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Abstract
Frequency mixing magnetic detection (FMMD) has been widely used in magnetic immunoassay measurement
techniques. It can also be used to characterize and distinguish different magnetic nanoparticle (MNP) types
according to their magnetic cores size. In a previous work, a method for resolving ambiguities in determination of the
core size distribution was utilized involving measurement of total iron mass. Recently, a new FMMD measurement
head was developed in which a pair of permanent ring magnets are used to generate the static offset magnetic field.
Here, we show that this new measurement head can be applied for determining the core size distribution of MNP,
and compare the results with the outcomes of our conventional electromagnet offset module FMMD.

I. Introduction

The usage of magnetic nanoparticle particles (MNPs)
in many research fields with biomedical applications
has become widespread [1–3]. Various methods are em-
ployed for the characterization of the synthesized par-
ticles, such as SQUID susceptometry [4], transmission
electron microscopy (TEM) [5], dynamic light scattering
(DLS) [6] and vibrating sample magnetometry (VSM) [7].
Frequency mixing magnetic detection (FMMD) method
has been used as a tool for point of care monitoring (POC)
[8,9] as well as analysis of MNP core size distribution [10].
In [11], the ambiguity issue in the determination of the
magnetic core sizes of two commercially available MNP
types was addressed and resolved using FMMD method
in combination with considering the total amount of iron
in the sample measured by inductively coupled plasma
optical emission spectrometry (ICP-OES). Recently, a

newly developed FMMD measurement head employing
a pair of permanent magnets as its static offset magnetic
field source, referred to as permanent magnet offset mod-
ule (PMOM), was introduced in [12]. This new design
allows for having a constant temperature throughout the
field scans and a reduction in measurement time. How-
ever, the static magnetic field cannot be brought down to
zero with this setup, the minimum field is 2.6 mT. Here,
we report on the application of core size determination
using this new system and compare it to the results of our
standard electromagnet offset module (EMOM) FMMD.
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Table 1: Frequency and field setting of the experimental se-
tups.

Setup f 1 [kHz] B1 [mT] f 2 [Hz] B2 [mT]
EMOM 40.5 1.29 63 16.4
PMOM 40.5 1.20 63 16.5

Table 2: Information on the type of magnetic nanoparticles
used.

MNP type dH

[nm]
Coating Concentration

[mg/ml]
NanomagD

Spio
20 Dextran 25

II. Materials and methods

II.I. Frequency mixing magnetic
detection

The FMMD approach uses a dual-frequency excitation
field with a high- and low-frequency, f 1 and f 2, respec-
tively. When exposed to this dual-frequency excitation
field, the ensemble of magnetic nanoparticles yields in-
termodulations at sum and difference mixing harmonics
of the excitation field, f 1 ± n·f 2, where n is an integer
number [13].

The experimental FMMD setup consists of a mag-
netic reader synthesizing the dual-frequency excita-
tion signals, and a detection chain including a pre-
amplification stage used for the case of digital demodu-
lation using a National Instruments NI-USB 6251 data
acquisition card and a PC. In this work, the EMOM setup
details of which can be found in [14] and the PMOM setup
introduced in [12]were utilized. The operational settings
are presented in Table 1.

II.II. Magnetic nanoparticles

The magnetic nanoparticle type used during this
study was procured from Micromod Partikeltechnolo-
gie GmbH (Rostock, Germany), see Table 2. The particles
are reported to show a lognormal distribution. The sam-
ple preparation followed as described in [11] with the
final sample concentration of 0.33 µg/µL.

II.III. Method for core size analysis

The first four static magnetic offset-dependent FMMD
signals of the mentioned particles were measured. The
results were fitted using the Langevin model of non-
interacting particles assuming a lognormal distribution
of core sizes with three fitting parameters, m(d0,σ,Np ),
through a nonlinear least square Levenberg-Marquardt

Figure 1: Measured first four nonlinear magnetic moment
responses of samples ND20 (NanomagD-Spio dH=20 nm) with
MNP concentration of 0.33 µg/µL at mixing frequencies f1 + f2,
f1 + 2·f2, f1 + 3·f2 and f1 + 4·f2 over a static magnetic field range
from 0 to 24 mT.

given by

fL (dc , d0,σ) =
1

p
2π·dc ·σ

·exp(−
l n 2(dc /d0)

2σ2
) (1)

Here, d0 indicates the median of the distribution and σ
the standard deviation of the diameters.

Respectively, the iron mass per sample using the ex-
perimental data was calculated through

mF e =
3MF e

3MF e +4M O
·ρF e 3O4

·Np ·
π

6
· d 3

0 exp(
9σ2

2
) (2)

using the molar mass of iron M F e = 55.845 g/mol and
of oxygen, M0 = 15.99 g/mol. Moreover, Np denotes
the number of particles. Applying a constraint on d0,
a lookup table for combinations of σ and Np yielding an
R2 > 0.99 was created. The total iron mass in the sample
was determined using ICP-OES.

III. Results and Discussion
The measured static offset magnetic field-dependent
FMMD signals obtained using both EMOM and PMOM
setups are presented in Figure 1. The measurement re-
sults for these samples are depicted as solid red circles
and solid black squares, respectively.

The look-up graph of the best combinations for the
magnetic core distributions leading to R2 > 0.99 for the
fits to the measurements done through both setups are
plotted in Figure 2.

The determined core size distribution parameters
obtained through the analysis are presented in Table 3.
Analysis results yielded d0 parameter of 13.43 nm for
EMOM and 13.80 nm for PMOM.
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Figure 2: Look-up graph of ND20, for the best combinations
of the magnetic core size distribution (d0, σ, Np ) leading to
R2 > 0.99, obtained with both PMOM and EMOM setups.

Table 3: Results of lognormal core size distribution parameters
obtained with both experimental setups.

Setup Determined d0 [nm] Determined σ
EMOM 13.43 0.171
PMOM 13.80 0.158

The obtained values are very close to each other with
a difference of 0.37 nm. In general both values are within
the reported range as per the published reports [15,16].
However, deviations to other techniques may arise from
the assumption of selected lognormal distribution, er-
rors in measurements and the complex effects of particle-
particle interaction. The deviation in the determined
values from the two setups may arise from the following
points. The effect of the reduced system temperature
which has an impact on the amplitude of the measure-
ment signal and the reduced dynamic static field scan
range of the PMOM.

IV. Conclusion

A sample of immobilized magnetic nanoparticles was
prepared and measured with the FMMD technique using
a standard EMOM and a newly developed PMOM device.
The PMOM setup has the advantage that there is no extra
heat generated due to the use of a permanent magnet
system as the offset magnetic field generating source,
hence resulting in reduced overall measurement time
because no cool-down time is needed. Core size distribu-
tion analysis was performed for the measurement done
through both devices. Analysis results yielded d0 param-
eter of 13.43 nm for EMOM and 13.80 nm for PMOM
measurements. In future, the determined parameters

can be further improved by incorporating the saturation
magnetization M s .
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