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Abstract

Magnetic nanoparticles (MNP) are researched for in-vivo applications and represent a key tool in both therapy via
magnetic fluid hyperthermia (MFH) and diagnostics using magnetic particle spectroscopy (MPS) and imaging (MPI).
In-vivo, MNP are exposed to various physiological environments, binding to blood and cells and are thereby sub-
jected to constantly changing conditions. In this simulative work, the performance of MNP in MPS was investigated
with regard to core size, hydrodynamic size and distribution width and under different physiological viscosities of
water, blood and inside cells. Our preliminary results from stochastic Neel-Brownian coupled relaxation dynamics
simulations suggest that for MPS, differentiation of MNP binding states across water, blood, and intracellular
environments appears feasible for MNP of large cores above 20 nm with small hydrodynamic sizes below 50 nm.

. Introduction

Magnetic nanoparticles (MNP) promise innovative
biomedical applications in therapy - employed as heat-
ing agents in magnetic fluid hyperthermia (MFH) - and
diagnostics - used as biomarkers and imaging tracers
in magnetic particle spectroscopy (MPS) and imaging
(MPI). All of these applications inevitably rely on MNP
being administered into the body, where they interact
with physiological entities such as blood and cells. Such
interaction decreases the MNP’s mobility over time upon
adsorption of blood constituents or internalization in-
side cells, which is known to decrease performance for
MFH [1] and MPS [2]. However, when compared to a
reference of freely dispersed MNP in water, detecting
such a decrease in signal could also serve as an indicator
to determine the current binding state of MNP, allow-
ing conclusions on the microenvironment that MNP are
subjected to. This could eventually advance and com-
plement MNP localization capabilities of MPS or MPI.
To explore this application further, we employ stochastic
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simulations of MNP relaxation dynamics [3], with various
core and hydrodynamic sizes to model different MNP
systems and varying viscosity values to model physio-
logically relevant binding states of MNP in water, blood,
and inside cells.

Il. Methods and materials

Stochastic Neel-Brownian coupled relaxation dynam-
ics simulations were used to model the magnetization
curve, M(H), of an ensemble of 1000 particles magnetite
MNP (saturation magnetization Mg = 476k Am™!, uniax-
ial anisotropy constant K,, = 11k J - m~3) using python
framework (s. Author’s statement) [3]. Using a concen-
tration of 10"°mL~! and a temperature of T = 300 K
magnetic interactions are negligible versus thermal ac-
tivation [4]. A single-frequency magnetic field was ap-
plied in two different conditions: Firstly, the influence
of core and hydrodynamic size on MPS signal was in-
vestigated using core sizes of d¢ =(12,15,18,22,24,28)
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(a) dc = 12-28 nm, dy =dc + 10 nm

(b) dc =12-28 nm, dy=dc+100 nm

(€) dc = 12-28 nm, dyy = dc + 200 nm

S D G —

-
e+

Normalized Signal Intensity / a.u.

100 107 162 i 100 107
Viscosity / cP

(d) dc=12 nm, dy =100 nm, 0=0.05-0.45

Viscosity / cP

102 i 100 107 162 68
Viscosity / cP

(e) dc =20 nm, dy =100 nm, o=0.05-0.45

T dc=12nm

e dc=15n0m 0=0.05

“ o0 »

Normalized Signal Intensity / a.u.

Water (0.8-0.89 cP) » dc=18nm
Blood (1.35-14.1¢P) * dc=20nm ---
Cells (237-1000 cP) * dc=22nm ---
o de=24nm -

dc=28nm

0=015
0=025
0=0.35
0=045

10° 10* 102 10° 10° 10*
Viscosity / cP

Viscosity / cP

107 10° 10° 10* 102 10°
Viscosity / cP

Figure 1: Simulated MPS signal intensities for various particle sizes and viscosities (s. Table 1). Subfigures ((a)-(c)) show varied
core sizes d¢c =(12—28) nm (o = 0.05) for three hydrodynamic diameters at applied field of H, =25 mT/u, and f; = 25 kHz.
Intensities normalized to maximum (d. =28 nm, dy =38 nm, water). Subfigures ((d)-(f)) show varying size distribution widths
o =(0.05—0.45) at applied field of H, =20 mT/y, and f, =25 kHz. The corresponding core diamrters are (d) d. =12 nm, (e)
dc =20 nm, and (f) d- =28 nm, with dy = 100 nm in all cases. Intensities normalized to maximum (d; =28 nm, o =0.35 nm,

blood).

Table 1: Physiological viscosity ranges used for simulations.

Water / Ref 0.89 cP
Blood / cytoplasm | (1.35, 3.20, 4.21, 6.40, 9.60, 14,10) cP
Interim region (33.90, 109.00) cP
Intracellular (237.00, 250.00, 500.00, 1000.00) cP

nm, each with monodisperse log-normal distribution
width (o = 0.05) and three hydrodynamic diameters:
dy = d. +(10,100,200) nm. Field conditions where
H, =25 mT/u, at fy =25 kHz. Secondly, the influence of
the core size distribution was investigated for the mean
core sizes d- =(12,20,28) nm each of distribution widths
o =(0.05,0.15,0.25,0.35,0.45) and fixed dy = 100 nm.
The MNP were subjected to H, =20 mT/u, at f =25 kHz.
In both cases, the viscosity of the surrounding medium,
1, was systematically varied to represent different physi-
ologies listed in Table 1 based on literature [5,6].

From simulated M(H)-loops the transient phase was
removed prior to smoothening each curve (employing
Savitzky—Golay filtering). The smoothed curves were dif-
ferentiated, yielding the derivative dM/dH, from which
the maximum was extracted and is given as a perfor-
mance indicator for MPS signal intensity, which is di-
rectly proportional to dM/dH [7].
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I1l. Results and discussion

Figure 1 shows the dependence of MPS signal intensity
on viscosity, as well as for various core and hydrody-
namic sizes ((a)-(c)) and core size distributions ((d)-(f)).
Figure 1(a) through (c) confirms common expectation
that MPS signal increases dominantly with MNP core
size [7], with strongest signal for large d. and small d,
maximized with field amplitude (cf. Figure 1(a) and (d)).
We furthermore observe that for small hydrodynamic
sizes dy = d¢ + 10 nm (Figure 1(a)) the MPS signal drops
from highest values in water to smaller values inside cells,
with the strongest drop by ~ —15% for largest MNP with
dc = 28 nm, while negligible for d- = 12 nm, in accor-
dance with recent experiments [8,9]. A similar drop, but
much less pronounced (max. drop by ~ —6%), is ob-
served for larger hydrodynamic sizes, dy = d¢ + 100 nm
(Figure 1(b)), but indistinguishable for dy = d + 200
nm (Figure 1(c)), which in fact seems independent of
viscosity at all. Thus, we conclude that (for the given
setting) differentiating physiologically relevant viscosi-
ties requires small hydrodynamic sizes dy; < 50 nm [9].
While MNP systems in Figure 1 ((a)-(c)) where monodis-
perse, Figure 1((d)-(f)) investigates the dependence of
MNP signal for increasingly polydisperse MNP systems
with distribution widths up to o = 0.45 for selected core
sizes. Again this confirms, MPS signal increase with core
size [7]. However, by simply using more polydisperse
MNP (i.e. up to o =0.45), MPS signal intensity increased
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relative to monodisperse MNP (o = 0.05) by up to +100%
for d¢c =12 nm and up to +50% for d = 20 nm, indepen-
dent of viscosity. At the same time MPS signal remained
effectively unaffected by o for d =28 nm, presumably
because the simulation runs invalid as MNP approach
the ferromagnetic regime.

IV. Conclusion

Preliminary results show that MPS signal intensity de-
pends on core size and its distribution, hydrodynamic
size, and viscosity. Core size generally dominates the sig-
nal, while viscosity has negligible influence for particles
well above dy; > 100 nm. For viscosity-based localization,
differentiation of MNP binding states across water, blood,
and inside cells seems feasible for large cores d. > 22
nm and small shell d;; < 50 nm (Figure 1(a)). Increased
polydispersity may enhance MPS signal for mid-sized
MNP systems (d = 20 nm, Figure 1(e)), offering opti-
mization potential for in-vivo MPS via MNP adaptation.
However, to guide discussion further, our model must
first account for magnetic interaction effects upon intra-
cellular agglomeration of MNP.
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