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Summary: 

Frequency Mixing Magnetic Detection (FMMD) enables magnetic biosensing by probing the nonlinear 
dynamic response of magnetic nanoparticles (MNPs) under dual-frequency (f1, f2) excitation. Known 
Brownian-relaxation dominated MNPs BNF-Dextran 80 nm were studied in media with varying viscosi-
ties. The complex signal components at the mixing harmonics 𝑓1 + 2 · 𝑓2 and 𝑓1 + 4 · 𝑓2 were analyzed 

as a function of the low frequency excitation field, and the harmonic ratio 𝑅 = 𝐴(𝑓1+2𝑓2)/𝐴(𝑓1+4𝑓2) was 

evaluated as a sensitive metric. The measured ratios show a pronounced dependency on viscosity and 
field amplitude. The complex-plane trajectories additionally reveal viscosity-dependent changes in both 
amplitude and phase. These findings show that harmonic-ratio analysis in FMMD can provide environ-
ment-sensitive readout beyond conventional single-harmonic amplitude detection. The approach is 
therefore promising for viscosity-sensitive biosensing, where target binding or matrix changes modify 
the local hydrodynamic environment of the MNPs. 

Keywords: Magnetic Nanoparticles, Magnetic Biosensor, Viscosity sensing, Frequency mixing mag-
netic detection 

Introduction 

Frequency Mixing Magnetic Detection (FMMD) 
is a sensitive magnetic readout technique based 
on the nonlinear response of magnetic nanopar-
ticles (MNPs) under dual-frequency excitation 
[1]. While FMMD is commonly used for MNP 
characterization [2] and concentration-depend-
ent detection in biosensing applications [3], its 
mixing harmonics also encode information on 
nanoparticle relaxation processes [4]. Since 
these magnetic relaxation processes depend on 
the local hydrodynamic environment, FMMD can 
provide viscosity-sensitive biosensing, particu-
larly for particles with larger hydrodynamic size. 

This aspect is highly relevant for bioassays in 
which target recognition does not only change 
the quantity of magnetic markers, but also af-
fects their mobility, aggregation state, and rota-
tional freedom. Such changes are expressed in 
Brownian relaxation and can therefore modify 
the amplitude, phase, and relative spectral con-
tent of the FMMD signal. Relaxation-sensitive 
analysis may thus provide an additional 

biosensing dimension beyond pure particle 
quantification. Here, we investigate the viscosity 
dependence of FMMD relaxation signatures us-
ing commercially available MNPs across a phys-
iologically relevant viscosity range. The complex 
amplitudes of selected mixing harmonics were 
analyzed under varying driving field conditions. 

Method description 

In this study, BNF-Dextran 80 nm (1.5 mg/mL) 
magnetic nanoparticles (from Micromod GmbH 
Rostock Germany) were investigated in glycerol 
water mixture media covering a viscosity range 
from 0.8 to 612 mPa·s. The particles were ex-
cited by two sinusoidal magnetic fields of a form  𝐵(𝑡) = 𝐵1 sin(2𝜋𝑓1𝑡) + 𝐵2sin(2𝜋𝑓2𝑡).    (Eq.1) 

The excitation settings are presented in Tab.1. 

The complex FMMD response was evaluated at 
the mixing harmonics 𝑓1 + 2 · 𝑓2 and 𝑓1 + 4 · 𝑓2. 

Furthermore, the harmonic ratio 𝑅 = 𝐴(𝑓1+2𝑓2)/𝐴(𝑓1+4𝑓2) defined here as the amplitude of 
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(𝑓1 + 2 · 𝑓2)/(𝑓1 + 4 · 𝑓2), was obtained as a vis-
cosity sensitive metric. 

Tab. 1: Measurement excitation settings 

Excitation field 
Frequency 

[Hz] 
Magnetic 
field [mT] 

Low frequency 
magnetic field B2 

62.95 
Varied from 
1.0 to 18.7 

High frequency 
magnetic field B1 

40500 1.2 

 

Results 

The complex FMMD trajectories show smooth, 
non-monotonous and reproducible viscosity-de-
pendent evolution in both magnitude and phase 
(Fig. 1). The 𝐴(𝑓1+2𝑓2) component remains domi-

nant, while the 𝐴(𝑓1+4𝑓2) component shows lower 

amplitude response as expected.  

 

Fig. 1. Complex representation of measurement 
signals f1+2·f2 and f1+4·f2 under varying B2 magnetic 
field. Colors represent media viscosity. 

The ratio 𝑅  shown in Fig. 2 depends on both vis-
cosity and excitation field. It can be seen that for 
the lower viscosity regime, it decreases with in-
creasing 𝐵2 and the ratio approaches 2 at the 
highest fields. At intermediate viscosities, the ra-
tio is larger, while at higher viscosities the ratio 
slightly increases, compared to the lower viscos-
ity levels after the initial drop. Over the measured 
field range, the ratio shows the most separation 
between viscosities in the intermediate to high  𝐵2 region, approximately above 10 mT. At lower 
fields, the spread is larger and less stable, while 
at higher fields, the curves move closer together.  

 

 Fig.2. The obtained ratio R for varying viscosities as 
a function B2 magnetic field.  

Conclusion 

The results demonstrate that harmonic-ratio 
analysis in FMMD can serve as viscosity-sensi-
tive signature beyond single-harmonic amplitude 
readout. In particular, the ratio 𝑅 captures 
changes in the dynamic state of Brownian relax-
ation-dominated particles, in this case BNF-Dex-
tran 80 nm, over a wide viscosity range, and 
therefore represents a metric feature for bio-
sensing tasks involving binding, gelation, aggre-
gation, or microenvironmental changes. The pre-
sented approach supports the development of 
FMMD toward relaxation-based and environ-
ment-sensitive magnetic biosensing. 
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