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Abstract

Magnetic particle imaging (MPI) is a promising medical imaging technique for visualizing the three-
dimensional distribution of tracer materials, specifically iron oxide nanoparticles (IONP). The
optimization of magnetic nanoparticles (MNP) plays an essential role to improve the image resolution
and sensitivity of imaging techniques. Objective. In this work, the optimization of commercial IONP
(EMG 700, Ferrotec) coated with anionic surfactants was carried out using magnetic separation (MS)
technique, by alow gradient magnetic separation (LGMS) (<15 T m™ ') method, to improve their
performance as MPI tracers. Approach. The magnetophoretical behavior of the samples in different
concentrations ranging from 2 to 120 mmol 1~ ! was investigated over 24 h of separation. The samples
were characterized by dynamic light scattering (DLS), AC susceptibility (ACS), magnetic particle
spectroscopy (MPS) and they were imaged in a preclinical MPI scanner, before and after MS.

Main results. DLS results showed that by increasing the concentration from 2 to 120 mmol 1~ the
hydrodynamic diameter of MNP decrease from 75 to 47 nm and size distribution decrease from
0.19t0 0.11 after 4 min MS. In addition, the MPS results demonstrated the third harmonic amplitude
normalized to the iron amount (A5) and harmonic ratio (A5 /A;3) of signal increase from 8.38 to

10.59 Am® kg~ ' (Fe) and 24.21-26.60, respectively. Furthermore, the MPI images of the samples after
separation showed higher MPI resolution. Significance. Therefore, LGMS can be considered asa
valuable method to narrow and control the size distribution of MNP for MPL.

1. Introduction

Opver the last decades, medical imaging technologies such as computed tomography, ultrasound imaging,
magnetic resonance imaging (MRI), and positron emission tomography have been playing important roles in
clinical diagnosis (Arsalani et al 2019b, Umar and Atabo 2019). Compared to these traditional techniques,
magnetic particle imaging (MPI) is a rather young 3D imaging modality with high spatial and high temporal
resolution which allows tracking and quantification of magnetic nanoparticle (MNP) tracers such as iron oxide
nanoparticles IONP) (Duetal 2013, Wu et al 2019). IONP are the most frequently used MNP systems employed
in biomedical applications due to their high stability, high biocompatibility and magnetization, and low toxicity
(Arsalani et al 2018, 2019a, Araujo et al 2020).

The spatial resolution and sensitivity of the MPI images depend on the applied magnetic field and the
properties of the MNP tracers such as the core size, core size distribution, anisotropy of the magnetic core, and
surface modification of MNP (Du et al 2013, Ziemian et al 2018). Numerical simulations of Yoshida et al (2017)
showed that MPI image quality can efficiently be improved by employing MNP with narrow size distribution and
small anisotropy energy. In general, size distribution plays an essential role in biomedical applications, especially
in vivo, and it is extremely important for evaluation of magnetic properties of MNP (Pacakova et al 2017).
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Theoretically, particles with a broader size distribution tend to present a higher aggregation rate rather than those
with the same size (Petosa et al 2010, Mohammed et al 2017). Therefore, the large size distribution of MNP can lead
to aggregation, resulting in some drawbacks such as changing the magnetic properties of MNP or medical issues
(blood clotting, blocking blood vessels and circulation time) (Arami et al 2015, Gutiérrez et al 2019, Arsalani et al
2020). Therefore, some techniques are required and applied to reduce the size distribution. So far, several methods
have been reported for MNP such as magnetic field flow fractionation filtration (Latham et al 2005, Léwa et al
2015b), separation in electric fields (Stephens et al 2012), centrifugation (Dadfar et al 2020) and gradient magnetic
separation (MS) (Lowa et al 2015a).

Recently, MS technique, which commonly is classified into low gradient magnetic separation (LGMS)
(<100 T m™ ") and high gradient magnetic separation (>100 T m ') (De Las Cuevas et al 2008, Yeap et al 2017),
has gained a great attention in biotechnology applications ranging from wastewater treatments to biomedical
applications (Yavuz et al 2006, He et al 2014, Leong et al 2016). The motion of MNP in an inhomogeneous
magnetic field is known as magnetophoresis and is characterized by the separation time parameter which is
determined by the magnetophoretical velocities of the MNP. Generally, magnetophoresis processes are caused
by two principal different types: cooperative magnetophoresis which is a quick process enhanced by interactions
of particles, and noncooperative magnetophoresis which is a slow process caused by the movement of the
individual particles in magnetic fields (Andreu etal 2011, Leong et al 2020).

The magnetophoresis process depends on several parameters such as size, size distribution, zeta potential,
shape, magnetic moment, concentration of MNP and magnetic field gradient (Benelmekki et al 2011, Leong et al
2016, Leong et al 2017). Some researchers have been investigating the effect of these parameters on separation
time of MNP by magnetophoresis experiments. For instance, Lim et al studied the effect of MNP shape on
separation time, showing that the separation time of nanorods is shorter than of nanospheres (Lim et al 2014).
The effect of zeta potential on magnetophoretical behavior was investigated by Benelmekki et al (2011). They
found increased separation times for MNP with higher zeta potential. Furthermore, De Las Cuevas et al (2008)
investigated the effect of concentration on separation time for MNP over a few minutes of MS in a homogeneous
30 Tm ' gradient.

Mostly, inhomogeneous gradients are used in MS techniques. However, in an inhomogeneous magnetic
field gradient, the magnetic force on the MNP is different at every point of the system that can lead to an
uncontrolled and unrepeatable separation process. The significant advantage of using a homogeneous gradient
is that the MNP experience identical magnetic forces everywhere in the system and the separation process is
performed under more precisely controlled homogeneous conditions. Therefore, changes in the separation
processes can more directly be related to characteristics of MNP and/or sample viscosity. In the present study,
we treated the commercial IONP (EMG 700) with MS technique using a homogeneous magnetic field gradient
of 15T m ™, to improve their capability for biomedical applications such as MPI tracer. In addition, we
investigated the magnetophoretical behavior of IONP at different concentrations in the range 2—120 mmol 1™
over a 24 h time period. We demonstrate that LGMS is a quick and efficient technique to narrow the size
distribution of MNP in aqueous phase and to improve their magnetic properties for biomedical applications
such as MPI.

2. Materials and methods

2.1. Materials

In this work, commercial IONP (EMG 700, FerroTec) with 10 nm core size and zeta potential of —34 mV were
used. These MNP have a magnetite core (Fe;0,4) with an anionic surfactant coating. They are currently
employed in basic physics and biomedical research. A blue and black liquid ink were used as a control to study
the optical dynamic range of the detector of the magnetophoretic system. In this study, the samples were named
‘EM’ followed by their concentration value, for example an EM sample with 8 mmol ™! concentration was
denoted as ‘EMS’.

2.2.Magnetophoresis experiment

The magnetophoretical behavior of MNP in aqueous phase was studied by a magnetophoresis device (Sepmag
Systems, SL, Barcelona, Spain). This device provides a homogeneous magnetic field gradient and contains of
three cylindrical cavities, two of them for 2 ml volume tubes and one for a 15 ml tube. This device is designed to
provide a uniform magnetic gradient of 15T m ™" to supply uniform magnetophoretic conditions in the
cylindrical cavities. The magnetic force experienced by the magnetic particles is given by (Benelmekki er al 2012):

2



10P Publishing

Phys. Med. Biol. 66 (2021) 015002 S Arsalani et al

Magnetic force
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Figure 1. (a) Schematic setup of magnetophoresis device (top view) contains three cylindrical cavities, two of them for 2 ml volume
tubes and one for 15 ml tube. (b) The MS process for one tube is illustrated. Showing a hypothetical solution with a homogeneous
distribution of MNP at the beginning of the separation process (t = 0), at the intermediate stage (t = tso) and the final one (t = )
where the MNP have been moved towards the tube wall indicated by the orange coloring.

OH
E, = mMOE’ (D

where m is the magnetic moment of the nanoparticle, (i, is the magnetic constant, and %—Ij is the radial magnetic
gradient. The magnetic force causes the particles to move with a magnetophoretical velocity. The velocity of the
magnetic particles depends on the balance between the applied magnetic force and the drag force. The
magnitude of drag force can be evaluated by (Lim et al 2011):

F; = 3mndhv. ©))

Here, 1 is the viscosity of the carrier fluid, dh the hydrodynamic diameter and v the particle velocity.

The schematic setup and process of the magnetophoresis technique are depicted in figures 1(a), (b),
respectively. In this setup the optical measurement direction is perpendicular to the magnetic force direction
(figure 1(a)). The MNP in the sample volume move towards the wall of the sample tube with a certain velocity,
changing the transparency of the detection area of the light sensor over time (figure 1(b)). The half separation
time (¢s0) and slope (defined by the dimensionless exponent ‘p’) of magnetophoresis curves were calculated by

4 — 4 >) to the measurement data.

fitting a logistic function (y = A; + Tan/n)

2.3. Dynamic light scattering (DLS)

The hydrodynamic diameter (d,,) and polydispersity index (PDI) of samples were determined by DLS using a
Zetasizer system (Malvern Instruments, UK) to study the magnetophoresis behavior of samples and the effect of
concentration on the separation of agglomerated MNP in suspension during the MS process. About 200 1
sample volume were taken from the center of the Eppendorf cup at different time points during the separation
procedure. This device is equipped with a He/Ne laser with a wavelength of 632.8 nm illuminating the sample.
The scattered light is detected at a scattering angle of 173°. All measurements were performed at T = 20 °C. The
dy values are reported as intensity weighted average diameters.

2.4. AC susceptibility (ACS)

To determine the particle cluster sizes and the agglomeration of MNP, ACS measurements were performed
using a Dynomag system (Rise Acreo, Sweden) (Ahrentorp et al 2017). In this method, the real part (in-phase
component) ' and imaginary part (out-of-phase component) x” of the linear magnetic susceptibility are
measured at excitation frequencies in the range 1 Hz—500 kHz. All measurements were performed at 25 °C on
MNP suspensions with a volume of 100 pl. By fitting the experimental data to a Debye model (multi-core
model), which has been written in detail in reference (Ludwig et al 2017), d, and size distribution (¢) of MNP
clusters were determined.

2.5. Magnetic particle spectroscopy (MPS)

To investigate the magnetic properties of the samples the dynamic nonlinear magnetic susceptibility of samples,
before and after MS, was measured by a MPS device (MPS-3, Bruker Biospin, Germany) (Biederer et al 2009).
Furthermore, since MPS is based on the same physical principle as MPI, therefore it is a suitable technique for
tracer evaluation (Lowa et al 2015a). MPS device consists of a drive field coil and a receiving pick-up coil

3
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Figure 2. (a) Reproducibility of LGMS: four different samples of 8 mmol 17! concentration (EMS8), and (b) the subsequent repetitions
of the magnetophoresis experiments for one identical sample with 15 mmol 1~! concentration (EM15).

surrounded by an electromagnetic shielding. For measurements, we used a 30 1l sample volume filled into a
PCR tube placed in the pick-up coil system of the device. The nonlinear magnetic response of MNP was
recorded at a drive field amplitude of 25 mT and (fixed) excitation frequency (fexcire = 25 kHz) at 37 °C. After
filtering to suppress the excitation signal and Fourier transform the MPS spectrum of MNP shows amplitudes at
odd multiples of the excitation frequency (A; withi = 3,5, 7, etc). We used the third harmonic amplitude
normalized to the iron amount (A5") and the harmonic ratio A5 /A; as an indicator for the slope of the spectrum.

2.6. Magnetic particle imaging

MPI measurements were performed using a preclinical 3D-MPI system (Bruker BioSpin GmbH, Ettlingen,
Germany) working at three slightly different drive field frequencies of about 25 kHz for the three orthogonal
dimensions (, , z) using amplitudes of 12 mT and a selection gradient of 2.5 T m ™" in z-direction and

1.25 Tm" ' in x- and y-directions. Image reconstructions were performed based on the system function (SF)
approach in the frequency domain using a small (point-like) reference sample measured with identical
parameters for all MNP systems (25 x 25 x 13 voxels, 100 averages and subtraction of background measured
all 25 voxels and a repetition rate of 5). A more detailed description is given in (Rahmer et al 2009, 2012). To
compare MPI resolution for samples before and after MS, we applied 200 ul of EM 15 and EM 120 samples after
4 min of MS in a phantom consisting of a spiral channel with a quadratic cross-section of2 x 2 mm

20 x 20 x 4 mm’-plastic carrier (Kosch et al 2019). The concentrations of EM15 and EM120 samples after

4 min of separation were determined by phenanthroline spectrophotometric iron quantification assay about 10
and 55 mmol 17}, respectively. Therefore, we diluted EM15 and EM 120 samples to the same concentration (10
and 55 mmol 1), without inserting in the MS system, compared to the samples after MS and applied them in

4
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Figure 3. (a) The magnetophoresis curve of EM10 over a 14 h time period, and (b) DLS of EM10 sample at t, before separation, t; after
3 min, t, after 50 min, and #; after 3 h of inserting sample in separation system.
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Figure 4. (a), (b) X’ and x” of ACS versus excitation frequency of EM10 sample before introducing the sample in separation system,
after 3 min, 50 min, and 3 h of inserting sample in separation system. The vertical black line marks the peak position of " of the
sample before MS to better visualize the peak shift during the MS run.

the MPI measurements. Four SFs of the tracer were recorded, before and after the MS and for 10 and

55 mmol1~'. Image reconstructions with a field of view 0f 25 x 25 x 13mm’and1 x 1 x 1 mm’ voxel size
was performed using a signal-to-noise-ratio (SNR) > 4, 20 Kaczmarz-iterations, and a regularization parameter
A=10"

3. Results

The reproducibility of the separation runs was investigated by recording the magnetophoresis curves of four EM
samples with the same concentration of 8 mmol 17! (EMS) for 3000 s (figure 2(a)). The mean 5y and p of these
curves were 81(1.3) s and 3(0.06), respectively. As can be seen, the relative standard deviations of both values of
about 2% underline the high reproducibility conditions of the separation system.

Furthermore, the reversibility of magnetophoresis process was studied by recording eight times the
magnetophoresis curve of one identical EM sample with a concentration of 15 mmol 1~! (EM15) for 500 s. In
figure 2(b) the recorded curves of the eight measurements show no significant changes in amplitude and shape.
The average t5o and p of the curves were 66(2) s and 2.8(0.3), respectively. Therefore, magnetophoresis process
can be considered as a reversible process.

The magnetophoretical behavior of a sample with 10 mmol 1" concentration (EM10) was shown in
figure 3(a) over a 14 h time period. The magnetophoresis curve of this sample consists of two distinct steps which
can be ascribed to the extraction of MNP with different sizes. To clarify this, we determined dj, and PDI by DLS
for the EM 10 sample material in different time point of separation process. Figure 3(b) shows the DLS curves of
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Figure 6. (2) The magnetophoresis curve of EM samples in different concentrations ranging from 2 to 120 mmol 1" for 24 hina
15T m ™' gradient field, and (b), (c) the primary opacity as a function of MNP and ink concentration, respectively.

Table 1. The characteristics of the EM10 sample before MS and during 3 h of MS by DLS, ACS and MPS.

Sample EM10 d, DLS (nm) PDIDLS d, ACS (nm) o ACS A¥ (Am*kg ™" (Fe)) As/A; (%)
Before MS (f) 113 0.25 50.0 2.16 7.46 23.37
After 3 min MS (#,) 62 0.14 40.7 1.79 9.35 24.73
After 50 min MS (1,) 56 0.13 37.5 1.75 9.38 25.05
After 3 h MS (t5) 44 0.11 26.5 1.75 10.09 25.97

the EM 10 before applying the magnetic field gradient (time point f,), e.g. before introducing the sample into the
separation device, f; = 3 min shortly after the first step, t, = 50 min, and ¢; = 3 h during the second step.
Asitcanbe seen in table 1 the d;, and PDI significantly changes (about 45%) from £, to #;, while a slight
difference is observed in the PDI for time points later than ;. These results show that the MS removes magnetic
entities of different sizes.
The ACS measurements for EM10 sample at different time points during the separation process were shown
in figures 4(a), (b). The signal in both x’ and x” decrease with increasing separation time up to 3 h. Furthermore,
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Figure 7. (a) DLS measurements of samples before and 4 min after MS, and (b), (c) d;, and PDI of samples 4 min after MS.

Figure 8. Picture of the phantom filled with 200 .l of tracer.

there is a clear frequency shift of the maxima of x’ and x” components in all samples, starting with an EM sample
before MS and followed by a significant shift after 3 min, 50 min and 3 h of MS. Figure 4(b) shows that the x”
peak shifts towards higher frequencies after 3 h of separation which indicates a reduction of the MNP size.

Table 1 shows the dj, and o considerably reduced after 3 min of separation, while minor differences can be
observed afterwards (50 min, 3 h).

The third harmonic amplitude normalized to the iron amount (A5) and harmonic ratio As /A; of MPS
signal versus separation time for EM 10 sample have shown in figures 5(a), (b), respectively. Table 1 shows that
the A;f and A; /A; parameters improve about 35% and 11%, respectively, after up to 3 h of separation.

Furthermore, the magnetophoretical behavior of EM samples with different concentrations from 2 to
120 mmol 1" for 24 h separation was recorded (figure 6(a)). The results show the primary opacity samples
increase and separation time decrease by increasing the concentration of MNP up to 15 mmol 1, then for
higher concentrations the primary opacity does not considerably change and the first step disappeared
(figure 6(a)), that can be attributed to the opacity saturation for high concentrated sample. To verify this, we
recorded the primary opacity of two colors of inks such as black and blue with increasing percentage of
concentration (0.1-100, v/v). The results (figure 6(c)) show that opacity gets saturated for samples at high ink
concentrations, confirming the saturated opacity for EM samples with high concentrations of MNP.

7
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Before MS After 4 min MS

10 mmol/L

55 mmol/L

Figure 9. Reconstructed MPI images of phantoms using 10 and 55 mmol 1~ of EM samples before and after MS. The bounding box
has the size of 25 mm in x-direction (red arrow) and y-direction (green arrow) and 13 mm in z-direction (blue arrow) related to the
size of the system function.

Table 2. DLS and MPS measurements of all EM samples after 4 min of MS.

dh PDI
(DLS) (DLS) Af (Am?
Samples (nm) (nm) kg~ (Fe)) As/A5 (%)
EM2 75 0.19 8.38 24.21
EM4 71 0.17 8.60 24.20
EM38 59 0.15 8.72 24.41
EM15 57 0.14 9.21 24.77
EM30 56 0.14 10.19 25.21
EM60 51 0.12 10.38 25.57
EM120 47 0.11 10.59 26.60

The DLS measurements of the EM samples with different concentrations for the time point ¢ = 4 min of MS
were shown in figure 7(a). As mentioned before, we ascribe this first accumulation to be caused by agglomerated
MNP occurring within the first 4 min of separation (figure 6(a)).

In figures 7(b), (c) it can be seen that both dj, and PDI of the samples significantly decrease with regard to
their MNP concentration within the first 4 min of MS.

The AJfand A; /A; parameters of each sample were determined 4 min after MS to evaluate samples as MPI
tracers. The results show the improvement of both A;* and As /A; by increasing the concentration of MNP in
suspension. Table 2 summarizes parameters extracted from DLS and MPS measurements for EM samples
extracted 4 min after MS.
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Table 3. Selected frequency components for image
reconstruction by the SNR > 4.

Usable frequency components Before MS After MS
10 mmol I 337 424
55mmol 1! 998 1253

The image of the phantom filled with 200 pl of tracer is shown in figure 8 to compare with the reconstructed
MPI images. The images of EM15 and EM120 samples after 4 min of separation with 10 and 55 mmol 1~
concentrations, respectively, and EM samples without applying separation diluted to the same concentration are
shown in figure 9. For both concentrations a higher MPI image resolution was obtained compared to the
respective sample before MS.

We observe this benefit of MS already during the image reconstructions by the number of usable frequency
components selected by the SNR > 4 for both EM15 and EM 120 samples. The MS improves the SNR of the
recorded SFs and in this matter the number of usable frequency components for the image reconstruction is
increased, see table 3. The image reconstruction results in better resolution and less artefacts by the increased
SNR in the MPI signal. Applying the resolution analysis in (Kosch et al 2019) determined by the reconstructed
gap between the neighboring channels, we achieve for 10 mmol 1" before MS a resolution limit of 4.0 mm and
after MS of about 2.5 mm and for higher concentration of 55 mmol 1" a resolution of about 2.1 mm before MS
and after MS of about 1.7 mm.

4. Discussion

Our results show that the magnetophoresis process for EM is reproducible and reversible and thus, makes the
experiments more reliable. The advantage of the reversible process is the possibility of several measurement
repetitions of the same sample leading to more trustworthy data. In addition, since the agglomeration/
accumulation of MNPs is reversible, samples after MS can directly be applied for other applications or
measurements, therefore not wasting any sample material.

The magnetophoresis curve of EM10 showed two distinct steps over a 14 h time period (figure 3(a)).
Corresponding DLS results of samples taken at different time points of separation (f,—t3) strongly suggest the
separation of magnetic entities of different sizes. First, larger individual MNP or MNP agglomerates are removed. Due
to their larger magnetic moment they are moved by stronger attractive forces to the Eppendorf wall. Furthermore,
these larger MNP could tend to form fast moving aggregates (e.g. chains), which result in the observed smaller dj, and
PDI after f; (3 min after separation), as well. After accumulation of those MNP at the wall, remaining smaller MNP, are
more slowly moved towards the wall leading to the second accumulation. Furthermore, the corresponding ACS results
of these samples demonstrate that the dj, and o are significantly reduced after #; suggesting the elimination of
agglomerated MNP from the suspension during 3 min of MS for this sample. These results confirm the DLS results,
however, the dj, measured by DLS is larger compared to the ACS result. Note that the DLS scattering intensity depends
on the 6th power of the particle size leading to an over-interpretation of the average size, especially in heterogeneous
samples (see the supporting information is available online at stacks.iop.org/PMB/66 /015002 /mmedia for DLS
curves as number average diameters at different time points of separation). For this EM sample, both the A5 and
As /A3 MPS parameters increase with separation time that can be attributed to the removal of agglomerated MNP
from the suspension and narrowing the magnetic moment distribution, resulting in improved the performance of this
sample in biomedical applications such as MPL

Al MNP based biomedical applications like MPI, MRI, drug delivery and hyperthermia, demand to apply
MNP of specific size, size distribution and magnetic behavior to obtain optimum performance. Therefore, time-
controlled separation of MNP can be used to isolate the suitable size distribution and efficient magnetic
properties of MNP (see the results for EM10 sample in table 1) for a desired biomedical application. Recent
studies have reported a sequential centrifugation protocol to control the size and size distribution of MNP for
application in MPI, MRI and hyperthermia (Dadfar et al 2020). By this, the improved imaging and hyperthermia
performance after a sequential centrifugation was demonstrated. However, sequential centrifugation is a time-
consuming and complex process to separate the MNP. By using the MS system, these limitations are overcome
making it more rapid, facile, controllable and reproducible.

Furthermore, the magnetophoresis results of EM samples with different concentrations showed that the
separation time decreases with increasing the MNP concentration from 2 to 15 mmol 1~ (figure 6(a)). In the
magnetophoresis curve of the sample with the lowest concentration, EM2, no significant accumulation was
observed that can be attributed to the low number of MNP in suspension which results in lower interactions of
MNP with neighbors and no chains or aggregates are formed. Therefore, a slower separation process will occur
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for this sample. This result is in a good agreement with the studies that were reported by De Las Cuevas et al
(2008). They also showed that the separation time decreases by increasing the concentrations from 0.1 to
180 mmol 17" (0.01-10 g1~ ") ina homogeneous 30 T m ™' gradient. However, in the present study, we used a
magnetophoresis device with a 15T m™ ' gradient thus providing less magnetic forces on the MNP. Note, the
magnetophoresis systems based on their size have different magnitude of gradient, for instance magnetophoresis
systems that provide bigger sample container have a higher magnetic field gradient than 15T m ™' in order to
provide bigger magnetic forces, decreasing the separation time of MNP.

Moreover, the magnetophoresis results showed that by further increasing the MNP concentration
(>30 mmol 1" ") the opacity gets saturated so that the first step for these samples (figure 6(a)) is no longer visible.
In this case, the MNP concentrations are too high so that the photo diode is no longer capable to resolve
concentration changes occurring during the removal of larger entities. The resulting disappearance of the first
MNP accumulation at highly concentrated samples is a limitation of the magnetophoresis system that we used.

The DLS and MPS results of EM samples showed that dj, and PDI decreases and the A;* and A5 /A,
parameters increase with increasing MNP concentration from 2 to 120 mmol 1" within the time point
t =4 min of MS. Increasing the concentrations of MNP in suspension leads to an increase of the interactions
between MNP and making longer chains and aggregations favorable. Therefore, agglomerated MNP which
possess larger size and magnetic moment move faster towards the Eppendorf wall (De Las Cuevas et al 2008),
whereby particles with smaller dj, and PDI remain in the Eppendorf center used for detection by the photo diode.
Therefore, based on the obtained results in table 2 it can be concluded that the separation process is more
effective and quicker for samples with high concentrations, such as 120 mmol 1, and that these samples already
after the short separation time of 4 min exhibit the lowest PDI and highest A5 /A3 and thus, can be considered as
most efficient MPI tracers compared to the other samples. As a result, the sample after 4 min separation showed
ahigher MPI image resolution compare to the non-separated one as displayed in figure 9. Therefore, by applying
the magnetophoresis system for a short separation time only for a few minutes we can improve the magnetic
properties of samples, resulting in improved MPI performance.

Based on all the aforementioned discussion and experimental data one of the possible future works with MS
system is to study the aggregation behavior of MNP with different size, zeta potential and surface coating in
different biological media, for instance blood plasma.

5. Conclusion

In this work we employed commercial IONP (EM) in aqueous phase for LGMS (<15 T m ™) to improve their
performance as MPI tracer. We demonstrated that the LGMS technique is capable of separating larger MNP
entities from the suspension in a short period of time which allowed us to adjust the size distribution and
magnetic properties of MNP via time-controlled MS. Finally, EM samples after LGMS showed higher image
resolution in MPI compared to the sample in initial state. Therefore, it can be concluded that the LGMS method
is an efficient, reproducible and fast method for MNP size selection and capable of adjusting the functional
properties of MNP for biomedical applications.
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