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A B S T R A C T

Magnetic nanoparticles (MNP) have been successfully used as additives for the fabrication of implants such as
hernia implants or vascular grafts in order to enable their in-vivo visualization with magnetic resonance imaging
(MRI). However, functionality and long term stability of such implants were not quantitatively assessed until
now. Reliable assessment of functionality is related not only to the determination of MNP concentration, but also
to the impact of aggregation and immobilization of MNP inside the implant material on the MRI signal. In this
regard, novel models must be developed which describe the relation between proton relaxation and both MNP
clustering and mobility of MNP inside the implants. In this study, we experimentally quantify the transverse
relaxation dependence on MNP size and MNP clusters, confirming theoretical descriptions. We identify three
MNP size ranges for which different proton relaxation trends occur: One for which relaxivity increases with size
(up to approx. 75 nm), a second for which relaxivity is constant (from 75 nm to 130 nm) and a third for which
relaxivity decreases (from 130 nm to 220 nm). Further, we describe the impact of gradual MNP immobilization
in agarose gels on relaxivity for three MNP types representing either of the identified size ranges. For all MNP
types, we observe an increase of relaxivity with agarose content up to an MNP type specific maximum value. The
relative rise of relaxivity is higher for MNP with larger sizes. The highest increase of the transverse relaxivity
from 240mM-1s−1 to 1000mM-1 s−1 is achieved for MNP clusters after immobilization in a gel with 7%(w/w)
agarose. The effects of MNP clustering and immobilization on relaxivity are valuable information for the en-
gineering of implants with different contrast properties in MRI. Further, the relation between MNP im-
mobilization and relaxivity values may serve as a basis for future non-invasive assessment of changes in implant
functionality by MRI measurements.

1. Introduction

Magnetic nanoparticles (MNP) have been investigated as contrast
agents in magnetic resonance imaging (MRI) for very promising ap-
plications such as tumor imaging, cell labelling and tissue engineering
[1–4]. In order to monitor with MRI the postoperative location and
structure of implants, e. g. hernia implants, MNP have been used as
additives. Due to their contrast agent properties, MNP enable a non-
invasive visualization of implants with MRI. Such implants were al-
ready clinically tested and are currently available on the market [5].
Usually most of the textile materials used for implant engineering
cannot be imaged with conventional radiology imaging techniques. By
incorporation of MNP inside the implant material, the implants can be
then visualized with MRI. The incorporated MNP influence the

relaxation properties of water protons in their surroundings and enable
the visualization of the whole implant [4,6–9]. Local changes in the
implant structure which could cause implant failure are related to
varying local MNP concentrations. In this regard, quantitative methods
such as MR relaxometry can be used to determine the local MNP con-
centration [10]. The MNP effect on proton relaxation of water mole-
cules is described by the MNP ability to shorten the protons relaxation
time which results in a signal loss. The relaxivity r2 is the proportion-
ality factor between the inverse relaxation time, i.e. the relaxation rate
R2= 1/T2, and the MNP concentration. However, relaxivity is not only
dependent on the MNP concentration but also on MNP properties. A
strong dependency of relaxivity on size and agglomeration state of in
water dispersed MNP was theoretically described and validated with
experimental measurements before [11–14]. According to theory, three
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different MNP size ranges exist for which relaxivity behaves differently:
in the first size range, defined by MNP with smaller sizes (up to approx.
75 nm), relaxivity increases for increasing diameters, in the second size
range (from 75 nm to 130 nm), relaxivity shows a constant maximum
value, whereas in the third size range (greater than approx. 130 nm),
relaxivity decreases again. An additional effect to that of size-dependent
behavior of relaxivity arises from the immobilization state of the MNP.
This effect is relevant for MNP immobilized in different implant ma-
terials, especially in the biodegradable materials, which have different
stiffness properties for different degradation states. In such cases, the
MNP mobility is partially or fully blocked. Consequently, for the
quantification of local MNP concentration inside implants with MRI and
for the determination of implant functionality, it is crucial to analyze
the impact of MNP mobility on relaxivity.

Considering the proton relaxation mechanisms in MRI in presence of
MNP, we expect that MNP immobilization influences the magnetic
moment relaxation of the protons, more precisely their dephasing be-
havior. For the case of freely dispersed MNP in water, protons of water
molecules diffuse rapidly in the area of local field inhomogeneities
caused by the MNP magnetization, experiencing thus a broad range of
fast changing magnetic fields. This leads to slower dephasing of the
proton magnetic moments compared to the one for inhibited proton
diffusion [15,16]. Such situations can occur for water protons and MNP
immobilized inside the material of implants, where the diffusion of
water protons and the MNP mobility is inhibited. In this way, the
fluctuation of the magnetic fields experienced by protons decreases
leading to a faster dephasing of the proton magnetic moments. A faster
dephasing ends in an increase of relaxivity.

In the present work, the dependence of relaxivity on gradual MNP
immobilization for MNP with different sizes is analyzed. For that,
monodispersed MNP and MNP clusters with different hydrodynamic
sizes were synthesized and their relaxivity values were measured with a
clinical 3 T MRI scanner. Three different MNP types, Resovist®, self-
synthesized MNP and MNP clusters, belonging to different categories of
theoretically predicted relaxation mechanisms, were then chosen for
further investigation of the MNP immobilization effect on relaxivity.
Each of the three MNP types was gradually immobilized in hydrogels of
low melt agarose and the relaxivity was determined by relaxation
measurements.

2. Material and methods

2.1. Materials

For the synthesis of the MNP, the chemicals iron(III) chloride hex-
ahydrate (FeCl3·6H2O, p.a., Sigma-Aldrich), iron(II) chloride tetra-
hydrate (FeCl2·4H2O, p.a., Sigma-Aldrich), iron(II) sulfate heptahydrate
(FeSO4·7H2O, p.a., Sigma-Aldrich), sodium nitrite (NaNO2, p.a., Sigma-
Aldrich) ammonium hydroxide (NH4OH, ACS reag., Sigma-Aldrich) and
lauric acid (C12H24O2 > 98%, FCC, Sigma-Aldrich) were used. For the
synthesis of the of the MNP clusters, PLGA (85:15 lactide/glycolide, MW

150 kDa) was purchased from Purasorb® and polyvinyl alcohol (PVA,
MW 31–50 kDa, 98–99% hydrolyzed) as well as chloroform was pur-
chased from Sigma-Aldrich. Low melt agarose (LMA, Carl Roth) was
used to prepare the MRI gel phantoms. Further, Resovist® (Bayer
Schering AG. Germany) iron oxide nanoparticles with a carboxydextran
coating were used.

2.2. Synthesis of magnetic nanoparticles

To obtain lauric acid coated iron oxide magnetite (Fe3O4) nano-
particles (MNP) with different hydrodynamic sizes a oxidative pre-
cipitation method of FeSO4 and NaNO2 in presence of a base was used
[17]. Various molar ratios of Fe2+/NO2– of 3/1, 5/1, 6/1, 7/1, 10/1,
12/1, 24/1, 30/1 were tested. For this, 1.5 g FeSO4 and the corre-
sponding content NaNO2 were dissolved in 9ml of deionized water and

heated up to 40 °C in a water bath. Subsequently, 5 ml of NH4OH were
added dropwise under constant stirring. After the precipitation was
completed, the solution was stirred for 30min at room temperature.
The precipitated colloidal MNP were washed ten times with 60ml of a
0.7 M NH4OH solution to remove the sulfate and nitrite ions. For the
coating, the solution with precipitated MNP was heated up in an oil
bath at 90 °C. Then, 0.2 g lauric acid was added under constant stirring.
The resulting MNP suspension was cooled down to room temperature
and centrifuged for 10min at 500 rpm with a Rotina 420R Centrifuge
(Thermo Scientific, USA).

2.3. Synthesis of magnetic nanoparticle clusters

Magnetic nanoparticle clusters were prepared by a double emulsion
technique based on the methods described in [18,19]. First, iron oxide
magnetite (Fe3O4) nanoparticles were synthesized via the co-pre-
cipitation of Fe2+ and Fe3+ ions (molar ratio Fe2+/Fe3+ of 1/2) in the
presence of a base [20]. 8 g FeCl3 and 4 g FeCl2 were dissolved in
33.7 ml deionized water. Subsequently, 16.7ml of NH4OH were added
dropwise under constant stirring at room temperature. Next, the solu-
tion maintained under vigorous stirring for 30min. The precipitated
MNP were washed several times to remove the chloride ions. For the
coating, the resulting MNP suspension was heated up in an oil bath at
90 °C and 1.5 g lauric acid were added under constant stirring. The MNP
suspension was cooled down to room temperature and centrifuged for
10min at 4500 rpm with a Rotina 420R Centrifuge (Thermo Scientific,
USA). This particle system of lauric acid coated MNP (in the following
denotes as LANP) is the precursor for the following cluster generation.

For the synthesis of MNP clusters, the lauric acid coated MNP were
embedded in PLGA. For this, 20mg of PLGA were dissolved in 3ml
chloroform. Subsequently, 1 ml of the MNP suspension with an iron
concentration of 10mg(Fe)/ml was emulsified in the chloroform solu-
tion by sonication at 80W for 1min with an ultrasonic homogenizer
(Bandelin, Germany) forming a water-in-oil emulsion (W1/O). Then,
8ml of 3%(w/v) PVA solution (W2) was added to the emulsion and
sonicated for 1min at the same conditions as before. The obtained
double emulsion water-in-oil-in-water (W1/O/W2) was diluted into
10ml of 3%(w/v) PVA solution under constant stirring. Afterwards, the
chloroform was removed using a rotation evaporator (Heidolph,
Germany) with 90 rpm, at 40 °C and 430mbar. Next, the remaining
solution was centrifuged for 10min at 4500 rpm with a Rotina 420R
Centrifuge (Thermo Scientific, USA). The magnetic MNP clusters (in the
following denotes as LANP@Cluster) were obtained via magnetophor-
esis from PLGA particles without MNP.

2.4. Preparation of the agarose hydrogels

In order to realize different immobilization states of the MNP and
MNP clusters, hydrogels containing various LMA monomer mass frac-
tions of f = (0.1, 0.3, 0.5, 1.0, 1.5, 2.0, 3.0… 10.0) %(w/w) were
prepared. For that, LMA was mixed with deionized water and MNP or
MNP clusters. The mixture was heated up to 80 °C for 30min and was
vortexed several times ending in a homogenous distribution of LMA and
MNP or MNP clusters. The pore size dpore of the resulting gels depen-
dents on the LMA content and can be estimated using relations from
literature as follows [21]: dpore= a·f-γ with a=563.6 nm and γ=0.62.

2.5. Basic characterization

The hydrodynamic diameters dhyd were measured by dynamic light
scattering (DLS) using a Zetasizer Nano S (Malvern Instruments Ltd.,
United Kingdom) at a wavelength of λ=633 nm (detection angle of
173°). All measurements were performed with MNP diluted in deio-
nized H2O at 20 °C and repeated three times. The mean hydrodynamic
size was obtained by fitting the log-normal distribution probability
density function (see Appendix A, equation. (A.1)) to the measured
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intensity data.
The core diameters dC of the MNP and the MNP clusters were in-

vestigated via transmission electron microscopy (TEM) with a Zeiss LEO
906 microscope (Carl Zeiss GmbH, Germany) operated at 60 kV. For
that, 1 µl of the sample was pipetted on formvar-carbon-coated nickel
grids (200 mesh) (Electron Microscopy Sciences, USA) and air-dried
under ambient conditions. The core diameter of about 150 MNP for
each for the synthesized MNP types was measured using the software
GIMP and fitted with the cumulative log-normal distribution prob-
ability density function (see Appendix A, equation. (A.2)).

The samples were magnetically characterized using a SQUID mag-
netometer MPMS 5S (LOT Quantum Design, USA). For the preparation,
30 µl of the sample were mixed with 30 µl 15%(w/w) mannitol solution
in a polycarbonate (PC) capsule and freeze dried at -85 °C and
0.04mbar in a lyophilisator (Alpha 2–4 LDplus, Germany) for 12 h. For
the determination of the saturation magnetization values, magnetiza-
tion measurements were performed at 295 K varying the field strength
from zero to 4·106 A/m. From the fit with the Langevin function (see
Appendix B, equation (B.1)), the saturation magnetization MS was de-
termined. The ZFC magnetization curves were obtained by measuring
the magnetization in a magnetic field of 796 A/m while the temperature
was stepwise increased from 5 K to 295 K. The FC magnetization curves
were obtained by magnetization measurements executed in the same
field as for ZFC measurements while the temperature was stepwise
decreased to 5 K.

Magnetic resonance measurements were performed using a clinical
3 T Achieva MRI Scanner (Philips Healthcare, The Netherlands). For
excitation and signal reception a body coil SENSE XL Torso Coil
4535–673-94943 (Philips, Healthcare, The Netherlands) was used. Each
sample was investigated for 8 different iron concentrations [Fe] up to
0.2 mM. The samples (MNP dispersed in water or in agarose gels) were
embedded inside a polyacrylic acid gel phantom as described in ASTM
standards [22] and measured with a Turbo Spin Echo (TSE) sequence
(TR=1500ms, 32 echoes, echoes of the echo train TE= [10, 20, …,
320] ms, FOV=366 x 366mm, matrix 512× 512, slice thickness
3mm, flip angle 90°). This sequence was chosen after multiple testing of
appropriate TEs and TRs for the best signal acquisition. From these
measurements, the transverse relaxivity r2= (R2− R2,0)/[Fe], with R2

the relaxation rate of the MNP sample and R2,0 the relaxation rate of the
solvent, was calculated using Matlab (The MathWorks Inc., USA).

3. Results and discussion

3.1. Dependency of transverse relaxivities on MNP hydrodynamic size

The transverse relaxivities of the MNP in dependence of their hy-
drodynamic sizes are shown in Fig. 1. Here, MNP clusters are treated as
particles with bigger size. All samples were dispersed in deionized
water and their hydrodynamic size was checked before each measure-
ment to account for the changes in size due to instabilities. Detailed
characterization of these MNP is provided in the Supplementary
Information Table S.1. The behavior of relaxivity with increasing hy-
drodynamic sizes shown in Fig. 1 is in line with the theoretical pre-
dictions of the protons outer sphere relaxation theory as described in
the following.

The outer sphere relaxation theory predicts the influence of MNP
with different sizes on the protons transverse relaxation and was proven
by experiment [13,23]. The transverse relaxivity dependence on MNP
size is classified in three regimes: the motional averaging regime
(MAR), the static dephasing regime (SDR) and the echo limiting regime
(ELR) [11,24]. In the MAR, the proton diffusion length is larger than the
characteristic length of the magnetic field disturbance caused by the
MNP. Water protons diffuse rapidly around the MNP, thus experiencing
a broad range of fast changing magnetic fields, which are effectively
cancelled in the time-average. In the MAR, the theory predicts a
quadratic relaxivity rise with MNP size [24]. As the MNP diameter

increases, water protons will reach a small diffusion length compared to
the MNP size. Then, they experience non-averaged variations in local
magnetic fields (quasi-static local magnetic fields) causing quicker re-
laxation of the proton magnetic moments, i. e. increased relaxivity.
Above a certain MNP diameter, the SDR regime is reached, in which
relaxivity first shows multiple plateaus having different magnitudes
that are attributed to different saturation magnetization values of the
MNP. For ever higher MNP diameters, relaxivity decreases with MNP
size due to partial refocusing of the proton magnetic moments in the
strong gradients of the quasi-static magnetic fields caused by the MNP
(ELR subregime of SDR, in the following denoted as ELR/SDR). Protons
sufficiently close to the MNP will experience gradients so strong that
they will be rapidly dephased. These protons cause prompt signal decay
that is unobservable with MRI techniques. According to the partial re-
focusing model presented by Gillis et al. [24], spatial separation exists
between an inner region where the gradients are too strong for the
refocusing pulses to be efficient and an outer region where they are
efficient. Due to the big hydrodynamic MNP sizes realized by a thick
MNP coating, the distance of the outer region water protons to the
magnetic core of the MNP is getting so large that the refocusing pulse
starts to be effective as described by the partial refocusing model. Here,
the echo time TE of the MRI sequence plays an important role: For
increasing TE, the contribution from the inner region will become
larger and larger.

In earlier publications, the MAR was identified for MNP sizes up to
approx. 80 nm, SDR for 80 nm to 100 nm and the ELR/SDR for sizes
above 100 nm [23]. The MNP in this work were synthesized with sizes
between 23 nm and 188 nm (see section 2.2) to span the entire size
range of all regimes (see Supplementary Information Table S.1). In
Fig. 1 the three different regimes can be identified. For the first regime
(MAR) r2 increases with particle diameter (up to approx. 75 nm). Re-
sovist® (dhyd= 54 nm, see Fig. 1) can be clearly assigned to the MAR
regime [24,25]. The MNP type in Fig. 1 denoted as LANP
(dhyd= 107 nm) fits to the SDR regime which spans the size range from
75 nm to 220 nm and where the relaxivity values show several plateaus.
The r2 plateaus arise due to different saturation magnetization values
(see Supplementary Information Table S.1) which is in line with the
findings in literature [23]. The particle type LANP@Cluster
(dhyd= 176 nm) (see Fig. 1) belongs to the ELR/SDR regime in which r2
decreases with increasing MNP diameter (dhyd > 120 nm). Precise

Fig. 1. Transverse relaxivity values for MNP with different hydrodynamic
diameters between 22.7 nm and 220 nm. The measured values fit the theore-
tical predictions of the regimes MAR, SDR and ELR as indicated. One exemplary
particle type in each regime is highlighted. These particles are chosen for fur-
ther investigations (see section 3.3).
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delineation between the three regimes remains challenging especially
due to MNP size distribution. It was shown that for MNP with a broad
size distribution, the particles with smaller sizes have a stronger in-
fluence on relaxivity than the bigger ones [26]. Nevertheless, Resovist®,
LANP and LANP@Cluster can be clearly identified as exemplary par-
ticle types representing the three regimes. These are chosen for further
investigations of the effect of particle immobilization on relaxivity.

3.2. Basic characteristics of immobilized MNP

The properties of the three MNP types Resovist®, LANP and
LANP@Cluster representing the three relaxation regimes are summar-
ized in Table 1.

Fig. 2 displays exemplary TEM images for Resovist®, LANP and
LANP@Cluster. In Fig. 2b the LANP particles are shown. The LANP
particles were used for preparation of the LANP@Cluster (Fig. 2c).
From the fit with the cumulative density function (Fig. 3), the average
core diameter dC was calculated. Resovist® shows the smallest core
diameter of approx. 6 nm which is consistent with the findings in lit-
erature [28]. LANP@Cluster have a core diameter of approx. 99 nm,
which is about ten times larger than the one of the LANP particles
(about 10 nm).

Fig. 4 displays the DLS measurements for Resovist®, LANP and
LANP@Cluster. The hydrodynamic diameters dhyd were determined
from the PDF fit to the size distribution data. The LANP are approxi-
mately twice as big as Resovist® and half as much in size compared to
the LANP@Cluster.

Magnetic measurements were carried out for the samples LANP and
the LANP@Cluster. The magnetization value for LANP@Cluster is
smaller (Fig. 5a) compared to the one of LANP especially at low mag-
netic fields. Furthermore, the peak of the ZFC curve (Fig. 5b) is shifted
towards higher temperatures for the LANP@Cluster. Both, the lower
magnetization and the shift of the ZFC peak, can be attributed to de-
magnetizing dipole–dipole interactions between the MNP inside the
LANP@Cluster [29,30]. The saturation magnetization of about
100 Am2/kg(Fe) is nearly the same for LANP and LANP@Cluster (Tab.
1). A smooth increase of the magnetization at high fields for the LANP is
present. The Langevin function used to fit the data has therefore a linear
correction. This high field magnetization linear increase has been often
attributed to MNP surface spin canting effects [31].

3.3. Transverse relaxivities of immobilized MNP

In order to investigate relaxivity changes due to particle im-
mobilization in each regime, Resovist®, LANP and LANP@Cluster were
chosen as representative MNP for the MAR, SDR and ELR/SDR regime,
respectively. Each of these particle types were embedded in hydrogels
with different low melt agarose content of up to 10%(w/w) and with
different iron concentrations (see section 2.5).

Fig. 6a shows for each particle type, that relaxivity increases with
agarose content up to a particle type specific maximum value and then
decreases. Although starting from almost the same relaxivity value of
approx. 240mM−1 s−1, Resovist® particles show a moderate increase
up to a maximum of 615mM−1 s−1 at 8%(w/w) agarose, while
LANP@Cluster particles already reach this value at 0.5%(w/w) agarose.
Having reached its maximum at 8%(w/w) agarose, the relaxivity of
Resovist® decreases slightly to 540mM−1 s−1 at 10%(w/w) agarose.
For LANP@Cluster, a major increase of the relaxivity from
223mM−1 s−1 to 453mM−1 s−1 occurs at only 0.1%(w/w) agarose.
The relaxivity of LANP@Cluster increases further until the maximum of
approx. 1000mM−1 s−1 is reached at 8%(w/w) agarose. LANP parti-
cles show the highest relaxivity compared to Resovist® and
LANP@Cluster when they are freely dispersed in water. In agarose gels,
the LANP relaxivity strongly increases with agarose content up to
3%(w/w) agarose followed by a slight increase from 700mM−1 s−1 to
its maximum value of 750mM−1 s−1 at 6%(w/w) agarose. Having
reached their specific maximum value, relaxivity decreases for all
particles types, showing a much steeper decrease for LANP and
LANP@Cluster compared to the one for Resovist®: For LANP@Cluster, a
relaxivity decrease by 40% to 570mM−1 s−1 and for LANP a relaxivity
decrease by 60% to 300mM−1 s−1 is observed.

To explain these findings, the outer sphere relaxation theory de-
scribed in section 3.1 is appropriate. Gels with higher agarose content
show higher viscosity which leads to inhibited proton diffusion [32,33].
In case of small agarose fractions, the diffusion of the water protons as
well as the mobility of the particles is not completely blocked so that
the protons still experience fluctuating magnetic fields. The relaxation
increase for Resovist® particles can therefore be explained as follows:
With increasing agarose content the water protons diffusion is slower
causing a quicker dephasing of the proton magnetic moments which
consequently leads to an increase of relaxivity. The protons experience
steadily decreasing fluctuation of magnetic fields which causes a

Table 1
Particle properties: dC denotes the core diameter, dhyd the hydrodynamic diameter, MS the saturation magnetization and r2 the transverse relaxivity for the MNP
dispersed in water.

MNP dC [nm] dhyd [nm] MS [Am2/kg(Fe)] r2 [mM-1s−1] in H2O

Resovist® 6.0 ± 1.7 53.6 ± 4.3 72.9 ± 0.8 [27] 240.1 ± 7.7
LANP 10.2 ± 2.4 106.8 ± 7.7 99.4 ± 0.8 481.6 ± 14.4
LANP@Cluster 98.7 ± 18.4 176 ± 6.0 101.0 ± 0.6 223.5 ± 21.1

Fig. 2. TEM images of (a) Resovist®, (b) lauric acid coated magnetic nanoparticles (LANP) and (c) cluster LANP@Cluster.
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relaxivity increase analog to the one of the MAR regime (see section
3.1). This behavior dominates up to the maximum relaxivity value at
8%(w/w) agarose.

For both particles types LANP and LANP@Cluster, the partially in-
hibited proton diffusion leads to increased relaxivity values. This in-
crease is similar for both particle types at low agarose content. Above
3%(w/w) agarose, the LANP@Cluster show steeper relaxivity increase
compared to the one of the LANP. Since LANP and LANP@Cluster

particles have almost the same saturation magnetization, the difference
in relaxivity increase of the LANP and compared to the LANP@Cluster
is not due to different magnetic properties and has to be attributed to
different immobilization states of the particles. The increase of the
agarose content results in smaller hydrogel pore sizes leading to a
stronger immobilization of bigger particles than of smaller ones at the
same agarose content [21,34]. Such a situation is illustrated in Fig. 7 for
two exemplary immobilization states of LANP and LANP@Cluster in a
hydrogel with a small and high amount of agarose resulting in large and
small mesh sizes of the hydrogel, respectively. For a small amount of
agarose, loose saccharide chains are not able to immobilize LANP or
LANP@Cluster, so these loose chains only have an effect on water
proton diffusion (see Fig. 7a and c). Increasing the amount of agarose
leads to clearly defined pore sizes in which the particle immobilization
is considerably higher for the LANP@Cluster (see Fig. 7d) than for the
LANP particles (see Fig. 7b). Analog to the SDR regime, the stronger
inhibition of the LANP@Cluster mobility leads to an even lower fluc-
tuation of magnetic fields experienced by the water protons causing a
faster dephasing of their magnetic moments. This results in higher re-
laxivity values.

The observed relaxivity increase in relation to the corresponding
pore size of the gels is depicted in Fig. 6b. The relaxivity maximum for
the LANP@Cluster is reached at a pore size of 170 nm which matches
their hydrodynamic diameter (about 176 nm). The particles Resovist®
and LANP have lower relaxivity values, probably due to their smaller
sizes and lower immobilization states. Furthermore, Resovist® shows
relatively small relaxivity values in the whole immobilization range
which can be attributed to the lower saturation magnetization of
73 Am2/kg(Fe) compared to approx. 100 Am2/kg(Fe) for the other
particle types. Because of different structures and chains in the agarose
gels, a precise functional relation between agarose content and pore
size does not exist, so the attribution of the agarose content to a certain

Fig. 3. Core diameter distribution with a fit to a log-normal CDF of (a) Resovist®, (b) lauric acid coated magnetic nanoparticles (LANP) and (c) cluster LANP@Cluster.

Fig. 4. Intensity size distribution of the hydrodynamic diameters of Resovist®,
LANP and LANP@Cluster with a fit to the PDF of a log-normal distribution.

Fig. 5. (a) Magnetization with the Langevin function fitted curves for LANP and LANP@Cluster. (b) ZFC and FC magnetization curves of LANP and LANP@Cluster.
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immobilization state of MNP is difficult. Nevertheless, the relation be-
tween relaxivity and particle immobilization state is obvious and is line
with findings in literature. Paquet et al. reported an increase of the
relaxivity values for MNP with stronger binding of water protons inside
the MNP hydrogel coating [26].

The fast decrease of relaxivity at higher amount of agarose could be
explained with the partial refocusing model [24]: Due to abundance of
saccharide chains and particles in the hydrogel, proton diffusion as well
as MNP mobility are strongly inhibited leading strong magnetic field
gradients close to the MNP. The proton magnetic moment will then be
rapidly dephased. Analog to the trend in the ELR/SDR regime, these
protons would cause prompt signal decay that is unobservable with MRI
techniques. However, protons with a larger distance to MNP can be

partially refocused which results in a non-zero effective relaxivity
which decreases with increasing immobilization. We assume that this
relaxivity also dependents on the used echo time TE in the MRI ex-
periment. However, this assumption must be proved in future experi-
ments.

4. Conclusions

Using MNP with different hydrodynamic sizes as contrast agents, we
experimentally investigated the transverse relaxivity dependence on
MNP size and MNP clusters confirming theoretical descriptions of the
three relaxation regimes MAR, SDR and ELR/SDR. Further, in order to
mimic the relaxation behavior of MNP embedded in implants, MNP
with hydrodynamic sizes of about 50 nm, 100 nm and 200 nm re-
presenting the three above-mentioned regimes were immobilized in
hydrogels with different agarose contents. In this way, different im-
mobilization states of the MNP were obtained. The results show that
immobilization first has an enhancing effect on relaxivity independent
of which regime the MNP belong to. For increasing agarose contents,
the relaxivity of each particle system increases up to a certain particle
type specific maximum value and then decreases. The highest relaxivity
value of approx. 1000mM-1s−1 was achieved for clustered particles.
This is explained by stronger immobilization of the cluster in agarose
with gradually decreasing pore sizes of the hydrogel for which the
water protons experience a strong gradient of the quasi-static magnetic
field generated by the MNP clusters. The effects of MNP clustering and
immobilization on the transverse relaxivity are valuable information for
the engineering of future implants with different contrast properties in
MRI. Further, relaxivity dependence on MNP immobilization might be a
useful basis for non-invasive assessment of changes in implant func-
tionality with MRI measurements.

5. Declaration of interest

None.

Appendix

A: Log-normal distribution probability density function

The log-normal distribution probability density function (PDF) is defined as

⎜ ⎟= ⎛
⎝

−
− ⎞

⎠
d μ σ

π d σ
d μ

σ
PDF( , , ) 1

2 · ·
·exp

(ln( ) )
2

,
2

2 (A.1)

Fig. 6. Transverse relaxivity values for gradually immobilized particle systems Resovist®, LANP and LANP@Cluster belonging to the regimes MAR, SDR and ELR/
SDR, respectively. (a) Transverse relaxivity versus the mass fraction of low melt agarose in the hydrogel. (b) Transverse relaxivity versus pore size of the different
agarose gels. In (b) only the nominal values are given.

Fig. 7. Graphical illustration of LANP and LANP@Cluster immobilized in gels
for two exemplary amounts of agarose (small and high) of the hydrogel: (a)
LANP particles inside the hydrogel with small and (b) with high amount of
agarose. (c) LANP@Cluster inside the hydrogel for the same small and (d) high
amount of agarose.
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and the cumulative distribution function (CDF) is defined as

⎜ ⎟⎜ ⎟= + ⎛
⎝

+ ⎛
⎝

− ⎞
⎠

⎞
⎠

d μ σ
d μ

σ
CDF( , , ) 1

2
1 erf

ln( )
2

,
(A.2)

with the parameters, µ and σ, from which the mean and variance are calculated with = +d μ σexp( /2)C
2 and = + −σ μ σ σexp(2 )·(exp( ) 1)dC

2 2 2 ,
respectively.

B: Langevin function

The Langevin function is defined as

= −L ξ ξ
ξ

( ) coth( ) 1 ,
(B.1)

with ξ=µH/(kBT) where µ= VMMS denotes the particle magnetic moment. Here, MS is the saturation magnetization, VM the mean magnetic
volume, H the applied magnetic field and kB= 1.38·10-23 J/K the Boltzmann constant.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jmmm.2018.09.119.
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