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Abstract
Magnetic particle imaging (MPI) is a promisingmedical imaging technique for visualizing the three-
dimensional distribution of tracermaterials, specifically iron oxide nanoparticles (IONP). The
optimization ofmagnetic 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
(EMG700, Ferrotec) coatedwith anionic surfactants was carried out usingmagnetic separation (MS)
technique, by a low gradientmagnetic separation (LGMS) (<15Tm−1)method, to improve their
performance asMPI tracers.Approach.Themagnetophoretical behavior of the samples in different
concentrations ranging from2 to 120mmol l−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 theywere imaged in a preclinicalMPI scanner, before and afterMS.
Main results.DLS results showed that by increasing the concentration from2 to 120mmol l−1 the
hydrodynamic diameter ofMNPdecrease from75 to 47 nmand size distribution decrease from
0.19 to 0.11 after 4minMS. In addition, theMPS results demonstrated the third harmonic amplitude
normalized to the iron amount ( )A3* and harmonic ratio ( )/A A5 3 of signal increase from8.38 to
10.59Am2 kg−1 (Fe) and 24.21–26.60, respectively. Furthermore, theMPI images of the samples after
separation showed higherMPI resolution. Significance.Therefore, LGMS can be considered as a
valuablemethod to narrow and control the size distribution ofMNP forMPI.

1. Introduction

Over 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 andAtabo 2019). Compared to these traditional techniques,
magnetic particle imaging (MPI) is a rather young 3D imagingmodality with high spatial and high temporal
resolutionwhich allows tracking and quantification ofmagnetic nanoparticle (MNP) tracers such as iron oxide
nanoparticles (IONP) (Du et al 2013,Wu et al 2019). IONP are themost frequently usedMNP systems employed
in biomedical applications due to their high stability, high biocompatibility andmagnetization, and low toxicity
(Arsalani et al 2018, 2019a, Araujo et al 2020).

The spatial resolution and sensitivity of theMPI images dependon the appliedmagneticfield and the
properties of theMNP tracers such as the core size, core size distribution, anisotropy of themagnetic core, and
surfacemodification ofMNP (Du et al 2013, Ziemian et al 2018). Numerical simulations ofYoshida et al (2017)
showed thatMPI image quality can efficiently be improved by employingMNPwith narrow size distribution and
small anisotropy energy. In general, size distribution plays an essential role inbiomedical applications, especially
in vivo, and it is extremely important for evaluationofmagnetic properties ofMNP (Pacakova et al2017).

OPEN ACCESS

RECEIVED

17 June 2020

REVISED

29October 2020

ACCEPTED FOR PUBLICATION

23November 2020

PUBLISHED

8 January 2021

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2021TheAuthor(s). Published on behalf of Institute of Physics and Engineering inMedicine by IOPPublishing Ltd

https://doi.org/10.1088/1361-6560/abcd19
https://orcid.org/0000-0002-1957-7956
https://orcid.org/0000-0002-1957-7956
https://orcid.org/0000-0002-0622-2814
https://orcid.org/0000-0002-0622-2814
mailto:sarsalani@usb.br
https://doi.org/10.1088/1361-6560/abcd19
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6560/abcd19&domain=pdf&date_stamp=2021-01-08
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6560/abcd19&domain=pdf&date_stamp=2021-01-08
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


Theoretically, particleswith a broader size distribution tend topresent a higher aggregation rate rather than those
with the same size (Petosa et al2010,Mohammed et al2017). Therefore, the large size distribution ofMNPcan lead
to aggregation, resulting in somedrawbacks such as changing themagnetic properties ofMNPormedical issues
(blood clotting, blocking blood vessels and circulation time) (Arami et al2015,Gutiérrez et al 2019, Arsalani et al
2020). Therefore, some techniques are required andapplied to reduce the size distribution. So far, severalmethods
have been reported forMNP such asmagneticfieldflow fractionationfiltration (Latham et al2005, Löwa et al
2015b), separation in electricfields (Stephens et al2012), centrifugation (Dadfar et al2020) and gradientmagnetic
separation (MS) (Löwa et al 2015a).

Recently,MS technique, which commonly is classified into low gradientmagnetic separation (LGMS)
(<100 Tm−1) and high gradientmagnetic separation (>100 Tm−1) (De Las Cuevas et al 2008, Yeap et al 2017),
has gained a great attention in biotechnology applications ranging fromwastewater treatments to biomedical
applications (Yavuz et al 2006,He et al 2014, Leong et al 2016). Themotion ofMNP in an inhomogeneous
magnetic field is known asmagnetophoresis and is characterized by the separation time parameter which is
determined by themagnetophoretical velocities of theMNP.Generally,magnetophoresis processes are caused
by two principal different types: cooperativemagnetophoresis which is a quick process enhanced by interactions
of particles, and noncooperativemagnetophoresis which is a slow process caused by themovement of the
individual particles inmagnetic fields (Andreu et al 2011, Leong et al 2020).

Themagnetophoresis process depends on several parameters such as size, size distribution, zeta potential,
shape,magneticmoment, concentration ofMNPandmagnetic 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 ofMNPbymagnetophoresis experiments. For instance, Lim et al studied the effect ofMNP 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 onmagnetophoretical behavior was investigated by Benelmekki et al (2011). They
found increased separation times forMNPwith higher zeta potential. Furthermore,DeLas Cuevas et al (2008)
investigated the effect of concentration on separation time forMNPover a fewminutes ofMS in a homogeneous
30Tm−1 gradient.

Mostly, inhomogeneous gradients are used inMS techniques. However, in an inhomogeneousmagnetic
field gradient, themagnetic force on theMNP 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 theMNP experience identicalmagnetic forces everywhere in the system and the separation process is
performed undermore precisely controlled homogeneous conditions. Therefore, changes in the separation
processes canmore directly be related to characteristics ofMNP and/or sample viscosity. In the present study,
we treated the commercial IONP (EMG700)withMS technique using a homogeneousmagnetic field gradient
of 15 T m−1, to improve their capability for biomedical applications such asMPI tracer. In addition, we
investigated themagnetophoretical behavior of IONP at different concentrations in the range 2–120 mmol l−1

over a 24 h time period.We demonstrate that LGMS is a quick and efficient technique to narrow the size
distribution ofMNP in aqueous phase and to improve theirmagnetic properties for biomedical applications
such asMPI.

2.Materials andmethods

2.1.Materials
In this work, commercial IONP (EMG700, FerroTec)with 10 nmcore size and zeta potential of−34mVwere
used. TheseMNPhave amagnetite core (Fe3O4)with an anionic surfactant coating. They are currently
employed in basic physics and biomedical research. A blue and black liquid inkwere used as a control to study
the optical dynamic range of the detector of themagnetophoretic system. In this study, the samples were named
‘EM’ followed by their concentration value, for example an EM sample with 8 mmol l−1 concentrationwas
denoted as ‘EM8’.

2.2.Magnetophoresis experiment
Themagnetophoretical behavior ofMNP in aqueous phase was studied by amagnetophoresis device (Sepmag
Systems, SL, Barcelona, Spain). This device provides a homogeneousmagnetic field gradient and contains of
three cylindrical cavities, two of them for 2ml volume tubes and one for a 15ml tube. This device is designed to
provide a uniformmagnetic gradient of 15 Tm−1 to supply uniformmagnetophoretic conditions in the
cylindrical cavities. Themagnetic force experienced by themagnetic particles is given by (Benelmekki et al 2012):
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wherem is themagneticmoment of the nanoparticle, 0m is themagnetic constant, and H
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is the radialmagnetic
gradient. Themagnetic force causes the particles tomovewith amagnetophoretical velocity. The velocity of the
magnetic particles depends on the balance between the appliedmagnetic force and the drag force. The
magnitude of drag force can be evaluated by (Lim et al 2011):

( )F v3 dh . 2d ph=

Here, h is the viscosity of the carrierfluid, dh the hydrodynamic diameter and v the particle velocity.
The schematic setup and process of themagnetophoresis technique are depicted infigures 1(a), (b),

respectively. In this setup the opticalmeasurement direction is perpendicular to themagnetic force direction
(figure 1(a)). TheMNP in the sample volumemove towards thewall of the sample tubewith a certain velocity,
changing the transparency of the detection area of the light sensor over time (figure 1(b)). The half separation
time (t50) and slope (defined by the dimensionless exponent ‘p’) ofmagnetophoresis curves were calculated by

fitting a logistic function ( ( )
( )

y A A A

x x2 1 p
1 2

0
= + -

+
) to themeasurement data.

2.3.Dynamic light scattering (DLS)
The hydrodynamic diameter (dh) and polydispersity index (PDI) of samples were determined byDLS using a
Zetasizer system (Malvern Instruments, UK) to study themagnetophoresis behavior of samples and the effect of
concentration on the separation of agglomeratedMNP in suspension during theMSprocess. About 200μl
sample volumewere taken from the center of the Eppendorf cup at different time points during the separation
procedure. This device is equippedwith aHe/Ne laserwith awavelength of 632.8 nm illuminating the sample.
The scattered light is detected at a scattering angle of 173°. Allmeasurements were performed atT=20 °C.The
dh values are reported as intensity weighted average diameters.

2.4. AC susceptibility (ACS)
Todetermine the particle cluster sizes and the agglomeration ofMNP, ACSmeasurements were performed
using aDynomag system (Rise Acreo, Sweden) (Ahrentorp et al 2017). In thismethod, the real part (in-phase
component)χ′ and imaginary part (out-of-phase component)χ″ of the linearmagnetic susceptibility are
measured at excitation frequencies in the range 1Hz–500 kHz. Allmeasurements were performed at 25 °Con
MNP suspensions with a volume of 100μl. Byfitting the experimental data to aDebyemodel (multi-core
model), which has beenwritten in detail in reference (Ludwig et al 2017), dh and size distribution (σ) ofMNP
clusters were determined.

2.5.Magnetic particle spectroscopy (MPS)
To investigate themagnetic properties of the samples the dynamic nonlinearmagnetic susceptibility of samples,
before and afterMS, wasmeasured by aMPS device (MPS-3, Bruker Biospin, Germany) (Biederer et al 2009).
Furthermore, sinceMPS is based on the same physical principle asMPI, therefore it is a suitable technique for
tracer evaluation (Löwa et al 2015a).MPS device consists of a drive field coil and a receiving pick-up coil

Figure 1. (a) Schematic setup ofmagnetophoresis device (top view) contains three cylindrical cavities, two of them for 2ml volume
tubes and one for 15ml tube. (b)TheMSprocess for one tube is illustrated. Showing a hypothetical solutionwith a homogeneous
distribution ofMNPat the beginning of the separation process (t=0), at the intermediate stage (t=t50) and thefinal one (t=tf)
where theMNPhave beenmoved towards the tubewall indicated by the orange coloring.
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surrounded by an electromagnetic shielding. Formeasurements, we used a 30μl sample volume filled into a
PCR tube placed in the pick-up coil systemof the device. The nonlinearmagnetic response ofMNPwas
recorded at a drivefield amplitude of 25mT and (fixed) excitation frequency ( fexcite=25 kHz) at 37 °C.After
filtering to suppress the excitation signal and Fourier transform theMPS spectrumofMNP shows amplitudes at
oddmultiples of the excitation frequency (Ai with i=3, 5, 7, etc).We used the third harmonic amplitude
normalized to the iron amount ( )A3* and the harmonic ratio /A A5 3 as an indicator for the slope of the spectrum.

2.6.Magnetic particle imaging
MPImeasurements were performed using a preclinical 3D-MPI system (Bruker BioSpinGmbH, Ettlingen,
Germany)working at three slightly different drivefield frequencies of about 25 kHz for the three orthogonal
dimensions (x, y, z) using amplitudes of 12mT and a selection gradient of 2.5 Tm−1 in z-direction and
1.25 Tm−1 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 samplemeasuredwith identical
parameters for allMNP systems (25×25×13 voxels, 100 averages and subtraction of backgroundmeasured
all 25 voxels and a repetition rate of 5). Amore detailed description is given in (Rahmer et al 2009, 2012). To
compareMPI resolution for samples before and afterMS, we applied 200μl of EM15 and EM120 samples after
4 min ofMS in a phantom consisting of a spiral channel with a quadratic cross-section of 2×2mm
20×20×4mm3-plastic carrier (Kosch et al 2019). The concentrations of EM15 and EM120 samples after
4 min of separationwere determined by phenanthroline spectrophotometric iron quantification assay about 10
and 55 mmol l−1, respectively. Therefore, we diluted EM15 and EM120 samples to the same concentration (10
and 55 mmol l−1), without inserting in theMS system, compared to the samples afterMS and applied them in

Figure 2. (a)Reproducibility of LGMS: four different samples of 8 mmol l−1 concentration (EM8), and (b) the subsequent repetitions
of themagnetophoresis experiments for one identical samplewith 15 mmol l−1 concentration (EM15).
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theMPImeasurements. Four SFs of the tracer were recorded, before and after theMS and for 10 and
55 mmol l−1. Image reconstructions with a field of view of 25×25×13mm3 and 1×1×1mm3 voxel size
was performed using a signal-to-noise-ratio (SNR)� 4, 20Kaczmarz-iterations, and a regularization parameter
λ=10−5.

3. Results

The reproducibility of the separation runswas investigated by recording themagnetophoresis curves of four EM
samples with the same concentration of 8 mmol l−1 (EM8) for 3000 s (figure 2(a)). Themean t50 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 ofmagnetophoresis process was studied by recording eight times the
magnetophoresis curve of one identical EM sample with a concentration of 15 mmol l−1 (EM15) for 500 s. In
figure 2(b) the recorded curves of the eightmeasurements showno significant changes in amplitude and shape.
The average t50 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.

Themagnetophoretical behavior of a samplewith 10 mmol l−1 concentration (EM10)was shown in
figure 3(a) over a 14 h time period. Themagnetophoresis curve of this sample consists of two distinct steps which
can be ascribed to the extraction ofMNPwith different sizes. To clarify this, we determined dh and PDI byDLS
for the EM10 samplematerial in different time point of separation process. Figure 3(b) shows theDLS curves of

Figure 3. (a)Themagnetophoresis curve of EM10 over a 14 h time period, and (b)DLS of EM10 sample at t0 before separation, t1 after
3 min, t2 after 50 min, and t3 after 3 h of inserting sample in separation system.

Figure 4. (a), (b)χ′ andχ″ 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 linemarks the peak position ofχ″ of the
sample beforeMS to better visualize the peak shift during theMS run.
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the EM10 before applying themagnetic field gradient (time point t0), e.g. before introducing the sample into the
separation device, t1=3 min shortly after the first step, t2=50 min, and t3=3 h during the second step.

As it can be seen in table 1 the dh and PDI significantly changes (about 45%) from t0 to t1, while a slight
difference is observed in the PDI for time points later than t1. These results show that theMS removesmagnetic
entities of different sizes.

TheACSmeasurements for EM10 sample at different time points during the separation process were shown
infigures 4(a), (b). The signal in bothχ′ andχ″ decrease with increasing separation time up to 3 h. Furthermore,

Figure 5.Variation of (a) A ,3* and (b) /A A5 3 MPSparameters for EM10 sample during 3 h of separation time.

Figure 6. (a)Themagnetophoresis curve of EM samples in different concentrations ranging from 2 to 120mmol l−1 for 24 h in a
15 Tm−1 gradient field, and (b), (c) the primary opacity as a function ofMNPand ink concentration, respectively.

Table 1.The characteristics of the EM10 sample beforeMS and during 3 h ofMS byDLS, ACS andMPS.

Sample EM10 dhDLS (nm) PDIDLS dhACS (nm) σACS A3* (Am
2 kg−1 (Fe)) A5/A3 (%)

BeforeMS (t0) 113 0.25 50.0 2.16 7.46 23.37

After 3 minMS (t1) 62 0.14 40.7 1.79 9.35 24.73

After 50 minMS (t2) 56 0.13 37.5 1.75 9.38 25.05

After 3 hMS (t3) 44 0.11 26.5 1.75 10.09 25.97
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there is a clear frequency shift of themaxima ofχ′ andχ″ components in all samples, starting with an EM sample
beforeMS and followed by a significant shift after 3 min, 50 min and 3 h ofMS. Figure 4(b) shows that theχ″
peak shifts towards higher frequencies after 3 h of separationwhich indicates a reduction of theMNP size.

Table 1 shows the dh andσ considerably reduced after 3 min of separation, whileminor differences can be
observed afterwards (50 min, 3 h).

The third harmonic amplitude normalized to the iron amount ( )A3* and harmonic ratio /A A5 3 ofMPS
signal versus separation time for EM10 sample have shown in figures 5(a), (b), respectively. Table 1 shows that
the A3* and /A A5 3 parameters improve about 35% and 11%, respectively, after up to 3 h of separation.

Furthermore, themagnetophoretical behavior of EM samples with different concentrations from2 to
120mmol l−1 for 24 h separationwas recorded (figure 6(a)). The results show the primary opacity samples
increase and separation time decrease by increasing the concentration ofMNPup to 15 mmol l−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 bluewith 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 ofMNP.

Figure 7. (a)DLSmeasurements of samples before and 4 min afterMS, and (b), (c) dh and PDI of samples 4 min afterMS.

Figure 8.Picture of the phantom filledwith 200μl of tracer.
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TheDLSmeasurements of the EM samples with different concentrations for the time point t=4 min ofMS
were shown infigure 7(a). Asmentioned before, we ascribe this first accumulation to be caused by agglomerated
MNPoccurring within the first 4 min of separation (figure 6(a)).

Infigures 7(b), (c) it can be seen that both dh andPDI of the samples significantly decreasewith regard to
theirMNP concentrationwithin the first 4 min ofMS.

The A3* and /A A5 3 parameters of each sample were determined 4 min afterMS to evaluate samples asMPI
tracers. The results show the improvement of both A3* and /A A5 3 by increasing the concentration ofMNP in
suspension. Table 2 summarizes parameters extracted fromDLS andMPSmeasurements for EM samples
extracted 4 min afterMS.

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

Table 2.DLS andMPSmeasurements of all EM samples after 4 min ofMS.

Samples

dh

(DLS)
(nm)

PDI

(DLS)
(nm)

A3* (Am
2

kg−1 (Fe)) A5/A3 (%)

EM2 75 0.19 8.38 24.21

EM4 71 0.17 8.60 24.20

EM8 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
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The image of the phantom filledwith 200μl of tracer is shown infigure 8 to comparewith the reconstructed
MPI images. The images of EM15 andEM120 samples after 4 min of separationwith 10 and 55mmol l−1

concentrations, respectively, and EM samples without applying separation diluted to the same concentration are
shown infigure 9. For both concentrations a higherMPI image resolutionwas obtained compared to the
respective sample beforeMS.

We observe this benefit ofMS already during the image reconstructions by the number of usable frequency
components selected by the SNR� 4 for both EM15 and EM120 samples. TheMS improves the SNRof the
recorded SFs and in thismatter 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 theMPI signal. Applying the resolution analysis in (Kosch et al 2019) determined by the reconstructed
gap between the neighboring channels, we achieve for 10 mmol l−1 beforeMS a resolution limit of 4.0mmand
afterMS of about 2.5mmand for higher concentration of 55mmol l−1 a resolution of about 2.1mmbeforeMS
and afterMS of about 1.7mm.

4.Discussion

Our results show that themagnetophoresis process for EM is reproducible and reversible and thus,makes the
experimentsmore reliable. The advantage of the reversible process is the possibility of severalmeasurement
repetitions of the same sample leading tomore trustworthy data. In addition, since the agglomeration/
accumulation ofMNPs is reversible, samples afterMS can directly be applied for other applications or
measurements, therefore notwasting any samplematerial.

Themagnetophoresis curveofEM10 showed twodistinct stepsover a14h timeperiod (figure 3(a)).
CorrespondingDLS results of samples takenatdifferent timepoints of separation (t0–t3) strongly suggest the
separationofmagnetic entities of different sizes. First, larger individualMNPorMNPagglomerates are removed.Due
to their largermagneticmoment they aremovedby stronger attractive forces to theEppendorfwall. Furthermore,
these largerMNPcould tend to formfastmoving aggregates (e.g. chains), which result in theobserved smallerdh and
PDI after t1 (3minafter separation), aswell. After accumulationof thoseMNPat thewall, remaining smallerMNP, are
more slowlymoved towards thewall leading to the secondaccumulation. Furthermore, the correspondingACS results
of these samplesdemonstrate that thedh andσ are significantly reducedafter t1 suggesting the eliminationof
agglomeratedMNPfromthe suspensionduring 3minofMS for this sample.These results confirmtheDLS results,
however, thedhmeasuredbyDLS is larger compared to theACS result.Note that theDLS scattering intensity depends
on the6thpowerof theparticle size leading to anover-interpretationof the average size, especially inheterogeneous
samples (see the supporting information is available online at stacks.iop.org/PMB/66/015002/mmedia forDLS
curves asnumber averagediameters at different timepoints of separation). For thisEMsample, both the A3* and
/A A5 3 MPSparameters increasewith separation time that canbe attributed to the removal of agglomeratedMNP

fromthe suspensionandnarrowing themagneticmomentdistribution, resulting in improved theperformanceof this
sample inbiomedical applications suchasMPI.

AllMNPbased biomedical applications likeMPI,MRI, drug delivery and hyperthermia, demand to apply
MNPof specific size, size distribution andmagnetic behavior to obtain optimumperformance. Therefore, time-
controlled separation ofMNP can be used to isolate the suitable size distribution and efficientmagnetic
properties ofMNP (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 ofMNP for
application inMPI,MRI and hyperthermia (Dadfar et al 2020). By this, the improved imaging and hyperthermia
performance after a sequential centrifugationwas demonstrated. However, sequential centrifugation is a time-
consuming and complex process to separate theMNP. By using theMS system, these limitations are overcome
making itmore rapid, facile, controllable and reproducible.

Furthermore, themagnetophoresis results of EM samples with different concentrations showed that the
separation time decreases with increasing theMNP concentration from2 to 15 mmol l−1 (figure 6(a)). In the
magnetophoresis curve of the sample with the lowest concentration, EM2, no significant accumulationwas
observed that can be attributed to the lownumber ofMNP in suspensionwhich results in lower interactions of
MNPwith neighbors and no chains or aggregates are formed. Therefore, a slower separation process will occur

Table 3. Selected frequency components for image
reconstruction by the SNR� 4.

Usable frequency components BeforeMS AfterMS

10 mmol l−1 337 424

55mmol l−1 998 1253
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for this sample. This result is in a good agreementwith the studies that were reported byDe Las Cuevas et al
(2008). They also showed that the separation time decreases by increasing the concentrations from0.1 to
180 mmol l−1 (0.01–10 g l−1) in a homogeneous 30Tm−1 gradient. However, in the present study, we used a
magnetophoresis devicewith a 15Tm−1 gradient thus providing lessmagnetic forces on theMNP.Note, the
magnetophoresis systems based on their size have differentmagnitude of gradient, for instancemagnetophoresis
systems that provide bigger sample container have a highermagnetic field gradient than 15Tm−1 in order to
provide biggermagnetic forces, decreasing the separation time ofMNP.

Moreover, themagnetophoresis results showed that by further increasing theMNP concentration
(>30 mmol l−1) the opacity gets saturated so that the first step for these samples (figure 6(a)) is no longer visible.
In this case, theMNP 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 themagnetophoresis system thatwe used.

TheDLS andMPS results of EM samples showed that dh and PDI decreases and the A3* and /A A5 3

parameters increase with increasingMNP concentration from2 to 120 mmol l−1 within the time point
t= 4 min ofMS. Increasing the concentrations ofMNP in suspension leads to an increase of the interactions
betweenMNP andmaking longer chains and aggregations favorable. Therefore, agglomeratedMNPwhich
possess larger size andmagneticmomentmove faster towards the Eppendorf wall (De Las Cuevas et al 2008),
whereby particles with smaller dh 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 ismore
effective and quicker for samples with high concentrations, such as 120 mmol l−1, and that these samples already
after the short separation time of 4 min exhibit the lowest PDI and highest /A A5 3 and thus, can be considered as
most efficientMPI tracers compared to the other samples. As a result, the sample after 4 min separation showed
a higherMPI image resolution compare to the non-separated one as displayed infigure 9. Therefore, by applying
themagnetophoresis system for a short separation time only for a fewminutes we can improve themagnetic
properties of samples, resulting in improvedMPI performance.

Based on all the aforementioned discussion and experimental data one of the possible futureworkswithMS
system is to study the aggregation behavior ofMNPwith different size, zeta potential and surface coating in
different biologicalmedia, for instance blood plasma.

5. Conclusion

In this workwe employed commercial IONP (EM) in aqueous phase for LGMS (<15 Tm−1) to improve their
performance asMPI tracer.We demonstrated that the LGMS technique is capable of separating largerMNP
entities from the suspension in a short period of timewhich allowed us to adjust the size distribution and
magnetic properties ofMNP via time-controlledMS. Finally, EM samples after LGMS showed higher image
resolution inMPI compared to the sample in initial state. Therefore, it can be concluded that the LGMSmethod
is an efficient, reproducible and fastmethod forMNP size selection and capable of adjusting the functional
properties ofMNP for biomedical applications.
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