the moment of inertia of the nanodisk, ® = 'Z—f\?v is its angular ve-
locity, m is its magnetic moment, T, is the dynamic drag torque, and g is
the Brownian torque. The latter is described as a Gaussian white noise fol-
lowing the Langevin approach and the fluctuation-dissipation theorem.l”¢]

The dynamic drag torque is expressed as T = —vq, - @, where v is the
fluid viscosity and the rotation tensor Qg depends on the shape of the
particle and on its center of rotation. For a thin homogeneous disk rotating
around its center of mass Qg = I?dz, where | is the identity 3x3 matrix
and d is the disk diameter.l””]

Regarding magnetic torque, the nanodisk is approximated as a mag-
netic dipole whose moment m is a function of H, (t), and is obtained by
volume averaging the magnetization spatial distribution, obtained from
micromagnetic simulations of nanodisks orientated at different angles ¢,
under different field conditions.
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Simulation of Thermal Effects in Test Tubes: To simulate the thermal
effects induced in fluids contained in test tubes, we have implemented a
3D finite element code that solves the heat transfer equation under the
hypothesis of negligible convection phenomena. This results in

aT (r, t)
ot

P (1) G, (1) =V kYT (5,1) +T () Quips (5. 1) )

where T is the temperature, p is the material density, C, is the material heat
capacity, kis the material thermal conductivity, Qynps is the heating power
produced by the magnetic nanodisks per unit volume and function T" is
equal to 1 in the particle-fluid suspension region and zero elsewhere 78]
Equation (4) is completed by the following boundary condition on the test
tube exterior surface 9Q:

aT
g=—k—=-h(Tex—T)

o on 0Q ©)

where g is the outward heat flux, T, is the external temperature (far away
from the modeled domain) and h is the heat transfer coefficient, which
takes into account exterior convective cooling. At the initial time instant (¢
=0), T=T,,.

The finite element solution is obtained by discretizing the domain under
analysis into a tetrahedral mesh and by using linear shape functions. The
time integration is performed with a Crank—Nicholson’s method.

In Silico Simulation of Thermal Effects: To simulate the hyperthermia
effects induced in living tissues, we have implemented a 3D finite element
code that solves the Pennes’ bioheat transfer equation, namely

aT (r,t)
ot

p (1) C, (1) = V-kVT (r,) + T (r) Qunps (r, )

+ Qm - chlood (T (1‘, t) - Tblood) (6)

where T is the local tissue temperature, Ty .4 is the arterial temperature,
p is the tissue density, C, is the tissue heat capacity, k is the tissue ther-
mal conductivity, Qunps IS the heating power produced by the magnetic
nanodisks per unit volume and function I is equal to 1 in the portion of
tissue where the magnetic nanodisks are dispersed (target region), Q,,, is
the metabolic heat generation rate per unit volume, Cp|,.q4 is the heat ca-
pacity of blood, fixed to 3617 | kg™' K=1, and W is the local tissue-blood
perfusion rate.[647°]

Equation (6) is completed by the following boundary condition at the
interface 0Q between skin and air:

q= _k‘;_: = —h(Ty = Tyan) 0N 0Q, Y]

where g is the outward heat flux, T,;, is the air temperature, Ty, is the
skin temperature and h is the heat convection coefficient between the skin
surface and the surrounding air under physiologically basal state and is an
overall contribution from natural convection and radiation. The initial con-
dition (at t = 0) corresponds to the steady-state temperature distribution
before heating, governed by the metabolic heat.

The spatial and time discretization of Equation (6) is performed with
the same methodology described for Equation (4).
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