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Abstract: Magnetic particle imaging (MPI) is a young imagingmodality for biomedical
applications. It uses magnetic nanoparticles as a tracer material to produce three-
dimensional images of the spatial tracer distribution in the field-of-view. Since the
tracermagnetization dynamics are tied to the hydrodynamicmobility via the Brownian
relaxation mechanism, MPI is also capable of mapping the local environment during
the imaging process. Since the influence of viscosity or temperature on the harmonic
spectrum is very complicated, we used magnetic particle spectroscopy (MPS) as an
integral measurement technique to investigate the relationships. We studied MPS
spectra as function of both viscosity and temperature on model particle systems. With
multispectral MPS, we also developed an empirical tool for treating more complex
scenarios via a calibration approach. We demonstrate that MPS/MPI are powerful
methods for studying particle-matrix interactions in complex media.
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1 Introduction

Magnetic particle imaging (MPI) is a comparably young imagingmodality, invented by
B. Gleich and J. Weizenecker in 2005 [1]. It enables real-time 3D volume imaging of the
spatial distribution of a magnetic nanoparticle (MNP) tracers [2–4]. MPI promises to
deliver quantitative imaging, high specificity and exceptional tracer-to-background
contrast. The magnetic nanoparticles can be used as nanoscale probes to provide
information about their environmental surroundings. Stimulated by an applied
magnetic field, the particles’ magnetization reorients toward the external field
direction. Since the dynamic reorientation process depends on various parameters,

*Corresponding author: Thilo Viereck, Institute for Electrical Measurement Science and Fundamental
Electrical Engineering, Technical University Braunschweig, Braunschweig, Germany,
E-mail: t.viereck@tu-bs.de. https://orcid.org/0000-0001-6814-6266
Sebastian Draack and Meinhard Schilling, Institute for Electrical Measurement Science and
Fundamental Electrical Engineering, Technical University Braunschweig, Braunschweig, Germany

Open Access. © 2020 the author(s), published by De Gruyter. This work is licensed under the
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.
https://doi.org/10.1515/psr-2019-0123

mailto:t.viereck@tu-bs.de
https://orcid.org/0000-0001-6814-6266


e.g., temperature or viscosity, experimental results can provide detailed insights into
particle-matrix interactions. With the introduction of multispectral MPI imaging,
quantification of tracer concentrations is preserved when the dynamic particle
behavior is changed and even enables visualization of particle-matrix interactions
such as the particle binding state or heating due to hysteresis losses and surface
friction.

The time evolution of the energy minimization interplay between the magnetic
moment and the applied magnetic field on the MNPs, called relaxation, can occur
via two different processes: An internal reorientation of the particle’s magnetic
moment without any interaction with the particles’ surrounding is called Néel
relaxation. In contrast, the relaxation via Brownian rotation is influenced by the
shear force acting on the hydrodynamic surface of the particles. Thus, the Brownian
process is affected by rheological properties of the solvent or matrix, in which the
particle is embedded.

Magnetic particle spectroscopy (MPS) [5] is a powerful tool to investigate the
dynamic relaxation of magnetic nanomaterials and has been explored as a tool to
quantify viscosity, binding state and temperature [6–16]. It utilizes the nonlinear
magnetization curve of magnetic nanoparticles by periodically forcing the magne-
tization of the sample into the saturation regime. The harmonic response to a sinu-
soidal magnetic field includes very sensitive information, since small changes of the
matrix properties lead to significant alteration of the higher harmonic spectrum
generated by the particles. Due to the close relationship between MPS and MPI, the
investigation of particle-matrix interactions in MPS provides valuable insights into
the dynamic particle behavior in MPI. Compared to direct measurements in MPI, MPS
measurements are very straightforward and are performed with a much better signal-
to-noise ratio due to an improved filling factor of the differential detection coil. MPS
has very short measurement times (compared to other dynamic magnetic charac-
terization methods, e.g., ac susceptometry [ACS] or magnetorelaxometry [MRX]) and
thus enablesmultiparametric investigations by varying themagnetic field amplitude,
excitation frequency, sample temperature or matrix properties in a series of sample
measurements.

Measured spectra can be compared to results from effective field, Fokker-Planck or
stochastic (coupled Langevin and Landau-Lifshitz-Gilbert equation) simulations
covering the dynamic nonlinear magnetization process of the nanoparticles. Thus,
compared to ACS, which can be described via the linear frequency-dependent Debye
model, the modeling of the magnetization response in MPS / MPI is much more diffi-
cult. For that reason, we introduced multispectral MPS as a calibration-based tool for
treating different magnetization spectra empirically.

The review article at hand is focused on MPS as the primary tool for investigating
particle-matrix interactions (Section 2) and their impact on the harmonic magnetiza-
tion spectrum of magnetic nanoparticles. However, we will also conclude with some
exemplary MPI measurements on a more complex gelatin matrix (Section 3).
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2 Magnetic particle spectroscopy (MPS)

In magnetic particle spectroscopy [5], a homogeneous pure sinusoidal magnetic
excitation field is generated with a drive-field coil. Samples are prepared in a small vial
and placed in the center of the drive-field generator. A pick-up coil is used to detect the
change of the sample’s magnetization via Faraday’s law of induction. To suppress the
fundamental feed-through of the excitation field, the pick-up coil is realized in a
differential design. The induced voltage is thenmeasured via a digital acquisition card,
which further serves as a synchronized signal source for the power amplifier driving the
excitation coil. The sinusoidal excitation field forces the magnetization of the sample
periodically into the saturation regime. In a first approximation, the magnetization
curve of magnetic nanoparticles is given by the Langevin function [17]:

M(H) = Ms ⋅ (coth(mμ0H
kBT

) − kBT
mμ0H

) (1)

Note that the Langevin function is actually only applicable to static scenarios, since
dynamics are neglected for the equilibrium case. However, the magnetic response of
the particles can be described as the orthogonal projection of the applied field along
the magnetization curve. Thus, the magnetization over time contains the funda-
mental oscillation of the excitation but also higher harmonics as a result of the
saturated regime of themagnetization curve. The change of themagnetic flux induces
a voltage U ind = −dΦ/dt in the pick-up coil, which is typically transformed to the
frequency domain via Fourier transform or digital lock-in method and plotted as
magnitude (and phase) spectrum. The signal generation in MPS is graphically
illustrated in Figure 1.

The institute’s custom-built MPS setup (Figure 2) enables measurements with

magnetic field strengths of up to μ0Ĥ ≤ 30 mT at selectable discrete frequencies of up
to f0 ≤ 25 kHz. Quasi-continuous measurements are possible in the lower-frequency
range of up to f0 ≤ 1.0 kHz. Series-resonant circuits with capacitors for discrete fre-
quency values are required at higher frequencies. The drive-field coil encloses a
Shapal™ Hi-M Soft ceramic rod, which is used as a coil bobbin for the detection coil.
Shapal™ offers a high thermal conductivity and a high electrical insulation. Thus, the
sample-housing rod can be temperature-controlled while eddy current-based power
losses are inhibited. For measurements, the sample filled into a Thermo Scientific™
Microtiter™ well or a similar glass vial is placed in the center of the ceramic rod.
Here, the excitation field is maximally homogeneous. The magnetic response is
then acquired with a differential pick-up coil providing an attenuation of 69 dB
at the fundamental feedthrough. A Peltier-element-based temperature controller en-
ables temperature-dependent experiments with sample temperatures in the
range −20 ≤ T ≤ 120 °C. An additional outer-mounted Helmholtz coil pair provides an
option to superimpose a dc field with up to 30 mT.
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2.1 Materials/particle systems

Typical tracer nanoparticle systems optimized for magnetic resonance imaging (MRI)
or magnetic particle imaging (MPI) are made of Fe3O4 and have a multicore structure

Figure 1: MPSsignal generation. A sinusoidal drive-field excites the particle’smagnetization via their
specific magnetization curve (blue). The magnetization response is detected with a differential pick-
up coil measuring the induced voltage, which is proportional to the phase-inverted time derivative.
Typically, the harmonic response is evaluated in frequency domain consisting of magnitude and
phase spectra (green).

Figure 2: MPS hardware setup: (a) CAD design and (b) final hardware of our MPS system.
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[18–22]. FeraSpin™ XL is a size-selected agent derived from FeraSpin™ R produced by
nanoPET Pharma GmbH (Berlin, Germany), which is characterized by mean hydro-
dynamic particle sizes of 50 nm ≤ dh ≤60 nm. The hydrodynamic mean diameter of
perimag® frommicromod Partikeltechnologie GmbH (Rostock, Germany) is given with
dh ≈ 130 nm. Both commercially available particle systems show a comparable broad
size distribution. Therefore, the probability is high that a small amount of the particles
have optimal magnetic properties for generating a broad harmonic response as
required in MPI. However, most of the signals are the result of Néel-dominated relax-
ation. Thus, the influence of particle-matrix interactions on the harmonic response is
small. Further, signal generation is hard to understand in detail and almost impossible
to predict or model. To investigate the underlying physics of particle-matrix in-
teractions, Brownian-dominated model systems are required. SHP-25 from Ocean
NanoTech (San Diego, USA) are single-core nanoparticles with a narrow size distri-
bution that can serve as a model system. Unfortunately, these particles show signifi-
cant deviations between different production batches. Further, SHP-25 shows both
Brownian and Néel contributions [23]. Although iron oxide materials are preferred for
bio-compatibility reasons in medical diagnostics or therapy, tailored CoFe2O4 nano-
particles can be used to study the physical magnetic behavior in experimental appli-
cations [24]. Such particlesweremanufactured byNiklas Lucht from theworking group
of Dr. Birgit Hankiewicz within the priority program SPP1681 of the German Research
Foundation DFG in a similar way as described in the study by Nappini et al. [25]. These
particles were used in MPS viscosity experiments, which enable comparisons to
experimental results of other particle systems. Themain particle properties of the tracer
materials used for experiments are summarized in Table 1.

Depending on the particle properties, the particles relax via two possible mecha-
nisms: the Brownian rotation or the Néel relaxation, characterized by their specific
relaxation times.

The Néel zero-field relaxation time τN0 and Brownian zero-field relaxation time τB0
can approximately be measured in magnetorelaxometry (MRX) experiments. In MRX,
the net magnetic moment is aligned with a static externally applied magnetic field.
After a certain time all magnetic moments are aligned and the field is switched off

Table : Particle properties.

FeraSpin™ XL perimag® SHP- Lucht

Material FeO FeO FeO CoFeO

Type Multicore Multicore Single-core Single-core
dc – –  nm  nm
Shell Dextran Dextran Carboxylic acid Silica
dh − nm  nm  nm  nm
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again. Now, the effective net magnetic moment relaxes due to the thermal energy. The

relaxation process follows an exponential function m(t)∝ exp( −tτ−1) with a charac-
teristic relaxation time τ. When switching off the applied field, the single magnetic
moments of the particles reorient stochastically in all spatial directions such that the
net magnetic moment of the particle ensemble, which is the sum of all single magnetic
moments, vanishes to zero.When relaxing via the Néelmechanism, the relaxation time
τ = τN0 depends on the effective anisotropy energy density K, the particle’s core vol-

ume Vc = (1/6)πd3c with core diameter dc and thermal energy ET = kBT including the
Boltzmann constant kB and the temperature T as well as the saturation magnetization
Ms, the material-specific Gilbert damping factor α ≈ 0.1 and the gyromagnetic ratio

γ = 1.76 × 1011 rad s−1T−1 of an electron as expressed in (2).

τN0 =
̅̅
π

√

2
̅̅̅
KVc
kBT

√ Ms(1 + α2)
2Kγα

⏞̅̅̅̅̅⏟⏟̅̅̅̅̅⏞τ0

⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟
τ*0

exp(KVc

kBT
) (2)

Please note that all material-specific parameters have to be taken into account.
However, for approximation purposes, prefactors of the exponential function are

sometimes summarized as τ*0 or τ0 ≈ 1 ns. For Néel relaxation, there is no effect from
particle-matrix interactions. On the other hand, when relaxing via Brownian rotation,
the zero-field relaxation time τ = τB0 further depends on the surface friction
expressed via the surroundings’ viscosity η acting on the hydrodynamic volume

Vh = (1/6)πd3h with the hydrodynamic diameter dh as described in (3).

τB0 = 3ηVh

kBT
(3)

In liquid solvents, the particles can typically relax via both mechanisms—depending
on the measurement parameters. In this case, the mechanism with shorter relaxation
time dominates the effective relaxation time τeff (cf. (4)), which can be understood as
parallel arrangement of both relaxation times.

τ−1eff = τ−1B0 + τ−1N0 ⇒ τeff = τB0 ⋅ τN0
τB0 + τN0

(4)

Relaxation times must always be considered carefully in dynamic excitation scenarios
such as during periodical excitation in MPS or MPI measurements. Additionally, it
should be noted that in modalities where the magnetic field pulls the net magnetic
moment, zero-field relaxation timesmust be replaced by field-dependent ones. The field
dependence of the relaxation times were investigated in the literature studies [26–29].
The field-dependent Néel relaxation time in (5) and the Brownian field-dependent
relaxation time in (6) with ξ = (mμ0H)/(kBT) being the ratio of magnetic and thermal
energy significantly depend on the amplitude of the applied magnetic field strength H.
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τNH = τ0 ⋅ exp⎛⎝KVc

kBT
⋅ (1 − μ0HMs

2K
)2⎞⎠ (5)

τBH = τB0̅̅̅̅̅̅̅̅̅̅̅̅
1 + 0.126 ⋅ ξ 1.72

√ (6)

Note that τNH is only valid for static fields andwith the particle’s easy axis aligned with
the external field direction. In contrast to ACS, which uses small magnetic field
strengths so that field dependence can be neglected, MPS and MPI require large am-
plitudes of the appliedmagneticfield to reach the saturation regime of the particles and
to generate higher harmonics. Here, field dependence must explicitly be taken into
account. Note that the dominating relaxation mechanism can be determined from
temperature-dependent MPS measurements [23].

2.2 Temperature dependence

Magnetic particle spectroscopy (MPS) iswell suited for the characterization of a particle
system by means of multiparametric evaluation. Especially the variation of the exci-
tation frequency and the sample temperature allows one to derive properties of the
matrix from the acquired data. While at high excitation frequencies (>10 kHz), the Néel
relaxation dominates (for MPS/MPI-typical particle types), Brownian rotation of the
particles at low frequencies (≪10kHz) provides access to the local interaction of the
particles with their surrounding matrix. In this context, the variation of temperature is
interesting for both Newtonian ferrofluids, where the temperature dependence of the
dynamic viscosity η can be described by the Arrhenius–Andrade equation [30], as well
as for gel systems.

With these gels, a temperature change in the sol-gel transition area leads to a
significant change in the viscous or viscoelastic properties. Therefore, parametric
measurements on such systems form the basis for modeling the MPS spectra as a
function of matrix interaction. In order to investigate the temperature influences
during the spectral characterization of such hybrid systems, a temperature-controlled
MPS systemwas designed and realized [31].With the help of the newdesign, the sample
temperature can be varied in a temperature range from −20° to 120 °C during the
measurements.

First temperature-dependent measurements were performed on FeraSpin™ XL
(nanoPET Pharma GmbH, Berlin, Germany) [31] and SHP-25 (Ocean NanoTech, San
Diego, California) at an excitation frequency of f0 = 5 kHz and an excitation amplitude
of μ0H = 25 mT, as exemplary shown in Figure 3.

In the quasi-static case, which can be explained by the Langevin function, an
increase in temperature leads to a decrease in the MPS signal amplitudes at higher
harmonics. The opposite behavior in Figure 3 for the freeze-dried state must therefore
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be attributed to a significant shortening of the relaxation times. This contradiction and
the complex temperature dependence of the harmonics of the suspension (crossing of
harmonic curves due to Brownian- to Néel-dominated transition from lower harmonics
to higher harmonics) emphasizes the importance of particle magnetization dynamics
in the description of MPS and MPI signals.

For the analysis of the magnetization behavior of the magnetic nanoparticles,
dynamic magnetization curves were reconstructed (Figure 4), which allow an obser-
vation outside the frequency space of the MPS spectra and enable or simplify the
comparisonwith othermeasurementmethods. Another powerful evaluationmethod is
the short-time fast Fourier transform (SFFT) analysis of harmonics during variation of
the temperature. Figure 5 shows the temporally resolved course of the first 21 har-
monics of a diluted SHP-25 sample (10%vol) during the phase transition of the sus-
pension from the subcooled to the frozen state. This approach allows one to investigate
the same sample in a mobile and in an immobile state. Since the newMPS can be used
to investigate time-resolved temperature-dependent processes in the millisecond
range, the system provides an innovative tool for investigating biologically [9, 32–34]
and technically [35] relevant scenarios.

2.3 Viscosity dependence

Generally, typical Fe3O4 nanoparticle systems optimized for MPI show both Brownian
andNéel relaxationwhereas the Néel relaxation even dominates the signal generation.
However, only the particle contribution via Brownian rotation provides information
about the particles’ surrounding. To investigate the impact of Brownian contributions
on the harmonic response, Brownian-dominated particles are required as a model
system. CoFe2O4 nanoparticles can serve as such a Brownianmodel system and help us
revealing the underlying physics. The high anisotropy energy density of CoFe2O4

Figure 3: Temperature-dependent MPS spectra: The two samples (two sets of curves) are Ocean
NanoTech SHP-25 in suspension and in freeze-dried immobilized form. The red color coding
corresponds to the warm sample. The blue one marks the cooled—but not yet frozen—sample.
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blocks theNéel relaxation atmeasurement conditions (T≈ 298 K) almost completely for
the given core size, whichmeans that the particles are thermally blocked. Thus, the net
magnetic moment of the particles only aligns via Brownian relaxation when applying
an externalmagneticfield. The coupling of Brownian relaxation to dynamic viscosity of
the particles’ environment enables the investigation of the particle mobility influence.
The impact of Brownian relaxation on the harmonic response was studied in the study
by Draack et al. [36] in detail using a tailored CoFe2O4 particle system. For that, a
logarithmically equidistant viscosity series was prepared. Viscosities of the samples
were adjusted by water-glycerol mixtures as solvents and are listed in Table 2. For
measurements, the samples were filled into glass vials with the amount of 150 mg
(approx. 150 µL) each, as shown in Figure 6.

Figure 4: Temperature-dependent MPS measurement data of the Ocean NanoTech SHP-25
suspension as spectra of the harmonics (bottom left), as time derivative of the magnetization (top
left), as reconstructed time-dependent magnetization curve (top right) and as reconstructed dynamic
M(H) curve (bottom right). Color coding according to Figure 3.

Table : Viscosities η/mPas of the logarithmically equidistant series of CoFeO nanoparticle samples
Mi to investigate the particle mobility.

M M M M M M M M M M

. . . . . . . . . .

M M M M M M M M M M

. . . . . . . . . .
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Due to a trade-off between sensitivity of the inductive sensor and relaxation time of

theMNP, further investigations focus on data acquired at f0 = 1.0 kHz and μ0Ĥ = 25 mT,
as exemplary shown in Figure 7. Harmonic magnitude spectra (Figure 7a) and recon-
structed dynamic M(H ) curves (Figure 7b) show continuous changes with increasing
viscosity. Additionally, the residual error R (blankmeasurement subtracted by another
blankmeasurement) is depicted to be able to distinguish betweenmagnetic signals and
noise. Sampleswith small viscosities show strongmagnitudes for the fundamental and
higher harmonics, whereas magnitudes of samples with high viscosities drop signifi-
cantly toward higher harmonics. Reconstructed dynamic M(H ) curves show distinct
quasi-saturated curves for small viscosities with small hystereses (phase shift due to
Brownian relaxation) and elliptical shapes with pronounced hysteresis for high vis-
cosities (particles cannot follow the field due to high friction force on the MNPs’ hy-
drodynamic surface).

Furthermore, each sample of the viscosity series was measured with MPS at
different excitation frequencies between 500 Hz ≤ f0 ≤ 25.0 kHz [18, 37] and magnetic

excitation field amplitudes 5mT ≤ μ0Ĥ ≤ 25 mT.

Figure 6: Photographof theCoFe2O4 sample series providing 20 logarithmically equidistant viscosity
values.

Figure 5: Representation of the time-resolved temperature-dependent change of the higher
harmonics of a diluted Ocean NanoTech SHP-25 sample during the phase transition from subcooled
suspension to the frozen state. Figure (b) shows the phase transition of each harmonic normalized to
its respective starting value to emphasize the jump of the curve at the transition point marked in (a).
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Coming from an ACS perspective, the following representation of data is common:
real and imaginary parts of the fundamental frequency are plotted as a function of
ω = 2πf0, i.e., the parameter along a curve varies in ωτ in the range of ωminτ < ωτ <
ωmaxτ. Since the relaxation time τ is constant and independent of excitation frequency,
we can instead fix the excitation frequency and change τ∝ η along the curve to obtain
the same shape of curve. One such plot, where real and imaginary parts are plotted
against viscosity η, is now generated for each harmonic frequency of the MPS data.
Experimental results of the viscosity series with 20 different viscosities is depicted in
Figure 8. Multiparametric investigations by varying field amplitude (Figure 8a) and
frequency (Figure 8b) and, e.g., fitting data to Fokker-Planck simulations enable
detailed insights into matrix interactions at comparable high field strengths. However,
such experimental studies require a comparably high effort of sample preparation and
prior knowledge about physical particle properties by incorporating further charac-
terization methods like ACS [36].It should be noted that the amount of change of real
and imaginary parts is a measure of the sensitivity for viscosity changes. It is obvious
that the shift of the whole harmonic spectrum by varying the field amplitude and
excitation frequency controls the sensitive viscosity range covered by the MPS data.
The fundamental (and low harmonic frequencies) is most sensitive at high viscosities,
whereas the higher harmonics are more sensitive in the lower viscosity range. Unfor-
tunately, higher harmonics are typically limited by signal-to-noise ratio. Still, evalu-
ation of the higher harmonics (not only harmonic ratios of fifth and third harmonic
magnitudes as used by other groups [6, 8, 32]) provides a very sensitive tool with
respect to particle-matrix interactions.

2.4 Multi-spectral MPS

In the previous two chapters, the connection between temperature or viscosity of
the sample and the harmonics spectra measured in MPS was explored. Obviously,
there is no simple and direct relation apparent from the data. This is especially true,
if the particle system relaxes via both the Néel relaxation mechanism as well as
Brownian rotation. Most particle systems typically used for MPS/MPI contain
superimposed signals of both relaxation processes. Such a tracer can only be
described by complex physical models, such as Fokker–Planck equations [29, 38] or
a stochastic differential equation set, where the Néel relaxation is described by the
Landau–Lifshitz–Gilbert equation [39] and Brownian rotation is formulated via a
forced damped oscillatory motion [17]. Since these models are very difficult and
time consuming to solve and in most cases the required set of particle parameters
(e.g., effective core diameter, anisotropy constant, core and hydrodynamic size
distributions, etc.) is not accurately known, an alternative approach is required to
cope with the complexity of these particles systems. Multispectral MPS is such a
method that follows an empirical approach, where the particle system is described
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via a set of calibration measurements. Multispectral MPS draws a parallel to mul-
tispectral MPI reconstruction using the same underlying mathematical approach.
Multispectral reconstruction solves a linear system of equations Ax = b (Figure 9).
Here, A is the reference (or system) matrix containingm frequency components of n
reference samples, x is the concentration vector and b is the measurement vector
(i.e., the harmonic spectrum). The frequency components (real and imaginary
parts) are extracted from MPS raw data via the digital lock-in method using cross-
correlation. Having a referencematrix A, intermediate values between the reference
samples can be estimated by linear superposition, expressing the linear system of

equations as inverse problem x = A−1b. There are several approaches for solving the
inverse problem, e.g., Tikhonov regularization [40] or iterative algorithms like the
Karczmarz method [41, 42]. Here, we use the truncated SVD (tSVD) [43, 44], where
the matrix A is approximated by A = UΣV* ≈ UΣkV* = Ak by means of singular value
decomposition (SVD), with the reduced rectangular diagonal matrix Σk (truncated
to the k largest eigenvalues). Since the exact inverse A−1 is indeterminable due to the
fact that A is nonsquare and noise-afflicted, the pseudo-inverse A+ is used in its

Figure 7: Harmonic spectra (a) and dynamic magnetization curves (b) of the CoFe2O4 sample series
measured at f0 = 1.0 kHz and μ0Ĥ = 25 mT.
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place. It is constructed from the SVD via A+ = V∑−1
k U*. The reconstruction result x is

then calculated as:

x = A+b = V∑−1
k U

*b (7)

U* and V* denote the Hermitian transpose of U and V, respectively. The concept was
introduced in the study by Viereck et al. [45] to analyze particle mixtures and is applied
to viscosity or temperature here. The entries of the system matrix A and measurement
vector b are complex-valued, i.e., they are the complex-valued frequency components
from the MPS harmonics spectra. While in most cases, the vector x is considered real-
valued, i.e., a concentration (and other observable physical quantities) is real-valued,
we will find it necessary to generalize x as a complex-valued vector when considering
MPS data on viscous media in the upcoming section.

The estimation of a quantity y requires calibration of at least two different references
(with different y values). Measurements of intermediate states ŷ can be understood as
linear superposition of the supplied references yref, i−1 < ŷ < yref, i (we solve a linear set of
equations in (7)). Multispectral reconstruction therefore intrinsically assumes a linear
relationship between supporting reference points. Nonlinear relationships are covered
by introducing mapping functions f(x)↦ y from the reconstruction values x to the
actual physical quantity y. Between two references, the linearmapping functions can be
written in two different ways as follows:

ŷa = yref, i−1 + x ⋅ (yref, i − yref, i−1) (8a)

Figure 8: Real and imaginary parts of odd harmonics (1f0 to 11f0) as a function of sample viscosity η.
Field-dependent measurements are shown in (a), frequency-dependent data is depicted in (b).
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ŷb = yref, i − [(1 − x) ⋅ (yref, i − yref, i−1)] (8b)

In Sections 2.4.1 and 2.4.2, the mapping functions for MPS viscosity measurements
and temperature estimation are analyzed, respectively.

2.4.1 Viscosity mapping

The continuous change of the harmonic response suggests that intermediate values
between reference points can be modeled as a superposition of the references.
Figure 10 shows complex-valued tSVD reconstruction results of the sample viscosity
series for two reference samples. For the reconstruction using two references, the most
viscous sample (M1, dark red) and themost liquid sample (M20, dark blue) were used as
references. Apparently, the reconstruction results are real-valued at the two reference
points. The behavior in between the reference points is more complicated. Real and
imaginary parts of both references show distinct asymmetries, overshoots and espe-
cially a value ambiguity. Clearly, overshoots aremore pronounced for themore viscous
reference sample since the information content is reduced due to the faster decay of
higher harmonics in comparison with the pure water sample. Nevertheless, a similar
behavior is observed for the liquid reference sample as can be seen from the detailed
excerpt shown in Figure 10b. This observation implies that a complex-valued recon-
struction is required for mapping since real-valued reconstruction would be
ambiguous.

Adding an additional (third) reference point (M11, light blue) leads to reconstruc-
tion results depicted in Figure 11. Again, reconstruction yields real-valued results at the
reference points and overshoots in between. Evidently, amapping function is required,
which maps the reconstruction estimate x into the dynamic viscosity domain η. The
complex relationship between reconstruction result x̂ and dynamic viscosity η requires
a nonlinear mapping function. A viscosity mapping function using two references (as
suggested in (8)) is given by

Figure 9: Dimensions of vectors/matrices of the linear system set of equations for the reconstruction
problem.A is the systemmatrix, x the concentration vector andb themeasurement vector or observed
spectrum. The dotted lines symbolize a system with 2 references. In that case, A and x are a two-part
compound matrix/vector, respectively.
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η̂ = ηref, i − [(1 − x̂) ⋅ (ηref, i − ηref, i−1)] (9)

The reconstructed estimate η̂ of the viscosity of a sample between the two reference
samples depends on the viscosity values of the first reference ηref , i−1, the viscosity of the
second reference ηref,i and the reconstructed value x. Here, x̂ is either the real part Re{x},
the imaginary part Im{x} or the magnitude |x| of the reconstruction value x. Figure 12
shows estimated viscosity results for two (Figure 12a) and three (Figure 12b) references
using the proposed mapping function.

As can be seen from Figure 12a, the real-valued estimation Re{x} is ambiguous for
higher viscosities. A mapping function using the magnitude |x| gives a unique
assignment. At low viscosities, the mapping is very sensitive because the mapping
function has a rapid increase of the estimated viscosity versus actual viscosity. On the
other hand, the function has poor estimation resolution at the high viscosity limit. To
overcome this problem, additional reference points can be consulted. Figure 12b shows

Figure 10: Spectral decomposition results of the CoFe2O4 viscosity series for two reference samples
M1 and M20. Figure (a) shows the full value range of the reconstruction value. A detailed excerpt of
small values is depicted in (b).

Figure 11: Spectral decomposition results of the CoFe2O4 viscosity series for three reference samples
M1,M11 andM20. Figure (a) shows the full value range of the reconstruction value. A detailed excerpt of
small values is depicted in (b).
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the mapping function for three reference samples. The real-valued estimation is still
ambivalent, although it is not as obvious as for two references due to scaling. Exact
(direct) viscosity estimation is achieved at the reference points only, which is due to the
modeling of the mapping function. While the direct evaluation gives inaccurate (too
large) estimated viscosities, the curves obtained here can be used as calibration curves
for correction. With that we can be significantly more accurate than with a “conven-
tional” linear mapping approach. The viscosity estimation is most sensitive for
viscosity values slightly larger than each reference point at which it further becomes
most accurate when incorporating the nonlinear mapping relationship.

While the mapping functions in Figure 12 are obtained on a Brownian-only model
system with CoFe2O4 particles, the same approach can be used for MPS/MPI-relevant
tracers, such as FeraSpin™ XL. Figure 13 shows the viscosity mapping function for
FeraSpin™ XL using real-valued reconstruction values x.

Due to the strong contribution of the Néel relaxation, which does not change with
viscosity, here a real-valued mapping is sufficient to create a unique function over the
whole viscosity range (two orders of magnitude, starting from water). The shape of the
mapping function bears strong resemblance to the mapping function of the CoFe2O4

sample. However, Figure 13 shows that the mapping approach is readily applicable to
iron oxide particle systems used in biomedical applications.

2.4.2 Temperature mapping

Similar to themapping function for viscosity in the previous section, we can establish a

mapping function for temperature estimation T̂:

T̂ = T ref, i − [(1 − x) ⋅ (Tref, i − T ref, i−1)] (10)

Figure 12: Viscosity mapping functions for two (a) and three (b) CoFe2O4 reference samples. The
dashed line represents a linear mapping function between the references to illustrate the difference
from the reconstruction estimate.
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Figure 14 depicts the mapping function for SHP-25 particles. The temperature
estimation via tSVD of the harmonic spectrum inMPS happens to bemuchmore linear.
No oscillating behavior is observed in the decomposition, so that Figure 14 could be
constructed from a real-valued reconstruction x.

A strong correlation between reconstructed values and a linear superposition
(denoted by the dashed line in Figure 14) is observed for this particle systemover awide
temperature range between −10° and 50 °C (with a maximum temperature deviation of
approximately 10 K). For biomedical applications, e.g., cell experiments or animal
studies, a much smaller range of typically 35–45 °C is needed. Arguably, multispectral
MPS (or MPI) could be used directly for temperature estimation. However, with a
calibrated mapping function, with references adjusted for the application’s tempera-
ture range, the estimation error for temperature can be reduced. As a general rule, the
absolute estimation error can be reduced by inserting additional reference points.
However, the signal-to-noise margin required for spectral decomposition poses an
upper limit for the maximum number of reference points, e.g., using five reference
points translates into at least five harmonics available in the measurement above the
noise floor.

In conclusion, the multispectral MPS approach provides a very valuable tool for
empirically treating real-world particle systems in order to use them for parameter
estimation of both viscosity and temperature. Our investigations show that
complex-valued reconstruction is required to estimate the particle mobility (for
Brownian-dominated particle systems) due to ambiguousness of real-valued
reconstruction. Since spectral decomposition in MPS is closely related to recon-
struction in MPI, the findings can be transferred to mobility MPI as a quantitative
medical imaging modality including information about the particles’ binding state
or temperature.

Figure 13: Viscosity mapping function (with three references) for FeraSpin™ XL. The dashed line
represents a linearmapping function between all three references to illustrate the difference from the
reconstruction estimate.
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3 Magnetic particle imaging (MPI)

Magnetic particle spectroscopy (MPS) was the primary tool for investigating particle-
matrix interactions throughout the priority programme SPP 1681. However, our
definitive goal at the end was to realize such experiments, where we obtain a physical
quantity for temperature or viscosity inside an MPI instrument acquiring volume
images of an object under investigation. This chapter gives a recap on our MPI system
and measurements performed with it; gelatin hydrogels being the representative for a
complex matrix system investigated in MPI concludes the project.

3.1 Dual-frequency MPI system

Using our 2.5D field-free point (FFP) MPI scanner, the spatially resolved iron concen-
tration ofmagnetic nanoparticles aswell as the rheologicalmobility of the particles can
be visualized. This method is called mobility MPI (mMPI) [46–52]. Our MPI system
works with two alternative excitation frequencies (fl = 10 kHz and fh = 25 kHz), whereby
an explicit gain in contrast can be recorded in mobility imaging compared to com-
mercial MPI systems, which only provide a single excitation frequency (typically
25 kHz) [50]. Figure 15 shows the pivotal coil assembly of the MPI system built at our
institute with a bore of ≤35 mm at its center.

The coil assembly contains transmit and receive coils (equivalent to the MPS
system described in Section 2) as well as the NdFeB selection field generator producing
the spatial encoding field for MPI imaging.

Figure 14: Temperature mapping function (with two references) for SHP-25. The dashed line
represents a linear mapping function between both references to illustrate the difference from the
reconstruction estimate.
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3.2 Viscosity dependence

For initial experiments, the MPI scanner was operated with a standard two-
dimensional Lissajous trajectory at 25 kHz and an imaging gradient of 3 Tm−1 in the
isotropic imaging plane. The results show that it is possible to separate mobile
(suspension) and completely immobilized particles (freeze-dried), which were
acquired simultaneously in the imaging field of the scanner (Figure 16a), i.e., spatial
mapping of particlemobility inMPI is possible. In order to achieve that, amultispectral
reconstruction scheme [46, 48–50, 53] is employed. The reconstruction is based on the
Kaczmarz method, which is considered the default algorithm inMPI [54–56]. Similar to
the multispectral decomposition and reconstruction method in MPS (→ chapter 2), it
relies on two ormore calibration datasets being available. Multispectral reconstruction
returns one image per provided reference. In Figure 16, we use two references at
opposite ends of themobility spectrum. For the final image, both reconstructed images
are combined into a single false color image, where the yellow color denotes the
contribution from high viscosity (freeze-dried or 100% glycerol) and green color
corresponds to the low viscosity contribution (H2O suspension).

Figure 16b shows the particle mobility contrast of FeraSpin™ XL in glycerol-water
mixtures with 80%vol (left) and 20%vol (right) glycerol content, respectively. The
samples were prepared with a particle content of 10%vol,where the rest was filled with
water-glycerol mixtures of variable ratios. In Figure 16b, the spatial resolution and
ability to distinguish different viscosity levels can be evaluated. Also, since the refer-
ences used for reconstruction of Figure 16b, i.e., 0%vol and 100%vol glycerol, were not
identical to the viscosity of the sample points, artifacts from the reconstruction (ghost
images at the sides) are observed. Similar to Figure 16a, the spatial resolution depends
on the particle mobility. For (partially) immobilized samples, the spatial resolution is

Figure 15: Overview of MPI system hardware.
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deteriorated, which translates into the wider spot size of the sample with higher vis-
cosity. It is still an open question, why the reconstruction (which intrinsically performs
a deconvolution) is not able to equalize the different contributions in terms of apparent
size (but alsowith respect to its estimated iron content). But it is logical to conclude that
the very different signal-to-noise ratios of the two samples, i.e., smaller signal
magnitude and faster decay toward higher harmonics, are responsible and not (yet)
incorporated explicitly in the reconstruction process.

It should be noted that viscosity information can also be extracted by other means
as discussed in the literature studies [47, 51, 57], mostly by evaluating the relaxation
effects directly in the time-domain signal.

Since calibration in standard (Lissajous) 2D imaging is very time consuming, we
switched to an alternative imaging scheme to be able to perform experiments on
complexmatricesmore easily and time-efficient. In the following,weuse CartesianMPI
[58], where the system employs a unidirectional excitation along the x-axis only, while
the orthogonal y-direction is scanned consecutively (either by moving the sample or
shifting the FFP by means of an offset field). The advantages of this method are the
higher signal-to-noise ratio, which translates to a better image resolution along the
trajectory axis in x-direction. Also, for evaluating the one-dimensional MPI signal,
model-based or time-domain reconstruction methods can be applied.

The signal-to-noise ratio can be increased by selecting the excitation frequency of the
system nearest to the expected particle response frequency. We therefore chose the lower
available image frequency of 10 kHz to measure the slow relaxation of particles in the
gelatin matrix. The samples were built with a visco-elastic gelatinmatrix, which constitutes
anapplication-relevantmaterial. Thematrixwasprepared from50%volgelatinand50%vol of
commercial perimag® particles, resulting in an iron concentration of 12.5 mg/mL.

The phantom (shown in Figure 17) consists of three bars, where the center bar is
filled with MNP in the gelatin matrix, whereas the outer bars (left and right) are loaded
with H2O-diluted perimag® only for reference. The gelatin matrix forms progressively
over several hours, enabling MPI to observe the gelation process and its kinetics over
time [59]. The gelation process is studied by Draack et al. [60], including variations in
gelatin concentration, and observing reconstruction artifacts.

Figure 18 shows theMPI datameasured on the phantom. Both images are recorded
without any noticeable artifacts. In order to reconstruct the images, we use two
different calibrations datasets as references. The image on the left was obtained on
diluted perimag® (H2O reference); the right image on perimag® in gelatin (gelatin
reference). The two-dimensional images in the top row are displayed as surface plots to
better visualize the “raw” values from the reconstructed images. As can be seen, the
magnitudes depend on whether a sample point matches the calibration. For the water-
filled outer bars, a higher value is observed for the H2O reference, whereas the gelatin
bar in themiddle reveals a bettermatchwith the gelatin reference.X-/Y-dimensions are
given in pixels on an isotropic grid (1 × 1 mm). We suggest that the mapping functions
obtained from MPS (→ Section 2.4) can either be used directly in MPI or at least the
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Figure 17: MPI sample geometry with perimag® particles: outer bars filled with H2O suspension,
center bar with tracer in gelatin matrix.

Figure 18: Viscosity in Cartesian MPI: Surface plots (upper row) and top view (lower row) of
reconstructed perimag® dash samples. Outer (left and right) dashes are filled with particles in a
water suspension and center dash with particles embedded in a gelatin-water matrix.
Reconstruction was performed with the water reference (left column) and with the gelatin reference
(right column). X-/Y-dimensions are given in pixels. Z constitutes the ‘raw’ reconstruction value.

Figure 16: Multispectral MPI measurement results at 25 kHz depicting different mobility states of
FeraSpin™ XL being separable. In (a) the particles are in H2O suspension (left, yellow) versus freeze-
dried (right, green). Figure (b) shows the tracer prepared in viscous glycerol-water mixtures with
80%vol (left) and 20%vol (right) glycerol.
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same mapping approach should be applicable. However, it is still under investigation
whether viscosity or temperature can be reliably quantified in MPI imaging.

4 Conclusions

Magnetic particle spectroscopy (MPS) is a very powerful tool for investigating magnetic
nanoparticles. Themethod is simple, fast and especially very sensitive for small changes
in dynamic magnetization behavior, even at low particle concentrations. We were able
to establish a connection between the viscosity of the medium around a Brownian-
dominated particle system and the harmonic spectrum observed in MPS. For particles
relaxing via both the Néel relaxation and the Brownian rotation, which is typically the
case for most MPS/MPI tracer systems, we also investigated multispectral analysis and
reconstructionmethods as an empiricalmethod. Thesemethods use a calibration-based
approach to deal with the details of the nonlinear magnetization response of
application-relevant particles. Therefore, MPS data were utilized to establish a foun-
dationwith respect to theunderlying physical processes and for exploringmathematical
magnetization models. Many aspects of the investigations performed in MPS translate
into the imaging regime in MPI. We showed, that MPI is well capable of mapping the
local particle environment. However, quantification of particle concentration and of
viscosity or temperature remains challenging. Still, it can be concluded that the spectral
characterization methods, the multiparametric evaluation in MPS as a function of
excitation frequency and temperature, as well as mobility imaging in MPI, represent
innovative tools for the investigation of particle-matrix interactions.
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