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ABSTRACT

Superparamagnetic iron oxide nanoparticles (SPIONs) are used as a tracer material in sentinel node biopsies. The latter is a
procedure to analyze if cancer cells have spread to lymph nodes, helping to personalize patient care. To predict SPION behav-
ior in vivo, it is important to analyze their magnetic properties in biological environments. The superparamagnetic quantifier
(SPaQ) is a new device to measure the dynamic magnetization curve of SPIONs. The magnetization curve was measured for
two types of SPIONSs: Resovist and SHP-25. We used three techniques: Vibrating Sample Magnetometry (VSM), Magnetic Parti-
cle Spectroscopy (MPS), and our new SPaQ. Furthermore, AC susceptibility (ACS) measurements were performed as part of the
evaluation of the three techniques. SPaQ and VSM results were found to be similar. Measurement results were nearly identical in
both directions, indicating minor hysteresis. However, in MPS measurements, a clear hysteresis loop was observed. Furthermore,
the ACS measurements showed a pronounced Brownian maximum, indicating an optimal response for an AC frequency below
10 kHz for both particle systems. Both the SPaQ and MPS were found to be superior to VSM since measurements are faster,
can be performed at room temperature, and are particularly sensitive to particle dynamics. The main difference between the
SPaQ and MPS lies in the excitation sequence. The SPaQ combines an alternating magnetic field that has a low amplitude with a
gradual DC offset, whereas MPS uses only an alternating field that has a large amplitude. In conclusion, both the SPaQ and MPS
are highly suited to improve understanding SPION behavior, which will lead to the radical improvement of sentinel node biopsy
accuracy.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5039150

I. INTRODUCTION

Characterization of superparamagnetic iron oxide
nanoparticles (SPIONs) provides invaluable information on
their use in biomedical applications, such as MRI,' hyper-
thermia,? Magnetic Particle Imaging (MPI),> and sentinel node
detection.* The Superparamagnetic Quantifier (SPaQ) was
developed to characterize SPIONSs in biological environments,
such as blood, tissue, and lymph nodes. This makes it suitable

to optimize sentinel node detection. Sentinel node biopsies
(SNB) are used to determine the lymph node status of a can-
cer patient.> As a result, it can be determined if the tumor
has metastasized, and patient prognosis and treatment can
be personalized. During SNB, a tracer material is injected in
or close to the tumor. The tracer will follow the natural path
through the lymphatic system via mechanical transport, that
is, no active targeting. Consequently, the tracer will accu-
mulate in the first nodes it encounters, namely, the sentinel
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nodes. The sentinel nodes can then be identified using a dedi-
cated probe®” and examined for metastases following surgical
removal.

Traditionally, a radioactive tracer is used, but this has
many disadvantages, such as limited worldwide availability and
a large logistical burden, due to its limited shelf life and few
production sites.® Superparamagnetic iron oxide nanoparti-
cles (SPIONs) do not have such drawbacks. When SPIONS
are used as a tracer, they can be selectively detected in
vivo using the Differential Magnetometry (DiffMag) proto-
col.? For in vivo SNB, a handheld probe is used.” Local-
ization of SPIONs in vivo can also be useful in different
applications, such as intraoperative assessment of tumor
boundaries.’®

SPION detection can be optimized by matching the
magnetic properties of the particle with the excitation
parameters of the handheld probe. To achieve this, the mag-
netization curve of the particles is measured, which will show
their nonlinear response to external magnetic fields. There
are many ways to measure the magnetization curve. The goal
of this paper is to compare our novel SPaQ to Vibrating Sam-
ple Magnetometry (VSM) and Magnetic Particle Spectroscopy
(MPS).

A commonly used method to measure magnetization
curves is Vibrating Sample Magnetometry (VSM).'! In Fig. 1,
measurements on two types of SPION suspensions are shown.
How these measurements are performed is described in
Sec. III D. In Fig. 1(a), the entire measured curve (from —4
to +4 T) is shown. Figure 1(b) shows the region of interest
(-20 to 20 mT) for handheld detectors. These low fields enable
measurements by small coils at room temperature, which is a
prerequisite for handheld detection. It can be observed that
the magnetic moment of SPIONs changes substantially in this
field range. This special behavior is the fingerprint of SPIONSs.
At higher field strengths, the particles saturate and therefore
the magnetic moment remains the same. It is a well-known
effect that VSM measurements at low fields cause problems
of magnetic remanence in the system when superconduct-
ing coils are used.’? To avoid this problem, the SPaQ was
created.

Figure 1(c) shows the derivative of the magnetization
curve with respect to the magnetic field (dM/dH). In the
SPaQ, copper coils are used allowing the Faraday effect to be
exploited. An AC excitation field enables direct measurement
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of the derivative of the magnetization curve (dM/dH), which is
related to the point spread function (PSF) in MPL.'3

In the SPaQ, an excitation field with a low AC ampli-
tude is combined with a gradual DC offset, as can be seen in
Fig. 2(a). The magnetization curve, shown in Fig. 2(b), shows
the response of the particles to this excitation field. The
resultant changing magnetization of the particles is shown in
Fig. 2(c). Since our detector measures changes in magnetic
flux, the signal obtained by the detector is the derivative of the
magnetization; see Fig. 2(d). After the application of a phase-
sensitive detection algorithm, dM/dH is found, as shown in
Fig. 2(e). Integration yields the magnetization curve, as shown
in Fig. 2(f).

A comparable method to the SPaQ is Magnetic Particle
Spectroscopy (MPS). This technique was developed to pre-
dict the behavior of particles in Magnetic Particle Imaging
(MPI)'* and to optimize their imaging performance. Effort
was made to improve sensitivity and signal purity.'>'¢ MPS
has been used to determine particle parameters, such as
core diameter,’* but also their temperature can be esti-
mated from the produced harmonics.'” Later, MPS has been
used in many biological applications, including measurements
on SPIONs in different biological environments,'® measure-
ments on changes in the magnetization behavior during cel-
lular uptake of SPIONS,'? and viscosity measurements.?%-22
In many applications, the focus is on the harmonics spec-
trum. However, in this paper, the focus is on the time sig-
nal, which contains both the fundamental frequency and
higher harmonics. The time signal represents the magneti-
zation curve. A recent MPS setup at the Technical Univer-
sity of Braunschweig is described. This device can measure
dM/dH using Faraday detection, which is similar to SPaQ
measurements.

The principle of MPS measurements is shown in Fig. 3,
which is similar to Fig. 2. As can be seen in Fig. 3(a), an exci-
tation field of high amplitude is used in MPS. This results in a
more dynamic measurement of the magnetization curve com-
pared to the SPaQ measurements, which leads to hysteresis,
as can be seen in Fig. 3(f). This phenomenon will be explained
in detail later.

Although SPaQ and MPS look at a first glance very
similar—in both cases, the nanoparticles are excited by a com-
bination of sinusoidal and static magnetic fields and the mag-
netic moment of the sample is detected using (gradiometric)

zoomed-in view of curve (a): this is the
region of interest for handheld detec-
tion, showing the fingerprint of SPIONSs.
(c) The derivative of curve (b), show-
ing changes in the magnetization of the
particle.
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detection coils—there are a number of differences. In SPaQ, Many parameter values can be deduced from the curve
generally a small-amplitude AC field is applied, while the DC measured in either the SPaQ or MPS, such as the core diam-
field is gradually ramped. In MPS, one generally applies a eter, hydrodynamic diameter, and anisotropy of the parti-
larger-amplitude AC magnetic field with an optionally super- cles,?® but information about the environment of the particles
imposed DC magnetic field. While in SPaQ only the fundamen- can also be obtained.?°-?? During the design of SPIONS, it is
tal frequency of the detection signal is analyzed, MPS employs essential to apply a consistent characterization technique. As a
the whole harmonic spectrum caused by the nonlinearity result, it will become possible to check quickly what the effect
of the magnetization curve. The analysis of the whole har- is of a change in the design process. For example, the chemi-
monic spectrum puts much stronger demands on the transmit cals used and their precursor concentrations and the temper-
circuitry, making nanoparticle detection in a clinical setting  ature and alkalinity of the medium are factors that influence
much more complicated. the particles produced and their magnetic properties.?*
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Another application of particle characterization is the
measurement of SPIONs in biological systems. If SPIONs are
injected into the blood, a process referred to as protein corona
formation will occur.2> Both the SPaQ and MPS can be used to
frequently measure the hydrodynamic diameter of the parti-
cles, and as a result, the dynamic process of corona formation
can be studied in detail.

An additional biomedical application of SPIONSs is in con-
trolled drug delivery. By measuring dM/dH, as long as it con-
tains information on particle dynamics, it becomes possible to
check if the drug is bound to the particle.?®

Il. MATERIALS

In this paper, two types of particles were used: Resovist®
(Bayer Schering Pharma GmbH) and SHP-25 (Ocean Nan-
otech). Resovist is a multi-core particle system that has com-
plex structural and magnetic properties, and it is frequently
used in MP1.27.28 SHP-25 is a single-core magnetite nanopar-
ticle that has a core diameter of 25 nm.?° Both samples were
diluted to a concentration of 5 mg(Fe)/ml. For the VSM mea-
surements, small samples of 15 ul were used since larger sam-
ples were both too large in size and gave too much signal.
For the SPaQ and MPS measurements, samples of 150 ul were
used.

1ll. METHODS
A. SPaQ
1. Device

The SPaQ setup, comprising a co-axial magnetometer,
was developed at the University of Twente and consists of
several parts. A data acquisition (DAQ) card (NI USB-6289) is
used to enable communication with a personal computer (PC).
The DAQ card also controls the power amplifier (Servowatt
DCP390/60C 50V /8A). The current produced by using the
power amplifier is sent through an excitation coil to gener-
ate a magnetic field. The unit containing the coils is shown
in Fig. 4, and specifications of the coils are given in Table L
The detection coil is designed differentially so as to suppress
the induction signal generated by the excitation field (80 dB
attenuation). The sample, with a maximum diameter of 23 mm,
is placed inside the upper pickup coil. The current measured
by the pickup coils is sent through a low-noise differential
preamplifier (Krohn-Hite, model 7000, serial LM242), which
amplifies the signal by a factor of 10 and applies a low-pass
filter that has a cutoff frequency of 30 kHz, to avoid aliasing in
the DAQ card. MATLAB is used to both control the system and
process data.

2. Measurement protocol

An AC excitation field (|Hac| = 1.33 mT) in combination
with a DC offset (|[Hpc| < 13.3 mT) was applied to the sam-
ple, as described in Sec. I. This sequence included five repet-
itive measurements in both directions over 5 s. The exci-
tation frequency was set to 2.5 or 10 kHz in two separate
measurements. Details of the measurement protocol can be
found in Table II. To avoid temperature fluctuations, there

ARTICLE scitation.orgljournal/rsi

L

FIG. 4. Schematic representation of the SPaQ. An excitation coil (blue) and a
pair of gradiometer detection coils (green) surround a 23 mm diameter sample
bore. Samples are placed in the topmost detection coil, which has a homo-
geneous field region of 2.5 cm along the vertical axis; in this region, the field
deviates no more than 5%. The excitation coil generates both the AC and DC
excitation fields. An outer field coil (purple) is wound around the main exci-
tation coils. This coil is used for the same purpose as a shielding coil in an
MRI system, namely, both to provide shielding to limit the strength of the mag-
netic field outside the coils and to improve homogeneity of the field inside the
coils.

was a waiting time of 20 min between successive measure-
ments. After acquisition, data were processed in MATLAB.
A digital phase-sensitive detection algorithm was applied to
determine the amplitude of the measured signal. First, the
signal was multiplied by a reference signal, namely, a perfect
sine at the measurement frequency of 2.5 or 10 kHz, which
was in phase with the measured signal in the software. Sec-
ond, the signal was multiplied by the reference signal that has
been shifted 90° to determine the out-of-phase component.
After application of a low pass filter (second order Butter-
worth filter with a cutoff frequency of 20 Hz), two signals
X and Y were obtained. X and Y refer to the in-phase and
out-of-phase component of the measured signal. The ampli-

tude of the signal was given by R = /(X% + Y2), which is the
derivative of the magnetization curve that we are looking

for. Numerical integration resulted in the magnetization curve
itself.

Rev. Sci. Instrum. 90, 024101 (2019); doi: 10.1063/1.5039150
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TABLE . Coil specifications of the SPaQ setup.

ARTICLE scitation.orgljournal/rsi

Wire o (mm)

Inner o (mm)

Coil length (mm) Turns [No.] Resistance (Q)

Upper pickup coil 0.115 25 47 1800 400
Lower pickup coil 0.115 25 47 1800 400
Inner field coil 1.75 37 164 374 0.72
Outer field coil 175 50 160 160 0.48
B. MPS C. ACs
1. Device AC susceptibility (ACS) measurements were performed

The custom-built MPS setup*° provides several selectable
excitation frequencies between 100 Hz and 25 kHz and mag-
netic excitation field strengths of up to uoH = 30 mT of an
AC excitation field and an optional superimposed DC off-
set field. A DAQ card (NI PCI-6733) is used to generate a
sinusoidal excitation signal, which is amplified using an AE
Techron 7224 power amplifier and sent through the excita-
tion coil. A detection coil is used to measure the change in the
magnetization over time. Since the detection coil is designed
differentially, the induction signal generated by the excitation
field is suppressed (70 dB attenuation) and the fundamental
component produced by the particles can be measured. The
induced signal in the detection coil is pre-amplified (2x) by
using a custom-built pre-amplification module. The amplified
induction signal is then acquired via a synchronized DAQ card
(NI PCI-6133).

2. Measurement protocol

The excitation field amplitude was set to 25 mT to achieve
a sufficient saturation of the particle suspension. The samples
were measured at excitation frequencies of 2.5 and 10 kHz
in two separate measurements. The total measurement time
was set to 0.5 s, leading to 1250 and 5000 periods and there-
fore 1250 and 5000 averages of the dM/dH curve for the
2.5 and 10 kHz frequencies, respectively. The sampling fre-
quency was set to 2 MS/s which covers 800 samples per
period. M(H) curves were reconstructed by integration of the
received signal. For that purpose, the acquired induction sig-
nal dU/dt ~ dM/dt was summed up cumulatively over time
and split into sets of rising and falling edges of the resulting
M(t) curve. All rising and falling edges were averaged and plot-
ted over H(t), which was measured indirectly by the coil cur-
rent and multiplied by the coil constant of the AC excitation
coil.

TABLE II. Settings of SPaQ and MPS measurements.

SPaQ MPS
AC frequency 2.5 0r 10 kHz 2.50r 10 kHz
AC amplitude 1.33 mT 25mT
DC frequency 11Hz -
Maximum DC offset 13.3 mT -
Measurement time 5s 05s
Averages 5 1250 or 5000
Sampling frequency 160 kS/s 2MS/s

using a low-frequency (10 Hz-10 kHz) and a high-frequency
(200 Hz-1 MHz) setup at the Technical University of Braun-
schweig, at AC field amplitudes of 450 and 90 uT, respec-
tively.>12 Spectra are the averages of 5 (low-frequency) and
20 (high-frequency) single frequency sweeps and merged to
form a single spectrum. Both systems are calibrated and
provide data in volume susceptibility.

Spectra were analyzed by applying a generalized Debye
model, described by Ludwig et al.>233 For the distributions
of core f(d;) and hydrodynamic f(d;) diameters, lognormal
distributions are assumed. To limit the number of free fit-
ting parameters (u¢, o, K, up, and o), 25 nm for SHP-25
and 24.5 nm for Resovist are assumed for the median core
diameter; for the standard deviations, o = 0.2 and 0.25 are
used as typical values for the particle systems. Note that the
core parameters for Resovist are based on the analysis of
static M(H) curves.?”** In these papers, the authors found
that there is a bimodal distribution of magnetic moments:
the smaller one corresponds to individual iron oxide cores
with diameters between 5 and 8 nm, while the larger one
with an effective diameter of around 25 nm is caused by
aggregates.

D. VSM

The Quantum Design Physical Property Measurement
System (PPMS) installed at the University of Twente was
used to perform VSM measurements. The field was swept
between —4 and +4 T (starting at O T) at various speeds.
Between +4 and +0.5 T, a continuous sweep at a sweep
rate of 20 mT/s was applied. Between +0.5 T and +50 mT,
the sweep rate was 2 mT/s. Between +50 mT, a linear
step (driven at each field) of 0.5 mT field increment was
applied, with each step averaged over 1 s, leading to an
accurate measurement in the region of interest. The sample
was vibrated at the standard frequency and amplitude set-
tings of 40 Hz and 2 mm. One complete measurement took
about 3 h.

Furthermore, since the VSM is not only sensitive to the
superparamagnetic sample but also sensitive to the sample
holder, its linear contribution has to be removed. This was
achieved by correcting for the linear trend that was observed
between +3 and +4 T, where the particles are assumed to be
completely saturated.

It is a well-known problem that the VSM does not per-
form optimally at low fields around O T. Magnetic rema-
nence results in an opening in the magnetization curve,
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which looks like hysteresis, but the loop appears in the
opposite direction to what is physically expected.'? To
compensate for this, a calibration sample (palladium ref-
erence sample, Quantum design, serial no.. PD-1206) was
measured by applying the same protocol. The horizontal devi-
ation of the curve at 0 T was determined and used to cor-
rect the sample measurements. Finally, the correction was
applied by shifting the measurements horizontally to close the
loop.

IV. RESULTS

Figure 5 shows the SPaQ measurements. It can be
observed that measurements in both directions are almost
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FIG. 5. SPaQ results, measured on Resovist and SHP-25 samples containing
750 ug iron in a total volume of 150 ul at an excitation frequency of 2.5 kHz.
(b) is a numerical integration of (a).
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FIG. 6. MPS results, measured on Resovist and SHP-25 samples containing
750 pg iron in a total volume of 150 ul at an excitation frequency of 2.5 kHz.
(b) is a numerical integration of (a).
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FIG. 7. ACS results, measured on Resovist (a) and SHP-25 (b) samples containing
750 wg iron in a total volume of 150 gl.

identical, indicating minor hysteresis. Furthermore, in Fig. 5(a),
it can be seen that the amplitude of the peak of the SHP-25
curve is 1.9 times the amplitude of the peak of the Resovist
curve.

The MPS results are shown in Fig. 6. In these measure-
ments, clear hysteresis is visible. The amplitude of the peak of
the SHP-25 curve shown in I'ig. 6(a) is 1.4 times the amplitude
of the peak of the Resovist curve. The width of the hysteresis
loop is 10.4 mT for SHP-25 and 2.4 mT for Resovist.

ACS measurements are shown in Fig. 7. Samples of SHP-
25 and Resovist show a pronounced Brownian maximum in
the imaginary part, indicating that—at least in the low-field

a b

—static VSM —static VSM
—2.5kHz —2.5kHz
—10 kHz —10 kHz
1
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FIG. 8. (a) SPaQ and (b) MPS results, compared with the static VSM curve. Curves
were measured at different frequencies (2.5 and 10 kHz), and resulting curves
were normalized. Measured on a Resovist sample containing 750 wg iron in a
total volume of 150 pl.
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FIG. 9. (a) SPaQ and (b) MPS results, compared with the static VSM curve. Curves
were measured at different frequencies (2.5 and 10 kHz), and resulting curves
were normalized. Measured on an SHP-25 sample containing 750 wg iron in a
total volume of 150 pl.

range—a major proportion of the nanoparticles are thermally
blocked. For SHP-25, the maximum is at 5.7 kHz, whereas for
Resovist it is at 1.8 kHz. For Resovist, the imaginary part shows
a shallow shoulder at frequencies above the Brownian peak,
while the real part shows a rather shallow decay compared to
SHP-25. This is a clear indication of a large contribution from
Néel-dominated nanoparticles. The high-frequency shoulder
for Resovist also causes a higher harmonics spectrum at higher
frequencies in MPS.

MPS and SPaQ measurements at different AC frequencies
are shown in Figs. 8 and 9 for Resovist and SHP-25 particles,
respectively. All curves are normalized and compared to the
VSM measurements.

V. DISCUSSION

Both the SpaQ and MPS provide accurate measurements
of the magnetization curve, and both are superior to VSM
in this field range (between +25 mT). The measurements are
much faster, do not require correction, and can be conducted
at room temperature.

Both the SPaQ and MPS give broadly similar informa-
tion and can therefore be used in similar applications. These
devices provide crucial information on many applications,
such as controlled drug delivery and studying the dynamic
protein corona formation process, but also on the design
process of SPIONs. However, in sentinel node biopsies, it is
preferable to use the SPaQ due to its intrinsic similarities with
DiffMag. Also, the described SPaQ setup has a large sample
holder, which allows measurements on entire lymph nodes.
The direct correlation between MPS and MPI makes MPS the
best choice for predicting particle behavior in MPL

As mentioned in the Introduction, the main difference
between SPaQ and MPS measurements lies in the excitation
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sequence and the detection scheme used. The SPaQ mea-
surements look remarkably similar to static VSM measure-
ments. However, in VSM measurements, the sample vibrates
in a homogeneous field. Even though the AC amplitude in the
SPaqQ is low, the particles do experience a changing mag-
netic field. Therefore, particle dynamics will slightly influ-
ence such measurements. If particles experience a sufficiently
short relaxation time, nearly no hysteresis is observed in the
measured curves. However, due to their large AC amplitudes,
MPS measurements are more dynamic and consequently more
sensitive to particle dynamics compared to SPaQ measure-
ments, as indicated by the hysteresis revealed in the mea-
sured curves. In addition, SPaQ analyzes the magnitude of the
fundamental frequency only, while MPS also explores phase
information.

The strength of the SPaQ over MPS is its freedom to
adjust measurement parameters. In the SPaQ, a small AC field
is combined with a gradual DC offset. Therefore, the AC ampli-
tude can be varied, without influencing the total range (maxi-
mum field) in which the magnetization curve is measured. On
the contrary, in MPS, the large AC amplitude determines the
range in which the magnetization curve is measured. Mea-
suring at various AC amplitudes is valuable when SPaQ mea-
surements are used to predict the DiffMag response of the
particle. The various amplitudes will represent various dis-
tances to the handheld probe that is used in DiffMag. For Diff-
Mag, only small field strengths are needed since the particles
respond to fields as low as 1 mT. This makes DiffMag suitable
for safe use in patients. Little energy is needed, and it becomes
possible to generate a handheld system with limited heating of
the probe.

Another advantage of the SPaQ over MPS is its freedom
to select an arbitrary excitation frequency. In MPS, a reso-
nant circuit is needed to generate sufficiently high magnetic
field strengths. Therefore, it is only possible to measure at
certain discrete frequencies. However, due to the small AC
amplitude in the SPaQ, it is possible to select various fre-
quencies without changes in hardware. Consequently, it is
much easier to sweep the frequency in the SPaQ compared
to MPS.

The nature of the sample (which and how many parti-
cles are used) influences the height (magnetic susceptibility)
and width (or slope, field strength at which the particles sat-
urate) of the measured curve. In MPS, the distance between
the peaks (that is the width of the hysteresis loop) changes
as well, which is dependent on the relaxation time of the
particles.>5-37

In the ACS measurements, it was shown that both parti-
cles show an optimal response at a frequency below 10 kHz.
Both Brownian and Néel relaxation times depend on the AC
and DC magnetic field amplitudes and decrease with increas-
ing field.?° Consequently, the susceptibility spectra will be
shifted to higher frequencies in SPaQ or MPS measurements.
Additionally, an increase in field amplitude causes the gen-
eration of higher harmonics, which leads to a bending of
the magnetization curve. Along with particle dynamics, this
results in the hysteresis loop that was observed in the MPS
measurements.
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The influence of particle dynamics is shown by measur-
ing at various frequencies, as shown in Figs. 8 and 9. The
frequency effect is largest in MPS measurements, but it can
be seen that there is a slight influence of particle dynam-
ics in SPaQ measurements as well. As can be seen, the fre-
quency effect is larger for SHP-25 compared to Resovist,
which accords with the steep decay with increasing frequency
observed in the ACS measurements.

VI. CONCLUSION

In conclusion, both the SPaQ and MPS are capable of mea-
suring a magnetization curve at low field strengths (<25 mT).
Both methods are superior to VSM measurements because
they are much faster, can be conducted at room temperature,
and do not need a correction. Measuring the magnetization
curve reliably can give invaluable information about SPIONs
and their dynamics, which will improve many applications,
including sentinel node biopsies. There are also differences
between the SPaQ and MPS. Due to the much larger AC field
amplitude, MPS is very sensitive to particle dynamics. The
lower AC field amplitude in the SPaQ strongly simplifies the
electronics, reduces heating, and allows a continuous choice
of frequency.

Vil. FUTURE WORK

To optimize SPaQ and MPS measurements, two main
improvements need to be made. First, it is vital to calibrate
both systems. As a result, the magnetic moment of the sample
can be calculated from the measured voltage.

Second, the thermal stability of the SPaQ needs to be
improved, which we intend to work on. Heating of the exci-
tation coil leads to temperature fluctuations throughout the
system, reducing the reproducibility of measurements. Ther-
mal stability can be improved by making key changes to the
design.

In addition, it is essential to measure particles in various
environments (for example, in media of various viscosities) in
the SPaQ. This will give more insight into the effect of particle
dynamics on the measurements. For a sentinel node biopsy, it
is essential to know how the magnetic behavior of the particles
changes while trapped inside a lymph node. When particles
accumulate in a lymph node, they will be partially immobilized
due to macrophage uptake. This will increase the relaxation
time and therefore reduces the measured detector voltage.
Consequently, it might seem that there are fewer particles in
the lymph node and the node might be classified incorrectly
(for example, classified as a normal node instead of a sentinel
node).
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