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Abstract

Ferrofluids, composed of magnetic nanoparticles (MNPs), act as magnetothermal energy transducers under alternating
magnetic fields. Heat conversion occurs through two primary mechanisms: Néel relaxation and Brownian relaxation.
However, establishing activation standards for each particle type remains challenging, with significant discrepancies
between theoretical and experimental values. We propose that these discrepancies arise not only from the nonlinear
responses of magnetic particles but also from the simultaneous occurrence of both heat generation mechanisms. To
address this issue, we propose a refined equation that considers the dual dissipation of each relaxation process. This
comprehensive model predicts the transduced power more accurately and helps trace the stochastic Brownian
rotation inside magnetic colloidal suspensions. Furthermore, our approach theoretically proves the multiplexed
activation with three (or more) channels, which cannot be verified using the conventional theory. This study offers
insights into the selection of stable operations for magnetothermal energy conversion, whether in single or multiple

channels.

Introduction

Ferrofluids (FFs), primarily composed of magnetic
nanoparticles (MNPs), offer several advantages, including
wireless operation for energy transduction, such as mag-
netothermal'~®, magnetoelectric*, and magnetomechani-
cal”®. Owing to the high transmittance of magnetic fields
through non-magnetic materials’, this non-invasive
technology has been applied in biomedical applications,
such as magnetic particle imaging®® (MPI), cancer ther-
apy'®* (commonly referred to as magnetic hyperthermia),
and agents for targeted drug delivery'>'>, More recently,
precise injection of minimal amounts of FFs has facilitated
chronic deep brain stimulation'?, and multiplexed sti-
mulations have subsequently been explored'®, laying the
groundwork for state-of-the-art wireless neuromodula-
tion. Additionally, non-invasive methods for traversing
the blood-brain barrier (BBB) by magnetic force have
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been studied'®'”, potentially advancing the understanding
of the correlation between brain areas and cognitive
functions'® of organisms, which remain mostly shrouded
in mystery.

To effectively utilise and advance these applications, a
meticulous design of MNPs is crucial, with careful con-
sideration of the thermal energy generated. For instance,
in brain stimulation, temperatures or rising rates are
necessary to activate thermoreactive transient receptor
potential (TRP) channels, such as TRPV1/TRPA1, in
neuronal cells*172%, Similarly, temperatures above 43 °C
are essential for inducing axonal nerve growth via Ca*"
influx*?, Therefore, the accurate prediction and manage-
ment of the heat generated by MNPs under an external
magnetic field are critical for both therapeutic and remote
outcomes, minimising risks*> and increasing benefits.

Therefore, a solid theoretical framework is essential for
enhancing the engineering applications of FFs in the
biomedical field. The power dissipation of the FFs origi-
nates from two primary mechanisms: internal energy loss
owing to the consistent reversal of the magnetic moment
(Néel relaxation) and frictional loss of rotational motion
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(Brownian relaxation). To date, the Stoner-Wohlfarth
model-based theories (SWMBTs) for major loop cycles
and the first-order Debye model based on the linear
response theory (LRT) for minor loop cycles have been
used to quantify the amount of converted heat®*. We
began with the LRT model to develop an integrated the-
ory despite the nonlinearity restriction between the field
and magnetisation in MNPs. In a sufficiently low field, the
relaxation of the MNPs is expressed in terms of the
complex susceptibility:

__ Xo
1+ iwtes

XEE (1)

where 7.¢ 7' =157' + v . This equation was first used
by Debye® to describe the dielectric response, and
Shliomis and Stepanov*® derived the dynamic suscept-
ibility of FFs. Rosensweig deduced an equation for power
dissipation using the first law of thermodynamics®’:

WTeff
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(2)

This classical model describes the energy from the
cyclic increase in internal energy due to the periodic
magnetic potential and is particularly useful in mild
conditions below the LRT limit (H/Hy < 0.4)*® and bio-
medical safety limits*® (H.f<10'°Hz-A/m). However, in
many studies, Eq. 2 failed to predict the experimental
values accurately®, highlighting the necessity of refining
the conventional theorySl’?’z. Here, we identified that the
effective relaxation approach introduces inherent errors,
assuming that the frictional loss per unit volume due to
Brownian rotation and the hysteresis loss from Néel
relaxation® are equal.

Néel relaxation is the process of transferring energy
from the spin system to the lattice through spin-orbit
coupling, which is converted into forms such as spin
waves, lattice vibrations, and strains of MNPs>>. On the
other hand, Brownian relaxation involves purely rotational
alignment, with frictional heat generated through effective
collision with solvent molecules at the hydrodynamic
surface of the MNPs. Consequently, although Eq. 2
remains logically valid (aside from the problems of LRT)
for FFs containing static Néel-relaxing MNPs, the accep-
tance of Brownian rotation leads to an increase in the
internal energy leaked through the rotation, resulting in a
mathematical underestimation of the dissipated power,
even if it matches the experimental data®®. In other words,
when the spin-reversal energy is larger than the energy for
rotation, the magnetic moment aligns externally owing to
the rotational motion of the MNPs, thereby reducing the
potential heat generated from internal energy dissipation.
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This effect can be summarised using Eq. 3:
Peg = (uorHG fX" = Pr) + Py (3)

where P; represents the leakage of the cyclic increase
caused by the rotational alignment of the MNPs, and P,
denotes the frictional heat generated by rotational motion.
To calculate each term mathematically, it is imperative to
initially distinguish between the combined susceptibilities.
Hence, the magnetic susceptibility of the FFs can be
expressed as the sum of Brownian and Néel susceptibil-
ities, denoted as y and yy, respectively’”.

Xer = XN T X = (X;\I +X;3>_i(XKI JFX%) (4)
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where yp=faxo and yn=fuxo are the initial suscept-
ibilities of each relaxation mechanism, and fz and fy are
the relaxation ratios (fg +fiy = 1), which were calculated
using the decay rates relative to each relaxation time:
fo=15 1o ' and fy =1 /7o ~'. This mathematical
separation provides insights into the overall behaviour of
the fluid, as shown in Fig. 1.

Figure 1a shows the separated complex susceptibilities,
which were indistinguishable using previous methods (Eq.
1). Comparing this separation approach with existing
theories, we observe that while the values of the real
susceptibilities are consistent, there are noticeable devia-
tions in the peak positions of the imaginary susceptibility
for each mechanism. This discrepancy indicates the
impact of amplitude-dependent relaxation models on the
frequency of heat emissions through Néel and Brownian
processes. In addition, susceptibility separation can
explain the situation that each relaxation time shifts
independently. For instance, when dealing with a non-
rotatable matrix (where Brownian motion is controlled),
the reaction frequency may shift to the high-frequency
region (typically, Néel relaxation occurs much faster).

Next, if Brownian relaxation causes frictional heat, the
real part of the Brownian susceptibility (y's) responsible
for particle movement should be directly related to the
heat calculation. To illustrate this correlation, Fig. 1b
shows the initial hysteresis at a real susceptibility of
100 kHz in the MNP schematic. When the susceptibility
of each relaxation is determined by the frequency (or
measurement time 7,,), the saturation magnetisation of
each mechanism can be determined (Msy for Néel and
Mg for Brownian). From the macroscopic view of Mg
and Msgp, the range of the rotation angle owing to
Brownian relaxation can be determined. Additionally,
from Ms and x'p-H, it is possible to predict the average
angle of actual rotation relative to the total saturation
magnetisation (—Ms ~ +Ms, —180 ° to +180 °). This angle
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Fig. 1 Mathematical separation of Brownian and Néel susceptibilities for a 1 mg/mL ferrofluid containing 16 nm Fe3;0, particles with
Kegr = 30 kJ/m>. The size and frequency were chosen to effectively highlight these differences, and H-f= 5 kHzT was used in this calculation. Because
both Néel and Brownian relaxation times depend on the amplitude of the magnetic field, amplitude-dependent relaxation models’® were
introduced. a Brownian (blue), Néel (red) susceptibilities, and total susceptibility (orange) are expressed with real and imaginary parts; susceptibilities
based on Eq. 1 are described with dotted (amplitude-independent, Al) and dashed (amplitude-dependent, AD) lines. b Initial hysteresis at
corresponding susceptibility at 100 kHz. Magnetisation is represented by the linear product of susceptibility and field amplitude below the LRT limits.
The angle a denotes the rotation angle in each MNP, which is inversely calculated from Brownian susceptibility. This rotation directly causes the
MNPs to collide with the surrounding solvent, leading to heat generation.
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is expressed in Fig. 1b as a (—a ° to +a °), indicating the
magnetisation angle, which will be discussed further in
later sections.

Therefore, the total volumetric dissipated power of the
ferrofluid can be formulated for the two types of power
sources using Eq. 3:

PFF = (/,IOTTH(z)fX// — Pl) =+ Pr = PN + PB (6)

Therefore, we aimed to determine a mathematical
expression that describes P,, that is, the amount of fric-
tional heat dissipated per unit particle or volume. In the
next section, the potential range of dissipated frictional
heat caused by Brownian motion is modelled based on x's,
establishing a mathematical foundation for multichannel
resonance in the FFs. Based on these results, a theoretical
basis was provided for multichannel resonance in ferro-
fluids containing two or more mixed-particle types, where
each particle operates only within a specified
frequency range.

Results

First, we derived a mathematical model to predict the
range of frictional power generated by Brownian rotation.
The results were compared with the experimental values.

While magnetostrictive effects exist in MNPs®®, our
model assumes a continuous alignment of the magneti-
zation vector within magnetic particles along the radius
vector. This assumption implies that the axis of magne-
tostriction changes constantly from the perspective of the

crystal lattice. Therefore, we also assumed that averaging
these effects over each cycle could neutralize their overall
impact.

In this study, the power dissipation values were unified
in terms of the specific absorption rate (SAR [W/ggg]),
which is closely related to the theoretical mechanism of
both relaxation processes, considering that solvents also
play an important role in Brownian heat generation. In
this study, we adopted both the empirical Brownian
relaxation model proposed by Yoshida and Enpuku®’
(Eq- 7) and the Néel relaxation model proposed by
Chalifour®® (Eq. 8), both of which depend on the field
amplitude. Details on these model selections are provided
in Supplementary Methods 1.

317 Vh

TBH = 7
ksT+/1+0.12687 @
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INH = HoVls g COS(SIH ) ea(lfh) (8)

dyKett aa  /1—h(1—h?)

The blocking temperature (7p) of the MNPs was cal-
culated using Eq. 8 (See supplementary Fig. 1). Specifi-
cally, we focused on assessing the thermal utility of Fe30,
nanoparticles by adjusting K. via doping with other
elements or by introducing exchange boundaries. To
comprehensively evaluate their activation, we used a
unified density (p) along with magnetic properties such as
the saturation magnetisation (Ms), g-value (g), damping
constant (ag), and gyromagnetic ratio (y) of the ferrite
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Fig. 2 Conceptual framework of the Brownian dissipation model. a The z-component of magnetisation is constrained along the radius vector
and limited within the range allowed by the Debye equation. Additional motions adhering to this deterministic z-constraint can introduce stochastic
contributions, resulting in a periodic trace of the normal (radius) vector that dissipates energy steadily without deviating from the z-magnetisation
path. b Comparison of cases with stochastic rotational components (solid lines) and without additional motion (dashed lines, where only unit motion
exists) over one cycle for the velocity of a point on the particle surface, with a = 60 °. Notably, in linear unit motion without additional ¢-oscillation,
the magnetic nanoparticle (MNP) should stop and rotate 180 ° to realign, as shown by the black dashed line. ¢ Comparison of cases over one cycle
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particles. Additionally, as the particle size increases, the
rate of change in K diminishes due to the interparticle
interaction, with 5mg/mL FF in the 10-20nm range
showing less than 2% variation®” (Supplementary Fig. 2).
As a result, a detailed discussion on interparticle inter-
action effects has been excluded in this model. However,
future investigations following this framework could fur-
ther delve into how these interactions influence heat
generation to arrive at a conclusive inference.

Brownian Dissipation model and thermal analysis

To deduce a rational equation for frictional power
dissipation in Brownian rotation, we began by esti-
mating the trace of the radius vector, which moved
along with the magnetisation vector of the magnetic
particles. The heat generated can be calculated by
estimating the rotation of the particles relative to the
solvent. However, there is a limited way to directly
determine the extent to which the particles rotate
relative to the solvent because we can only externally
measure the temperature. Therefore, we calculated the

theoretical “range” of heat by considering the mini-
mum and maximum traces of the particles under ideal
conditions, and then approximated the actual trace of
the particle using the experimental value, as long as the
particle did not violate the Debye model within a given
magnetic field. Because z-magnetisation (M,) is defined
by the Debye model, a possible periodic trace of the
radius vector that obeys the z-constraint was expressed
(Fig. 2a). Here, we provide a range of rotations using
simple modelling described below:

Let us assume that N magnetic particles, which have
the same core, hydrodynamic volume, and composition,
are well dispersed in a solvent with viscosity 7. The
centres of the particles are fixed at certain points, and the
magnetisation of each particle is ‘frozen’ at itself such that
particle rotates along with the magnetisation under
Brownian relaxation. Then, the collective motion of
particles can be understood as a trace of a magnetisation
vector: when magnetisation itself is positioned at (0, Mo,
0), and a uniform AC magnetic field H() =
kHy-cos(w.,2) is applied along the z-axis, the resulting
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expectation value of z-magnetisation can be expressed as

)(;;Ho

o2 — t—38
cos(w )

©)

M, () = kM - cos(wt — 8) = kMg -

Because 0 < y'g-Hy/ Ms < 1, it can be replaced with a sine
value of angle @, which implies the magnetisation angle
(Fig. 1b):

M, (t) = kMs - [sina cos(wt — )] (10)

This substitution simplifies the mathematical calcula-
tions. The total z-radius vector of the particles in FF is
given by

N
rope(t) = Zrzﬁi = kNry, - [sinacos(wt —8)]  (11)
=1

where r, is the hydrodynamic radius of the magnetic
particles. In the classical way, this collective vector can be
thought of as the sum of N average radius vectors of the
particles, that is, r,(f)=N7_4,4(?), and the averaged
expected radius vector of each particle can be expressed
as follows:

Iy avg(t) = kry, - [sinacos(wt — 8)] (12)

Regardless of the phase lag, the values of 7, 4,4 4e(?)
oscillate with a cosine function. This implies that the
group of immersed particles exhibited at least one peri-
odic motion (f-oscillation, denoted as “unit motion”),
even when subjected to complex motions involving
thermal collisions and rotation by magnetic potential
energy. Therefore, another motion must be superimposed
on the system that does not violate the theoretical equa-
tion or experimental observations of M,. This motion (¢-
oscillation, denoted as “extra motion”) could be related to
thermal collisions or other magnetic effects, such as
precession.

To explore another motion that satisfies the r, con-
straint, it is intuitive and mathematically useful to assume
that it is periodic in a continuous AC field. This allowed
us to estimate the range of rotation distances and fric-
tional heat caused by Brownian relaxation. Based on this
assumption, we modelled the particle motion as the sum
of two periodic motions: one representing the unit motion
that expresses the z-oscillation, and the other encom-
passing all the remaining effects combined, as illustrated
in Fig. 2a.

Initially, the unit motion fundamentally could be con-
ceptualised as linear motion (L) along the axis. However,
this assumption requires the radius vector to halt twice
per cycle to rotate 180 °, introducing discontinuities in the
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motion. While this concept remains plausible at fre-
quencies significantly below the resonant frequency where
the heating is inefficient, it becomes increasingly unten-
able as the frequency approaches resonance.

To overcome this limitation, we proposed that the
maximum feasible motion of the unit motion is circular
(C). This assumption provides a continuous trajectory
without abrupt stops, consistent with the physical con-
straint that the radius vector oscillating in the z-direction
cannot produce greater displacement in the xy-direction
than along the z-axis.

Following the same principle, we further constrained the
extra motion by assuming that its rotation frequency would
not exceed the unit motion frequency (0 < wy < w,,). This
prevents the unphysical scenario where extra motion
rotates more than once per cycle of the unit motion.

Further, we can assume that the solvent particles sur-
rounding the MNPs, particularly those on the hydro-
dynamic surfaces of the magnetic particles, are either at
rest or cohesively translated with the solvent. This implies
that the relative vorticity was zero (2 = 0). Even when the
solvent moved during translation with the particles, it did
not exhibit any rotational movement with respect to the
particles. Consequently, Stokes’ law can be applied to
calculate the frictional heat.

(Q) = g”f,de = ﬁSﬂ}yr?’(Q —w) - (Q—w)dt

= 61V [§ {o(t)}dt
(13)

In this context, f; is the frictional force during rotation.
The range of heat dissipated by friction per cycle can be
calculated using Eq. 13. To integrate these calculations,
we set a basis point corresponding to a circular trace (C)
of O-rotation and w, =0, which can be easily calculated.
In turn, the mathematical equation of frictional heat
generated by a single particle can be expressed simply by
multiplying the rotary coefficient &, (k.<0.5+ (sin’a)™)
based on this basis point, expressing their ratios and
range. Therefore, the total volumetrically dissipated
Brownian heat from the ferrofluid can be calculated as

Py[W/m?] = %:3) = 6nnk,Vyw*sin’a "
14

= 6nnk, V), (cox’BTFfo) 2

N (number of particles) and Vg (volume of ferrofluid)
were reduced to n (number density). Additional details
between Eqgs. 13 and 14 are provided in Appendix A.
Based on Eq. 14, we developed a refined version of the
dissipation model for the FFs that reflects the heat
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generated by Brownian rotation, as follows:

/ 2
Pee[W/m3] = Py + P = pgrtH2 fxls + 6mnk, Vi (MTH)
(15)

SAR[W/g] — CFFMFF - (Z) (16)
initial

where cpp and migp represent the specific heat (J/K-g) and
mass (g) of the ferrofluid, respectively, which were
calculated as the average values based on the solvent-to-
particle ratio. Subsequently, both the theoretical SAR
values are presented based on the conventional model
(Eq. 2, SARR) and the SAR derived from our work (Eq.
15), which are separated into spin-lattice interactions
(Néel, SARy) in red and rotational friction (Brownian,
SARg) in blue, along with the experimental values. The
measured temperature reached a steady state after
approximately 90 s, which marked the end of the heating
phase in the experiment® (Supplementary Fig. 3).

Although the actual heat largely deviated from the
theoretical values of SARR and SARg (where k.= 1), the
experimental k&, values were 357.1+539 at 18 mT,
321.29+53.9 at 24 mT, and 321.29 £53.9 at 27 mT.
Furthermore, smaller particles or those with low K.
values, which were theoretically expected to generate
negligible heat at 104 kHz in both theories, did not pro-
duce measurable heat (see supplementary Fig. 4 and 5).
Although the fabricated MNPs in FF appeared mono-
dispersed (Supplementary Fig. 6), approximately 8% par-
ticles underwent soft agglomeration in the solvent during
the experiment (Supplementary Fig. 7), as characterized
by a hydrodynamic volume of approximately 128 nm
diameter. Given that softly agglomerated particles
experience friction within the cluster under the applied
magnetic field, this friction is expected to be slightly less
than that of individual particles*'™**. Therefore, this
experimental value may be slightly greater, indicating a
greater deviation from the conventional analysis.

Notably, the calculated SARRr and SARp (with k,=1)
were significantly lower than the experimental values for
the FFs containing Brownian rotation-accepted particles
(Co-doped particles). Interestingly, the observed motion
was, on average, 378.04 + 56.1 times larger than the the-
oretical circular unit motion. This finding demonstrates
that the previous heat equations inherently under-
estimated the contribution of Brownian heat. Further-
more, the idea of unit motion (where k,=1) can be
directly converted into angular terms (a), offering an
intuitive interpretation (Fig. 3c).

Furthermore, we observed that the experimental
Brownian heat increased rapidly at the experimental field
values. Although assuming that the heat generated by the
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FF does not surpass the maximum value set by us, this
heating value must eventually saturate. To model this
behaviour, we fitted the experimental data to an empirical
sigmoid function*>*®, considering the experimental values
and point (0 mT, 0 W/gge) on the graph, as in other
theoretical”’ and experimental®® works. The threshold
field amplitude Hy, in the logistic fit was determined as 29
mT, representing the field value at which the generated
heat reaches half of the maximum value at 0 mT
(SARp,max shows only slight variation——approximately
0.08 W/gpr difference between 1 mT and 75 mT, corre-
sponding to about 4%——i.e. it remains nearly constant).

Therefore, the overall behaviour of Brownian thermal
transduction can be understood as occurring in two
phases based on Hy: an initial increasing phase (low
amplitude) and a subsequent saturating phase (high
amplitude). During the initial phase, the magnetic energy
gradually overcomes the thermal interference, leading to
an exponential reversal of magnetisation®”*°, In the
saturating phase, the rate of heat generation gradually
slows down within the framework of LRT, which does not
account for magnetic saturation. This behaviour can be
attributed to the reduced difference between SARp and
SARg max as indicated by the continuous decline in ;. ;.
eventually converging to 1 (Fig. 3d). This reflects how, as
the trace of unit motion increases, the relative contribu-
tion of extra motion diminishes. Furthermore, the
relaxation time reduces at higher amplitudes, which
makes the particle more susceptible at high frequencies,
thereby reducing Brownian susceptibility (y'). This
reduction in y’g, combined with the narrowing motion
trace, collectively drives the saturation to SARp.x at
those frequencies. This effect becomes more pronounced
at lower frequencies (wexTg<1) and for particles with
lower K.z For example, in this study, to achieve a
reduction in SAR at 104 kHz, particles with a minimum
size in the Brownian region require a field strength greater
than 161 mT (53.4kJ/m’), and those with higher K
require over 484 mT (168.1kJ/m®. As particle size
increases, the critical field strength also increases,
exceeding the amplitude range typically used for AC sti-
mulation (1-100 mT, Eq. 7).

SAR analysis and size dependency

The differences in the SAR values for each particle are
shown in Fig. 4. The k, value is predicted to vary depending
on factors such as composition, size, and shape. To address
this issue, the average k, values derived from experimental
results were utilized for the comprehensive size analysis. In
Fig. 4a, the maximum potential SAR (SAR,,,,) was calcu-
lated for Fe;04 (K.g=53.4k]/m>) and Cog4Fe, 0, core-
shell particles (K.¢= 168.1kJ/m?).

Each particle exhibited an initial hump and sharp valley,
followed by a gradual increase in both models (Fig. 4a).
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Fig. 3 Trace analysis of radius vector and temperature measurements for magnetic particles. All experiments were conducted using 5 mg/
mL FF, composed of 12.7 nm Cog 4>Fe, 5504@C00 6sFe5 3504 MNPs (overall composition is CoggFe,40s, Ko = 168.1 kJ/m>) dispersed in hexane.
a The 9-pixel average temperature profile of FF NPs activated at 104 kHz, fitted with the Box-Lucas function. b Comparison of the theoretical and
experimental SAR values of FF. SARg denotes the calculated value based on the conventional model by Rosensweig, and SARy (Néel) and SARg
(Brownian) are the calculated values from this work. Subsequently, logistic fitting was performed with the sigmoid function. H,, represents the
value of H at which the fitted function reaches half of its maximum predicted value. ¢ Plot of sin(a) as a function of the applied field amplitude,
compared with the DC hysteresis value (black), illustrating the oscillation angle along the z-axis at 104 kHz. d The maximum rotary coefficient
(kr.max) Where w, = we, and the rotary coefficient deduced from a fitted logistic curve are represented.

This hump arises from heat from Néel relaxation’,
whereas the gradual increase is attributed to Brownian
relaxation®>*®, A sharp transition from the Néel-domi-
nated to Brownian-dominated regions was observed with
increasing particle size, where both mechanisms operated
simultaneously. In this region, SAR,,, values were mea-
sured across a wide range of frequencies (Fig. 4d), span-
ning from 100kHz to approximately 3 MHz, while
Brownian (<100kHz) or Néel (~3 MHz) relaxation
remained almost stationary.

First, the Néel hump indicates that relatively small
particles tend to generate heat through Néel relaxation
but have an optimum size range for maximum efficiency
when Hf is constant. In addition, notably, lower K.
values resulted in higher and broader SAR,, peaks at
higher frequencies when comparing the two different FFs.
Therefore, when stimulating particles at high frequencies
for Néel relaxation (e.g., in environments where particle
movement is restricted, such as cellular uptake®), it is
crucial to use particles with a lower K¢ that are as large as
feasible. However, if the goal is to stimulate a mixture of

various particles at the same time for frequency-sensitive
multiplexed activation, a higher K.z would be advanta-
geous. Particles with a higher K,z offer better sensitivity,
meaning that they can turn off well at other frequency
channels, although they might not be efficient
transducers.

The heat generated by Brownian relaxation also
increased in both models (previous model and our work).
In the larger-sized region, the SAR;,,, of each particle
begins to converge, implying that Brownian dissipation
depends only on the size itself. However, compared with
the conventional model (dashed line), the measured
SAR .« from the Brownian relaxation was much higher
than that of the existing theory. This difference supports
the rationale for multichannel activation, which is
explained later.

Finally, as the dominant mechanism transitioned from
Néel relaxation to Brownian relaxation with increasing
particle size, a sharp valley appeared between the two
regimes. The lowest point of this valley was where the
heat from each mechanism was the same. Beyond this
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Fig. 4 Calculation of SAR values. All calculations were performed with 5 mg/mL FFs dispersed in water and H-f= 3 kHzT, which is below the
biomedical safety limits. The rotary coefficient (k,) of Brownian heat was set to 378.04, which was deduced from the average of the experimental
values. The mean particle size of the FFs was 13 nm, with a standard deviation(o) ranging from o= 0 (monodisperse) to o = 3 nm. The calculations
were categorised into two regions: Néel-relaxing FesO, (b, €) and Brownian-relaxing Co-doped particles (e, f), based on the conventional model and
our model, respectively. a Maximum potential SAR value (SAR,,) for each particle size (6-18 nm). b Calculation of SAR value for 13 nm Fe;0O,
particles using the Rosensweig model, and ¢ calculation using our model. d Corresponding frequency at SAR.x for each particle size (6-18 nm).
Frequencies below 100 kHz are quenched, to accurately describe the overall behaviour under the condition of constant H-f. e Calculation of the SAR
value for 12.7 nm CoggFe, 40, core-shell particles with the Rosensweig model and f using our model.

point, the spin reversal energy (0=K.¢V/kgT) increases
with particle size, making Brownian relaxation more fea-
sible. The resonant frequency continuously shifted to a
lower frequency band, and at the bottom of the valley, the
frequency fell within the Brownian regime. Although both
mechanisms were inefficient in this transitional section,
they dissipated thermal energy simultaneously. This
triangle-shaped area made of SARg and SARy is impor-
tant because it has the potential for generating maximum
heat at frequencies between the two distinct zones (Fig.
4d). If particles in this region are used, multiplexed acti-
vation using two, three, or more channels is possible.
Next, the SAR for the FFs containing the size distribu-
tion of MNPs was calculated using both models. Unlike
the conventional models (Fig. 4b, e), our model (Fig. 4c, f)
allows for the separation of SARy and SARg, enabling a
more detailed analysis of the size distribution with respect
to each relaxation mechanism. For the Néel-relaxing
particles (Fig. 4b, c), the calculated heat decreased as the

sample became more polydisperse, particularly in the
high-frequency region. This phenomenon arises from the
significant number of particles deviating from the peak
(Fig. 4a) where efficient Néel relaxation occurs. Regardless
of the average particle size, it is evident that the number of
particles at the optimal size is crucial for achieving max-
imum efficiency, in both models. Moreover, a larger size
distribution resulted in emerging the Brownian peak in
the low-frequency region. Therefore, when used simul-
taneously with Brownian particles for the effective on-off
based on frequency, it is best to use particles that are as
monodisperse as possible to create the FF.

In contrast, for particles undergoing Brownian relaxa-
tion (Fig. 4e, f), the calculated amount of heat exhibits
relatively minor variation and even increases, indicating
that larger-than-average MNPs contribute more to heat
generation than their smaller counterparts. Moreover, the
response frequency broadened with increasing size dis-
tribution as particles of different sizes contribute to the
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Fig. 5 Theoretical possibility of 3-channel activation (H-f = 3 kHz-T) using three different particles. All calculations were performed with FFs
containing three particle types (n = 1000 for each), each with a standard deviation of 1 nm, dispersed in water. Two types of FFs were analysed: FF-1
and FF-2. FF-1 (a, d, and g) contains only Fe;O, particles with different sizes: N channel (12.7 nm, 10 mg/mL), M channel (14 nm, 10 mg/mL), and B
channel (18 nm, 1 mg/mL). FF-2 (b, e and h) contains both pure Fes0, and CoggFe; 404 core-shell particles: N channel (9.4 nm, 10 mg/mL), M channel
(14.7nm, 7.5 mg/mL), and B channel (18 nm, 2.5 mg/mL). Each particle is distinguished by a different colour. The dashed lines indicate calculations
using the Rosensweig model for each particle. a SAR of FF-1 and b FF-2 at 50 mT, stimulating the N channel. ¢ Main idea of 3-channel activation.
d SAR of FF-1 and e FF-2 at 25 mT, stimulating the M channel. f Calculated channel selectivity of FF-1, by S,, =P, /(X~ P,,). g SAR of FF-1 and h FF-2 at
50 mT, stimulating the B channel. i calculated channel selectivity of FF-2.

heat generation at slightly different resonant frequencies.
Notably, a larger size distribution led to the emergence of
the Néel peak in the high-frequency region. Thus, while
Brownian power is less sensitive to size distribution than
Néel-relaxation particles, achieving a narrow size dis-
tribution remains advantageous for optimising multi-
plexed stimulation.

Channel selective activation analysis

By rationally utilising the characteristics of MNPs, the
distinctive channels of their FFs can be used to effectively
adjust their turn-off and turn-on states by tuning the
external frequency of the magnetic field. Beyond
2-channel activation, the existence of 3-channel activation
has been confirmed experimentally®*. However, it was not
possible to theoretically verify this phenomenon using
previous approaches. Our approach provides a theoretical
basis for verifying selective activation, even with three
channels, thereby enhancing the precision and

effectiveness of multichannel magnetothermal applica-
tions, as shown in Fig. 5.

In Fig. 5¢, a schematic diagram of the 3-channel acti-
vation is presented. Regardless of how the FFs were fab-
ricated (e.g., three different FFs or a single FF containing
three different MNPs), when every particle was under the
same magnetic field, each particle generated heat to its
capacity.

Channel activation can be realised in the Brownian (B),
Néel (N), and mixed (M) relaxation regions. There were a
total 10 possible combinations (B/B/B—N/N/N) in three
channels. First, the frequency—dependent heating mor-
phology at same H must be considered when designing
the MNP mixture. Channel B peaked at low frequencies
and then turned off, whereas channel N generated more
heat at higher frequencies. Channel M has a small capa-
city in both regions but forms the most heat in the
overlapping intermediate region when H is constant (Hf
is linearly increasing). Given the intrinsic dissipation
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forms of each relaxation mechanism, using the Brow-
nian(B), Néel(N), and mixed (M) relaxation channels
individually is an efficient approach for three-channel
activation, as previously mentioned. To implement each
channel in the simplest manner, a method that utilises a
single type of particle of different sizes can be used.
Therefore, the heat from Fe;O, particles of different sizes
was measured in magnetic fields of three different inten-
sities to determine the separated regions of their respec-
tive maximum regions at each intensity (Fig. 5a, d and g).
Since the Brownian heat is significantly greater than the
Néel heat, the concentration of the N channel was
adjusted to be higher than that of the B channel for
practical applications.

Additionally, the selectivity (S) was calculated for each
channel: 5 mT for the N channel, 25 mT for the M
channel, and 50 mT for the B channel. First, when the
selectivity was calculated using the Rosenzweig model, no
cases were found where all channels exceeded S > 1. This
implies that the theoretical establishment of the three
channels is not feasible with the existing theory.

In contrast, our model demonstrates that each channel
exceeds S>1 at different, non-overlapping frequency
ranges. Moreover, neither the existing theory nor our
model demonstrates an S > 2 region for all three channels.
This means that although iron oxide particles can exhibit
the behaviour of the three channels, they are not
remarkably selective, even when nearly monodispersed
(1 nm standard deviation).

Since single particle 3-channel activation does not
exhibit remarkable selectivity, it becomes necessary to
substitute them with other particles to enhance the
selectivity. In this context, the most challenging task is
securing selectivity of M-relaxation channel. To achieve
this, it is crucial to use N- or B-channel particles with the
narrowest possible channel widths. This ensures that the
particles contributing to each relaxation mechanism are
sufficiently distinct to avoid overlap, thereby enhancing
the selectivity of the channel activation approach. Since
the B channel is solely size-dependent and thus difficult to
adjust, it is preferable to shift the N channel to secure the
M channel. This can be accomplished using large K.
particles as channel N (Fig. 5b, e, h). Replacing the Néel
particles with a high-K.; material results in a shift to a
higher, narrow frequency band.

In this scenario, it is advantageous to use low-Kg par-
ticles for channel M. This is because, as the Néel hump
increases (Fig. 3a), the bottom point of the mixed
relaxation also remains at a higher value. Therefore, this
strategy can also enhance selectivity by increasing the
amount of heat in the mixed relaxation. This technique
ensured an area in which the mixed channel could
operate, as shown in Fig. 5b, e, and h. As shown in Fig. 5a
and b, when using this cobalt-doped Néel channel, the
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frequency at which the N channel achieved maximum
heat generation shifted from the >300kHz to >1 MHz
range, enhancing the selectivity in the mixed channel
within this region. Simultaneously, this modification
also enabled the realization of S >2 across all channels
(Fig. 5i), overcoming the limitations of iron oxide
particles alone.

In particular, when multiplexed activation is used, it is
unlikely that each particle simultaneously occupies the
same location (generally, the aim is to stimulate different
parts). Therefore, if the magnetic field is concentrated in
each part (preventing it from affecting other regions), the
channel selectivity of heat from the particles can be fur-
ther guaranteed. However, if the frequency selectivity of
the particles is improved, selective stimulation is possible
even in smaller areas (even in areas where the magnetic
field is difficult to separate).

Discussion

In this study, the Brownian dissipation model was
employed to focused on understanding the extent to
which heat production deviates from established theore-
tical knowledge, rather than attempting to capture the
exact complex motion of the particles, with an aim to
refine the previous approach. By integrating this model,
we achieved a more accurate prediction of the heat gen-
erated by the Brownian rotation of magnetic nano-
particles (MNPs). This refinement enabled a more precise
differentiation between the heat contributions from the
Néel and Brownian relaxation mechanisms. Additionally,
the theoretical exploration of three-channel activation
using different particles highlights the potential for
selective heating, enhancing the precision of multimodal
therapeutic strategies. This approach could replace the
traditional treatments used in neurodegenerative brain
diseases, such as electrical stimulation or deep brain sti-
mulation (DBS). Moreover, its compact size gives the
unique advantage of enabling the wireless observation of
dynamic synaptic plasticity, a feature that has been chal-
lenging to achieve with large-sized implant-based devices.

Precise neuron-by-neuron targeting by Brownian-based
treatment remains a substantial hurdle. While strategies
using viral vectors or antibodies can facilitate cell- or
protein-specific targeting”®, they hinder the Brownian
rotation of MNPs, compromising the efficiency of heat
generation. Furthermore, as this technique is thermally
driven, successive stimulation is constrained because it
necessitates waiting for cooling before reapplying the
stimulus.

Despite these inherent limitations, the use of solutions
with three or more channels including Brownian MNPs
provides the “degrees of freedom” in the injected sites, as
if the injection area is effectively divided according to the
number of channels. This implies that even with
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randomly distributed MNPs, as long as the particles
corresponding to each channel are located in different
areas, distinct neurons can be stimulated by each channel,
irrespective of their exact locations. This design idea
facilitates the potential for broad, complex stimulation
patterns with complex imitation of neural dynamics, such
as sparse coding, observed in sensory’® or memory”’
circuit.

Additionally, achieving optimal Brownian motion
requires perfectly monodisperse particles without coating
layers, as any coating increases the distance between the
magnetic torque and the point of frictional force, further
diminishing rotational efficiency. This directly compli-
cates the quantitative determination of k, which may
depend on various factors such as temperature, particle
size, anisotropy, surface coating, and solvent viscosity.
Our results indicate that analysing the trends in k, across
different types of particles could further refine our equa-
tions and improve the predictive accuracy of heat gen-
eration models.

In conclusion, the incorporation of the Brownian dis-
sipation model into heat generation calculations offers a
robust framework for optimising MNP-based therapies.
This study highlights the importance of particle size,
distribution, and magnetic properties in maximising
therapeutic outcomes, thereby advancing the field of
magnetothermal energy conversion and its biomedical
applications. This approach supports precise neuromo-
dulation, in which spatial selectivity and controlled acti-
vation are critical.

Methods

The reagents, apparatus are detailed in Supplementary
Methods 2, and characterisation procedures are shown in
Supplementary Figures.

Preparation for Fe;0, nanoparticles

Following a typical procedure®®*®, iron acetylacetonate
(1.059 g, 3 mmol), 1,2-hexadecanediol (4.706 g, 15 mmol),
oleic acid (OAc; 4.706 g, 15 mmol), oleylamine (OAm;
5.732 g, 15 mmol), and benzyl ether (30 mL) were added.
Although stoichiometric calculations appear to require
only 9 mmol of OAc and OAm, a substantial amount of
OAm can facilitate the synthesis of larger nano-
particlesf’o_64. This mixture results in Fez;O,@Fe30,4
nanoparticles with an average size of 13.2nm and a
standard deviation of 0.96 nm (Supplementary Fig. 6),
after the two-step synthesis.

Preparation for cobalt-doped nanoparticles

When iron acetylacetonate was reduced to 2 mmol,
cobalt acetylacetonate (0.257 g, 1 mmol) was added. In
this case, decomposition temperature of Co(OL),, the
precursor produced during synthesis, is higher than that
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of Fe(OL);*°, so a higher doping concentration can be
achieved at higher temperatures. Therefore, through a
one-pot, two-step  growth, we  achieved a
CogasFer 53804@C0og 5Fer 3504 core-shell structure with
an average size of 12.7nm and a standard deviation of
1.13 nm (Supplementary Fig. 6).

One-pot seed-mediated growth method for anisotropy
engineering

Fe;0,@Fe;0, and  CogarFes 550.@Cop65Fe23504
(overall composition of CoggFe;40,) nanoparticles with
average core sizes of ~8 and ~5nm, respectively, were
synthesised via a one-pot two-step thermal decomposition
method. Controlling the size is crucial in our work, which
is why we chose thermal decomposition because it offers
advantages in this regard®®~®®, In addition, controlling the
anisotropy constant (K. is important for achieving
Brownian relaxation. Therefore, we were able to effec-
tively change K4 by changing its composition and creat-
ing a core-shell structure® through the seed-mediated
growth of that particle.

Each precursor was placed in a three-neck flask and
stirred at 300 rpm for 10 min to obtain a homogeneous
mixture. The temperature was then raised to 110 °C for
1h to eliminate moisture and extra moieties, such as
acetylacetone (Hacac), which is formed during ligand
exchange from acetylacetonate to OAc®. During this
period, nitrogen gas was introduced into the mixture at a
flow rate of 100 sccm to maintain an inert atmosphere.
The temperature was further increased to 190 °C at a
heating rate of approximately 10 °C/min, and the mixture
was refluxed for 1h to fabricate a core with an approx-
imate size of 8 nm (Supplementary Fig. 5). After core
synthesis, the temperature was increased again to 290 °C
at a heating rate of approximately 3.3 °C/min, and the
mixture was refluxed for an additional hour to generate a
shell around the core.
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Appendix A

Derivation of Py

Here, we introduce the detailed steps for the calculation
of P, resulting in Eq. 14.

If r,, is initially positioned at (0, cos(«), sin(a)), the two
extreme cases of unit motion of the radius vector (linear
and circular, denoted as L and C, respectively) can be
expressed when Hy-cos(wt) is applied along the z-axis, as
follows:

0
r. =r| /1 — sin?acos?(wt) (1)
sin & cos(wt)
sin a sin(wt)
rc=r cosa (2)
sin & cos(wt)

In addition, the phase delay was neglected for simplicity.
Then, assuming that the sum of the other motions creates
a periodic rotation in the ¢-direction with an angular
velocity of 0 < w, < w, rotation matrix R, can be applied as
follows:

cos(wyt) —sin(wypt) 0O
Ry = | sin(wgt) cos(wst) O (3)
0 0 1

This approach enables us to easily estimate the range of
rotational distances of Brownian motion in a ferrofluid, as
well as the frictional heat generated. Consequently, the
final expected position of the radius vector through the
superposed motion of unit motion and ¢-rotation is r(f) =
R,r. Therefore, the final equation of the radius vector with

Page 12 of 14 12

circular unit motion is

cos a cos (wyt) sin(wr) — cos asin(wyt)
rcw,(t) = Ryrc =r| sinasin(wyt) sin(wt) + cos a cos(wyt)

sin a cos(wt)

(4)

Using this equation, we can obtain their traces using
mathematical expressions; that is, the range of frictional
heat during the Brownian trace can be calculated.
Therefore, the frictional heat of the two extreme cases
(Cwp and Cwyp) was calculated to set the range.

sin a sin(wt)
Tew(t) =7 cosa (5)
sin a cos(wt)
sin a cos(wt) sin(wt) — cos a sin(wt)
rco,(t) =1 sin asin®(wt) + cos a cos(wt) (6)
sin a cos(wt)

At the easiest point, in the case of circular unit motion
(C) and minimum ¢-rotation (w4 = 0), the trace is a circle
denoted by Cw:

<ch0 > = 127117Vhwsin2a (7)

To determine the maximum limit of Brownian dis-
sipation, the parameter can be set to the circular unit
motion(C) and maximum ¢ —rotation (w, = w), denoted
by Cwy:

<QC&,¢> = 6y Vo (sin*a + 2) = (% + %) (Qco,)  (8)

sin“a
calculated using Eq. (13). In conclusion, the frictional heat
dissipated by a single magnetic particle per cycle can be
expressed simply by multiplying the heat by the minimum
trace using the proportional coefficient k.

o) o

sin“a

Q= kr.<QCwo> (1 <k < % +

Then, total volumetric dissipated Brownian heat from
the ferrofluid can be calculated as

Py [W/m’] =

N Ho\’
NAQ) _ 6nnk,Vyw*sin®a = 6nnk, V), (wXB O)
Ve M

same as Eq. 15.
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