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Abstract
Magnetic nanoparticles (MNPs) are pivotal in biomedical applications such as imaging, hyperthermia, and biosens-
ing due to their distinct relaxation dynamics under alternating magnetic fields (AMF). In vivo, MNPs are gradually
internalized into cellular and tissue environments, where decreasing interparticle distances – resulting from aggre-
gation, target binding, and dense packing – alter their magnetic response to AMF. These changes amplify magnetic
dipole particle-particle interactions (pp-IA) among MNP, notably impacting their relaxation behavior. In this work,
we investigate the effect of pp-IA on magnetic particle spectroscopy (MPS) via stochastic simulations coupling
Néel and Brownian relaxation mechanisms. Our preliminary results provide evidence that at average interparticle
distances below ∼50 nm, MNPs with smaller core size (16 nm) yield stronger MPS signals than larger cores (20–28
nm).

I. Introduction

In most medical applications of magnetic nanoparticles
(MNP), the MNP will be administered into the blood-
stream, where they tend to aggregate at target sites e.g.
tumor tissue [1], bind to target biomolecules or become
internalized inside cells (e.g. macrophages, dendritic
cells) after a certain circulation time [2]. This leads to re-
duced interparticle distances, r , enlarged hydrodynamic
size, dh , and a more viscous surrounding medium. Re-
cently, we studied the impact of increasing viscosity and
enlarged dh [3] but neglected the impact of interpar-
ticle magnetic dipole-dipole interactions (pp-IA) from
neighboring MNP, which become more influential for
such aggregated MNP. Once below a certain interparticle
distance, pp-IA energy dominates thermal activation in
neighboring MNP and their pp-IA influences each other’s
magnetic relaxation behavior [4]. This work is dedicated
to systematically study this influence on magnetic parti-

cle spectroscopy (MPS) by gradually decreasing interpar-
ticle distance for MNP of various core sizes, dC , assessing
its effects on the 3r d harmonics of the resulting MPS sig-
nal.

II. Methods and materials

We used stochastic Neel-Brownian coupled relaxation
dynamics simulations in python script [5] to predict the
magnetic response of magnetite MNP (MS = 476k Am−1,
Ku = 11k J ·m−3, T = 298K ) to an AMF excitation of
H (t ) =H ·sin(2π f t )with H = 25mT /µ0 and f = 25k H z .
We assume an excitation field applied in the z-direction
(arbitrarily chosen) as well as uniaxial anisotropy. We
simulated the dynamic M(H) curves for core sizes of dC =
(16,20,24,28) nm with monodisperse log-normal size
distribution width σ = 0.05, each with hydrodynamic
sizes of dh = dC + 10 nm, modelling e.g. commercial
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Figure 1: A) Simulated (M-H)-curves for different average interparticle distances ra v g for all core sizes dc with constant
hydrodynamic sizes of dh = dc + 10 nm. Insets show hysteresis area. B) Simulated signal intensity of third harmonic A3 for
different core sizes of increasing pp-IA as ra v g decreases (solid lines / full circles) compared to pp-IA turned off (dashed lines /
hollow circles). Shaded regions depict the distances marking onset to domination in pp-IA (rI A−o n and rI A−d o m ) for each core
size.

Figure 2: Simulated MPS-signal intensity of third harmonic A3

dependent on core sizes for non- vs. strongly interacting cases.

Ocean NanoTech particles. Dipolar interaction energy
depends on individual interparticle distance ri by [4]
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with MNP individual magnetic moments |m0| = |mi | =
VC ,i ·MS

ra v g−−→ |m̂ |. We suggest that pp-IA become rel-
evant when εI A dominates thermal energy, εt he r m =
KB T , translating to a range of average interparticle dis-
tances, ra v g , between the onset of pp-IA at rI A−o n , with
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and their full domination at

rI A−d o m with εma x
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[4]. To test our

suggestion we probed interparticle distances of ra v g =

(373, 173, 80, 37) nm.

III. Results and discussion

The chosen values of ra v g deliberately expand well out-
side r1,2(= 373, 173 nm )> rI A−o n , i.e. expecting no pp-IA,
and well within the region r4 (= 37 nm )< rI A−d o m , where
εp p−I A > εt he r m , thus expecting strong pp-IA effects (ex-
cept for dc = 16 nm). For non-interacting distances r1,2,
the M-(H)-curves (Figure 1A) show larger loops for larger
particles, while the M(H)-loop shrinks as the interparti-
cle distance decreases and pp-IA increasingly dominate.
Notably, the shrinkage is most prominent for large parti-
cles dC = 28 nm, as is evident from the M(H)-enclosed
area (s. Figure 1A, insets), while for dC = 16 nm the area
of the M(H)-loop increases slightly upon strong pp-IA.
The evolution of the third harmonic A3 with decreasing
ra v g is shown in Figure 1B: A3-signal is strongest, where
interactions are negligible [6]. However, when interac-
tions are becoming increasingly dominant, the A3-signal
drops substantially. This drop happens sequentially with
dC , affecting large particles first, i.e.: it starts dropping
first for core size 28 nm at ra v g = 173 nm, followed by
core size 24 nm at ra v g = (173-80) nm, 22 nm at ra v g =
80 nm, and lastly 16 nm at ra v g ≈ (80-37) nm. In gen-
eral, for all core sizes the A3-signal drop begins at ra v g

> rI A−o n . As expected, strongest MPS-signal (A3-signal)
is generated by largest dC (= 24, 28 nm) values for non-
interacting particles [3,6], as seen in Figure 2. However,
this trend is completely reversed for strongly interacting
particles, where at ra v g = 37 nm the relatively strongest
A3-signal is generated by smaller MNP with dC = 16 nm.
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According to eq. (1), stronger individual MNP magnetic
moments |m i |=VC ,i ·MS obviously increase pp-IA and
thereby reduce A3-signal. However, our simulations are
limited by fixed interaction distances and unrealistic ag-
gregation modelling under in-vivo conditions as they nei-
ther restrict particle mobility, nor account for changes in
hydrodynamic dimensions or chain formations, experi-
mentally shown to alter relaxation behavior [7].

IV. Conclusion
Our preliminary results underline the impact of mag-
netic interactions at small interparticle distances, ra v g <
50 nm, where larger core sizes do not necessarily gener-
ate the strongest MPS signal. For in-vivo applications,
where MNP aggregate and/or get closely packed inside
tissue or cells, this could shift the favor towards MNP of
smaller core sizes. Moreover, pp-IA are shown to influ-
ence MNP already at interparticle distances larger than
expected, ra v g > rI A−o n , potentially showcasing a remark-
able effect on MPS signal and thus a need for further
investigation.
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