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A B S T R A C T

Background and objective: Magnetic hyperthermia-based therapies depend on heating performances of magnetic 
nanoparticles (MNP). Beyond specific MNP properties, dipole-dipole interactions resulting from the formation of 
MNP assemblies have a pivotal influence on heating performance. There is, however, limited understanding of 
the range of attributable negative and positive effects.
Methods: Numerical simulations were used to unravel the effect of various spherical, elongated assemblies as well 
as MNP chains on heating performance. An advancing front assembly generating method was combined with a 
stochastic Langevin simulation. Experimental values of a hyperthermia application to destroy hollow organ 
tumours with heatable stent fibres were used to validate simulation results.
Results: Limited impact of assembly size on the heating performance was observed, whereas assembly geometry 
was crucial. Spherical assemblies lead to a decrease in specific loss power while elongated assemblies and chains 
yielded up to eightfold increase compared to randomly dispersed MNP. The heating performance of elongated 
assemblies and chains was dependent on their major-minor axes ratios, excitation field amplitude and assembly 
orientation relative to the field direction. The simulations unravelled that chains dominated the heating of stent 
fibres.
Conclusions: The simulation is a valuable and versatile tool for the optimization of heating output of all sorts of 
MNP, which undergo structural changes in interaction with artificial and biological surroundings. This capability 
is demonstrated for fibre-based implants with incorporated MNP. Comparison between simulation and experi
ments demonstrates the susceptibility to the design of MNP assemblies. Precise information about assembly 
geometry is crucial to improve the prediction accuracy.

1. Introduction

Due to their unique dynamic magnetic relaxation response to alter
nating magnetic fields, magnetic nanoparticles (MNP) enable local 
overheating of tissue, so-called magnetic hyperthermia (MH), which is a 
promising approach in cancer treatment [1–4]. Hyperthermia therapy 
approaches are based on injection of MNP at the target site, e.g. directly 
into a tumour, or on application of implantable devices, e.g. hybrid 
implants with incorporated MNP acting as heating agents inside the 
implants [1,2,5]. For example, hybrid stents were investigated for the 
treatment of hollow organ tumours and magnetic scaffolds were applied 
in bone cancer therapy [2,6]. Exposed to an alternating magnetic field 
(AMF), MNP generate heat, however, this exposure is so far not locally 
selective. MNP have already been established as contrast agents in 
magnetic resonance imaging (MRI) and are currently under 

development as tracers for magnetic particle imaging (MPI) [3,7–10]. 
Novel theranostic approaches envisage to combine MH with MPI [3,
11–13]. Such a combination will allow selective image-guided therapies 
with a single device. Either way, MNP interact with their environment 
and this interaction has a tremendous impact on their performance as 
magnetic heating agents and tracers. Upon the internalization into cells 
and incorporation into implants, MNP tend to assemble into clusters [2,
6,14,15]. In such cases, significant effects on their heating performance 
have been observed [16–20]. These are related to dipole-dipole in
teractions and the absence of Brownian relaxation. To account for these 
phenomena, the so-called Cole-Cole model, an extension of the Debye 
model used in linear response theory, was proposed [21,22]. With the 
Cole-Cole model it was possible to explain the temperature rise of 
magnetic scaffolds in an AMF as it considers a spectrum relaxation time 
resulting from interactions between MNP. For an accurate prediction of 
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MNP heating and tracer performance, interparticle and matrix interac
tion effects must be considered. Consequently, accurate predictions play 
a tremendous role as they ultimately influence the development of 
reliable and effective therapies.

Mainly a loss of heating performance upon environmental changes 
like cell internalization was identified to originate on the one hand from 
immobilization of MNP and on the other hand from magnetic inter
particle interactions [20,23]. The interactions lead to a change of the 
magnetic relaxation response of MNP [24]. In many cases, higher energy 
barriers need to be overcome for magnetic relaxations processes to occur 
that lead to an effective heating. Depending on the properties of MNP, 
their assembly and applied magnetic field parameters an increase in 
heating output can be achieved [25,26]. For example, MNP chain 
structures have shown to enable significant increase of heating perfor
mance [27–29].

For the estimation of the heating output, simulation approaches have 
already shown to generate valuable information on MNP heating 
response and yield good accordance with experimental data [30–32]. 
They help to interpret experimental results and get a deeper insight into 
relevant mechanisms for heat generation. However, it is still an ongoing 
discussion, whether MNP assemblies and the resulting interparticle in
teractions lead to a decrease or increase of heating performance. It lacks 
a common understanding of the relation between different MNP as
semblies and their heating performance.

In this work, we simulate the heating performance of different ge
ometries of MNP assemblies. These simulations are a powerful tool for 
the prediction of the magnetic relaxation response of interacting MNP 
and deliver valuable information for the optimization of MNP as mag
netic heating agents of hybrid implant design for targeted therapies. 
Further, a broader understanding on the influence of magnetic inter
particle interactions on heating output is generated. Favourable com
binations of magnetic field strengths and MNP assembly (chains, 
spherical assemblies, elongated assemblies) to get a high heating output 
are derived. The prediction models are based on stochastic non- 
equilibrium Langevin micro-magnetic simulations using the Landau- 
Lifshitz-Gilbert equation and include magnetic relaxation mechanisms 
as well as relaxations due to thermal fluctuations [10]. Compared to 
previous works, interparticle magnetic interactions between all simu
lated MNP are included. In this way, the effects on heating output based 
on magnetic dipole-dipole interaction between MNP can be clearly 
identified. Different geometries of MNP assemblies are generated ac
cording to a modified advancing front method [33]. This makes the 
simulation versatile in adjusting the MNP assembly geometry to 
resemble different material states and application conditions.

2. Methods

The simulations predict the influence of MNP assemblies on the 
heating performance. The measure for the heating output is the specific 
loss power (SLP) defined as the absorbed power per unit mass of MNP. 
Heating output results from magnetic relaxation processes of MNP 
exposed to alternating magnetic fields (AMF). The simulation is imple
mented in python and is based on the software described in previous 
works [10,32,34]. The availability of the software is described in the 
data statement. Currently the simulation without assembly formation 
(see Section 2, step 2) takes about 2–3 h. As depicted in Fig. S1 of the 
supplementary material the simulation can be divided into the following 
six steps: 

1. Relevant parameters are set. These parameters can be divided into 
the four categories “MNP Parameters”, “Simulation Parameters”, 
“Field parameters”, and “External Parameters”. MNP parameters are 
the magnetic anisotropy constants K, core diameter d, hydrodynamic 
diameter dH (by default set to 20 nm), saturation magnetization MS 
(by default set to 420 kA/m), mass density of MNP ρ (by default set to 
5180 g/cm3) and concentration C (number of MNP in a defined 

space; arbitrarily large chosen to 1015 MNP/m3 to avoid random 
agglomerations). The MNP parameters also include the log-normal 
distribution parameters for K, d and dH (by default set to σK=0.05, 
σd=0.1 and σdH=0.2 to include distribution, corresponding to 
empirical values). The simulation parameters are the number of MNP 
M (by default set to 1000), time steps Nt (by default set to 10,000), 
magnetization cycles I (by default set to 2) and simulation repetitions 
X (by default set to 20; parallel execution on a HPC cluster). Field 
parameters are the field amplitude H0 and frequency f. Finally, the 
external parameters are the temperature T (by default set to 300 K) 
and the viscosity η (by default water) of the surrounding material.

2. Simulation is initialized. To each MNP a core diameter, a hydrody
namic diameter and an anisotropy constant is attributed randomly 
drawn from a log-normal distribution. Further, to each MNP a 
magnetic moment mi and easy axis ni orientation is attributed drawn 
randomly from a normal distribution. Then the MNP are either 
randomly dispersed or assembled to different structures. Assemblies 
can be chains, spheres, or elongated assemblies with defined aspect 
ratios of the major and minor axes lengths. They are generated based 
on an advancing front algorithm [33]. It is intended to generate 
roughly densely packed MNP assemblies with a predefined size and 
geometry. In the assemblies the MNP have a predefined distance 
Δd to each other an. The advancing front algorithm consists of the 
following steps: 
a. One MNP of the predefined number M of lognormal distributed 

MNP is placed at a random position. A second MNP is placed at a 
predefined distance Δd and at a random spatial orientation rela
tive to the first MNP. The positions of these two MNP form the 
initial list of MNP in the current assembly F.

b. A MNP pF is chosen randomly from F. A MNP pV is chosen 
randomly from all MNP to be simulated. pV is implemented at a 
distance Δd in a random relative orientation to pF. 
i. pV is added to F if the following conditions are fulfilled: 

• it does not overlap with another MNP in F
• it has a maximum distance of Δd ± Δ with a tolerance 

margin Δ = 0.15 nm to at least one other MNP in F.
• its position lies within the predefined dimensions of the 

desired assembly.
ii. If pV does not fulfil the conditions, it is discarded, and the 

program returns to step (b).
c. An assembly generation is finished if for Nbreak = 150 times no 

MNP can be added to F or the number of MNP to be simulated is 
reached. In the former case, the generation of the next assembly is 
started. In the latter case, it is proceeded with step 3 of the 
simulation (see Fig. S1).

3. Before the “main simulation” (see step 4), a so-called thermalization 
is performed. It is equivalent to the main simulation but without an 
applied alternating magnetic field. For a defined number of timesteps 
Nt/5 the magnetic moments and anisotropy constants relax into a 
state solely defined by thermal activation and magnetic interactions 
between the MNP.

4. The main simulation is performed. At each time step, two stochastic 
Langevin differential equations (SDEs), Eqs. (1) and (2), are solved 
and the values of magnetic moments mi and easy axes ni of the MNP 
are updated and saved for each time step. The differential equations 
model the Néel relaxation (Landau-Lifshitz-Gilbert equation), 

dmi
/
dt = γ0

/(
1+ α2)⋅

(
Heff ×mi +α⋅mi ×

(
Heff ×mi

))
(1) 

and the Brownian relaxation, 

dni/dt = Θ/(6ηVH) × ni. (2) 

The effective field, Heff, 

Heff = − 1
/

μ0⋅∂U
/

∂m + Hth (3) 
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and the generalized torque, Θ, 

Θ = (∂U / ∂n) × n + Θth (4) 

are derived from the internal energy U = εZee+εAni+εIA. This consists 
of the Zeeman energy εZee = m•Happ, the anisotropy energy εAni =

K•VC•(mi•ni)2 and the dipole-dipole-interaction energy, εIA: 

εIA = −
∑

i
μ0

/

4πr3
i ⋅
(
3(m0⋅ri)⋅(mi⋅ri)

/
r2

i − m0⋅mi
)
. (5) 

The terms Hth and Θth represent the gaussian-distributed thermal 
activation. 

The SDEs Eqs. (1) and (2) are numerically integrated with the so- 
called Stratanovich–Heun method [10,35,36].

5. For each time step of the simulation, the z-component of the mag
netic moment mz is averaged over the ensemble of MNP.

6. After X iterations of the simulation, the magnetic moments are 
averaged over the iterations and plotted against magnetic field am
plitudes for each time step resulting in a hysteresis curve. From the 
area A of the hysteresis curve, the SLP value is calculated as follows: 

SLP = (A⋅f)/ ρ (6) 

3. Results

3.1. MNP assembly geometries

In the following, the results of the investigation of different MNP 
assembly geometries on the heating output are presented. Three MNP 
assemblies were generated (see Fig. 1): chains, spherical and elongated 
assemblies. For each assembly type, the influence of their size in relation 
to the field strength of the applied AMF was investigated and compared 
to that of randomly dispersed MNP.

The basic assumption is that the interparticle interactions in an as
sembly affects the reaction of MNP magnetic moments to the magnetic 
excitation field. Increasing the number of MNP in an assembly should 
correspondingly have a stronger impact on the SLP value since the 
interaction strength should increase. Whether the increase in L leads to 
an increase in the SLP value depends strongly on the applied excitation 
field amplitude (see Fig. 2a). At higher excitation field amplitudes, 
magnetic relaxations are more likely to occur. In this case, a strong in
crease in SLP value was observed, which is attributed to a collective 

relaxation of the magnetic moments of the interacting MNP. Reducing 
the field amplitude results in an initial SLP increase followed by a 
decrease to a saturation value. A further field amplitude reduction 
finally leads to a decrease in SLP below the value obtained for equivalent 
dispersed MNP and saturating at negligible values. The necessary field 
amplitude to obtain a strong magnetic relaxation response depends on 
the MNP size (see Fig. S2 in supplementary material), as the interparticle 
interaction strength varies with MNP size (see Eq. (5)). The length of the 
chain L was varied between one and 40 MNP per chain. As shown in 
Fig. 2a, increasing L up to ten MNP per chain changes the SLP values, 
while a further increase of L leads to saturation.

For the spherical assemblies, the diameter DC was varied starting 
with an individual MNP and reaching an assembly size of 200 nm. 
Fig. 2b shows that SLP values of spherical MNP assemblies with a 
diameter DC larger than four times the diameter of the individual MNP 
decreases below the value of randomly dispersed MNP. Below this size 
range, the assemblies show a magnetic response, which is similar to that 
of a chain. Above an assembly diameter four times the diameter of in
dividual MNP, a saturation in the SLP values is observed. For assemblies 
smaller than four times the MNP diameter, higher SLP values than the 
ones of the corresponding randomly dispersed MNP occur.

For elongated assemblies, their size significantly affects the SLP 
value as shown in Fig. 2c. More specifically, the SLP increases with the 
assembly aspect ratio between the lengths of the major axes and the 
minor axes. Especially for higher aspect ratios and field amplitudes, the 
SLP values for the elongated MNP assemblies exceed the SLP values 
obtained for randomly dispersed MNP. Then, similar magnetic interac
tion effects as for chains arise leading to a collective relaxation behav
iour of the MNP. Comparing the results under the same conditions at a 
field amplitude of 70 kA/m the highest SLP value is four times smaller 
than the one for chains, however, about three times higher than the one 
for spherical assemblies.

In Fig. 2d the dependency of the SLP value for elongated assemblies 
on the orientation of the major axes of the assemblies relative to the 
direction of the applied field is displayed. The angle θ between the 
orientation of the assembly relative to the direction of the magnetic field 
is varied between 0◦ and 90◦ The maximal SLP value is obtained when 
the major axis orientation is parallel to the field direction. The lowest 
SLP value is achieved when the major axis and the field directions are 
perpendicular to each other.

In Fig. 3, for selected assembly states, the MNP magnetic response 
dependency on magnetic field frequency is displayed. The chosen fre
quency range is typical for magnetic hyperthermia applications. Based 
on the findings of the previous simulations, three assembly states were 
selected, for which the greatest impact on magnetic response is 

Fig. 1. Sketch of (a) an MNP chain with an exemplary length of L = 30 MNP, (b) a spherical MNP assembly with a diameter of DC = 100 nm and (c) an elongated 
MNP assembly with an aspect ratio lmajor/lminor of three between the major axis and the minor axes.
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expected. This is estimated for assemblies with the largest length for 
chains, biggest diameter for spherical assemblies and highest aspect 
ratio for elongated assemblies. For better comparability, the ILP = SLP/ 
(f⋅H2) is calculated instead of SLP value. The ILP and the imaginary part 
of the susceptibility can be considered proportional to each other as the 
hysteresis area can be used for the calculation of both [37]. For all as
sembly types, the ILP value shows a local maximum, which is then fol
lowed by an increase towards saturation. In most cases, the local 
maxima are located at 50 kHz. Yet, for chains also a shift from 10 kHz 
(30 kA/m) to 50 kHz (50 kA/m) is visible. With increasing field 
amplitude, the local maxima disappear. For dispersed MNP, the highest 
SLP and ILP values are as expected at the highest frequency and field 
amplitude. For assemblies, the most favourable magnetic field settings 
to reach high ILP values strongly depends on the assembly state.

Fig. 4 summarizes the crucial impact of the MNP assembly geometry 
on the heating output for otherwise identical MNP properties and 
magnetic field parameters. The highest SLP values arise for chains, while 
the smallest arise for spherical assemblies. Especially at higher field 
amplitudes, elongated structures, and chains, which can be viewed as 
assembly structures with large aspect ratios, have favourable configu
ration to maximize the heating performance. In the case of chain 
structures, an up to eightfold SLP value compared to the one of dispersed 
MNP was reached at a high field strength of 70 kA/m. In contrast, at 30 
kA/m a decrease of the SLP values by a factor of three compared to the 
one of dispersed MNP was found. This clearly demonstrates the strong 
influence of the interplay between assembly geometry and applied AMF 
on magnetic relaxation processes and consequently on heating 
performance.

3.2. Application example

To demonstrate the applicability of the simulation tool in predicting 

the heating output of MNP that change their structure after further 
processing into implants, simulations results were compared to experi
mental data, which was previously reported by the authors [2]. As dis
cussed before, the experimental values of the heating output for the 
reference samples, i.e. dispersed MNP, are not useful anymore, as the 
MNP change their heating efficiency upon agglomeration and immobi
lization. Accordingly, the experimental data describes the heating effi
ciency of specific MNP agglomerations incorporated in fibre-based 
implants. As a result, for each implant and magnetic excitation config
uration, new characterizations must be performed. An optimization of 
the implants for hyperthermia applications would be then costly and 
time consuming. The simulation provides insights into the dominating 
effects on heating output for the MNP incorporated in fibres and can 
predict heating output for different MNP configurations and magnetic 
field settings. In this way, the simulation gives valuable information on 
the optimization of the implants towards high heating efficiencies and 
supports the control of hyperthermia therapies for in vivo applications.

An exemplary picture of such agglomerated MNP inside fibres is 
shown in Fig. 5. Table 1 lists the AMF and MNP properties. In the 
simulation, MNP with saturation a magnetization and core diameters 
equivalent to those of the MNP in the experiment were used. In the 
experiments, different MNP weight percentages in the fibres (3 wt%, 5 
wt% and 7 wt% MNP) were investigated showing differences in their 
heating output as shown in Fig. 6.

In the simulations, elongated MNP assemblies and MNP chains were 
investigated and compared. The aspect ratio was set according to the 
average aspect ratios reported before (see Table 1 and [2]). The simu
lated chain length value was derived from TEM images of the fibres (cf. 
exemplary TEM image in Fig. 5). For the simulations, the anisotropy 
constant was set to 20 kJ/m3. This setting is based on preliminary 
considerations based on literature reports: The anisotropy constant of 
bulk magnetite is 11 kJ/m3 [38]. For non-interacting spherical MNP 

Fig. 2. (a) SLP versus the chain length L. Displayed are the results at three different magnetic field amplitudes. (b) SLP versus the assembly diameter DC of spherical 
assemblies. (c) SLP versus the aspect ratio lmajor/lminor between the major and minor axis length of elongated MNP assemblies. (d) SLP versus the angle θ between the 
orientation of the elongated assemblies and the direction of the applied alternating magnetic field. The magnetic field frequency was set to f = 300 kHz. The 
simulations were performed for 20 nm MNP with an anisotropy constant of 11 kJ/m3. For comparison, the SLP values from simulations of dispersed MNP ensembles 
are displayed as horizontal lines. The marker and line colour encode the applied field amplitude.
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with a core diameter of 17.7 nm, anisotropy constants between 10 
kJ/m3 and 20 kJ/m3 were measured [39]. Magnetic interactions were 
shown to strongly influence the effective anisotropy. Along the same 
line, for non-interacting 10.2 nm MNP, comparable magnetic anisotropy 
values between 18.2 kJ/m3 and 23.2 kJ/m3 were determined via an 
extrapolation based of experimental values.

With magnetic interactions the values reached an effective anisot
ropy of up to ca. 100 kJ/m3 [40]. The magnitude of the effective 
anisotropy was dependent on particle properties and distance between 
the MNP cores. In our simulation, an anisotropy constant of 20 kJ/m3 

was used. The contribution of interparticle interactions to effective 
anisotropy is regarded in the simulation by implementing dipole-dipole 
interactions. This value showed good agreement between predicted SLP 
values and experimental data.

Fig. 6 features the SLP values obtained from experiment compared to 
simulation data. The SLP values of elongated and chain-like MNP as
semblies were investigated. The simulation results for an elongated as
sembly with a 2:1 aspect ratio and chains with a chain length of six MNP 
are shown. In the case of elongated assemblies, the simulation signifi
cantly underestimates the measured SLP values. Yet, the SLP values for 
the chain structures are in good agreement with the experimental data.

4. Discussion

In nearly all applications, agglomerations of MNP occur, e.g. in 

interaction with biological tissue or with an artificial matrix. These in
teractions cause deviations from the expected heating output, which in 
general is merely considered to be linear with MNP concentration and 
thus lead to a systematic error. Because of the outmost importance to 
control local heating in a therapeutical setting and to generate knowl
edge of what effects occur at nanoscale, we simulated the heating output 
for different agglomeration types integrating MNP interactions, i.e. in 
spherical and elongated agglomerations as well as chains. Beyond state 
of the art, our simulations uniquely combine directly calculated inter
particle interactions, interconnected Brownian and Néel relaxations, 
random thermal contributions as well as the possibility to design 
different MNP structures of various shapes and sizes and to evaluate 
their heating output. The thermalization step (see Section 2, step 4) 
allows the MNP to relax into magnetic moment and easy axes states 
defined by the MNP assemblies rather than by a random initialization. 
Thus, it allows for example to account for gradual immobilization of 
MNP. This is especially interesting for agglomerations formation and 
disintegration in implants, scaffolds and cells, as it can be assumed that 
these are rather a continuous processes influencing the Brownian 
relaxation and thus the magnetic moment and easy axes states.

For chains, we observed a dependency of heating output, resembled 
in the SLP value, on the chain length L, which is strongly influenced by 
the field amplitude (see Fig. 2a). Due to the interparticle interactions, 
the magnetic moments of the MNP align parallel or antiparallel to the 
direction of the chain. The resulting dipolar magnetic coupling between 

Fig. 3. ILP values vs. frequency at 30 kA/m, 50 kA/m and 70 kA/m for a) dispersed MNP, b) chains of 40 MNP, c) spherical assemblies with a diameter of 200 nm 
and d) elongated assemblies with a major axis length of 240 nm and a minor axis length of 80 nm. The MNP have a diameter of 20 nm and an anisotropy constant of 
11 kJ/m3.
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the MNP leads to an increase of the effective anisotropy (additional to 
contributions of magneto-crystalline, shape and surface anisotropy). 
This increase in the effective anisotropy in turn leads to a higher energy 
barrier, so that higher energy from the magnetic excitation field must be 
provided to induce magnetic moment relaxations. Consequently, the SLP 
is smaller at lower magnetic field amplitude of 30 kA/m.

Unlike chains, spherical assemblies show no preorientation of MNP 

magnetic moments. Correspondingly, no beneficial collective relaxation 
behaviour occurs to align their magnetic moments in the direction of the 
excitation field (see Fig. 2b). Rather magnetic frustrations of the MNP in 
the dense assembly lead to a demagnetizing effect. In general, the 
magnetic interparticle interactions between neighbouring MNP hinder 
the induction of magnetic relaxations by the applied alternating mag
netic field. This is obvious when investigating the effects of distance 
between individual MNP in an assembly (i.e. choosing different packing 
densities) on heating output. Fig. S3 (supplementary material) shows 
that the influence of magnetic interactions gradually vanishes for larger 
interparticle distances and, hence, the SLP values of spherical assemblies 
converge towards the one of randomly dispersed MNP. These findings 
are consistent with experimental results reported in literature before 
[41]. A deviation from this trend occurs for agglomerations with a size 
smaller than four times the MNP diameter that lead to an SLP increase. 
In this case, the MNP assemblies are not radially symmetrically assem
bled, e.g. two MNP resemble a chain geometry. The overall trend of an 
initial increase of the SLP with an increase in agglomeration size fol
lowed by a steep decrease qualitatively fits to experimental findings for 

Fig. 4. SLP values obtained for spherical assemblies, randomly dispersed MNP, 
elongated assemblies and chains for different magnetic field amplitudes green 
(30 kA/m), orange (50 kA/m) and red (70 kA/m). The MNP have a diameter of 
20 nm and an anisotropy constant of 11 kJ/m3. The spherical assemblies have a 
diameter of 200 nm. The elongated assemblies have a major axes length of 240 
nm and a minor axes length of 80 nm. The chains consist of 40 MNP. The 
magnetic field frequency is f = 300 kHz.

Fig. 5. Exemplary TEM image of a fibre with 3 wt% MNP. Agglomerations, which have a greater aspect ratio than 4:1 or show even chain-like structures are marked 
by red ellipses.

Table 1 
Properties of the MNP and of the alternating magnetic field used in the simu
lation: MNP core diameter dcore, saturation magnetization MS, anisotropy con
stant of an individual MNP K, simulated MNP assembly configuration, frequency 
f of the magnetic field and the set field amplitudes H0. The third column gives the 
source of information of the properties.

Property of 
simulated MNP

Values Data source

(dcore ± σcore) / 
(nm)

11.3 ± 3.3 Experimental values [2]

MS / (Am2/kg(Fe)) 99.4 Experimental values [2]
K / (kJ/m3) 20 Typical value for non- 

interacting MNP [40]
Assembly 

configuration
Chains (L = 6 PpC) Elongated 
structures (lmajor / lminor = 2/1)

Typical values derived 
from TEM images [2]

f / (kHz) 270 Experimental setting [2]
H0 / (kA/m) 10, 20, 30, 40, 55 Experimental settings [2]
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MNP agglomerations of increasing size [42]. Specifically, experimental 
data for MNP assembled in 3D centrosymmetric configurations showed 
smaller heating performance compared to their assembly in plane, i.e. 
2D configuration [43,44].

For elongated assemblies, the increase in SLP with aspect ratio is 
linked to similar effects as the ones discussed for the chains (see Fig. 2c). 
Due to magnetic interactions and the assembly geometry, the magnetic 
moments align parallel or antiparallel to the major axis. Yet, compared 
to chains at small field amplitude of e. g. 30 kA/m no decrease in SLP 
occurs. This results from a less pronounced collaborative response of the 
MNP due to the not entirely straight alignment of the magnetic moments 
to the major axis compared to chain structures. Thus, SLP increase for 
increasing chain length is accelerated compared to the one for elongates 
assemblies. Further, the SLP of elongated assemblies decreases for 
increasing angle of the major axis relative to the direction of the applied 
magnetic field, θ (see Fig. 2d). Such an SLP dependency on the relative 
orientation of MNP assemblies to the magnetic field direction is also 
attained for chain structures (see Fig. S4 in supplementary material). 
When the major axis is rotated away from the magnetic field direction, 
the magnetic moments alignment in the direction of the major axes 
caused by interparticle interactions partially competes with the mag
netic relaxation in the direction of the applied magnetic field.

The ILP dependence on frequency for the different MNP states (see 
Fig. 3) shows that the magnetic response strongly depends on assembly 
type. The results are in good agreement with literature reports [37]. The 
local maxima and their shift to higher frequencies for chains are only 
visible at low field amplitudes. This can be explained by a change in Néel 
relaxation time, which increases with field amplitude [22,37]. However, 
local maxima do not appear for all assembly types. This can be attributed 
to exponential increases in the Néel relaxation time with increasing 
effective anisotropies specific for each assembly type, which directly 
influences the non-linear dynamic magnetic susceptibility of the MNP 
[45].

The results of this work are in good agreement with experimental 
and simulation studies particularly concerning the effects of MNP chains 
on boosting heating output [27,46–48]. The dependency of the heating 
performance on chain length was observed for cubic MNP having 
different anisotropies specific to the edge lengths of individual MNP 

[46]. Further, it was shown that MNP form centrosymmetric spherical 
agglomerates inside cells leading to a reduction of heating efficiency 
[20]. To sum up, for otherwise identical MNP hyperthermia perfor
mance strongly depends on the assembly geometry, the excitation field 
amplitude as well as relative orientation of the assembly to the direction 
of the magnetic field. Our simulations provide an understanding of such 
effects and are a valuable tool to estimate the heating efficiency for all 
sorts of interacting MNP. Chains are preferable configurations to achieve 
high SLP values, however, they are difficult to realize in a therapeutical 
setting. The relative orientation of the MNP assembly major axis to the 
applied magnetic field direction may also be relevant for MPI. The 
dependence of the MPI signal on the MNP easy axes orientation has been 
shown in experiments [49].

The simulations performed to model experimental conditions for 
stent fibres with incorporated MNP agglomerations yield insights into 
the role of agglomeration structures for their heating performance. 
Surprisingly, chains describe the experimental data better than the 
elongated structures. This can be explained by the fact that a fraction of 
about 10 % of the assemblies have significantly higher aspect ratios (>
4:1) resembling chain-like structures (see Fig. 5). Similar strong impact 
of a small fraction of highly effective MNP on the overall heating per
formance of a whole MNP ensemble was reported before [47,50].

Consequently, the comparison between experimental and simulation 
data underlines the relevance of magnetic interparticle interactions for 
the achievable heating output in a magnetic hyperthermia application 
and explains the dominating effects on heating output. The experimental 
SLP values for the fibres with incorporated MNP at different concen
trations (3 wt %, 5 wt % and 7 wt %) deviate especially at higher 
magnetic field amplitudes. This was not expected, since, by definition, 
the SLP value should not be dependent on MNP concentration (see 
Section 2). An explanation might be that for different MNP concentra
tions, specific differences in the MNP assembly geometry arise with a 
heterogeneity of MNP assemblies having different size and aspect ratios 
in the respective fibres. Generally, the magnetic coupling effects add to 
the effective magnetic anisotropy of the individual MNP. Depending on 
the experimental setting and sample preparation, the value of effective 
anisotropy constant varies. Consequently, in literature different anisot
ropy constants for assembly structures and for randomly dispersed MNP 

Fig. 6. SLP versus magnetic field amplitude. Displayed are experimental data and simulated data. The experimental data were acquired for immobilized MNP in 
fibres with three different MNP weight percentages (3 wt%, 5 wt% and 7 wt%). Simulated are two different types of MNP assembly structures: chains consisting of six 
MNP (Sim-Chains) and elongated assemblies with minor axes of 50 nm and a major axis of 100 nm (Sim-Elongated).
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were reported [47,51–53].
For more accurate predictions, precise information on structure and 

distribution of MNP assemblies inside the fibres is necessary. This can be 
acquired, e.g., by µCT-based measurements for bigger structures and by 
electron tomography for individual MNP in clusters [8,54,55]. Most 
valuable is, however, that the simulations provide information on what 
MNP configuration is best to enhance heating efficiency of nano
modified implants. This applies also to any other hybrid state of MNP 
and magnetic hybrid materials. For the investigated MNP in this work, 
the chain-like structures showed the best results. A control heat release 
from the implants can be realized by adjusting MNP configuration and 
the magnetic field parameters. The simulation does not include other 
types of interaction with the surrounding and is, therefore, not capable 
of estimating the heat dissipation.

Because of MNP immobilization in implants, Brownian relaxation is 
relevant only in thermalization step of the simulation. The effect of 
hydrodynamic diameter on the SLP value for MNP assemblies is then 
reduced to changing the interparticle distance (see Fig. S3). With 
increasing interparticle distance the SLP asymptotically approaches the 
SLP value for dispersed MNP, as dipole-dipole interactions are getting 
weaker. When considering MNP agglomeration in liquids, also a col
lective mechanical movement of the entire agglomerations plays an 
important role. To account for these phenomena, the simulation must be 
extended. This in turn increases the simulation time. Currently, the 
simulation time is already comparatively high (see Section 2). This 
limits the use of the simulation, e.g. in real-time applications such as 
image-guided interventions. As the calculations in the simulation 
involve large matrix operations, a GPU version might be beneficial for a 
simulation time reduction.

Beyond the application examples of hyperthermia in this work, the 
simulation software can be used to estimate the MNP performance in 
magnetic particle imaging [10]. Magnetic particle imaging combined 
with magnetic hyperthermia is envisaged as a promising hybrid mo
dality for theranostic applications [3,56]. Consequently, the theranostic 
performance can be determined supporting treatment planning.

5. Conclusions

In this work, we employed a stochastic non-equilibrium simulation 
to unravel the influences of magnetic interparticle interactions within 
different MNP assemblies on their heating performance in a magnetic 
hyperthermia application. The results show that spherical assembly 
structures result in a decrease in heating output in comparison to the one 
obtained for randomly dispersed MNP. Strong magnetic interactions 
lead to an increase in the effective anisotropy and dynamic magnetic 
relaxation processes occur for chain structures at chain length specific 
higher field amplitudes. These effects are attributed to the parallel pre- 
orientation of magnetic moments to the major axis of the assembly 
resulting in a higher effective anisotropy, which competes with the en
ergy needed to align the magnetic moments in the direction of the 
applied magnetic field. Similar effects were observed for elongated as
sembly structures at higher aspect ratios. For sufficient high magnetic 
field energies, chains and elongated assemblies yield a significant in
crease in heating output due to cooperative magnetic relaxation effects. 
Further, the highest heating output is achieved for MNP assemblies with 
the major axes aligned to the direction of the applied alternating mag
netic field. The comparison with experimental data demonstrates that 
precise information on the MNP assembly configuration is crucial to 
accurately predict the heating performance. It was shown that even a 
small fraction of highly effective MNP strongly influences the overall 
heating performance. The results underline the impact of the geometry 
and the relative orientation of MNP assemblies to direction of the 
applied magnetic field on heating output. The simulations represent a 
valuable and versatile tool to estimate the heating performance for sorts 
of MNP configurations.

Glossary

AFM – alternating magnetic field
MH – magnetic hyperthermia
MNP – magnetic nanoparticles
MPI – magnetic particle imaging
SLP – Specific loss power
TEM – transmission electron microscopy
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[40] P. García-Acevedo, M.A. González-Gómez, A. Arnosa-Prieto, L. de Castro-Alves, 
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