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ABSTRACT

Magnetic nanoparticles (MNPs) have shown promising applications in the field of biomedical sciences. Subsequently, various types of Magnetic Particle Spectroscopy
(MPS) have been proposed for quantitative and qualitative analysis of MNPs. Among the various functions of MPS proposed so far, the development of technology
that can analyze multiplex detection of different types of MNPs has attracted due to the expansion of various application fields. For example, the technology can be
applied to enhance efficiency in biosensors, process analysis in MNP manufacturing, and measurement of various diseases in MPL. In our investigation, we perform a
comparative study of different commercially available MNPs for use in multiplex detection applications using the frequency mixing magnetic detection (FMMD)
technique. In this method, we employ a low-frequency magnetic field scanning method and analyze the real and imaginary parts of the measurement signal f;+ 2-f>
obtained from binary mixture samples of different MNP type combinations. Our findings suggest that FMMD-based duplex detection can achieve effective and reliable
differentiation when a substantial phase response deviation exists among the particles.

1. Background

Magnetic nanoparticles (MNPs) have gained significant attention in
recent years for their versatile use in diagnostics [1-3], imaging as
contrast agents in magnetic resonance imaging (MRI) and as tracers in
magnetic particle imaging (MPI) [4-7]. Moreover, they are used as
therapeutic interventions specifically in magnetic fluid hyperthermia
[8-10]. Another important application of MNPs in biomedical research
field is their use as markers in biosensing [11-13]. A key advantage of
MNP-based biosensing techniques lies in their distinct magnetic signa-
tures, which make them suitable for sensitive detection with minimal
background interference. In liquid samples, these signatures arise from
the nonlinear magnetization of MNPs and their relaxation dynamics,
predominantly Brownian and Néel processes, which imprint character-
istic amplitudes and phases on driven magnetic responses [14,15]. The
relaxation times depend on different properties, such as core and hy-
drodynamic size from the particle properties side, and on environmental
factors such as viscosity and temperature. These parameters can shape
the measured spectral features. Recent advancements in magnetic par-
ticle spectroscopy and related techniques have focused on improving
measurement sensitivity, robustness, and versatility through in-
novations in both detection strategies and hardware design. Studies
have introduced optimized harmonic analysis methods, low-cost and
portable instrumentation [16-18], novel sensing metrics [19], and
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advanced modeling approaches for parameter estimation, such as tem-
perature sensing based on Brownian relaxation dynamics [20]. These
developments show the continuous effort to enhance magnetic
nanoparticle-based measurement systems for applications ranging from
sensitive biosensing to complex environmental and biomedical di-
agnostics [3,21]. One particularly promising area of development is in
multiplex detection, where different types of MNPs can be used simul-
taneously to detect multiple analytes, thereby providing a more
comprehensive analysis compared to traditional single-target methods
[22]. This approach is particularly valuable in complex diagnostic sce-
narios such as simultaneous detection of different biomarkers, analysis
of the MNP production process, where size and composition vary
depending on the synthetic reaction, and analysis of biogenic MNPs
produced according to metabolic activity [23-26].

Most of the multiplex methods proposed in previous studies to date
immobilize the analyte or MNP on the platform or separate the particles
through floe fracturing before analysis. While this can be very effective
in an array-type biosensing system, it is not suitable for analyzing the
mixed samples mentioned above and often requires a separate separa-
tion system. To overcome this problem, studies have been conducted on
a multiplexing method that relies on MPS measurements where the
response signal of MNP subjected to alternating magnetic field is
analyzed. In a study using magnetic spectroscopy of Brownian motion,
Rauwerdink et al. showed that three different MNPs could be analyzed
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simultaneously up to the fraction, but all the samples used in this
experiment were fixed using epoxy [27]. Techniques like magnetic
relaxation and magnetic susceptibility measurements have been used for
in biosensing applications primarily for individual biomarkers detection
[17,28-32] with limited demonstrated capability for simultaneous,
quantitative multiplex analyses. Moreover, in the recent advancements
for multiplex detection strategies, the Frequency Mixing Magnetic
Detection (FMMD) technique has shown promise for distinction of the
magnetic signatures of different types of MNPs, based on the phase
response [33,34] and characteristic features identified by scanning
either the static offset field [35] or by modulating low-frequency mag-
netic fields [36]. Another practical advantage of FMMD in analyzing
MNP mixtures is that the measured phase-based features at selected
mixing harmonic products can be comparatively less concentration
dependent than the amplitudes [34,35]. Moreover, another advantage
of this technique lies in its sensitivity and specificity to the super-
paramagnetic behavior inherent to MNPs, making it suitable for
real-time multiplexed analysis in complex fluidic samples. Despite this
potential, there is currently limited systematic evaluation of commer-
cially available MNPs, leaving significant uncertainty about which
particle combinations yield optimal performance for practical duplex
detection scenarios. In addition, selection criteria for particle pairs, such
as simple separability metrics, recommended operating window for the
frequency and field, and robustness to viscosity or temperature
drift—are not yet standardized for free-solution measurements. Impor-
tant practical questions therefore remain open: How well can commonly
used particles be distinguished using phase-centered FMMD features,
and which combinations of particle types provide stable separation
across these variations without requiring immobilization or additional
sample preparation.

Hence a comparative study is required to assess the performance of
commercially available and frequently used MNPs within duplex
detection framework. This study aims to evaluate the feasibility of
duplex detection using different commercially available MNPs. We
compare the complex real and imaginary part (in-phase and quadrature)
signatures at selected FMMD mixing harmonic (f;+2-f;) for duplex
discrimination. By comparing the magnetic response of different MNPs
types and their combinations, this work seeks to identify suitable pairs of
nanoparticle types that can be used in future multiplexed assays. Our
results contribute directly to advancing the FMMD technique as a reli-
able measurement platform for multiplex biosensing applications.
Hence, e expected to lay the groundwork practical implementations in
biomedical diagnostics as well as magnetic particle imaging (MPI),
specifically FMMD-MPI applications [37].

2. Methods
2.1. Frequency mixing magnetic detection

FMMD is a technique that utilizes nonlinear magnetic responses to
detect magnetic nanoparticles under the influence of two simulta-
neously applied alternating excitation magnetic fields of different fre-
quencies [38]. Due to the nonlinear magnetization response of the
magnetic nanoparticles, new intermodulation components (sum and
difference frequencies) are generated. These mixed frequency compo-
nents are detected and allow identification and quantification of
different types of magnetic nanoparticles. The excitation field is of the
form

B(t) = B() +Bl Sin(2ﬂ:f1 t) +B2 Sin(zﬂfzt). (1)

where By is the static offset magnetic field, and B; and B; are the am-
plitudes of the high and low frequency magnetic fields with frequencies
f1 and f, respectively. In presence of magnetic nanoparticle samples, the
response signal will contain mixing harmonics of interest (f;+n-fo,n = 1,
2, 3...) due to the nonlinearity of their magnetization, that are further
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analyzed. In the absence of static offset magnetic field, the magnetiza-
tion curve remains point-symmetric; even-order terms average to zero.
Hence, intermodulation products that contain odd integer multiples of f5
(n =1,3,5.) like fi+f2 or fi+ 3-f, are cancelled, while the third-order
f1+ 2-f» term survives and is the dominant detectable sideband [38].

For monodispersed particles with magnetic moment y = M;V,, the
magnetization in equilibrium is typically modeled by the so-called
Langevin function

My (t) = uL(&(t) ), &(t) = : 2

For small ¢ values we use L(§) = £— %4— ..., inserting the field B(t)

from (1) and collecting the cubic terms, showing that the fi+ 2-f5
component scales as follows

Sf1+2.f2 [ BlBg 'ff\3(§ﬂﬂx)7 (3)

(ksT)?

where .7 3(&,,) is the effective third order Langevin factor which is
essentially the third derivative of the Langevin function.

Thus, at low excitation field amplitude By the response scales as
Sf+25, ~ BiB2 (quadratic growth). At large By, the Langevin func-
tion reaches saturation, so the effective cubic susceptibility decreases,
and the fi+ 2-f, component declines despite increasing field.

2.2. Experimental setup

The measurement setup used for the experiments involves a FMMD-
based magnetic reader that generates the excitation signals, reads out
the response signal from the detection coil and transfers the digitized
data to a PC using an FPGA protocol. Fig. 1 presents the architecture of
this FMMD-based magnetic reader. The FPGA manages four Direct
Digital Synthesizers (DDS), Digital-to-Analog Converters (DAC), and a
multiplexer (MUX) for signal selection. Additionally, it digitizes analog
signals using three Analog-to-Digital Converters (ADC) and transmits
the data to the PC. By controlling the DDS and DAC, the system applies a
user-defined AC current to the excitation and driver coils, generating the
desired excitation magnetic fields. The output signals from the excita-
tion and driver DDS pass through current-amplifying operational am-
plifiers (OPAMPs) to supply current to the coils. These output signals are
attenuated by a factor of 1/10, looped back, and monitored via ADC#2
and ADC#3. The induced voltage from the detection coil is pre-
amplified and transmitted to the PC via ADC#1.

The synchronization of each DDS is controlled by a reset signal
managed by the microcontroller. A trigger signal for phase detection is
generated by the driving DDS and transmitted to the PC through ADC#3.
This trigger signal determines the point of frequency analysis in the
detection coil signal. The MUX is located in front of ADC#3, enabling the
selection between the loop-back signal and the trigger signal. The system
is powered by a 24 V, 120 W switching mode power supply (SMPS),
delivering £18 V to the current-amplifying OPAMPs and +5 V for the
DDS, DAC, and ADC.

The excitation fields were characterized using a GM08 Gaussmeter
from Hirst magnetic instruments (Falmouth, United Kingdom). To
perform the measurements by low frequency amplitude variation, the
amplitude of the excitation field is varied within a desired range. The
applied settings used in our experiment are listed in Table 1.

Performing a Discrete Fourier Transform (DFT) on the digitized
signal allows the measurement of the desired mixing harmonics (i.e.
fit+f2, fi+2-f2, f1i+3-f2 and f1+4-f2). The real and imaginary (in-phase
and out-of-phase quadrature) components of the mixing frequency
terms are measured and analyzed.

2.3. Magnetic nanoparticles

In this study, we utilized several different commercially available
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Fig. 1. Left: architecture of the FMMD based magnetic reader device, top right: photograph of the system, and bottom right: photograph of the measurement head,
with its dimensions indicated.

Table I

Parameters of the excitation setup.

2.4. Duplex detection strategy and sample preparation

To ensure uniform concentration across different particle types, all

Excitation field

Magnitude

Low-frequency (B)
High-frequency (B,)

0-17.6 mT / 25 steps

0.8 mT

Frequency samples were initially diluted to a concentration of 5 mg/mL. In the first
40 Hz approach, we characterized different particle types alone using a low
4 kHz

frequency (B) amplitude scanning approach described in [36].

MNPs from companies Micromod Partikeltechnologie GmbH, Rostock,
Germany (Micromod) and Ocean Nanotech, San Diego, CA, U.S.A.

(Ocean), a list of which is given in Table II.

Particle types exhibiting clearly distinguishable signals were then
selected for performance assessment in duplex detection. These binary
mixtures were prepared by pipetting and mixing the two constituents
with varying ratios in the sample vials.

For both pure and mixture samples, 100 pL of solution were pipetted
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Table II
List of the evaluated commercially available magnetic nanoparticles.
No. Particle name Hydrodyna-mic size [nm] Stock concentration [mg/mL] Surface Manufacturer

1 SynomagD 50 20 Dextran Micromod
2 SynomagD 70 20 Dextran Micromod
3 SynomagS 100 20 Dextran Micromod
4 Perimag 130 25 Dextran Micromod
5 NanomagD 250 25 Dextran Micromod
6 SPA30 30 5 Polymer Ocean
7 SHP15 15 5 carboxylic acid Ocean
8 SHP30 30 5 carboxylic acid Ocean

into 31 mm x 6 mm flat-bottomed, 300 pL glass inserts for HPLC vials.
The total volume of 100 pL was chosen to fully match the geometrical
height of the detection coil.

2.5. Assessment of the particle contributions

In this work, we adopt an empirical data-oriented approach to
evaluate the contributions in the mixtures. In this strategy, we measure
reference samples belonging to each of the involved particle types. We
assume that the magnetic signal of the mixture of two particle types is a
linear combination of the reference measurements of the two constitu-
ents, as expected for non-interacting particles. In the duplex particle
analysis, this means a summation of the signals of pure particle types A
and B multiplied by positive coefficients o and B. This is performed using
a least square approach that minimizes the cost function

min ~My)” + (@A, +PB,)

ai.f;

(1120

Im

(@b +p-B.)

and ;>0

M )2] @

Here the real and imaginary parts of the measurements of the two pure
particle types are denoted as Age, Bre, Amm and By, respectively. The
complex parts of the measured signal of the mixture are denoted as Mge
and Miy,. The process iterates over the varying fields i. This approach
was implemented using a python code that utilizes the NNLS solver from
the SciPy library.

3. Results and discussion
The 8 different pure particle samples listed in Table Il were measured

by low-frequency magnetic field amplitude scanning. Due to the absence
of a static offset field, the mixing components fi+f> and f1+ 3-f> almost

yield no response. The mixing component f;+ 2-f, was substantially
stronger than fi+ 4-f; and was therefore studied in the following. The
amplitude response and the complex plane representation of the
measured mixing frequency harmonic f;+ 2-f, are shown in Fig. 2. The
measurements start by changing the amplitude of the low-frequency
field (By) from O to 17.6 mT in 25 steps, as seen in the amplitude
response graph (Fig. 2a). The particle response at the second mixing
harmonic gradually increases and, depending on the particle type, rea-
ches a maximum at type-dependent excitation field before it decays
again. On the complex plane including the phase information, this
portraits a hook shape pattern [36]. Since the sample SHP15 showed a
linear phase response (see the orange curve in the inset of Fig. 2b), we
performed a phase rotation for all the measurements relative to the slope
of SHP15. The rotation removes arbitrary instrument phase offsets and
allows direct, pairwise comparison of phase trends across particle types.

Based on the obtained results, we can see a good separability among
the measured particles. These findings address our initial goal of iden-
tifying particle pairs with stable separability and outlining simple se-
lection rule for pair choice. It is well known [33] that a wider difference
in measured phase among different particle types will provide grounds
for better distinguishability performance. For example, we can see that
the particles SPA30 and Syn50 are showing a very similar phase
response, but there is a significant difference when comparing them to
the particle type Syn70. On the other hand, one has to consider the
amplitude response of the particles, since the particles with higher
amplitude response usually dominate the measured mixture signals.
This can be attributed to the larger effective magnetic moments and
relaxation behavior. This can be overcome by adjusting the concentra-
tions, so that the amplitude responses from all the particle types are
comparably large. In this study, however, we aimed only at similar
concentrations. Hence, selection of the particles for duplex detection
evaluation was based on how well separated their signals are in the
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Fig. 2. a) Amplitude response of different magnetic nanoparticle types at mixing frequency harmonic f;+ 2-f, to varying low-frequency magnetic field. b) Complex
plane representation of the measurement signals of different MNP types to varying low-frequency magnetic field.
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complex plane (meaning the difference in the phase response). It is also
noteworthy that the direction of the opening of the hook pattern,
observed in the complex plot shown in Fig. 2b, varies among the par-
ticles. The majority of the particles show left-sided turns, whereas the
particles Syns100 and Peril30 show right-sided turns. The reason
behind this observation has been further evaluated in a more theoretical
context [39], which is out of the scope of this study. Binary mixture
samples consisting of two different particle types were prepared ac-
cording to Table III.

The complex plots of f1+ 2-f> measurement signals for the combi-
nation of different particles, as listed in Table I, are presented in Fig. 3.
Here, the combo names a.f correspond to the sub-Fig. 3a.3f. The mixing
ratios of the two particle types used in the mixtures have been color-
coded and are shown in the legend of each graph. In each graph, the
measurements related to pure particle A are depicted as black symbols,
and measurements related to particle B are shown as blue-gray symbols.
The intermediate ratios are shown as spectrum of colors. For example, in
Fig. 3a, different mixture ratios of Syn50 and Syn70 are presented, and
the basic label for the mixture reads S5070. The following digits show
the ratio of each particle type in the mixture. For example, S5070-9-1
indicates that there the sample was made using 90 % Syn50 (particle A)
and 10 % Syn70 (particle B). From a qualitative perspective, in all of the
cases we can observe that the measured mixture signals lie between the
signals of the two pure particle samples. In case of SHP particles, the
combination of the 15 and 30 nm type presented in Fig. 3e shows nicely
the transition between the two references. The linear response of the
15 nm sample is gradually changing its curvature, which in the end
transforms into a hook-shaped pattern. The intermediate ratios are
clearly separated from each other in larger magnetic fields. The same
effect is also observed in the mixture of SHP 15 nm and Perimag 130 nm
(OP15130), however, we can see that, as the ratio of the mixture passes
5:5 and the amount of Perimag particles increases in the mixture, the
phase shift between the sample gets smaller, although the shape of the
curvature is still evolving (i.e. the curvature of the hook). Moreover, in
the results of the mixture of Perimag 130 with SHP 30 nm, we can see
that since the phase difference is not as large as the one with SHP 15 nm,
there is a good separation among different ratios with a narrower
corridor of distinction. As mentioned earlier, Syns100 shows a right-
sided hook shape. In the mixture with the Syn70 particle, we can see
that the opening of the hook narrows down and gradually the orienta-
tion of the hook shifts to the left. However, the phase shift of the signal is
mainly dominated by the very large signal of Syn70 particles. In
contrast, in the results of the mixtures Syns100 and Syn50, the phase
shift is clearly observable. Although the complex plots show both
amplitude and phase information, the field amplitude information is not
accessible. Therefore, individual amplitude and phase plots are given in
the supplement, figure S1.

The measurement data was analyzed with a Python code to estimate
the contributions of each particle type based on the measured references
that contain 100 % of the particle type of interest. The results are pre-
sented in the form of percentage of the respective reference in Fig. 4. The
combinations are presented one after each other. For each particle
combo, there are two boxes that indicate the estimated percentages of
references A and B. The horizontal axis shows the ideal expected values
that were used to prepare the samples. The qualitative trend is shown as

Table III
List of particle mixture combinations.

Combo name Particle A Particle B Mixture name
a Syn50 Syn70 S5070

b SHP30 Peril130 0OP30130

c Syn70 Syns100 S70100

d SHP15 Peril30 OP15130

e SHP15 SHP30 SHP1530

f Syn50 Syns100 $50100

Sensors and Actuators: A. Physical 396 (2025) 117095

a color gradient, with red showing the highest percentage and blue the
lowest. The actual determined percentages of each particle type are
written in the respective boxes. The combinations are highlighted ac-
cording to the given sample names on the left side of the figure.

The qualitative analysis shows a consistent agreement between the
experimentally determined mixture ratios and the expected trends
across most MNP combination samples, except for the combination
$70100. The observed deviation in this particular pair can be attributed
mainly to the large difference in the amplitude responses of the two
constituents, the domination of Syn70 in the measured signals has led to
this effect, once again highlighting the importance of approximately
equal particle contributions in the mixture signals. For quantitative
assessment of the deviation of reconstructed mixing ratio from the real
one, we quantitatively analyzed the average deviation across all the
binary ratios. We found that the mixtures SHP1530 (2.83 %) showed the
lowest average total deviation. The combinations S50100 (4 %),
OP30130 (5.6 %) and S5070 (6.6 %) have shown slightly larger de-
viations. Part of the deviations are expected to be due to statistical errors
during sample preparation but the impact of possible interactions
among the two particle types could also play a role and it remains
important to further investigate their influence on the measured signals.

Our finding align and expand with respect the previous studies [40],
where the M-H response of particles was utilized for a mathematical
study of a multiplex detection strategy, also highlights that selection of
particle types which can be combined together is a critical factor in
enabling multiplex detection platforms. Our results extends this under-
standing by explicitly demonstrating the practical comparison of several
commercially available particles widely utilized in magnetic biosensing
field. Moreover, in such applications it’s important to choose the MNPs
not just for their individual magnetic properties, but also for how well
they respond together in a multiplex setting. The analysis of the com-
bined response in a characterization stage is key to achieving reliable
detection. Following the magnetic biosensing emerging strategies that
aims to perform wash free bioassays [17,36] in liquid suspensions, our
FMMD-based measurements were similarly performed in liquid state to
reflect realistic scenario involving freely suspended MNPs. However, as
these strategies rely of Brownian relaxation phenomena which manifest
as phase shifts in the FMMD signal, a more detailed investigation is
required to fully characterize the influence of particle dynamics and
fluidic environments. This should include examining the impact of hy-
drodynamic changes or partial immobilization on the duplex and
multiplex detection strategies to ensure robust and reliable
performance.

4. Conclusion

This work aimed to evaluate duplex detection in liquid suspension
using FMMD, to identify suitable pairs among commercially available
MNPs, and to give simple selection criteria for practical use. Different
commercially available magnetic nanoparticle types that are frequently
used for magnetic biosensing and MPI were measured using the FMMD
technique. The complex real (in-phase) and imaginary (quadrature)
response of the MNPs were measured at the mixing harmonic f;+ 2-f, by
modulation of the low-frequency magnetic field amplitude (B2). Anal-
ysis of the measurement signals f;+ 2-f, from different particles shows
that the resulting hook plots in the complex plane show significant
differences that can be used for duplex detection. Based on the expressed
features, binary mixtures of different types of particles were prepared to
evaluate their performance for duplex and multiplex detection. From the
comparison study of the different MNP samples, we conclude that good
duplex performance based on the studies approach requires (a) a clear
phase separation in the complex plane between the two particle types,
and (b) comparable amplitude levels so that one particle does not
dominate the mixture signal. These practical points translate the
observed complex-plane behavior at f;+2-f, into guidelines for selecting
particles and setting concentrations.
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Syns100 (S70100), d) SHP15 and Perimag 130 (OP15130), e) SHP 15 and SHP 30 (SHP1530) and f) Syn50 and Syns100 (S50100).
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Fig. 4. The estimated contributions of references from particle types A and B in every combination. The Gradient between Red and Blue color indicated the per-
centage. The estimated percentage of each reference is given in its respective box and compared to the expected ratio on horizontal axis of the graph.

The results showed that mixture ratio extraction is feasible by
determining the contributions of each particle type to the measured
signal. Except for one combination (Syn70 and Syns100), the general
trend strongly agreed with the expected trend, and the reconstructed
mixing ratios exhibited only small deviations from the real ratios. The
lowest average deviation was observed for the combination of SHP15
and SHP30 which amounted to only 2.83 %. The other mixtures showed
errors below 10 % in mixing ratio reconstruction. The identified pairs
(in particular SHP15/SHP30, and also S50100, OP30130, S5070) are
promising for liquid based wash-free biosensing, and candidates for
multi-tracer FMMD-MPI concepts.

In future work, we aim to study the impact of hydrodynamic size
variation and of environmental factors such as viscosity on duplex
readout. We plan to extend the analysis to triplex mixtures and explore
additional mixing components to further improve the results. Addi-
tionally, we aim to leverage our insights from this study to further
advance the FMMD-MPI technology to distinguish multiple particle
types within the reconstructed images.
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