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Abstract
Magnetic nanoparticles (MNP) can be used as drug carriers in novel cancer treatment approaches such as magnetic
drug targeting (MDT). Computer simulations of MNP in a tumor vessel network under the influence of a magnetic
field considering the physical and chemical properties of MNP were established before, however, an experimental
validation of these simulations for specific settings is missing. The parameters influencing the targeting effectivity
such as MNP concentration, blood flow velocities and different distances of the tumor vessel network to the magnet
configuration were varied and a quantitative assessment of the targeting effectivity was performed photometrically
determining the resulting iron concentration. Magnetic particle imaging (MPI) was used to analyze the correlation
between MPI intensity values and the iron concentration. The parameter study confirmed the previous simulation
results for the fixed magnet configuration.

I. Introduction

Magnetic drug targeting (MDT) describes the selective
targeting of therapeutics in a tissue or a region in the
body, e. g. in a tumor, by an external magnetic field to
allow a controlled drug release. Lindemann et al. [1] cre-
ated a FEM based simulation to understand the relevant
MDT properties in a multibranched vessel network to
achieve a higher targeting effectivity.

The aim of this study is the design of a reproducible
experimental setup to characterize the magnetic target-
ing effectivity. For this, an 8-branched artificial tumor
vessel network (ATVN) [2, 3] was 3D-printed at the ILT of
the RWTH Aachen University. To conduct reproducible
experiments with clear positioning of the components
(base plate, support structure and magnet adapter), a
fixture for the ATVN and the magnetic trap was designed.
A parameter study of the targeting effectivity for different

concentrations, velocities and magnet distances was per-
formed. The experiments are evaluated by photometri-
cally determining the iron concentration. Also, magnetic
particle imaging (MPI) was used to measure setups of dif-
ferent concentration to analyze the correlation between
the MPI intensity values and the setups’ iron concentra-
tion.

II. Material and methods
The ferrofluid used was a suspension of magnetite-
MNP in distilled water as the carrier fluid. The
magnetite core of the MNP had an average diam-
eter of dc = (10.2±2.4) nm. The superparamag-
netic MNP exhibited a saturation magnetization of
Ms = (99.4±0.8)Am2 kg−1 [4].

MPI measurements were performed using a com-
mercial imaging system (MPI 25/20 FF, Bruker BioSpin
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Figure 1: Total amount of accumulated MNP measured for the
different setups and the reference value.

MRIGmbH, Ettlingen, Germany).
For photometric determination of the iron concen-

trations, the complexion of Fe-3+ with 4.5-Dihydroxy-1.3-
benzoldisulfon acid disodium salt hydrate (tiron) was
used. This solution characteristically absorbs light at
λ= 480 nm, thus the absorbance value can be measured
and is linearly dependent on the MNP concentration.

The fixture for the ATVN consisting of a base plate, a
support structure and a magnet adapter was 3D-printed
(Veroclear RGD 450).

III. Results and discussion

For the study, the iron concentrations, the volume flow
of the ferrofluid and the distance of the magnets to the
ATVN were varied. As reference, an experiment without
applying an external magnetic field was conducted to
determine the MNP accumulation in the ATVN geometry.
For this, a constant volume flow of 1 ml min−1 was used.
MPI measurements were used to acquire a calibration
curve to quantify the setups’ iron concentration.

III.I. Photometric evaluation

For the concentration variations, the accumulation
caused by the geometry increases slowly and reaches a
plateau at a concentration of 12 mg ml−1 (Fig 1, blue line).
The targeted accumulation has a linear increase with in-
creasing concentration (Fig 1, orange line). Regarding
the concentration, the highest relative accumulation can
be detected at 4.9 mg ml−1 (Fig 2, orange line).

The volume flow variations were conducted with
an concentration of 4.9 mg ml−1 and 0 mm distance be-
tween the magnet configuration and the test tube. As
the MNP drag of the blood flow acts directly against the
magnetic force [5], the accumulation decreases with in-
creasing volume flow. Consequently, the highest total ac-

Figure 2: Relative amount of accumulated MNP measured for
the different setups and the reference value.

cumulation (Fig 1, red line) and the highest relative accu-
mulation (Fig 2, red line) was measured at 0.5 ml min−1.

The distance variations were conducted with an con-
centration of 3 mg ml−1 and a volume flow of 1 ml min−1.
An increasing distance between the magnet configura-
tion and the ATVN has a decreasing effect on the accu-
mulated MNP. As expected, the highest total accumu-
lation (Fig 1, black line) and the highest relative accu-
mulation (Fig 2, black line) were measured at 0 mm dis-
tance. This implies, that deep seated tumors are hardly
targetable in vivo with the magnet configuration outside
the body. However, hollow organs can be reached by
insertion via an endoscope [6, 7]. At their respective con-
centrations, the relative accumulation κ in the volume
flow variations and in the distance variation are lower
than the accumulation of the reference values, i.e., for
the volume flow dependency κvelocity,min = 5.2% whereas
κreference,c=4.9 = 18.3% and for the distance dependency
κdistance,min = 5.2% whereas κreference,c=3 = 8.5%. An expla-
nation could be the fact that depending on the magnet
cofiguration MNP are pushed from the vessel wall into
the middle of the vessel, where they experience a strong
drag with the blood flow. This has a negative effect on
targeting effectivity [1]. With greater volume flow the ef-
fect of the magnetic force decreases. Further, the MNP
accumulated at the bifurcation of the channels experi-
ence a significantly higher force on impact, resulting in
a lower possibility of accumulation.
The maximum relative accumulation is at κvelocity,max =
63.14%. As the maximum relative accumulation of the
reference setup is at 18.3%, the highest percentile which
is achieved exclusively through magnetic targeting is at
44.84 %. Thus, the setup with highest relative accumula-
tion is found at a concentration of 4.9 mg ml−1, a volume
flow of 0.5 ml min−1 and a 0 mm distance.
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Figure 3: Experimental setups for calibration with differ-
ent MNP concentrations. (a) 1 mg ml−1 (b) 0.75 mg ml−1 (c)
0.5 mg ml−1 (d) 0.2 mg ml−1 (e) 0 mg ml−1

Figure 4: Linearly fitted intensities from MPI measurements
of the calibration setups.

III.II. MPI Evaluation

To acquire a calibration curve, setups with different MNP
concentrations were measured with the MPI (Fig 3). The
results were evaluated by analyzing the intensities re-
turned by the MPI. The measured intensities are plotted
against the known iron concentrations (Fig 4) and lin-
early fitted. The fit indicates a very clear linear depen-
dency (R 2 = 0.99785) between the iron concentration
and the intensity value. Whether this dependency holds
for higher or lower concentrations needs to be tested in
further studies.
These results confirm the validity of the FEM simula-
tions by Lindemann et al. [1]. The magnet configuration
has a significant effect on the targeting effectivity. By
increasing the number of magnets, the configuration
yields a large number of magnetic field maxima that are
approached with a high gradient. Thus, future studies
need to investigate the influence of different magnet con-
figurations on the targeting effectivity. Additionally, the
linear dependency between the iron concentration and
the MPI intensity value needs to be validated.

IV. Conclusion
In this work, an experimental validation of established
computer simulations was performed to investigate the
targeting effectivity of MNP with an ATVN as the tar-
geting region. The resulting MNP concentrations were
measured with respect to the concentration, the vol-
ume flow and the magnet distance to the ATVN. The
results show a clear increase of the MNP accumulation
with increasing concentration applied into the setup.
The relative MNP accumulation value indicates a maxi-
mum of the relative accumulation at an concentration of
cM N P = 4.9 mg ml−1. When increasing the volume flow,
the targeted concentration decreases significantly. For a
distance of s f > 0.75 mm the relative accumulation value
drops below the reference value, resulting in no effect of
the MDT. This shows that the externally applied magnets
must be in close distance to the targeted region.
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