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A B S T R A C T

Magnetic nanoparticles (MNP) have been investigated for generating therapeutic heat when subjected to an
alternating magnetic field (AMF) and applied for tumor-confined cancer therapy, so-called magnetic fluid hy-
perthermia (MFH). For application of MFH, a key requirement is the reduction of MNP dosing by maximizing the
heat generation within medically safe limits of the applied AMF. Therefore, reliable and accurate predictions of
particle heating are required for the advancement of therapy planning. In this study, we compare size-dependent
particle heating data from calorimetric measurements to stochastic Néel-Brown Langevin equation Monte Carlo
simulations, finding good agreement between them for various AMF amplitudes and frequencies. Within medical
safety constraints of the AMF, our simulations predict maximum particle heating for magnetite particle core sizes
above 25 nm with effective anisotropy constants =K 4000 J/m3 at frequencies of ∼ 100 kHz and field amplitudes
∼ 10 mT/μ0. These simulations could help to predict the optimal combination of medically safe AMF parameters
and MNP intrinsic properties, such as core size and effective anisotropy, to maximize heat generation and reduce
MNP dosing in the application of MFH.

1. Introduction

Magnetic fluid hyperthermia (MFH) uses magnetic nanoparticles
(MNP) as therapeutic heating agents to enable the release of heat,
which is then dissipated into their immediate surroundings, e.g. a
tumor, facilitating organ confined cancer treatment [1–3]. The MNP
transform the energy of an externally applied alternating magnetic field
(AMF) into heat via relaxation of their magnetic moments. MFH effi-
cacy relies on MNP efficiency to generate heat, largely determined by
the MNP concentration, magnetization and core size [4,5]. This heat
generation offers great potential in minimally-invasive localized antic-
ancer therapy, as demonstrated in clinical trials applying MFH suc-
cessfully to prostate and brain tumors [6–8]. However, doubt has been
cast recently on the effectiveness of hyperthermic therapy in general
[9] and the MNP dosing necessary to induce therapeutically effective
heating in particular [10]. Indeed, the iron concentration of iron-oxide
MNP used in the above-mentioned clinical trials (≈ 112 mg(Fe)/mL)
must be considered with care, as the long term toxicity of such high
MNP dosing has not yet been evaluated [11]. Therefore, the max-
imization of particle heating at lower iron concentrations is a key

requirement for the advancement of MFH towards broader clinical
application while ensuring patient safety [12].

The prediction of optimized particle heating has been widely ad-
dressed by theoretical descriptions and simulations, starting with the
analytic particle heating model introduced by Rosensweig [13]. The
model, named linear response theory (LRT), is highly popular due to its
simplicity and applicability; however, it assumes a linear response of
the MNP magnetization to the applied field, and is therefore limited to
relatively small particle core sizes, dC , and low field amplitudes, H0,
(e.g. ≤H 11.40 mT/μ0 for =d 12C nm and saturation magnetization

=M 400S kA/m). Larger MNP ( ≥d 20C nm) were described within the
framework of the Stoner-Wohlfarth theory by Hergt et al. [14], which
was adapted (with temperature-dependence) by Carrey et al. to the
Stoner-Wohlfarth model based theory (SWMBT) and supported by nu-
merical simulations [15]. These simulations used a simplified particle
relaxation by assuming the so called 2-level-approximation, where
particles can only have two effective states, separated by an energy
barrier, while neglecting further excited states as well as Brownian
rotation relaxation. Despite these simplifications, the work succeeded in
demonstrating the incompatibility of LRT and SWMBT and highlighted
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the necessity of numerical simulations for a unified model of size-de-
pendent particle heating. The 2-level-approximation was further ex-
panded by Mamiya et al., adding Brownian rotation (via a torque) to
the model [16,17], which enabled the prediction of heating for physi-
cally rotatable MNP. Moreover, dynamic hysteresis simulations solving
the stochastic Landau-Lifshitz-Gilbert equation were presented to pre-
dict particle heating more accurately [18], even including magnetic
dipole-dipole interactions [19]. However, the latter simulations still
lack Brownian rotation to model the relaxation processes of particle
heating realistically. Further, direct validation of the simulation results
against experimental data is missing, even though it is essential for the
reliable and meaningful prediction of particle heating to advance
clinical translation of MFH.

Recently, the development of a novel imaging technique, called
magnetic particle imaging (MPI), has required the development of MNP
tracers to exploit their relaxation in comparatively low frequency fields
( ∼f 25MPI kHz versus ∼f 200MFH kHz) for contrast enhancement
[1,20]. It has been suggested, first theoretically [21] and then experi-
mentally [22,23], that it may be possible to combine MPI diagnostic
and MFH therapeutic application using the same MNP tracer. Although
the present study focuses on MFH optimization, we will also briefly
evaluate the MPI suitability of MNP systems for hybrid MFH-MPI ap-
plication.

Here, we present MFH experimental heating results for four well-
characterized magnetite particle systems of core sizes = −d (22 28)C nm,
each with narrow size distribution, for various field frequencies and
amplitudes. The experimental data is then matched by Monte Carlo
(MC-) stochastic Néel-Brown Langevin equation simulations. This al-
lows for the direct validation of our theoretical modelling and de-
termination of suitable effective anisotropy constants. From this, we use
the MC-simulations to predict the optimal combination of particle core
size and AMF parameters maximizing the particle heating within
medically tolerable constraints of the applied field.

2. Theory

2.1. Nonlinear particle relaxation dynamics

To study magnetic particle relaxation dynamics in an AMF with
frequencies on the order of hundreds of kilohertz, as typically applied in
MFH, we use dynamic Monte Carlo simulations in the framework of
coupled stochastic differential Langevin equations. Details on these are
found in [24]. Herein, the combined Néel-Brownian rotation relaxation
dynamics for the general case of non-zero fields and non-equilibrium
conditions are described. The internal magnetic particle moment, m,
rotates as expressed by the Landau-Lifshitz-Gilbert equation (LLG) [25],
which is coupled with the equation of the generalized torque, Θ, acting
on the easy axis of the particles, n, [26]:
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with the permeability of free space μ0, electron gyromagnetic ratio, γ ,
the damping parameter, α, the surrounding fluid viscosity, η, and the
particle hydrodynamic volume, =V π d/6·H H

3 , with the hydrodynamic
particle size, dH , which we differentiate from the magnetic core size,
due to the addition of a non-magnetic coating. The effective field, H, in
Eq. (1) and the generalized torque, Θ, in Eq. (2) can be derived from the
particle energy:
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= =μ V Mm| | C S describes the magnitude of magnetic particle mo-
ment, with the particle core volume =V π d/6·C C

3 and the saturation
magnetization, MS. The first term in Eq. (3) is associated with the

Zeeman term, including the interaction with the applied field, Happ,
while the second term describes the contributions of the effective ani-
sotropy constant, K . We assume our particles to be uniformly dispersed,
having high enough interparticle distance, so that magnetic dipole-di-
pole interactions are neglected here (see Supplementary Material S1).
Using Eq. (3) and adding thermal fluctuations, the effective field and
generalized torque can be derived as follows:
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The thermally generated fields, Hth, and torques, Θth, are expressed
as Gaussian-distributed processes with an approximately flat frequency
distribution (white noise) with zero mean
< > = < > =t tH Θ( ( ) 0 and ( ) 0)i i

th th and variances < >H Ht t( ) ( )i j
th th

'

= + −k BT α γμα δ δ t t(2 _ ·(1 ))/( )· ( )ij
2 ' and < >t tΘ Θ( ) ( )i j

th th
' = k12 B

−TηV δ δ t t· ( )H ij
' . As described in our previous work [27], we use the

Stratonovich-Heun scheme for numerical integration to account for the
stochastic calculus terms in the white-noise limit [28].

2.2. Physics of particle heating

Particle relaxation in an AMF requires magnetic energy to align the
individual magnetic particle moments parallel to the applied field
against internal constraints caused by effective magnetic anisotropy.
During field-driven relaxation processes, heat is generated equal to the
magnetic energy consumed for this alignment in one cycle of the ap-
plied field (i.e. hysteresis loop, M H( )) [16]. The hysteresis arises from
the magnetization vector lagging behind the driving AMF vector. The
heat is proportional to the area, A, of the hysteresis loop, expressed as
[15]:
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with the magnetic permeability of free space, μ0, and the amplitude of
the applied field, H0. Commonly, the heating rate is expressed as the
specific loss power (SLP), defined as the energy per unit time and per
unit mass of nanoparticles. The theoretical SLP value follows with
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where f denotes the applied field frequency and ρ the MNP material’s
mass density.

3. Material and methods

3.1. Particle synthesis and characterization

We have synthesized monodisperse iron-oxide (magnetite) MNP of
four different core sizes via thermal decomposition of iron (III) oleate,
coated with a co-polymer of poly(maleic anhydride-alt-1-octadecene)
(PMAO) and poly(ethylene glycol) methyl ether amine (mPEG-NH2) as
previously reported in [29,30]. The sample iron content (c) was mea-
sured by inductively coupled plasma optical emission spectroscopy
(ICP-OES) using an ICP-OES Optima 8300 device (PerkinElmer Inc.,
Waltham, MA, USA). Particle core size was measured by transmission
electron microscopy (TEM) employing a FEI Tecnai TEM (ThermoFisher
Scientific, Hillsboro, Oregon, USA) operated at 200 kV, equipped with a
Gatan CCD camera. Particle core sizes (dC) were determined from a
multitude of TEM images using the software ImageJ [31], and fitted
with the log-normal distribution probability density function (PDF; see
Appendix A). Furthermore, particle hydrodynamic size was measured
by dynamic light scattering (DLS) with a Zetasizer Nano S (Malvern
Instruments Ltd., Worcestershire, UK). MNP highly diluted in deionized
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water (DI-H2O) were measured at 20 °C and analyzed with the Zetasizer
software (Vers. 7.11, Malvern), yielding the mean hydrodynamic size
(zavg) and its distribution width, called polydispersity index (PdI).
100 µL of liquid MNP samples were magnetically characterized with a
vibrating sample magnetometer (VSM; Lakeshore Cryotronics Inc.,
Westerville, OH, USA) in the range of (−200…200) mT/μ0 at ambient
conditions. The resulting M H( ) curves yielded the saturation magne-
tization (MS).

3.2. Calorimetric specific loss power measurements

Calorimetric particle heating measurements were carried out with a
magneTherm 1.0 device (nanoTherics Ltd., Newcastle under Lyme, UK)
consisting of a water-cooled copper coil (inner and outer diameter
44mm and 54mm, 17 turns) integrated in an AC-resonant circuit and a
DC power generator. The field amplitude, H0, and the frequency, f ,
were varied in the following way: At =f 176 kHz, we varied

= ⋯H (6 18)0 mT/μ0 in increments of 3 mT/μ0, and for fixed =H 60 mT/
μ0, we varied =f (176, 373, 744, 992) kHz. 0.25 mL samples were pre-
pared in 0.5 mL PCR tubes, brought to an initial temperature of

=T 25 °C and exposed to the AMF for 180 s. Each sample was measured
in triplicate, and the temperature was recorded using a fiber-optic
thermometer Luxtron I652 (LumaSense Inc., Santa Barbara, CA, USA).
Reference of pure DI-H2O samples were prepared and measured in the
same way and served for background subtraction. The measured tem-
perature-time curves were fitted with a linear function for the initial
60 s of applying the AMF, and from the slope, m, derived from the
fitting, the SLP value was calculated according to [32]:
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T
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SLP · d
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with the specific heat capacity of water, c (= 4.187 J/g/°C), the MNP
weight fraction, ∗ρ , and → =T t t md /d |( 0) , the initial temperature rise.
The SLP value was averaged over the three triplicate measurements for
each sample.

3.3. Stochastic Néel-Brown Langevin equation Monte Carlo simulation

Stochastic Néel-Brown Langevin equation Monte Carlo (MC-) si-
mulations were performed within the framework described in the pre-
vious Section 2.1 at 300 K with uniaxial anisotropy. Generally, particle
core size was varied from 10 nm to 30 nm in increments of 0.5 nm. Input
parameters were fixed to a core size distribution width =σ 0.06, hy-
drodynamic size =d 75H nm with distribution width =σ 0.12dH , and
saturation magnetization =M 375S kA/m. These parameters were
chosen according to the average particle properties derived from par-
ticle characterization (cf. Table 1). The effective anisotropy constant
and the damping parameter were varied from =K 4000 J/m3 to

=K 11, 000 J/m3 and =α 0.5 to =α 1.0, respectively, in order to find
the best match to the experimental data (see Section 4.2). 1, 000 par-
ticles were simulated simultaneously with their magnetization averaged
over 20 independent iterations. During simulation, the easy axis and
magnetic moment orientation of each particle were initialized pointing
in randomized directions. Subsequently, the particles magnetic mo-
ments were allowed to thermalize for one-fifth of the total time steps,

N , used for the main simulation. Here, fixing =N 10, 000was a good
compromise between accuracy and computation time, resulting in si-
mulation time steps on the order of −10 100 picoseconds. From the re-
sulting magnetization vs. applied field curves (hysteresis loops), M H( ),
the implicit area, A, was extracted and the SLP value calculated ac-
cording to Eq. (7).

4. Results & discussion

4.1. Particle characterization

The results from particle characterization are summarized in
Table 1.

The iron content of all samples, henceforth named S1 through S4, is
within ⋯(1.31 1.51) mg(Fe)/mL (equivalent to approx. ( ⋯0.13 0.15) m%).
This allows for an estimation of the mean interparticle distance of ap-
prox. −(240 300) nm for all samples, at which magnetic dipole-dipole
interactions can be neglected (see Supplementary Material S1 for de-
tails) and corroborates our assumption to excluded magnetic dipole-
dipole interactions from Eq. (3) in Section 2.1. Exemplary TEM images
of the particles are shown in the Supplementary Material S2: The par-
ticle core sizes range from approx. 22 nm for S1 to 28 nm for S4 and the
size distribution width is very narrow for each sample, confirming good
monodispersity. Even though, hydrodynamic sizes varied with

≈d 95H nm for S1 and S4, and ≈d 50H nm for S2 and S3, the poly-
dispersity index of ≈PdI 0.120 further confirms monodispersity of all
samples. The saturation magnetization MS increases with particle core
size as expected and consistent with literature [33] and confirms good
magnetic properties with >75% bulk magnetite value (446 kA/m) for all
samples as shown in Supplementary Material S3.

Please note that these MNP are well established as optimized MPI
tracers [34–36], with applicability for in vivo imaging [37] and mul-
ticolor MPI [27] due to their precise size control. Generally, MNP with
core sizes = −d (25 28)C nm are suited best as MPI tracers at 25 kHz
excitation frequency (see Supplementary Material S4). We will discuss
the suitability of these MNP for combined MFH-MPI application briefly
in Section 4.3.

4.2. Size-dependent particle heating measurements and MC-Simulation

The results of size-dependent SLP measurements are shown for
different frequencies and field amplitudes in Fig. 1a and b, respectively.
Overall, the SLP values span a range of approx. ( ⋯5 75)W/g(Fe3O4). As
a general trend, we observe an increase in the SLP value with increasing
field frequency or field amplitude, with highest SLP values achieved for

=f 992 kHz and =H 180 mT/μ0, respectively. SLP values also increase
for larger particle core sizes; however, the relative difference between
SLP values gets smaller for larger sizes (25.4 nm and 27.8 nm).

Such an increase in SLP values with increasing size was also re-
ported for smaller sized magnetite MNP with = −d (5 14)C nm pre-
viously [38]. In contrast, Lima et al. have measured an increase in SLP
value for magnetite MNP up to a core size approx. 18 nm, followed by a
decrease in SLP value for particles with =d 23C nm [39]. Additionally,
Mehdaoui et al. found a similar trend for iron nanostructures (spherical
and cubic MNP) in the size range from −(5 28) nm, with a dramatic

Table 1
Particle properties derived from characterization with ICP-OES, TEM, DLS and VSM measurements (see Section 3.1 for experimental details). c denotes the iron
content, μ and σ the log-normal distribution PDF fitting parameters, dC the average core size, zavg the hydrodynamic size, PdI the polydispersity index, and MS the
saturation magnetization.

Sample c [mg(Fe)/mL] μ [nm] σ dC [nm] zavg [nm] PdI MS [kA/m]

S1 1.498 ± 0.007 21.9 0.04 21.9 ± 0.9 94.1 0.130 346.3 ± 0.9
S2 1.315 ± 0.007 23.1 0.05 23.1 ± 1.2 55.4 0.127 376.4 ± 0.3
S3 1.513 ± 0.008 25.3 0.08 25.4 ± 2.0 48.6 0.104 389.1 ± 0.4
S4 1.499 ± 0.007 27.7 0.07 27.8 ± 1.9 97.0 0.121 362.8 ± 0.9
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decrease in SLP value for =d 28C nm [40]. However, in the former case,
the MNP concentration was 1m%, strongly decreasing the mean in-
terparticle distance to the regime where particle dipole-dipole inter-
actions dominate, leading to an increase in the effective anisotropy
constant, K [41]. In the latter case – using iron nanostructures – the
effective anisotropy constant is much higher with

= > =K K48, 000 J/m 11, 000J/mFe
3

Fe3O4
3[42]. Here, K is possibly even

further enhanced due to shape anisotropy contributions arising from
the cubic shape of the nanostructures [43]. Indeed, increasing K leads
to a global decrease in SLP values combined with a shift of the SLP
maximum value towards smaller sizes, shown in the Supplementary
Material S5. A considerably higher K value could therefore account for
the reported differences. This assumption is corroborated by the fact
that the experimental heating data of our non-interacting MNP fits best
to low K values, as we will demonstrate below.

We performed MC-simulations for various values of the effective
anisotropy constant, = −K (4000 11, 000) J/m3 with 1000 J/m3 incre-
ments, and damping parameter, = −α (0.5 1.0) with increments of 0.1 in
the range of = ⋯d (10 30)C nm and compared the resulting curves to the
experimental SLP values. Therefore, we normalized the experimental
data to the highest SLP value (27.7 nm, 992 kHz for Fig. 1a and 25.4 nm,
18 mT/µ0 for Fig. 1b). For the simulated curves, we normalized all
curves to the highest value within the region ≤ ≤d(22 28)C nm for
comparison to the experimental data, which was measured in the same
size range. We calculated the χ2-parameter for each set of K α( , ) in the
MC-simulation, and chose the best-fitting values as the ones minimizing
the χ2-parameter. From this we obtain =K 4000 J/m3 for effective
anisotropy constant and a damping parameter =α 0.7. The results
comparing experimental SLP values (cf. Fig. 1) with the best-fitting MC-
simulation data is summarized in Fig. 2.

In general, the χ2-test is used to determine whether experiment and
theory agree statistically, showing best agreement for ≅χ n/ 1dof

2 , with
the degrees of freedom, ndof [44]. Here, however, we used the χ2-value
to find the minimum difference between theory and experiment and
therefore chose the set of K α( , ) minimizing the individual χ2-values.
The individual fitting parameters of = ⋯χ (0.04 0.40)2 lead to good
agreement of experimental and simulated data for the frequency-varied
case (Fig. 2a). The agreement is equally good for the amplitude de-
pendency with = ⋯χ (0.11 0.74)2 , except for the highest amplitude with

=χ 3.282 (Fig. 2b). This irregularity is mainly attributed to the ex-
perimental SLP value for 18 mT/µ0 and =d 27.8C nm, which does not
follow the trend measured for all the other field amplitudes.

We believe that our MC-simulation protocol provides quantitative
agreement with the experimental data for large MNP ( >d 20C nm),
unlike previous models and simulations mentioned in the introduction

[13–19,21,45]. For example, LRT only fits experimental data up to
=d 13.5C nm and =H 6.80 mT/μ0 for cobalt ferrite MNP [45], while

SWMBT fails to reproduce the size-dependent SLP-values measured for
iron nanostructures for >d 20C nm [40]. Optimum size predictions
derived in [15] within the framework of SWMBT only fit experimental
SLP values of magnetite MNP ( ≈d 17C nm) when assuming extremely
high effective anisotropy constants of = −K (23, 000 41, 000) J/m3 [46].
More advanced dynamic hysteresis simulations finally demonstrated
the importance of tuning the effective anisotropy of MNP to optimize
heating, but lack experimental validation [16,19]. Although the effec-
tive anisotropy constant, =K 4000 J/m3, used here is well below bulk
value, =K 11, 000 J/m3, for magnetite, it nevertheless fits well to ear-
lier experimental value, ≈K 5000 J/m3, derived from magnetor-
elaxometry, magnetic particle spectroscopy and AC-susceptibility
measurements performed on our MNP with ≈d 20C nm [47]. An even
better agreement is observed for =K 4100 J/m3, derived very recently
from fitting dynamical relaxation simulation data to experimental AC-
susceptibility measurements of 21 nm core-sized MNP [48]. Therefore,
and due to the very good quantitative agreement of experimental and
simulated heating data achieved here, we confidently use the MC-si-
mulations to predict optimized particle heating conditions under
medical constraints in the next Section 4.3.

4.3. Optimized particle heating under medical safety constraints

For a realistic prediction of MFH effectiveness in tumor therapy, the
particle heating must be optimized with respect to the MNP system and
the AMF parameters, which must at the same time remain within
medically safe constraints. As the applied field can cause non-selective
body heating and undesired nerve stimulation due to eddy currents, for
practical biomedical applications the AMF must be limited to the
“Brezovich-Criterion”, expressed in terms of the product of field am-
plitude and frequency, as ≤ =H f Z· 6150 med kHz·mT/μ0 [49]. In prac-
tice, higher tolerable AMF-limit were recorder, and clinical trials con-
firmed =Z 628med

body kHz·mT/μ0 for AMF application at the lower body
(rectum, prostate tumor) [6]. About three times higher limits of

=Z 1758med
head kHz·mT/μ0 were tolerated at the head (brain, glioblastoma

multiforme tumor) [7]. Both limits agree well with
≈Z 1000med kHz·mT/μ0 as suggested by the International Commission

on Non-Ionizing Radiation Protection (ICNIRP) in their guidelines
published for the public exposure limit to AMF [50]. In the following,
we will consider MC-simulation results under the two constraints
placed upon treatment of the body, =Z H f·lim

body
0 , and the head,

=Z H f·lim
head

0 , varying = ⋯f (10 1000) kHz and adjusting H0 in order not
to exceed these limits. For practical reasons, we chose to vary frequency

Fig. 1. Particle core size-dependent SLP values determined (a) for various frequencies at fixed =H 60 mT/µ0 and (b) for various field amplitudes at fixed =f 176 kHz.
[2-column image].
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and adjust field amplitude accordingly, as in the hardware setting
usually employing a resonant circuit consisting of coils and capacitors,
f is fixed while H0 can be chosen accordingly. We used the damping
parameter =α 0.7 and effective anisotropy constant =K 4000 J/m3 and
simulated for = ⋯d (10 30)C nm. The results are summarized in Fig. 3.

Generally, the highest heating under medical constraints occurs for
the largest core sizes, = ⋯d (28 30)C nm, independent whether the body
or head limit is applied. This is in line with the trend observed by
Mamiya et al. for simulations of rotatable MNP within the 2-level ap-
proximation under similar medical constraints [51]. Since the product
of =H f Z·0 med is limited (cf. insets in Fig. 3), a distinct AMF setting
generating highest particle heating can be clearly identified: For the
body limit, we find highest SLP values at ≈∗f 75 kHzbody
( ≈∗H 8.40body mT/μ0), while for the head limit, it shifts towards higher
frequencies to ≈ ≈∗ ∗f H150 kHz ( 11.7 mT/μ )head 0head 0 . This means, if we
assume similar K -values, that the AMF frequency of =f 100kHz used in
the above-mentioned clinical trials [7] was optimal for reaching max-
imum SLP. Carrying the assumption further within our MC-simulation
framework, these trials could have been even more effective by in-
creasing the MNP core size from =d 15C nm to e.g. =d 25C nm, which

increases the predicted SLP-value from 8.2W/g(Fe3O4) ( =d 15C nm) to
104.2W/g(Fe3O4) ( =d 25C nm), translating in an amplification by a
factor of ≈κ 12 (cf. Fig. 3b). In other words, achieving the same heating
while reducing MNP dosing by the same factor κ could have been
possible, since the SLP-value is directly proportional to the MNP weight
fraction (i.e. concentration; cf. Eq. (8)). This demonstrates the power
and potential of accurate particle heating predictions for the advance-
ment of treatment planning.

It is noteworthy, however, that the high MNP concentrations cur-
rently used in clinical MFH (c≈ 112 mg(Fe)/mL; see Section 1) will
inevitably induce MNP agglomeration resulting in collective MNP re-
laxation behavior [52]. The discussion, whether such collectively re-
laxing MNP agglomerates increases or decreases particle heating, is still
ongoing and its effects are not fully understood at present [53,54].
Consequently, lowering MNP dosing in clinical application of MFH also
helps to reduce uncertainty in predicting particle heating accurately.

From the intrinsic particle properties of core size and effective an-
isotropy, we can deduce that our particles with low effective anisotropy
constant ∼K 4000 J/m3 generate largest SLP values for large sizes

= ⋯d (28 30)C nm. If, however, larger effective anisotropy constants are

Fig. 2. Comparison of normalized size-dependent SLP values from experiment (open symbols) and dynamic Monte Carlo simulations (closed symbols) for various (a)
frequencies at fixed =H 60 mT/µ0, and (b) field amplitudes at fixed =f 176 kHz. Simulations were performed with an effective anisotropy =K 4000 J/m3 and
damping parameter =α 0.7. The individual fitting parameters χ( )2 are shown next to each simulated curve. [2-column image].

Fig. 3. Particle heating simulations depending on field parameters and particle core size under medical safety constraints: (a) for the body limit and (b) for the head
limit. Inset graphs show the corresponding linear relationship of amplitude H0 vs. frequency f separating the medically tolerable from the intolerable region. [2-
column image].
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employed, e.g. of the order of bulk magnetite value, ∼K 11, 000 J/m3,
the overall SLP value decreases and peaks at smaller sizes (cf.
Supplementary Material S5). In fact, much higher than bulk K -values
have been reported for small MNP ( ∼d 10C nm), showing an increase in
K for decreasing dC arguably due to surface anisotropy arising from
symmetry breaking at local surface defects [55,56]. Further develop-
ment of the present MC-simulations for predicting optimized particle
heating could therefore include a size-dependent effective anisotropy
constant, K d( )C : This would presumably increase the SLP value pre-
dictions for smaller sized particles, <d 20C nm, which we did not
consider for our study. Another future research opportunity could be
the prediction of particle heating specifically for in vivo situations,
where MNP are known to be inevitably internalized and immobilized
inside cells [57]: As immobilization of MNP has been demonstrated to
substantially decrease particle heating in vivo by inhibiting Brownian
relaxation [48,58,59], additional simulations on predicting maximum
SLP under restricted Brownian relaxation are envisioned to advance in
vivo MFH therapy planning further.

Interestingly, considering the combined application of MPI and
MFH, our largest sized particles (S4, =d 27.8C nm) present the optimal
choice as imaging tracers and therapeutic heating agents at the same
time. While MPI is generally assessed to be medically safe employing
drive fields with frequencies up to =f 150 kHz [60], we need to ensure
medical safety while avoiding undesired heating of healthy tissue
during imaging with such heating-optimized tracers. Therefore, we
calculated the SLP value from MC-simulation for =d 27.8C nm and ty-
pical MPI field amplitude =H 200 mT/μ0 and frequency =f 25 kHz.
The resulting SLP≈ 10 W/g(Fe3O4) would lead to a negligible tem-
perature rise at typical MNP concentrations of =c 1 mg(Fe)/mL in a
1 mL volume [10]. Furthermore, we need to keep in mind that MNP
used as MPI tracers will typically move within the blood or interstitial
fluid, ideally only accumulating at the magnetically targeted tumor site.
Consequently, sample S4 is well suited for a combined MPI-MFH bio-
medical application.

5. Conclusions

We investigated the size-dependent particle heating of

monodisperse magnetic nanoparticles via experiment and MC-simula-
tions of the nonlinear particle relaxation dynamics. Experimentally, we
determined the SLP values for four samples with particle core sizes in
the range of = ⋯d (22 28)C nm subjected to field amplitudes

= ⋯H (6 18)0 mT/μ0 and frequencies = ⋯f (176 992) kHz. We observed a
general increase in SLP values with increasing dC , H0 and f .
Experimental data was matched by MC-simulations with quantitative
agreement, providing validation of the MC-simulations. Moreover, MC-
simulations revealed a strong dependence of SLP values on the effective
anisotropy constant, of which =K 4000 J/m3

fit our data best, in good
agreement with previously measured K -values. On the basis of the
experimentally verified MC-simulation parameters and under limitation
of the AMF applied to the body or head to medically tolerable values,
we predicted maximum SLP values in the frequency regime

= ⋯f (75 150) kHz, while assuming simultaneous maximization of H0
within the medical limit. Provided that the effective anisotropy is well
known, our simulations provide a versatile and powerful tool for pre-
dicting the ideal particle and applied field parameters for optimal
particle heating. From these predictions, particles showing optimal
heating under consideration of the medically safety constraints could be
produced to reduce the MNP dosing used in clinical application of MFH.
Such optimization could highly improve patient safety, provided ap-
propriate MNP dosing can be delivered in vivo to the targeted site.
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Appendix A. Log-normal distribution probability density function

The log-normal distribution probability density function (PDF), μ σg(d, , ), is defined as
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with the median, μ, and the distribution width, σ, from which the mean and variance follow with = +d μ σexp(ln( ) /2)C
2 and

= + −σ μ σ σexp(2ln( ) )·(exp( ) 1)dC
2 2 2 , respectively.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jmmm.2018.09.041.
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