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Introduction 
 

When nanomaterials (e.g. magnetic nano-
particles; MNP) are exposed to the blood 
circulation, a protein corona consisting of 
various components is formed immediate-
ly. The composition of the corona as well 
as their amount bound to the particle sur-
face is dependent on different factors, e.g. 
particle size and surface charge [1, 2]. The 
actual composition of the formed protein 
corona might be of major importance for 
cellular uptake of magnetic nanoparticles 
[3, 4]. The aim of our experiments is to an-
alyze the formation of the protein corona 
during in vitro serum incubation in de-
pendence of incubation time and tempera-
ture as well as to investigate the biocom-
patibility of serum coated MNP. 
 

Methods 
 

MNP were prepared following the alkaline 
precipitation route and coated with differ-
ent shells (amino-dextran, dextran, carbox-
ymethyl-dextran, polyethylenimine, poly-
tert-butoxycarbonylamino acrylic acid). 
The obtained core/shell nanoparticles were 
incubated in fetal calf serum (FCS) for de-
fined times and temperatures within a wa-
ter bath with the desired temperature to 

generate the protein corona on the surface 
of the particles. Before, during, and after 
the incubation the physical properties of 
the particles were determined by a variety 
of methods (e.g. MRX - magnetorelaxo-
metry, zeta-potential, VSM – vibrating 
sample magnetometry, TGA - thermograv-
imetric analysis, and TEM – transmission 
electron microscopy). Additionally, the 
incubated nanoparticles were applied to a 
TBS (Tris-buffered saline) polyacrylamide 
gradient gel under denaturing conditions 
and protein bands were visualized by silver 
staining. The effect of incubated particles 
on cell viability was tested for human brain 
micro vascular endothelial cells (HBMEC) 
by the CellTiter Glo™ Cell Viability As-
say and for long term viability up to 96 h 
by real time cell analysis (RTCA). 
 
Results 
 

The MRX measurements showed that im-
mediately (seconds) after the contact of 
MNP and FCS a protein corona is formed 
on the surface of the coated MNP. This 
formation led to an increase of particle size 
and a slight agglomeration of the particles, 
which was relatively constant during the 
first minutes of incubation. A longer incu-
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bation (from hours to days) resulted in a 
stronger agglomeration of the FCS incu-
bated MNP.  
Since the zeta potential of FCS incubated 
MNP varies as a function of particle shell 
and incubation temperature, it is clearly 
demonstrated, that surface charge of parti-
cle shell as well as incubation temperature 
have an influence on the composition of 
the corona. 
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Fig. 1: Temporal evolution of the MRX signal after 
adding 140 µL FCS to 10 µL DEAE coated MNP 
suspension for incubation times up to 4 days, curves 
are normalized to be ’1’ for time point 0.5 ms.  
 
Quantitative analysis (gel electrophoresis) 
of serum incubated particles revealed a rel-
atively constant amount of bound proteins 
during the first minutes of serum incuba-
tion. After a longer incubation (> 10 min) a 
considerably higher amount of surface pro-
teins was determined for incubation tem-
peratures below 40 °C. For incubation 
temperatures above 50 °C, the influence of 
time was less significant which might be 
attributed to an immediate denaturation of 
proteins during incubation. Overall, the 
analysis of the molecular weight distribu-
tion of proteins found in the corona re-
vealed a clear influence of incubation time 
and temperature on corona composition. 
The solid fraction of the protein corona on 
the surface of incubated MNP was deter-
mined to be about 9 % by mass by means 
of VSM and TGA. 
Cell toxicity assays revealed no cytotoxic 
effect for coated MNP [5] and serum incu-
bated MNP. Long term viability assays 
(RTCA) showed that the protein corona is 

able to mask the cytotoxic effect of poly-
ethylenimine (PEI) coating for about two 
days. 
 
Conclusion 
 

We found very interesting results regarding 
the influence of particle coating as well as 
incubation temperature and incubation time 
on protein corona formation. The protein 
corona shows no cell irritating effects and 
may mask cytotoxic effects of core/shell 
particles. Due to the possibility of heating 
by magnetic losses (additionally to the ex-
ternal heating) magnetic nanoparticles are 
very interesting model particles for ongo-
ing investigations. 
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From a biomedical point of view, there
is significant interest in ferrogels as
magnetically responsive materials with
potential applications from drug delivery
systems to actuators. For such appli-
cations, it is critical to understand the
coupling and interactions between the
magnetic nanoparticles (MNPs) and sur-
rounding matrix. Molecular interactions
can lead to the formation of aggregates
and dramatically alter the magnetic
response [1], while insufficient binding
could lead to undesirable particle losses
from the composite with time. Here,
superparamagnetic iron oxide MNPs
were integrated into gelatin, selected
for its well-established record of use
in biological applications. High energy
electron irradiation was investigated as
a reagent-free crosslinking method [2] to
thermally stabilize the ferrogels.

Magnetic response in gelatin

The magnetic response of the MNPs was
investigated using magnetic particle spec-
troscopy (MPS) and magnetorelaxometry
(MRX). From these techniques, the mag-
netic behavior was monitored at a range
of temperatures across the sol-gel transi-
tion, near 34◦C for gelatin. As deduced
from these obtained spectra, the mean ef-
fective magnetic size of the particles de-
creased, while the anisotropy energy dis-
tribution broaded in comparison to the
same MNPs immobilized in a freeze dried

sugar matrix. This response suggests the
formation of aggregates in the presence of
gelatin.
Below the gelation point, the magne-
torelaxation was roughly similar to that
of particles in a freeze dried matrix,
which is dominated by Néel relaxation
processes. Once the gel was soluble, the
relaxation spectra were strongly influ-
enced by Brownian relaxation and the
MNPs appeared more easily magnetized
in low fields. The gel-sol transition was
accompanied by a jump in the charac-
teristic relaxation time with respect to
increasing temperature, shown in Fig. 1.
Interestingly, prior to this macroscopic
melting, the relaxation accelerated. This
result provides evidence of the onset
of local mobility of the MNPs and
was not observed in crosslinked sam-
ples that do not melt at this temperature.
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Figure 1: Relaxation times with temper-
ature of untreated and 5 kGy irradiated
gelatin ferrogels.
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Formation of aggregates

Using dynamic light scattering (DLS),
trace amounts of gelatin were added to
an aqueous solution of MNPs to monitor
changes to the average particle diameter.
Overall, the formation of multiparticle
clusters appeared at significantly lower
concentrations than required to form a
network. These aggregates were visual-
ized with scanning electron microscopy.

Particle stability during crosslinking

High energy electron irradiation was
investigated as a method to confine and
stabilize MNPs in the gelatin hydrogel.
During irradiation, the hydrogels gave
off significant amounts of liquid. This
byproduct was investigated for the
release of magnetic particles. Around
1% of the total particle content was
lost during crosslinking, even when the
overall structural weight was reduced by
40%. Therefore, particles appear tightly
bound to the network before irradiation,
as previously indicated in the magnetic
response of the untreated gelatin ferrogel.

Long-term thermal stability

Samples were heated above the network
melting point to 37◦C in simulated
body fluid (SBF) for 7 days. Without
crosslinking, gelatin was soluble at this
temperature. From the crosslinked gels,
a maximum of 3% of the MNPs were
released. The majority of the particle
loss came from submersion in the first
24 hours. As seen in fig. 2, gels were
highly stable after this point.

Effect of crosslinking on magnetic
response

Irradiated ferrogels were subjected to
MPS and MRX measurements across the
previous sol-gel transition temperature.
Below the melting point, irradiated sam-
ples did not show any significant dif-
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Figure 2: MNPs released from ferrogel
with time in SBF at 37◦.

ferences in the magnetic response com-
pared to the uncrosslinked gelatin matri-
ces. However, above this temperature,
crosslinked samples demonstrated a high
degree of stability in the magnetic re-
sponse, as demonstrated in Fig. 1.
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Introduction 
 

Research on multifunctional microgels is 
of increasing interest. Microgels made of 
poly(N-isopropylacrylamide) (PNIPAM) 
show a fast response to outer stimuli such 
as temperature or pH.  
The microgel particles are swelling in wa-
ter and exhibit a Volume Phase Transition 
Temperature (VPTT) above which the par-
ticles are shrinking in size and the polymer 
mesh density increases.  
With the adsorption of magnetic nanoparti-
cles (CoFe2O4)(MNP) into the gel structure 
the gel becomes responsive to an external 
magnetic field. Recent research was mainly 
focused on core/shell structured magnetic 
microgels (MMG) [1].  
We will show a broader distribution of 
MNP inside the gel and first response 
measurements of adsorbed MMG to an ex-
ternal magnetic field. 
 
Sample Preparation 
 

PNIPAM microgels are synthesized with a 
surfactant free precipitation polymerization 
according to Pelton and Chibante [2].  
The MNP are synthesized with the thermal 
decomposition of Fe(acac)3 and Co(acac)2 
according to Sun et al. [3]. 
The two components (microgel and MNP) 
are mixed at room temperature (swollen 
gel) and at pH=10 (stabilized MNP). 
 
Results 
 

 Fig.1 shows the distribution of MNP inside 

the gel as imaged by transmission electron 
microscopy. The MNP are well adsorbed 
inside the polymer network. 

 
Figure 1. TEM picture of magnetic microgle par-
ticle. 
 
Zeta potential measurements have shown 
that the temperature response known from 
pure microgels is preserved for MMG. 
Measurements on individually adsorbed 
MMG with an applied external magnetic 
field are performed with an MFP-3D AFM 
(Asylum Research) with the Variable Field 
Module 2 (VFM2) extension The VFM2 
applies a homogenous magnetic field up to 
0.375 T to the sample. The results are 
shown in Fig. 2. The adsorbed MMG are 
stretched parallel to the field direction 
while the height decreases, leading to an 
overall anisotropic volume loss. 
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Figure 2. Change of volume, height and width 
during three cycles in each of which the magnet-
ic field was ramped up from 0 T to 0.375 T. 
 
 
Outlook 
  

A remaining topic is to increase the num-
ber of adsorbed MNP inside the gel and 
tune the strength of the interaction between 
the gel and the MNP. By increasing the 
interaction strength, we hope to create a 
higher response to magnetic field. 
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Liquid crystals (LCs) are manifold used in 
electro-optical devices (e.g. liquid crystal-
line displays; LCD) due to their aniso-
tropic, crystal-like physical properties that 
are easily controlled by weak electric fields 
due to their dynamic, fluid-like behavior.  
As postulated by Brochard and de Gennes 
in 1970, the magnetic susceptibility of LCs 
can strongly be increased by the integration 
and stabilization of magnetic nanoparticles 
(MNP) [1]. While the integration of the 
MNP in the LC phase was realized soon 
after prediction together with interesting 
magneto-optical properties [2], the long-
term stabilization and aggregation have 
remained a current challenge [3]. 
Here, we address the development of a new 
synthetic strategy for mesogen-hybridized 
MNPs.  
 

 
Figure 1 Functionalization of magnetic nanoparti-
cles with mesogenic ligands. 
 

In a first step, a series of electrostatically 
stabilized, spherical ferrite MNPs were 
synthesized with sizes in the range of 10 
nm, by using a modified protocol by 
Massart et al. [4]. The ferrite NPs were 
successively hybridized with mesogenic 
ligands (MLs) [5], bearing functional 
groups for nanoparticle binding (figure 1) 
and eventually purified by washing and 
magnetic separation. IR-spectra of the NPs 

demonstrated the successful binding of the 
MLs to the surface of the nanoparticles.  
The hybrid materials were characterized by 
differential scanning calorimetry and polar-
ized optical microscopy (POM). POM im-
ages of the MLs (ML1, ML2 and ML3) 
and the hybridized MNPs in ML (e.g. 
CuFe2O4@ML4 in ML4) revealed the 
birefringent character of the ligands and 
the hybrid materials. No aggregates were 
detected by POM investigations. 
A successful strategy for the hybridization 
of MNP with mesogenic molecules has 
been developed, resulting in hybridized 
materials with mesomorphic characteristics 
at higher temperatures. Future studies will 
concern the behavior of these hybrid mate-
rials in magnetic fields. This strategy ap-
pears a promising route not only to stabi-
lize and organize MNPs but also to modu-
late the mesomorphism of the hybrid mate-
rials. 
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Thermoresponsive aqueous ferrogels with 
cubic magnetic nanoparticles (MNPs) in-
corporated in a self-assembled network 
built by low molecular weight gelators, are 
studied primarily by Small Angle Scatter-
ing together with rheology and magnetom-
etry, to understand the inter-play between 
the living network and NPs, and enable 
control of the response to mechanical 
stress, temperature and magnetic field. 
 

Background 
 

Most ferrogels result from the addition of 
polymeric gelators in large amounts to an 
existing ferrofluid. [1] The resulting ferro-
gels are in fact composed of pockets or 
blobs of the original ferrofluid encapsulat-
ed by domains of polymer molecules at the 
colloidal scale. Such systems do not exhibit 
any significant synergistic response. 
 
Goal 
   

Using a silica shell to stabilize NPs in wa-
ter, and creating the gel network via self-
assembly of small surfactant molecules that 
interact with functionalized NPs, enables 
the construction of more elaborated fer-
rofluids that can quickly respond to stimuli 
due to the small size of the gelator that re-
organizes immediately. Modifying the sur-
face of the silica shell by hydrophobic 
modification or by grafting amino acids to 
it, allows to control the charge of NPs and 
their interaction with the gel network via 
H-bonds and/or hydrophobic interactions 
(strength and number of junctions). Small 
Angle Scattering (SANS, SAXS) is used to 
get a detailed picture of the arrangement of 
the particles and of the gel fibers at the na-
nometer-scale while Time-Resolved SAS 
will show the dynamics of such systems 

(relaxation time and pathway of particles 
and network). 
 
Low molecular weight gelators 
 

A new class of gels discovered within this 
project is based on mixing fatty acids with 
basic amino-acids, with an emphasis on 
oleic acid (C18:1COOH) and L-arginine. 
Such gels are eco-friendly, non-toxic, 
cheap and present attractive rheological 
and temperature-dependent properties.  

 
Fig. 1: 200 mM sodium oleate with 
217 mM L-arginine under pH-variation.  
 

The formation of a vesicle gel in these sys-
tems is already a very interesting finding 
by itself, and even more so as by variation 
of pH one can rather directly switch to a 
viscoelastic network based on Na oleate in 
worm-like micelles, where similar worm-
like micelles can also be formed by in-
creasing the ionic strength of Na oleate so-
lutions (Figs. 1 and 2). In particular the 
ability to change easily by pH the gel struc-
ture in the oleate/arginine system is a very 
elegant way of tuning the gel structure and 
properties and this renders this system very 
interesting and suitable for our future prep-
aration and investigation of ferrogels. 

8



 
Fig. 2: SANS measurement of a Na-oleate 
and arginine mixture in terms of pH. 
 
Nanocubes 
 

Highly monodisperse Fe3O4, CoFe2O4 
(hard ferrite), Mn0.5Zn0.5Fe2O4 (soft ferrite) 
nanocubes in a size range of 7 to 17 nm 
(edge length) corresponding to 10 to 29 nm 
space diagonal were synthesized using a 
thermal decomposition route [2] resulting 
in a large scale reaction (2-3 g NP / synthe-
sis). Such monodisperse nanoparticles are 
required for detailed investigations (SAS) 
and commercial ferrofluids and not suitable 
due to their high polydispersity (Fig. 3).  

 
Fig. 3: TEM of magnetite nanoparticles 
(left: commercial, right: synthesized). 
 
Silica Shell 
  

However, in order to enhance and control 
the colloidal stability as well as having the 
ability to integrate these hydrophobic mag-
netic nanoparticles into an hydrogel net-
work, it is required that they become sur-
rounded by a protective shell that subse-
quently can easily be modified chemically 
– as it is best the case for silica shells. 
A silica coating [3] is obtained by hydro-
lyzing TEOS in the presence of arginine, 
thus resulting in NPs functionalized by 
amino acids. Particles are water dispersible 
and the homogeneous shell thickness can 
be tuned between 4 and 13 nm.  

 
Fig. 4: TEM of Fe3O4@SiO2 nanoparticles. 
 

Ferrogels 
 

The aim is to combine the nanocubes and 
gels to self-assembled ferrogels, whose 
properties cannot only be controlled by pH, 
temperature and composition, but also by a 
possible hydrophobic modification of the 
silica shell resulting in a versatile system.  

 
Fig. 5: Photo of an as prepared ferrogel. 
 
Future Perspectives 
 

Dynamic SAS experiments with and with-
out magnetic field will be done together 
with magnetometry measurements in order 
to thoroughly characterize the dynamic 
properties of these ferrogels.  
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Hindered nematic alignment of hematite spindles
in viscoelastic matrices
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Spindle-shaped hematite particles align
with their long axis perpendicular to the
direction of an external magnetic field [1].
We compare the orientational distribu-
tion functions (ODF) of hematite spin-
dles in aqueous suspension and in hydro-
gel matrices at the same number densi-
ties.
The ODFs are determined by means of
Small Angle X-ray Scattering in depen-
dence on the flux-density and the direc-
tion of the scattering vector Q with re-
spect to the direction of an external field.
Since the electron density of hematite is
significantly larger than the one of water
or poly(N-isopropylacrylamid), the scat-
tered intensity is dominated by the iron
oxide particles.
In diluted suspensions and hydrogel-
composites, where particle-particle inter-
actions can be neglected, the orientation
of the spindles is random in absence of
an external field resulting in an isotropic
scattering pattern. With increasing flux
density, the anisotropy of the scattering
patterns rises. Both, for aqueous sus-
pensions and hydrogels, this field-induced
isotropic-nematic transition is completely
reversible within several to several ten
seconds.
Depending on the viscoelastic proper-
ties of the hydrogel matrices which are
tuned via the volume fraction of the poly-
mer and its crosslinking density [2], the
anisotropy of the scattering pattern is
less pronounced for composites than for
suspensions in Newtonian liquids. The
stronger the elastic modulus of the hy-

drogel is, the more hindered is the field-
induced nematic alignment of the par-
ticles. In Fig. 1, false color represen-
tations of the intensity scattered by an
aqueous suspension and a hydrogel con-
taining the same number density of iden-
tical hematite particles are compared.

Fig. 1: SAXS false-color plot of a HEM suspen-
sion (left) and a HEM-pNIPAM com-
posite (right) at B=1.5 T.

The scattered intensity detected by a
CCD camera is sector-averaged in 72
sectors with an acceptance of ∆ϑ =
2.5◦. The ODFs are obtained from least-
squares fits of the scattered intensity as a
function of the modulus and the direction
of the scattering vector Q with respect to
the direction B̂ of the magnetic field.
To quantify the aligning of hematite par-
ticles, the nematic order parameter

S2 =
1

2
〈3 cos2 ϑP − 1〉

is calculated from the ODF. In aqueous
suspensions, at a flux density of B =
1.0T nearly a complete alignment of the
spindles can be achieved with an order
parameter close to S2 = −1/2. With in-
creasing elastic modulus of the hydrogel
matrix, the decay of the order parameter
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Fig. 2: Sector averaged mean intensities for
ϑQ = 0◦ and 90◦ of SAXS experiments
of an aquous HEM suspension.

Fig. 3: Sector averaged mean intensities for
ϑQ = 0◦ and 90◦ of SAXS experiments
of a HEM-pNIPAM-composite.

with increasing flux density is less pro-
nounced. The reversibility of the field-
induced isotropic-nematic transition indi-
cates, that this effect is not related to
the Newtonian viscosity of the hydrogel
but to the elastic modulus of the polymer
network. An increased Newtonian viscos-
ity would only slow down the systems re-
sponse to the external stimulus. By ro-
tation of the spindle-shaped particles the
polymer network of the hydrogel matrix
is deformed causing a torque opposite to
the torque induced by the magnetic field.
Ocillatory shear experiments in presence
of an external magnetic field confirm at

small deformations the structural response
of the composites to an external field. Par-
ticles rotate in the vorticity of the shear
gradient. The particles orientational ar-
rest in presence of an external field leads
to strongly increasing strorage moduli with
rising flux density. The anisotropic mag-
netic particles behave as field-dependend
crosslinkers of the polymer matrix.

Fig. 4: Order parameter S2 of HEM sus-
pension and HEM-pNIPAM compos-
ites with varying volume fractions
(ϕ(PN29)=0.050, ϕ(PN29)A=0.025,
ϕ(PN29)B=0.017).
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Introduction 
 

Bacri et al. [1] proposed already in 1985 to 
determine the nanoscale viscosity by 
measuring the Brownian time constant of 
magnetic nanoparticles (MNP). Whereas 
the situation is rather clear for Newtonian 
fluids, only a few studies aiming at a 
nanoscale rheometry of non-Newtonian 
fluids [2] and viscoelastic matrices have 
been performed. Here we investigate the 
temporal evolution of the gelation process 
of aqueous gelatin solutions analogous to 
recent experiments which were based on 
the magneto-optical detection of the dy-
namics of Ni nanorods during gelation [3]. 
By contrast, magnetically blocked CoFe2O4 
MNP are used as probe particles in the 
present study. The CoFe2O4 MNP are dis-
persed in aqueous gelatin suspensions with 
contents of gelatin between 2.5 wt% and 
10 wt%. The measured ac susceptibility 
(ACS) data were analyzed according to a 
theoretical model by Raikher et al. [4] as-
suming a viscous and an elastic term in 
parallel (Voigt-Kelvin model) and describ-
ing the dependence of the complex suscep-
tibility on viscosity and shear modulus of 
the matrix.  
 
Methods 
 
The CoFe2O4 single-core MNP have a core 
diameter of 15 nm (TEM) and hydrate 
shells. Because of their large 
magnetocrystalline anisotropy they are 
magnetically blocked and their dynamics in 
a Newtonian liquid are dominated by 
Brownian relaxation which is directly pro-
portional to the viscosity. ACS measure-

ments of these nanoparticles in DI water 
provide a hydrodynamic diameter of about 
18 nm. 
The ACS measurements presented here 
were performed with our fluxgate based 
RMF setup described in detail in [5] with a 
frequency range between 2 Hz and 9 kHz 
and ac field amplitude of 200 µT and 
which allows sample heating from room 
temperature up to 70°C. To generate a si-
nusoidal excitation field, only one of the 
two orthogonal Helmholtz coils is pow-
ered. 
The gelatin sol was equilibrated in the 
measurement setup at 40°C for one hour 
and then cooled to 23°C. ACS measure-
ments were performed every 30 min on the 
first day and then every 24 hours.  
 
Results 
 
The ACS spectra of the sample with 
2.5 wt% gelatin show a continuous shift of 
the maximum of the imaginary part to low-
er frequencies with increasing gelation 
time (Fig. 1). As can be seen in Fig. 2, for 
the sample with 5 wt%, the maximum first 
shifts to lower frequencies but at long gela-
tion times a shift to higher frequencies 
takes place. Besides the shift of the maxi-
mum position of the imaginary part, a sig-
nificant broadening is observed. The peaks 
of the samples with 7.5 wt% and 10 wt% 
are outside the measurement window be-
fore achieving 23°C because of their higher 
viscosities. 
The measured spectra of the imaginary part 
of  the  complex  susceptibility  were  fitted 
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Fig. 1: Imaginary part of ACS spectra for the sam-
ple with 2.5 wt% gelatin. 
 
with the model by Raikher et al. [4] ex-
tended by lognormal distributions of the 
hydrodynamic particle diameter and the 
local viscosity. The distribution of the hy-
drodynamic diameters was estimated from 
measurements of the gelatin sol at 40°C 
and independent rheological measurements 
of the sol viscosity. It was found that the 
mean hydrodynamic diameters of the parti-
cles were significantly larger (36 nm and 
47 nm for 2.5 wt% and 5 wt% gelatin, re-
spectively) than the value obtained for the 
aqueous sample presumably caused by a 
gelatin adsorbate layer. The obtained tem-
poral evolution of the viscosity and shear 
modulus data shows a qualitatively similar 
trend for both concentrations of gelatin 
despite their different trends in the ACS 
spectra. 
Magnetorelaxometry measurements on the 
same samples indicate a continuous in-
crease of the characteristic time constant 
with increasing gelation time. 
  
Conclusion 
 
Blocked CoFe2O4 nanoparticles are well 
suited for the nanoscale rheological inves-
tigation of non-Newtonian fluids and vis-
coelastic media. The temporal evolution of 
the gelation process of aqueous gelatin 
solutions measured applying AC 
susceptometry   was   analyzed    with    the  

 
Fig. 2: Imaginary part of ACS spectra for the sam-
ple with 5 wt% gelatin. 
 
Voigt-Kelvin model providing viscosity 
and shear modulus of the viscoelastic ma-
trix versus gelation time. The behavior 
over the time was found to be different and 
depending of gelatin concentration. 
Macrorheological reference measurements 
are in progress. 
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Motivation 

Static and dynamic rheology is an estab-
lished methodology for the investigation of 
the flow and deformation properties of 
viscoelastic complex materials like poly-
mers.  
In the context of nanostructured materials 
and composites, there is an increasing in-
terest to study the material properties on 
the micro- or nanoscale and to investigate 
the interaction between the nanoscopic 
building blocks and the surrounding matrix 
in detail. Peculiar interest is paid to the 
relative size of the tracer particles and the 
structural length scale of the investigated 
material. In this respect, different tracer 
particle-based microrheological methods 
are developed, showing the additional ad-
vantage of a small sample volume and thus 
allowing the exploration of samples that 
cannot be produced in bulk quantities, like 
biological polymers or living cells.[1,2] A 
tracer-free method is based on dielectric 
spectroscopy, relating the complex dielec-
tric function to the complex dynamic vis-
cosity according to the Gemant-DiMarzio-
Bishop model.[3] 
Here, we demonstrate that by Magnetic 
Particle Nanorheology based on the com-
plex dynamic susceptibility of ferromag-
netic nanoscopic probes, the frequency-
dependent interaction between the probe 
and its viscoelastic environment can be 
obtained in a broad frequency range. 
   
Method 
 

Ferromagnetic CoFe2O4-nanoparticles 
(dTEM = 13.3 nm ± 1.9 nm) are used as 
tracer particles in model systems based on 
a) Newtonian fluids based on mixtures of 
ethylene glycol and triethylene glycol with 
water, b) aqueous polyethylene glycol 
(PEG) solutions and c) PEG-based dynam-

ic networks. The samples are doped with 
the magnetic probe particles, and the dy-
namic response of the brownian particles is 
recorded by AC susceptometry (Fig. 1).   

Fig. 1: AC susceptometry measurements of 
aqueous polyethylene glycol solutions 
(Mw = 35000 g·mol-1) with different poly-
mer concentration. 
 
The collected frequency-dependent com-
plex susceptibility data are treated using 
different theoretical approaches.[4]  
 
Results and Discussion 
 

By applying different methods including an 
extended Debye relaxation model and a 
modified version of the Gemant-DiMarzio-
Bishop approach for the magnetic case, the 
experimental data can be fitted to receive 
frequency-dependent rheological properties 
including viscosity, loss moduli and stor-
age moduli.  
The approach is verified under employ-
ment of Newtonian fluids of different, fre-
quency-independent viscosity. By compar-
ing their nanorheological results to results 
from macroscopic rheology, a good corre-
spondence is obtained.  
The method is subsequently applied to 
aqueous PEG solutions, with a systematic 
variation of the concentration and the mo-
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lar mass of the polymer. For each sample, 
the dynamic storage and loss modulus are 
calculated over a broad frequency range, 
and are used to determine characteristic 
relaxation times of the polymer systems 
(Fig. 2). 

 
Fig. 2: Frequency-dependent loss and stor-
age modulus calculated according to the 
modified Gemant-DiMarzio-Bishop ap-
proach for an aqueous solution of PEG 
(Mw = 35000 g·mol-1, 40 mass-%). 
 
By comparing the results with outcomes of 
conventional rheology, the validity and the 
limits of the nanorheological method are 
demonstrated [4]. The corresponding scal-
ing of the relaxation times can be com-
pared to the theoretical expectations [5] 
under consideration of the size-dependent 
particle diffusion in polymer solutions 
(Fig. 3).  

 
Fig. 3: Comparison between different re-
laxation times obtained from nanorheology 
and theoretical calculations [5] for aqueous 
solutions of PEG (Mw = 35000 g·mol-1). 
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Systems whose magnetic responses can be 

finely tuned using control parameters, such 

as temperature and/or external magnetic 

field strength, are extremely desirable both 

in research and in an industrial setting. 

Magnetic nano/micro-particles – in particu-

lar, suspensions thereof – offer opportuni-

ties for this controllability to be realised. 

Traditional ferrofluids composed of spheri-

cal nanoparticles have been developed over 

many years to allow useful, magnetically 

controllable liquids to be developed. 

Nowadays, in order to provide systems that 

respond in a different manner, modifica-

tions to the particle structure must be 

made. These changes can be in terms of the 

magnetic structure or indeed the particle 

shape. We have considered the effect of 

both. The manufacture of non-spherical 

magnetic particles, ranging from the nano- 

to microscopic regimes, is now a reliable 

technique of colloidal synthesis [1]. Cube-

like particles are particularly monodisperse 

examples that, together with their favoura-

ble packing behaviour, makes them inter-

esting to study [2,3,4].  

We have used analytical theory in combi-

nation with molecular dynamics simula-

tions to study the behaviour of permanently 

magnetised dipolar cubic particles. Most 

notably, we have elucidated the ground 

state microstructure of these particles for a 

number of different preferred magnetisa-

tion directions [5]. As well as detailing the 

zero-field magnetic properties of isolated 

clusters, we have also begun to address the 

effects of particle curvature on these struc-

tures [6,7]. In addition, we discuss the in-

fluence of the ground state structural mo-

tifs at finite temperatures through consider-

ation of the resulting bulk thermodynam-

ic/magnetic behaviour in dilute suspen-

sions. The observed phenomena are a di-

rect result of the fundamental relationship 

between the anisotropy of the magnetic 

interaction and the anisometric geometry of 

the particles. 
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Introduction

Ferrogels and magnetic elastomers rep-
resent a fascinating class of composite
materials, which are receiving growing
attention because of their unique in-
terplay of elastic and magnetic effects.
Their reversible deformability under an
external magnetic field, as well as the
tunability of their elastic moduli, may
result in innovative applications in many
fields. In the present contribution we
focus on the tunability of elastic moduli
by magnetic interactions and adjust our
mesoscopic model by comparison to a
microscopic approach.

Elastic moduli and non-affinity

In the first part we consider a minimal
2D dipole-spring model with all the
dipoles of equal magnitude and oriented
along the same direction [1]. We show
the dependence of the elastic modulus
on increasing magnetic interactions for
different magnetization directions and
particle arrangements; a central role
here is played by the relative orientation
of the nearest neighbors. For increas-
ingly disordered particle distributions
we demonstrate that the often applied
assumption of affine homogeneous de-
formations leads to increasing errors in
the elastic moduli calculations. This
becomes dramatically evident when we
consider realistic particle distributions

extracted from x-ray micro-tomography
measurements on an actual experimental
sample [2], see Fig. 1.
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Figure 1: Elastic modulus (rescaled in
the right inset) as a function of increasing
magnetic interactions for a particle distri-
bution extracted from a real experimen-
tal sample (left inset): the assumption of
affine deformations (AT) leads to obvi-
ously incorrect results when compared to
realistic non-affine deformations (NAT).

Building mesoscopic potentials

To check and improve our mesoscopic
model potentials [1, 3, 4] we study a
more microscopic minimal system of
two mesoscopic particles connected by
a coarse-grained polymer chain [5],
see Fig. 2. Using molecular dynamics
simulations we collect statistics on the
mesoscopic particle configurations under
thermal fluctuations of the whole system.
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Figure 2: A simplified sketch of the ge-
ometry of the microscopic system.

From the resulting probability distribu-
tion, we obtain an effective pair potential
between the mesoscopic particles as a
function of their relative configuration.
This effective potential contains the role
of the fluctuating polymer chain, with
the influence of its many microscopic
degrees of freedom projected onto the
configuration of the mesoscopic particles.
On the one hand, we find a remarkably
good agreement with some expressions
in the literature, such as the FENE
potential, or orientational memory terms
introduced in Refs. [3, 4]. On the other
hand, our strategy of scale-bridging
guides us to additional coupling contri-
butions in the effective potential and
correlations not present in the meso-
scopic model so far. For an illustrative
example of such newly included effects,
rotations of the mesoscopic particles
lead to a wrapping of the polymer chain
around them, decreasing their relative
distance [5]. A three-dimensional model
material can then be built up using the
derived model potential as a pair inter-
action between the mesoscopic particles.
The additional magnetic interactions
between the particles can be included in
a straightforward manner.

Conclusions and prospects

On the basis of a mesoscopic dipole-
spring model we determine elastic
moduli as a function of magnetic inter-

actions. The influence of the particle
distribution and the importance of non-
affine deformations arises, especially in
the modeling of realistic particle arrange-
ments. Moreover, we derive mesoscopic
pair potentials from microscopic simu-
lation data with the scope of justifying
and improving the existing models. In
particular, explicit correlations so far
missing in the mesoscopic models were
included in this way.
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and H. Löwen, J. Chem. Phys. 138,
204906 (2013).

[4] M. Tarama, P. Cremer, D. Y. Borin,
S. Odenbach, H. Löwen, and A. M.
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Ferrogels are magneto-sensitive polymers. 
Their fabrication was first reported in the 
late 90s [1, 2]. Ferrogels consist of a chem-
ically cross-linked polymer network and 
magnetic nanoparticles (e.g. CoFe2O4 [3]).  
 
In the course of preparation, parts of the 
magnetic particles are adhered to the pol-
ymer network. If no magnetic field is pre-
sent in the process of preparation, the mag-
netic particles are randomly distributed 
within the ferrogel, leading to an isotropic 
material [4]. In ferrogels, there could also 
exist mobile magnetic particles which are 
not attached to the polymer network. 
 
A comprehensive model for ferrogels con-
sisting of a polymer network, fixed and 
mobile magnetic particles as well as a pore 
fluid has been developed by the authors in 
[5]. In [5] the corresponding field equa-
tions were derived using a continuum me-
chanical approach based on the multiphase, 
multicomponent nature of the ferrogels. 
 
  

 
 

Figure 1. Microstructure of a ferrogel 
 
 
 

In the present study a reduced version of 
this model is introduced. For this, only 
polymer network (P) and fixed magnetic 
particles (f) are considered, see Fig. 1. The 
interaction with the fluid is neglected. The 
magnetic particles are assumed to be of the 
hard magnetic type with given magnetiza-
tion.  
 
The field equations are numerically solved 
by using the Finite Element Method. For 
the purpose of this research a user defined 
element (UEL) was formulated and imple-
mented in Abaqus commercial finite ele-
ment package. 
  
For the numerical investigation a rectangu-
lar strip of ferrogel (6mm × 1mm) was 
used. The ferrogel, as shown in Fig. 2 and 
Fig. 3, is fixed at one end and all other 
sides are free to move. 
 
To verify the validity of the developed 
model, first a simple magneto-elastic prob-
lem was investigated. To study the magnet-
ic stimulation of the ferrogel and its effect 
on the deformation of the sample, the cou-
pled magneto-elastic problem was solved. 
For this approach different fundamental 
test cases have been performed:  

In the first test case (Fig. 2), the ferrogel 
has a given magnetization in x-direction 
(mx = 0.005 T kg-1 m3). The magnetic in-
duction vector of B = 0.1 T is applied also 
in x-direction. This results in an elongation 
of the sample in x-direction and a slight 
contraction in y-direction. 
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Figure 2. Test case 1: Deformation of a ferro-

gel in a magnetic field 
 
In the second test case (Fig. 3) the ferrogel 
has a given magnetization in y-direction. 
The magnetic induction vector is set in  
y-direction. This leads to a small elonga-
tion of the sample in y-direction and a con-
traction in x-direction.  
 

 
 
 
Figure 3. Test case 2: Deformation of a ferro-

gel in a magnetic field 
 
Other test cases were also carried out in the 
present study. The results proved to be 
qualitatively in-line with previous experi-
mental results [1].  
 
Concluding, an approach for modeling the 
behavior of ferrogels – consisting of poly-
mer network and fixed magnetic particles – 
under magnetic stimulation has been pro-
vided.  
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Introduction

Magnetorheological elastomers (MRE) fea-
ture mechanical moduli that become strong-
ly enhanced by an applied external mag-
netic field as well as the ability to gen-
erate magnetically induced deformations
(magnetostriction) and mechanical actua-
tion stresses. Typically, these materials rep-
resent a two-component system, in which
micron-sized magnetizable particles are em-
bedded in a cross-linked polymer network.
Since the effective material behavior of
MRE is essentially determined by the con-
stitutive properties of the individual compo-
nents and their geometrical arrangement in
the composite, this contribution will apply a
homogenization approach for coupled mag-
netomechanical problems.

Modeling

Starting from the properties of the magne-
tizable particles and the polymeric matrix,
a weakly coupled model based on a contin-
uum formulation of the heterogeneous mi-
crostructure is presented. The governing
equations are solved with the extended finite
element method (XFEM) that allows the
use of non-conforming, structured meshes
which do not have to be adapted to the
particle-matrix interfaces [1]. This is ad-
vantageous if complex systems represent-
ing stochastic and structured particle distri-
butions are considered. To study and un-
derstand the structure-property relations of
isotropic and anisotropic MRE qualitatively,
a linear magnetic material model and linear
elasticity are adequate.

Simulation

While in [2] the coupled magnetomechani-
cal behavior of an idealized microstructure
is analyzed in terms of actuation stresses,
here the focus is on the magnetostrictive
strain and the mechanical stiffening of par-
ticle reinforced composites. In addition to
irregular particle arrangements also regular
lattice-based structures are modeled. This
allows a comparison with analytic models
based on dipol-dipol interactions and the as-
sumption of affine deformations. The effec-
tive behavior of a representative volume el-
ement (RVE) is obtained by computational
homogenization. Volume averages of the lo-
cal field distributions (·) result in the corre-
sponding macroscopic variables (̄·).
Results and discussion

In Fig. 1 the computed effective magne-
tostrictive strain ε̄ is presented for isotropic
microstructures with varying volume con-
tent of magnetic particles ϕ [3]. The results
are obtained for a horizontal and a vertical
external magnetic field in terms of the strain
parallel and perpendicular to the loading.
Beside the isotropic behavior a mechanical
stiffening is observed which dominates the
magnetomechanical coupling above the vol-
ume content of approximately 27 %. This is
in accordance with the findings in [4].
If a MRE is cross-linked under the action
of an external magnetic field, the particles
arrange into chain-like structures. A RVE
of such an anisotropic microstructure is de-
picted in Fig. 2 (a). A horizontal magnetic
loading causes an elongation of the structure
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Figure 1: Absolute value of magnetostric-
tive strain normalized by its extremal value
depending on the volume fraction [3].

under consideration, see Fig. 2 (b). This is
due to the magnetomechanical interactions
between neighboring particles. If the direc-
tion of the magnetic field is perpendicular
to the particle chain, the RVE will contract,
see Fig. 2 (c). The magnetostrictive strains
are plotted in Fig. 2 (d). Red curves corre-
spond to a horizontal magnetic loading and
blue curves to a vertical. The anisotropic
behavior of the RVE is obvious, which is
also confirmed by the magnetization curves
in Fig. 2 (e).
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Introduction

Magnetic nanoparticles (MNP) are increas-
ingly employed in biomedical applications
[1]. To improve the performance of these
applications, it is of critical importance to
develop accurate imaging techniques which
allow a visualization of spatial MNP distri-
butions in a non-destructive way. An exam-
ple of such an imaging technique is mag-
netorelaxometry (MRX) [2]. In MRX, the
MNP align their magnetic moment parallel
to the direction of an externally applied mag-
netic field. After a certain time, the field
is switched off and, due to thermal interac-
tions, the MNP’s alignment to the applied
field relaxes. This is observed in sensitive
magnetometers as a signal decaying towards
zero. Using these measurements we can ob-
tain the spatial MNP distribution by solv-
ing an inverse problem. This inverse prob-
lems requires a forward model which relates
measurements to a spatial MNP distribution.
The forward model is represented by a lead-
field matrix. Based on [3], we apply a trans-
formation approach on the leadfield which
employs information theory parameters to
compare different MRX models and setups.
This transformation results in an improved
reconstruction accuracy: where sources pre-
viously were shifted upward in the recon-
struction process, they are now accurately
reconstructed. Fig. 1 depicts an overview
of the presented method.

Method

An MRX measurement is modeled as fol-

lows [4]:
B = L · c (1)

L is the leadfield matrix with dimensionsS
× N . These matrix elements are calculated
from Biot-Savart’s law and depend on pa-
rameters such as coil distance and orienta-
tion. c is aN × 1 vector which contains the
MNP amounts for theN voxels of the MNP
sample.B consists of the measurement val-
ues of theS sensors. To recover the spa-
tial MNP distribution an inverse problem is
solved using the Moore-Penrose inverse of
L:

c∗ = L† · B (2)

Each MRX model is denoted asLm, m =
1...M . We consider each voxeln as a ran-
dom variable (RV). Each column ofL then
hasS observations of the RV. We compare
the performance of each model, for a voxel
n, by calculating the conditional entropy (H)
and mutual information (MI) [3]. H(Y|X)
expresses the amount of information needed
to describe the outcome of RVY given that
the value of RVX is known.MI(X,Y) de-
scribes the information both RV’s have in
common. We use a sequential two-way ap-
proach, first, the model with the lowestH
for voxel n, which is best suited for recon-
structing this voxel, is given a weighting of
1. Secondly, the weighting value for the model
having a higherH is calculated by minimiz-
ing theMI between both models, as depen-
dent information can reduce the stability of
the inverse solution [3]. The complete trans-
formation is then:

T(Lm) = Nm · Lm · Wm · Sm (3)
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Figure 1: Quantitative comparison between
different MRX models.

Wm is a diagonal matrix containing all the
weights of modelm for theN voxels, de-
termined by calculatingH andMI. Nm is
a diagonal matrix which normalizes the sen-
sor responses andSm is a diagonal matrix
which removes the impact of source orien-
tation. The simulations are performed using
an existing MRX setup of the Physikalisch-
Technische Bundesanstalt (PTB), Berlin [4].
This setup consist out of 48 coils which can
be activated sequentially. We calculate for
each coil the resultingLm. When combining
all Lm, m = 1...M into an single leadfield
of dimensionsM.S × N , we obtainLseq,
associated to a sequential activation of the
setup (see [5]). We compareLseq to T(Lseq).
T(Lseq) consists of theM transformations
of Lm (eq. (3)). BecauseH andMI only
allow a comparison between two models, all
comparisons (with the 47 other models) are
averaged out to obtain one weighting matrix
Wm for each model.

Results

Fig. 2 shows a reconstruction example in
which a reconstruction of an MNP phantom
is performed usingLseq and T(Lseq). The
transformation results in an increased recon-
struction accuracy for layers further away
from the sensors (middle and bottom layer).

Figure 2: Reconstruction of MNP phantom
usingLseq andT(Lseq).

This improved stability is also proven by in-
vestigating the condition numbers ofLseq

and T(Lseq) which is 143 and 61 respec-
tively. In the full paper we will also consider
optimal voxel resolution and coil configu-
ration based on the quantitative information
associated to the MRX models.

Conclusion

We present a transformation for the leadfield
matrix in MRX. Using information theory
parameters it is possible to quantitatively com-
pare different MRX models. This way a voxel-
based weighting of these models is realized
which is then used to increase the accuracy
of MNP reconstructions.
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Introduction 
   

Magnetic Particle Spectroscopy (MPS) is a 
powerful tool for the characterization of 
magnetic nanoparticles as tracers for Mag-
netic Particle Imaging (MPI). So far the 
signal strength per mol iron is interpreted 
as a relative indicator for the imaging qual-
ity. The direct derivation of real imaging 
parameters from MPI such as the spatial 
resolution is time-consuming and requires 
a scanner. With our method of an offset 
field supported imaging characterization, 
we aim to derive absolute imaging parame-
ters for the 1D case of MPI directly from 
MPS. 
 
Method 
  

MPS can be considered as a 0D MPI with 
the missing gradient field and therefore the 
field of view as the main difference be-
tween spectral analysis and imaging mo-
dality. In our method we describe the gra-
dient field mathematically as a series of 
step functions. This enables us to sequen-
tially measure each position in the field of 
view using an external offset field and 
therefore acquire the 1D system function 
using MPS. This has been shown already 
by [1] and was used by [2] to reconstruct 
MPI data showing better results than model 
based reconstruction and being faster than 
the MPI based system function acquisition. 
We applied this method to measure a very 
close-meshed system function of 
FeraSpin™ R and used these data to com-
pose artificial particle distributions.  

We then reconstructed the particle distribu-
tion in a mesh corresponding to the voxel 
grid from the artificial MPI signal for dif-
ferent noise levels using the Kaczmarz 
regularization to measure the distinguisha-
bility of particle clusters of different dis-
tances to each other. 
 
Results 
 

Figure 1 depicts the MPS measured system 
function for FeraSpin™ R for a magnetic 
field strength of H = 12mT/µ0. These 
measured spectra were used to generate 
artificial MPI signals corresponding to the 
defined particle distribution. 

 
 
Figure 1. MPS acquired system function 

 
This distribution can be seen in figure 2 (a) 
with a total simulated field of view of 
d = 19.2 mm and a maximum concentra-
tion of c = 5 mmol/L. Figure 2 (b) to (d) 
depict the reconstructed images for noise 
levels of ASD = 1E-12 Am², ASD = 3E-
12 Am² and ASD = 5E-12 Am² with SD be-
ing the standard deviation. 
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It can be seen that the noise level directly 
influences the distinguishability of the de-
fined particle clusters and therefore lead to 
a decrease of the achievable resolution. 

 
Figure 2. Defined particle distribution (a) 
and reconstruction results for various noise 
levels. (b): ASD = 1E-12 Am², (c): 
ASD = 3E-12 Am², (d): ASD = 5E-12 Am² 
 
While in figure 2 (b) the particle clusters 
with the smallest distance of 1.75 mm can 
be separated, the resolution decreases in (c) 
to 2.7 mm and in figure 2 (d) only the three 
main complexes can be resolved. This ena-
bles us to estimate the achievable resolu-
tion for every tracer we measure with this 
method. 
 
Conclusion 
 

In our work we presented a method to 
characterize magnetic nanoparticles as MPI 
tracers in a significantly shorter time than 
actual MPI measurements would require. 
This allows us to pre-characterize particles 
and their imaging performance in terms of 
voxel volume, concentration and tolerated 
noise level before actual MPI measure-
ments with a phantom or an animal. Due to 
the higher throughput, this method might 
also lead to a better understanding of the 
relation between basic particle parameters 
and the imaging performance. 
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The aim of this project is to develop a

biocompatible hybrid material from a

defined meltable polymer and functional

nanoparticles, which can be softened under

an induced alternating magnetic field

(AMF) and allows in that way a release of

active pharmaceutical ingredients. This

could be a suitable alternative for swellable

hydrogel composites embedded with

magnetic particles as remote controlled

biomaterials [1].

A new approach towards the fabrication of

biocompatible composites suitable for

remote melting is presented. For that

purpose, fatty acid esters of dextran with

adjustable melting points in the range of 30

to 140 °C were synthesized. Esterification

of the polysaccharide by activation of the

fatty acids with iminium chlorides

guaranteed mild reaction conditions

leading to high quality products as

confirmed by FTIR- and NMR

spectroscopy as well as by gel permeation

chromatography [2]. A method for the

preparation of magnetically responsive

bionanocomposites was developed

consisting of combined dissolution/suspen-

sion of the dextran ester and oleic acid

hydrophobized magnetite nanoparticles

(MNPs) in an organic solvent followed by

homogenization with ultrasonication,

casting of the solution, drying and melting

of the composite for a defined shaping.

This process leads to a uniform distribution

of MNPs in nanocomposite as revealed by

scanning electron and optical microscopy

(Fig. 1) [3].

Fig.1: SEM (left) and optical image (right)

of MNP in dextran ester polymer

DSC measurements were carried out to

evaluate if embedment of particles

modifies the thermal behavior of dextran

esters. The first heating curve of dextran

palmitic ester (DE9) and nanocomposite

obtained with this sample (1 and 2 wt. %

MNP) is shown in Fig. 2. These DSC

measurements of the nanocomposites

show the same signals with comparable

intensities, which means the physical

presence of the MNP does not affect the

thermal behavior of dextran ester.

Fig. 2: Thermal behavior of dextran

palmitic ester and nanocomposite

illustrated by the DSC (solid line: DE9;

point: DE9 with 1 wt. % MNP; dash-point:

DE9 with 2 wt. % MNP)
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Samples of different geometries were

exposed to an alternating magnetic field

(400 kHz, 20 kA/m). As shown in the Fig.

3, it took 160 s to heat such a disk-type

sample of C8 (dextran palmitic ester with 2

wt. % MNP) above the melting

temperature (40 - 50 °C) of the dextran

ester. In case of a comparable sample of

C9 (dextran myristic ester with 2 wt. %

MNP), it took only 120 s (melting

temperature 40 °C). After AMF was

switched off, the nanocomposites were

quickly cooled by air and the temperature

dropped down under the melting

temperature within 2 min. These data

confirm that the material is in principle

very well suitable for remote melting, e.g.,

in controlled release applications. In a

further experiment, the nanocomposite was

combined with gelatin (C10) to obtain a

model system comparable to a biological

surrounding. The specific absorption rate

of the nanocomposite (10 wt. % in gelatin)

was determined as 6.3 W/g with a

fiberoptical sensor on a bulk shaped

sample (Fig. 3), which was subjected to

AMF (20 kA/m, 400 kHz). A plateau at 55

°C was found and lasted for about 80 s.

Fig. 3: Surface temperature by IR

thermography of bionanocomposite disks

(1400 µm thickness and radius of 8 mm)

and nanocomposite granulesin gelatin

subjected to continuous AMF

Microscopic investigations in molten state

of the matrix allow the observation of the

movement of single particles in the matrix

that can be influenced by a superposition of

a magnetic field gradient driven movement

and convection by thermal gradient (Fig.4).

Fig.4: Single particle tracking (Fig. right

after 45s) under external heating and static

magnetic field gradient; particle velocity ca.

0.25 µm/s

Conclusion

It is shown that defined remote melting of

biocompatible nanocomposites is possible

for the first time. This may lead to a new

class of magnetic remote control systems,

which are suitable for controlled release

applications or self-healing materials.
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Experimental evaluation 
  

In order to measure the magnetic force act-
ing on a body immersed in a FF volume, 
the setup shown in Fig. 3 is designed. The 
cuboid vessel (inner dimensions: 4×4×5.5  
cm3) and the rigid rod are made of alumin-
ium. A quantity of 60 cm3 of the oil-based 
FF (APG S12n) produced by FerroTec is 
used. The non-uniform applied magnetic 
field is generated by an NdFeB magnet 
(4×1×2 cm3), which is moved by a linear 
actuator. The force ( )bF x  dependent on a 

distance x between the magnet and the cen-
ter of the body is measured by a load cell 
on a lever arm, a = 4.2 cm, b = 9.5 cm. 

 
Fig. 3. Sketch of the setup: 1 ± vessel, 2 ± paramag-
netic body, 3 ± bearing, 4 ± artificial vibrissa 

 
Fig. 4. Experimental results for aluminium bodies 
with  bV 4.19 cm3: a sphere of radius 1 cm and 

a cuboid of dimensions 2.5×0.96×1.75 cm3. Analyt-
ical result given by equation (1) 
 
Several pairs of aluminium bodies of the 
same volume but different shapes (spheri-
cal/cuboidal) are used to investigate the 
dependence of 0( )bF H  on geometry of the 

body. It is shown that the magnetic force 
depends primarily on the volume of the 
body, Fig. 4. Although the FF volume in 
the experiment is bounded, the obtained 
results confirm the analytical formula (1). 
 
To conclude, the magnetic force acting on 
a paramagnetic body immersed in a FF 
volume is measured in the non-uniform 
magnetic field of a permanent magnet. The 
controlled oscillations of the mechanical 
vibrissa may be realized by means of an 
external alternating magnetic field.  
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Introduction 
 

Permanent magnetic dipoles may self-
assemble to linear chains and rings, even 
without an externally applied magnetic 
field. This has been investigated for nano-
sized particles in ferrofluids; see e.g. [1,2]. 
However, in this system the emerging 
structures and their dynamics are difficult 
to observe. Similar aggregates have also 
been observed in a mixture of glass beads 
and magnetized steel spheres, which are 
shaken in a vessel [3]. In our contribution 
we focus on the formation of transient net-
works in this system, when quenching the 
amplitude of the vibrations. 

  
Figure1: Sketch of the experimental setup. 
 
Experimental setup 
 

Steel spheres with a diameter of 3mm are 
permanently magnetized in a homogeneous 
field of 1.15T. Consecutively they are 
filled together with glass spheres (diameter 
of 4mm) in a rectangular vessel which is 
vibrated by an electromagnetic shaker. As 
sketched in Fig.1, a long rod takes care that 
the alternating magnetic field generated in 

the shaker has no significant influence on 
the steel spheres. A personal computer con-
trols the sinusoidal output of a signal gen-
erator, connected via an amplifier to the 
shaker. The beads are illuminated from be-
low utilizing an electroluminescent display. 
The dynamics of the beads is recorded 
from above using a charge coupled device 
camera connected to the computer.  
 

Figure 2: Gas-like state of shaken steel 
spheres (black) and glas spheres (grey). 
 

Figure 3: Formation of transient networks. 
Clusters detected by computer vision are 
marked by lines.  
 

Experimental results 
For large shaker amplitudes we observe a 
gas-like state of single steel and glass 
spheres, as shown in Fig.2. After a quench 
of the shaker amplitude to a lower value 
we record the assembly of steel spheres to 
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chains and networks, as shown in Fig. 3. 
Eventually compact clusters emerge. A 
movie of this transition can be found at [4]. 
Utilizing computer vision (cf. Fig. 3) we 
are extracting characteristic measures of 
the networks [5]. They comprise the aver-
age number of neighbors k , the distribu-
tions of cluster size, and gyration radius, 
the characteristic path length and the effi-
ciency of the network. Here we present as 
an example the average number of neigh-
bors in Fig.4. We find that its evolution is 
well described by the logistic function  

max
0

1
( ) 1

1 ( / )p
k t k

t t

     . 

We discuss the evolution of the character-
istic network measures in the context of a 
recently proposed model of viscoelastic 
phase separation [6]. In this model the dy-
namic asymmetry between the glass 
spheres and the magnetized steel spheres, 
with their enhanced shear viscosity, leads 
to phase separation and the formation of 
transient networks.  

 
Figure 4: Evolution of the avg. number of 
next neighbors for different acceleration 
amplitudes.  
 
Simulations 
 
We employ Molecular Dynamics simula-
tions in the software package ESPReSso, in 
order to understand, if the presence of 
nonmagnetic beads changes the self-
assembly scenario. Even though, there is 
no possibility to directly compare the re-
sults of the coarse-grained model of the 
equilibrium behavior of dipolar soft 
spheres and soft spheres used in our simu-
lations to the experimental data, one can 
see already using this ‘toy’-model that the 

mixture exhibits a qualitatively different 
cluster distribution as shown in Fig.5.  

Figure 5: (a) Snapshot of a mixture of neu-
tral and dipolar spheres with the experi-
mental size-ratio and comparable area frac-
tion; (b) pure dipolar system with the same 
parameters.  
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Introduction

Nonspecific protein adsorption onto solid
surfaces is a fundamental phenomenon with
implications for nanotechnology, biomateri-
als, protein diagnostics and microrheology
in biological systems. In the latter, adsorp-
tion of proteins on colloidal probe particles
results in (i) an increase of the hydrodyna-
mic volume of the particles and (ii) a reduc-
tion of the residual concentration of proteins
in the bulk solution. The separation of these
two effects is an important task which is
addressed in the present study.
We demonstrate a method to quantify the
amount of gelatin molecules adsorbed on
the surface of nickel nanorods using dy-
namical magneto-optical measurements and
a sequential depletion procedure. Further-
more we make use of the nanorod length as
an experimental variable and the different
scale-dependence of hydrodynamic size and
microviscosity on the relaxation frequency
to discriminate the two contributions.

Methods

Ferromagnetic nickel nanorods were synthe-
sised by pulsed electrodeposition of nickel
into a nanoporous AAO template [1, 2]. Af-
ter dissolution of the oxide layer, the col-
loidal suspension was sterically and electro-
statically stabilised using PVP as surfactant
at pH 6.
The rotational motion of ferromagnetic nano-
rods driven by an external oscillating mag-
netic field is monitored through optical trans-
mission measurements (OF-MOT) [3]. In

Figure 1: REM image of Ni nanorods
with adsorbed gelatin shell and initial PVP-
coated nanorod (square).

the Voigt–Kelvin model the characteristic
relaxation frequency ω0

c in Newtonian flu-
ids is a function of a geometry factor K,
which depends essentially on average hy-
drodynamic length L and diameter D of the
nanorods, and the viscosity η of the medium:

ω0
c =

1

K(L,D)η
. (1)

An increasing hydrodynamic volume due to
gelatin adsorption is accompanied by a de-
crease of the relaxation frequency compared
to a measurement in pure water.
While the thickness of the adsorbate layer
can be calculated from hydrodynamic mod-
els [4], their molecular density and thus the
amount of gelatin adsorbed on the particle
surface and of residual gelatin in the sol re-
mains unknown. This information can be
retrieved using a sequential depletion series.
Starting point is a gelatin sol at a concen-
tration of c ≃ 5 mg/dl. A fixed number of
nanorods is dispersed in the sol and their

33



relaxation frequency ω0
c determined. Af-

ter separation of the nanorods from the sol
by centrifugation, fresh nanorods are dis-
persed in the supernatant and this procedure
is repeated until the relaxation frequency re-
turned to the value of nanorods in pure water.
With the assumption that the gelatin forms a
uniform adsorbated layer with constant den-
sity ρ, we can reconstruct the amount of free
gelatin in solution at each intermediate step.

Results

Fig. 2 shows the shell volume of the ad-
sorbed gelatin as a function of the free
gelatin concentration in solution measured
by the sequential depletion method. Data
points were measured from right to left.
In each step, the characteristic frequency
increases, indicating a reduced adsorption
volume. Hence, we notice that the ad-
sorbed volume is a function of the free
bulk concentration. Further dilution exper-
iments show that adsorbed molecules are
irreversibly bound to the particles surface.
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Figure 2: Shell volume of gelatin adsorbed
onto Ni nanorods as a function of free gel-
atin in solution determined by the sequential
depletion method.

As evident from Eq. 1, the relaxation fre-
quency depends on the hydrodynamic size
of the particles and the viscosity of the ma-
trix. In the previous analysis, we used the
viscosity of pure water which is virtually

identical to the macroscopic viscosity of a
gelatin sol at such low concentrations. How-
ever, if the changes in viscosity are not neg-
ligible, we can make use of the different
scale dependence of the two contributions
as function of the nanorod length. An in-
creasing viscosity results in a constant ratio
of ω0

c/ω
H2O
c = ηH2O/ηsolvent independent of

the nanorod length whereas the reduction ω0
c

caused by an adsorbate layer with thickness
λ is more pronounced at smaller nanorods,
which is verified experimentally, Fig. 3.
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Figure 3: Normalized characteristic relax-
ation frequency of Ni nanorods in gelatin
solutions as a function of the average rod
length.
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Orientational distribution functions of suspended spindle
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Colloidal hematite spindles are a well de-
fined colloidal model system with tun-
able aspect ratio [1]. Due to the interac-
tion with an external field, an isotropic-
nematic phase transition can be induced
in the presence of moderate magnetic
fields, whereby spindle-shaped hematite
particles align perpendicular to the direc-
tion of an external field [2]. To determine
the magnetic properties of hematite spin-
dles, their orientational distribution func-
tions (odf) in dependence on the flux den-
sity of an external field are investigated
by means of small angle X-ray scatter-
ing employing synchrotron radiation as a
probe.
The energy of a hematite spindle in a
magnetic field depends on a permanent
magnetic moment µP as well as on an
induced magnetic moment which results
from the anisotropy of its magnetic sus-
ceptibility ∆χ = χ‖ − χ⊥, where χ‖
denotes the susceptibility parallel and
χ⊥ perpendicular to the particle direc-
tor. For the comparatively small mag-
netic anisotropy of hematite the energy
in a field with the flux density B can be
written as

VP = −µPB cosϑµ −
∆χ

2µ0

B2 cos2 ϑP

where ϑµ is the angle enclosed between
the permanent magnetic moment and the
field direction and ϑP the one between the
particle director and the field direction.
The magnetic moment of the particle is
tilted by ϑoff from the particle director.
Due to the cylinder symmetry of the par-
ticles the cosine of ϑµ can be written as

cosϑµ = cosϑP cosϑoff − sinϑP sinϑoff .

Since the Zeeman energy of the perma-
nent dipole in an external field does not
change under a rotation around the mag-
netic moment, a third Eulerian angle χP
has to be considered. Opposite to the
Zeemann energy, the energy of the in-
duced dipole changes with χP if the per-
manent magnetic moment is not exactly
parallel or perpendicular to the particle
director. With the odf p(ϑP , ϑoff , χP ), in
absence of particle-particle interactions,
the scattered intensity can be written as

I(Q, ϑQ) =

π∫

0

2π∫

0

2π∫

0

p(ϑP , ϑoff , χP )

× P (Q, γ(ϑP , ϕP , χP , ϑQ))

× sinϑPdϑP dϕP dχP.

Here, P (Q, γ) is the form factor of the
particle that depends on the modulus of
the scattering vector and the angle γ bet-
ween the particle director and the direc-
tion of the scattering vector. γ depends
on the Eulerian angles ϑP , ϕP , χP of the
particle and the orientation ϑQ of the
scattering vector with respect to the di-
rection of the external field.
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The magnetic parameters µP , ϑoffs and
∆χ are determined from a simultaneous
fit of the small angle scattering in depen-
dence on the modulus, the direction of the
external field and the magnetic flux den-
sity. Herefore, the direction-dependent
small angle scattering at 27 flux densities
in the range 3× 10−3 T ≤ B ≤ 1.5 T on a
logarithmically equidistant scale is used.
To reduce the two-dimensional scattering
data, the intensity is sector averaged re-
sulting in 72 sectors ϑQ = (0± 2.5)◦, (5±
2.5)◦ . . . (355 ± 2.5)◦. The intensity of
symmetrically equivalent sectors is aver-
aged. After data reduction more than
2 × 105 symmetrically independent data
points are used to determine three topo-
logical, three magnetic parameters and
the number density of the particles.
With the form factor of polydisperse,
spindle shaped particles, the field-
dependent small angle scattering data can
consistently be described. The topologi-
cal parameters for the equatorial diame-
ter, aspect ratio and polydispersity are in
accordance to the results of electron mi-
croscopy.
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The aligning of hematite particles per-
pendicular to an external field results

both from a negative magnetic anisotropy
and a permanent magnetic field. The
main contribution, however, results from
a permanent magnetic field nearly ortho-
gonal to the particle director. The tilt
angle ϑoffs = 78◦ is in accordance to the
results of neutron diffraction experiments
at spherical hematite nanoparticles [3].
This tilt angle results from the superpo-
sition of magnetic moments parallel and
perpendicular to the trigonal axis which
is the direction of the spindle axis. These
moments originate from the coexistance
of two magnetic phases which are stable
below and above the Morin temperature
at T ≈ 260 K, which, however, depends
on the size and topology of the particles.
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Introduction 
   

How immobilization of magnetic nanopar-
ticles (MNP) changes their magnetic re-
sponse to an external field? To address this 
question we immobilized structurally dif-
ferent MNP in different matrices. In order 
to catch effects of dipolar interaction be-
tween MNP, here we focus on large MNP 
which are preferable for e.g. hyperthermia, 
magnetic drug targeting and MPI (Magnet-
ic Particle Imaging).  
 

Materials and methods  
  

We investigated the MNP systems MNP1, 
a high performing single core MNP-system 
with a narrow size distribution and two 
fractions of DDM128 (precursor of 
Resovist® with identical magnetic proper-
ties like Resovist®), E12 and E500, yielded 
by static magnetic separation at 12 mT and 
500 mT. The MNP were immobilized by 
freeze drying in 10% mannitol resulting in 
a sugar matrix or by embedding the tracers 
in 12% gelatine. The sample’s static and 
dynamic magnetisation behaviour was 
measured applying M(H) (MPMS, Quan-
tum Design), Magnetorelaxometry (MRX), 
and MPS (MP-Spectrometer, Bruker 
BioSpin).  
The distribution f(dm), assumed to be a 
lognormal one, of the effective magnetic 
diameters dm referring to the diameter of a 
effective single domain sphere with the 
saturation magnetisation MS was estimated 
analysing M(H) and Magnetorelaxometry 
(MRX) data [1]. From MRX-data also the 
anisotropy constant K is derived. 
In order to compare M(H) and MPS-data 
quantitatively, the apparent 3rd harmonic of 
an MP-spectrum at 10 mT (applied excita-
tion field in MPS) was derived from the 

measured M(H)-data as presented in [2], 
here denoted by M3,s. 
 

Results and discussion 
 

The magnetic size distribution of the single 
core system MNP1 (mean diameter 
dm=25 nm, =0.1) is nearly identical with 
the core size distribution obtained by TEM. 
The multicore MNP of DDM128 have fun-
damentally a bimodal size distribution, 
even after magnetic separation. Hence, the 
MNP contains large domains together with 
smaller ones. The mean magnetic moment 
of the fraction of larger MNP (E500, E12) 
are 1.5 aAm2; 3.8 aAm2 and 3.5 aAm2 for 
E500; E12 and MNP1, respectively. 
 
E500 and E12 were immobilised in sugar 
matrix and MNP1 in gelatine at low MNP 
concentrations (c(Fe)<1 mmol/L) in order 
to prevent dipolar interactions. This re-
duced the quasistatic magnetisation 
(Fig. 1a) by about 20%, 32% and 23%, re-
spectively, here quantified by the M3,s (Ta-
ble 1, marked rows). In case of E500 and 
E12 the dynamic magnetisation (MPS) 
drops additionally by 16%. In contrast, for 
MNP1 MPS-Signal drops by 20% in total, 
only, when fixing the MNP in gelatine. 
This low signal change may be attributed 
to the low anisotropy in connection with 
the high saturation magnetisation in 
MNP1, expressed by high H/HK-ratio (Ta-
ble 1). The fraction of magnetisation which 
may relax via Néel mechanism (relaxation 
in immobilised MNP), MN/M, was calcu-
lated applying field dependent Néel relaxa-
tion time using the size distribution ob-
tained from MRX-data. MN/M, valid only 
for non-interacting moments, correlates 
quantitatively with mentioned signal of 
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immobilised MNP (Table 1). Slight devia-
tions may be attributed to small interaction 
in these systems. 

a)  

b)  
Figure 1: Change of (a) the quasistatic magnetisa-
tion with respect to fluid reference sample (Mref) 
and (b) MPS-signal (excitation field: 10 mT, 
25 kHz) after immobilisation of MNP in indicated 
matrices. 
 

However, the immobilisation in another 
matrix (E500 and E12 in gelatine, MNP1 
in sugar matrix, c(Fe)<1 mmol/L) reduces 
the M3 much stronger than in former matri-
ces (Figure 1, Table 1). We attribute that to 
emerging dipolar interaction between 
MNP, despite of the low MNP concentra-
tion: Obviously, this interaction is evoked 
by aggregation, as shown by the develop-
ment of the signals after partial drying of 
MNP1 in gelatine which naturally reduces 
the interparticle distances (Figure 1). Ac-
cordingly, we calculated the interaction of 
close packed MNP on the base of its struc-
ture yielding Edd/(kBT)=4±0.6, 11±1.5 and 

11±1.5, for E500; E12 and MNP1, respec-
tively, being in the same range like the ani-
sotropy energy of Edd/(kBT)=8, 14 and 6. 
I.e. the smaller MNP of E500 with the 
lowest potential interaction also shows 
smaller effects. Interestingly, interaction 
may affect the whole spectrum qualitative-
ly.  
 

Table 1: Relations between third harmonics meas-
ured by MPS and calculated from quasistatic mag-
netisation (index s). Index f: fluid reference sample. 
anisotropy field: HK=2 K/(0Ms), 0H=10 mT, 
MN/M: fraction of magnetisation relaxing via Néel 
mechanism at 25 kHz 

Sample 

sf,3

s3,

M

M  
f,3

3

M

M
 

KH

H  
M

M N  

 % %  % 
E500     
   sugar m. 80 63 0.20 70 
   gelatine 63 52 0.22 66 
E12     
   sugar m. 68 52 0.27 65 
   gelatine 33 25 0.34 27 
MNP1     
   sugar m. 46 32 0.38 90 
   gelatine 77 81 0.63 100 
   gelatine1) 23 16   

 

1) Sample aged by 230 days and dried partially 
reaching about 15% of its initial volume. 
 

Conclusion 
 

Immobilisation and dipolar interaction may 
alter static and dynamic magnetisation be-
haviour strongly. Accordingly, quantitative 
MPI may lead to substantial errors if refer-
ence sample is not adapted. Also the hyper-
thermia effect may change if large MNP 
aggregate. 
In particular MPS reveals as a sensitive 
tool to quantify immobilisation and interac-
tion effects with high specificity.  
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Introduction

In the last decade microgel particles have
been explored to be used as potential
Pickering emulsion stablilizers. The most
widely studied microgel particles are made
of poly(N-isopropylacrylamide) (PNI-
PAM). PNIPAM microgels are cross-linked
and swollen in water. PNIPAM microgel
particles raised a lot of interest in basic
research and applied science since they are
responsive to outer stimuli. PNIPAM has a
lower critical solution temperature (LCST)
of 32◦C in aqueous solution. At room tem-
perature they are in the swollen state, and
once heating above LCST they collapse.
PNIPAM microgels are known to adsorb
spontaneously and almost irreversibly at the
oil/water interface. They can even stabilize
emulsions similar to Pickering emulsions.
However, the details of structure and the
viscoelastic property of the microgel-laden
interface are still not well known.

Results

We synthesized fluorescently-labled
poly(N-isopropylacrylamide) microgels,
and used confocal microscope to observe
their arrangement at the water/oil inter-
face. The microgel particles aggregated
spontaneously at interface. The aggregated
structure could reorganize, see Fig. 1. Their
interaction is weak enough that they are

Figure 1 A sketch of the experimental setup and aggregation and
assembly of microgel particles at the water/oil interface.

also able to reorganise in already formed
clusters. As the interaction between the
microgel particles are long-ranged, we sug-
gest that the capillary force is dominating
the aggregation. The inter-particle distance
is thus a balance of aggregation force and
repulsive force (e.g., overlap of the coronas
and electrostatic repulsion). The microgel
particles can show different morphologies
at the interface depending on the local par-
ticle concentration. At low concentration
they form isolated domains, which can
form percolating structures with increasing
concentration. At higher concentration they
form fractal-like structures.
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Different to the widely accepted picture
that microgel particle tend to form hexag-
onal structure at an interface, our result
pointed out the morphology of an interface
is strongly dependent on the adsorption ki-
netics and history. Here, we used a system
with high area/volume ratio, i.e. the adsorp-
tion was fast. The inter-particle distance,
which is lower than assuming a hexago-
nal array, is dependent on the local parti-
cle concentration. We propose that there are
two processes that set the inter-particle dis-
tances: aggregation by motion at the inter-
face (at low concentration) and aggregation
already during adsorption (at high concen-
tration). The interfacial microgel structure
did undergo ageing. Then the structure be-
came denser and the voids in the structure
became larger. The inter-particle distance
also decreased during ageing (Fig. 2).

Figure 2 Aging of interface. The inter-particle distance also de-
creased during ageing

We used magnetic particle at the interface to
apply a force to the microgel particles. We
observed that on compression, the particles
could be squeezed out on increasing the
compression force (Fig. 3). A bridge
formed by the microgel particles could
resist compressional, extentional and bend-
ing force. Once deformed, the microgel
particles at interface show cooperative
rearrangements during deformation (Fig. 4).

Figure 3 Using magnetic beads to compress the microgels at wa-
ter/oil interface. The magnetic field was applied along the hor-
izontal direction, and the field strength was increased from (a)
38.6 mT , (b) 60.2 mT to (c) 90.3 mT . Thus the corresponding
magnetic force acting on the left particle was ∼ 9 pN, ∼ 36 pN
and ∼ 76 pN, respectively. (d) shows the morphology after remov-
ing the magnetic field. (e,f): A Lower magnetic field of 10.1 mT
was applied horizontally. The toque acting on the bridge (arrow) is
∼ 4×10−17 Nm. The structure in (e) changed into (f) after 3 min.
Images size is 39 µm.

Figure 4 Shearing microgel-loaded interface by magnetic particle
chain. A magnetic field of 216 mT is applied along the interface
and quasi-staticly rotate counterclockwise, indicated by arrows.
The scale bar is 10 µm.
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Introduction 
   

By combining magnetically controllable 
particles and a soft elastic matrix, a com-
posite material with tunable physical prop-
erties can be developed. By applying a 
magnetic field, the particles inside the elas-
tomeric matrix try to aggregate due to the 
interaction force of the particles influenced 
by the external magnetic field, the particle 
distance, their distribution and the elastic 
properties of the matrix itself. 
The primary focus of this work was to de-
velop a method to investigate this motion 
of the particles towards chain like aggre-
gates in samples with isotropic particle dis-
tribution by using micro-computed-
tomography (µ-CT) [1, 2] and a quantita-
tive image evaluation method to separate 
the particles in the MRE. By using this al-
gorithm, it was possible to compare differ-
ent tomographic measurements of a MRE 
sample and obtain the 3D translation and 
rotation of the particles under magnetic 
field influence. 
 
Samples 
 

Cylindrical MRE Samples (d = h = 4 mm) 
with different particle weight contents of 
0.5 to 15 wt.% have been produced. The 
sample itself was based on carbonyl iron 
powder with a mean diameter of d = 50 µm 
and a large size distribution. The particles 
have been dispersed in a soft polymeric 
matrix supplied by Wacker Corp. Germa-
ny. The basic matrix components were 
mixed with a high-viscosity softener. This 
leads to a reduction of the sedimentation 
rate during the polymerization process and 

to an isotropic particle distribution inside 
the elastomeric matrix.  
 
Setup 
 

The investigations were performed on a µ-
CT system with an acceleration voltage of 
160 kV. The µ-CT system has been com-
bined with a sample holder coupled with 
two permanent magnets, enabling the in-
vestigation of the microstructure under in-
fluence of an external homogeneous mag-
netic flux density of approximately 
B = 270 mT [3, 4] After the characteriza-
tion of the sample in its initial state, i.e. 
without external stimuli, it has been sub-
jected to the magnetic field and its internal 
structure has been once more studied by µ-
CT. 
 
Results 
 

It could be observed, that the particles try 
to aggregate to chain like structures paral-
lel to the applied magnetic field (fig. 1a) 
Also, the particles rotate by virtue of their 
shape anisotropy with their longest major 
axis in the direction of the field (fig. 1b). 
 

  
Fig. 1: Translation (a) and rotation (b) of particles 
under the influence of a magnetic field for a MRE 
sample with a content of 5 wt.%.  
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This results can be quantified by the norm 
of the displacement vector r (shown in 
fig. 1a) for the translation and the rotation 
angle α shown in fig. 1b.  
Fig. 2 shows the motion of particles in the 
matrix under a magnetic field of 
B = 270 mT. It could be observed that the 
motion and the spread increases with in-
creasing particle content. This can be ex-
plained by the fact that the polymerization 
and the elasticity of the matrix decreases 
with increasing particle content and the 
particles have a higher mobility, also the 
particle interaction force increases with 
increasing particle content. 
 

 
Fig. 2: The norm of the displacement vector r de-
fines the translation of the particles inside the elas-
tomeric matrix under the influence of a magnetic 
field of B = 270 mT for different particle mass frac-
tions. 
 
Considering the rotation of the particles, 
the shape anisotropy of the ferromagnetic 
particles shows an important role. Without 
magnetic field influence, the particles are 
isotropic dispersed in the matrix, therefore 
the distribution of α also is isotropic (fig. 3, 
black dots) By applying a magnetic field, 
the distribution of α shows a maximum at 
approximately 20° (fig. 3, grey dots). Rea-
son for this is the interaction between mag-
netic forces, which tries to rotate the parti-
cles into the direction of the field and elas-
tic restoring forces which counteract the 
magnetic forces.  

 
Fig. 3: The rotation angle α which describes the 
angle between the longest major axes and the mag-
netic field. The black dots shows the distribution if 
the magnetic field corresponds to B = 0 T and the 
grey dots show the distribution at B = 270 mT. 
 
Summarized, we have found a method to 
analyze single particles in different kind of 
elastic matrices and to investigate their mo-
tion under the influence of a magnetic field 
which gives a new insight to microstruc-
tural effects in this kind of magnetic soft 
matter 
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Introduction 
 

Ferrofluids are promising materials for 
medical applications as well as mechanical 
engineering. For optimized utilization de-
tailed knowledge of their fluidic and mag-
netic properties is essential, but often one 
has to make some efforts to obtain 
knowledge of both. 
While, e.g., AC-susceptometry is a well 
proven technique to study the Néel relaxa-
tion behavior of magnetic nanoparticles 
and the Brownian motion of particles in 
fluids, it is limited by its ability to display 
the dominating, i.e. faster, relaxation pro-
cess. Generally, other methods are also 
limited to obtain either Brownian OR Néel 
relaxation properties of a nanoparticular 
sample. 
Mössbauer spectroscopy has been utilized 
to study Brownian motion before, since the 
fluids dynamic viscosity can be obtained 
from the broadening of the Mössbauer ab-
sorption lines, as shown in Fig. 1 [1-2]. 
Furthermore, it is one of the most promi-
nent techniques to study Néel relaxation, 
because several regimes of relaxation fre-
quencies can be identified studying the 
transition of the magnetically blocked sex-
tet to the superparamagnetic doublet at 
higher temperatures [3-4]. 
Here we demonstrate the ability to simul-
taneously quantify relaxation parameters of 
Brownian motion and Néel relaxation by 
one series of spectra. 
 
Methods 
 

Commercial single-core iron oxide nano-
particles (IONPs, provided by Ocean   
NanoTech) with different diameter solved 

in glycerine-water solution were studied 
using Mössbauer spectroscopy in the tem-
perature range from 220 K to ambient tem-
perature to get insight in Néel and Brown 
relaxation phenomena. 
Additional measurements of the magnetic 
AC-susceptibility were performed to obtain 
complementary information on the solu-
tions dynamic viscosity and the particles 
superparamagnetic properties. 
 

 
 

Fig. 1: Schematic line broadening and 
Brownian motion observable in ferrofluids 
of different dynamic viscosity. 
 
Results 
 

For nanoparticles larger than 15 nm, 
Mössbauer spectra near ambient tempera-
ture display a magnetically blocked sextet 
state, corresponding to the absence of fast 
Néel relaxation processes. For smaller par-
ticles, the transition of the magnetically 
blocked sextet to a superparamagnetic 
doublet was observed. Comparing the ex-
perimental spectra to theoretical calcula-
tions we are able to determine the particles 
magnetic anisotropy. Simultaneously, each 
subspectrum, sextets as well as doublets, 
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display a temperature dependent line 
broadening, providing information on the 
particles hydrodynamic diameter and the 
dynamic viscosity of the glycerine-water 
solution (Fig. 2). 
 

 
 

Fig. 2: Mössbauer spectra of 15 nm and 25 
nm IONPs in glycerine-water solution 
measured at 228-246 K. Spectra display 
Brownian motion (line broadening) as well 
as beginning Néel relaxation (asymmetric, 
non-Lorentzian lines, left). 
 
The temperature dependent decay in dy-
namic viscosity calculated from Mössbauer 
line broadening was crosschecked using 
rotation frequencies measured by AC-
susceptometry, showing good agreement of 
both experimental methods (Fig. 3). Addi-
tionally, the domination of Néel relaxation 
indicated by AC-susceptometry in the high 
frequency regime for particles of 15 nm 
core diameter was verified by the Non-
Lorentzian line shape in the Mössbauer 
spectra. 
These results prove Mössbauer spectrosco-
py to be a versatile method for in-situ stud-
ies of Néel and Brown relaxation phenom-
ena in ferrofluidic samples. 
 

 
 

Fig. 3: Magnetic AC-susceptibility of 25 
nm IONPs in glycerine-water solution 
measured at 245-310 K. 
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Introduction  
 

If magnetic particles in a ferrofluid interact 
by dipole-dipole interaction, they form 
chain-like microstructures in the direction 
of an applied magnetic field [1]. This com-
plex, magnetically controllable microstruc-
ture lies at the core of many interesting  
effects like viscoelasticity, shear-thinning 
and the magnetoviscous effect [2]. The lat-
ter describes the increase in the relative 
viscosity of a ferrofluid with interparticle 
interaction when a magnetic field is ap-
plied. The effect not only depends on the 
shearing of the fluid and the intensity of 
the applied magnetic field but also on the 
orientation of the magnetic field. In the 
present work this anisotropy of the magne-
toviscous effect (MVE) has been studied in 
two ferrofluids - a cobalt ferrofluid with 
strong interparticle interaction and a mag-
netite ferrofluid with weak interaction. 
 
Experimental method 
 

The MVE has been measured in a slit die 
viscometer, in which the viscosity is pro-
portional to the pressure loss along the die 
and the wall shear rate is variable by means 
of the flow rate [3]. The magnetic field has 
been applied by a four coil magnet system 
with a field homogeneity of 98% and three 
possible field orientations, illustrated in  
figure 1, parallel to: the fluid flow (1), the 
shear gradient (2), or the vorticity (3). 
 
Ferrofluids 
 

The ferrofluid with strong interparticle in-
teraction has been supplied by the Strem 
Chemicals GmbH. It contained cobalt na-
noparticles with a mean magnetic diameter 

Fig. 1: Viscosity coefficients for different ori-
entations of the magnetic field 

�

H  with respect 

to the flow direction 
�

Q  and the vorticity 
�

Ω . 

of 15 nm and a coating of aluminum oxide 
and KorantinSH (N-oleyl sarcosine) dis- 
persed in kerosene. The ferrofluid with 
weak interaction has been supplied by the 
FerroTec Ltd and contained magnetite par-
ticles with a mean magnetic diameter of 
13 nm dispersed in a synthetic di-ester sim-
ilar to the standard fluid APG513A. The 
average thickness of the surfactant coat-
ing s, the saturation magnetisation Ms, the 
initial susceptibility χin, the magnetic vol-
ume concentration φ calculated from Ms 
and the weighted interaction parameter λw 
of the fluids are summarised below.  

Fluid 
s 

(nm) 
Ms 

(kA/m) 
χin 

(-) 
φ 

(vol%) 
λw 

 
Cobalt 3 10.6 2.53 0.7 10.6 
Magnetite 2 28.1 1.76 6.3 2.5 

 
Results 
   

In both fluids the strongest MVE and also 
the strongest shear thinning have been ob-
served for the magnetic field orientation 
parallel to the shear gradient (∆η2). The 
longer the microstructures in the fluid be-
come, the stronger is the viscous force they 
experience when oriented parallel to the 
shear gradient, up to a point where the 
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structures cannot grow any further and rup-
ture. In the cobalt fluid this leads to a shear 
stabilizing in strong magnetic fields, com-
pared to a continuously increasing shear 
thinning of the magnetite fluid. To gain an 
insight into the sphericity of the particles 
and structures in the fluid, the change in 
the viscosity for the field orientation paral-
lel to the shear gradient, ∆η2, has been 
compared to the orientation parallel to the 
flow, ∆η1. For spherical, non-interacting 
particles the ratio ∆η2/∆η1 is expected to 
be 1. Since both fluids contain elongated 
structures ∆η2/∆η1 is larger than 1 but de-
creases with increasing shear rate and dis-
integration of the structures as seen in fig-
ure 2 (top). Further, ∆η2/∆η1 decreases 
with increasing field intensity because the 
growth of microstructures oriented perpen-
dicular to the flow is less significant than 
the growth of structures oriented in the di-
rection of the flow. 
At high shear rates and low field intensi-
ties, i.e. for short microstructures, the 
weakest MVE was found in both fluids in a 
field oriented parallel to the vorticity (∆η3). 
In the magnetite ferrofluid ∆η3 even be-
came zero in agreement with Shliomis’ 
theory of non-interacting spherical parti-
cles. At low shear rates and strong fields, 
however, the weakest MVE was observed 
in a magnetic field parallel to the flow 
(∆η1) because elongated microstructures 
oriented in the direction of the flow offer 
less hindrance to the flow than structures 
oriented perpendicular to the flow. Fur-
thermore, the friction at the side walls of 
the slit die introduces an additional shear 
gradient, which turns the structures orient-
ed parallel to the vorticity away from their 
neutral orientation. This effect becomes 
stronger for longer structures and enhances 
∆η3, consequently the MVE ratio ∆η3/∆η1, 
shown in figure 2 (bottom), rises beyond 1 
with increasing field intensity and decreas-
ing shear rates.  

While the magnetoviscous behaviour of the 
magnetite fluid with weak interparticle  
interaction can be explained coherently  
by the field-driven formation and shear-

induced disintegration of chain-like micro-
structures, the cobalt ferrofluid shows a 
different behaviour of ∆η2/∆η1 and 
∆η3/∆η1 at weak magnetic fields < 10kA/m 
which still needs to be understood. Thus, 
future experiments will have to be com-
plemented by molecular dynamics simula-
tions to relate the rheological behaviour to 
microstructural changes.  

 
Fig. 2: Field and shear dependent ratios of the 
magnetoviscous effects ∆η2/∆η1 (top) and 
∆η3/∆η1 (bottom) of a cobalt and a magnetite 
ferrofluid. The dashed line marks a ratio of 1. 
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Magnetic nanoparticles (MNP) are of great 
interest in bio- and nanomedicine. Their 
magnetic properties make them ideally 
suitable for a broad spectrum of diagnostic 
and therapeutic applications, e.g. cancer-
targeted drug delivery, Magnetic Reso-
nance Imaging (MRI) and Magnetic Parti-
cle Imaging (MPI). MPI offers a means of 
direct measurement of MNP with zero 
background signal of diamagnetic tissue 
[1]. Unlike MNP tracer used in MPI, MRI 
contrast agents are not directly visualized 
since they merely affect surrounding pro-
tons and consequently the MR signal. Nev-
ertheless, MPI strongly depends on the 
structure of the MNP such as magnetic 
moment and magnetic anisotropy. To this 
end, the embedding of MNP into matrices 
(e.g. tissue or gel) may attenuate the MPI 
signal performance due to complete or par-
tial elimination of Brownian relaxation or 
(in case of larger MNP) strong magnetic 
dipole-dipole interaction. The latter also 
affects the MNP-modulated signal in MRI 
[2].  
 
Materials & Methods 
 

In this study we investigated how the ma-
trix and the MNP size define the magnetic 
properties of the studied systems and there-
fore relevant MRI/MPI imaging parameter. 
For this purpose small and large-sized 
MNP were embedded in various matrizes. 
We prepared water-based agarose gels, 
hydrogels, gelatine gels, silica gels as well 
as gellan gum (a novel tissue engineering 
biomaterial) of different gel strength. Sub-
sequently the water dispersed MNP were 
mixed with the gels to a final iron concen-
tration of 1 mmol/L. Additionally one 
MNP sample was freeze dried after adding 
mannitol solution.  
From quasistatic M(H) measurements (i.e. 
DC magnetometry) we determined the 

mean effective magnetic core size of each 
MNP sample according to [3] and the dipo-
lar interaction according to [4] using the 
liquid MNP sample and the MNP-gels, 
respectively. The dynamic magnetic behav-
iour was investigated by Magneto-
relaxometry (MRX), as MRX measures the 
temporal decay of the magnetisation after a 
polarising field pulse and depends crucially 
on the local MNP mobility.  
 

 
 

Figure 1 | Magnetization measurements: 
The magnetization of the gel samples con-
taining small (lower graph) and large (up-
per graph) MNP as a function of applied 
field strength. 
 

A Magnetic Particle Spectrometer (MPS), 
which can be considered as a zero-
dimensional MPI scanner, was used to 
measure the spectral response to an oscil-
lating magnetic field (Bexcit=25 mT, f0=25 
kHz, T=37°C) of the samples. The most 
relevant MRI parameter (relaxation times 
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T1 and T2) of each sample were determined 
at 60 MHz (1.5 T) and 37°C with a Bruker 
mq60 minispec using a saturation recovery 
pulse sequence and a CPMG sequence, 
respectively.  
 
Results 
 

From M(H) measurements we found that 
the dipolar interaction of small MNP em-
bedded in gels was significantly lower as 
for large MNP indicated by analyzing 
changes of the initial susceptibility. For 
large MNP the initial susceptibility 
strongly decreased up to 100% (gellan 
gum) while for small MNP it was not af-
fected significantly compared to the liquid 
state. The dynamic magnetic behaviour as 
measured by MRX varied strongly and 
indicated the presence of different binding 
states. The highest mobility was measured 
for MNP embedded in hydrogel. 
Interestingly, the MPS signals did not 
change for small MNP (<10%) whereas 
NMR relaxivity strongly decreased up to 
300%. Large MNP showed smaller differ-
ences for NMR relaxivity but stronger dis-
crepancies in MPS signals (up to 80%) 
compared to small sized MNP.  
 

 
 

Figure 2 | MPS measurements: The per-
centage difference of MPS signal (third 
harmonic amplitude µ3) of small (black 
bars) and large (striped bars) MNP embed-
ded in gel matrizes compared to MNP in 
water. 
 

Conclusion 
 

We found that matrices may change the 
relevant imaging parameters for MRI and 
MPI strongly. Whereas MPI signals were 
merely altered only for larger MNP which 
may exhibit strong dipole-dipole interac-
tions, MRI signals were significantly re-
duced in both cases (small and large 
MNP). The investigations of several MNP-
matrix combinations demonstrate the range 
of MRI and MPI signal variations and 
show that MPI signal is sensitive to both 
MNP properties and environment as it is 
for contrast agent based MRI. These results 
give an indication of expected MPI and 
MRI signal variations in tissue- or cell-
targeted applications.  
 
Acknowledgements 
 

The research was supported by the German 
Research Foundation, through DFG Re-
search Units FOR917 and KFO 213. 
 
References 
 

[1]  B. Gleich, J. Weizenecker. ³7RPo-
graphic imaging using the nonlinear 
UHVSRQVH� RI� PDJQHWLF� SDUWLFOHV�´�

Nature, vol. 435, no. 7046, pp. 
1214±1217 (2005). 

[2]  H. Arami, M.R. Ferguson, A.P. 
Khandhar, K.M. Krishnan. ³6ize-
dependent ferrohydrodynamic re-
laxometry of magnetic particle im-
aging tracers in different environ-
PHQWV�´� Med. Phys., 40: 071904 
(2013). 

[3]  D. Eberbeck, F. Wiekhorst, S. 
Wagner, L. Trahms. ³+RZ�WKH�VL]H�
distribution of magnetic nanoparti-
cles determines their magnetic par-
WLFOH� LPDJLQJ� SHUIRUPDQFH�´� Appl. 
Phys. Lett., 98: 182502 (2011). 

[4]   P. Allia, M. Coisson, P. Tiberto, F. 
Vinai, M. Knobel, M.A. Novak, 
W.C. Nunes. "Granular Cu-Co al-
loys as interacting superpara-
magnets," Phys. Rev. B 64: 144420 
(2001).

48



Development and characterization of hypericin-loaded iron oxide 
nanoparticles  

 
 

H. Unterweger1, D. Subatzus1, C. Janko1, R. Tietze1, M. Schuster2,                               
A. R. Boccaccini3 and C. Alexiou1 

 

1ENT-Clinic, Section for Experimental Oncology and Nanomedicine, Else Kröner-Fresenius-Stiftung Professor-
ship, Universitätsklinikum Erlangen, Glückstr. 10a, 91054 Erlangen,Germany. 
2Materials for Electronics and Energy Technology, Department of Materials Science and Engineering, Universi-
ty Erlangen-Nürnberg, Martensstr. 7, Erlangen, Germany 
3Institute of Biomaterials, Department of Materials Science and Engineering, University Erlangen-Nürnberg, 
Cauerstr. 6, Erlangen, Germany. 
 
 
Introduction 
   

Hypericin is a photosensitizer, which can 
be used for Photodynamic Therapy (PDT). 
Upon activation with a specific wave-
length, reactive oxygen species (ROS) are 
generated, which can oxidize cellular com-
ponents, which in the end is leading to cell 
death. The distinct advantages of PDT (e.g. 
strictly local cytotoxic effects, non or min-
imally invasive, fast recovery of patients, 
no development of resistance, and biocom-
patibility with other therapies) have already 
been proven to be beneficial for the treat-
ment of different types of cancer, especial-
ly in surface tumors. Among others, the 
limitation of this treatment is due to low 
pharmacological doses within the region of 
interest and suboptimal local efficacy. A 
possible solution for these problems is the 
linking of the photosensitizer to superpar-
amagnetic iron oxide nanoparticles (SPI-
ON). In this work we describe a novel ap-
proach, where such a drug delivery vehicle 
is designed based on the combination of 
Magnetic Drug Targeting (MDT) and PDT.  
 
Methods 
  

Dextran coated SPIONs were synthesized 
in a cold gelation process, as described 
previously [1]. The surface of the particles 
was functionalized in order to achieve a 
platform to link the photosensitizer hyperi-
cin to the particle surface.  
The physicochemical characterization of 
the particles was performed via dynamic 

light scattering, Transmission electron mi-
croscopy (TEM), X-ray diffraction (XRD), 
UV-Vis spectroscopy and Fourier trans-
form infrared spectroscopy (FTIR). The 
hypericin loading efficacy was determined 
via high-performance liquid chromatog-
raphy (HPLC-MS). Furthermore, biologi-
cal characterization was performed in a 
flow cytometer with the non-adherent 
Jurkat cell line by investigation of the via-
bility after treatment with and without il-
lumination.  
 
Results & Discussion 
  

Particle sizes obtained by dynamic light 
scattering were in the range of 55 to 70 nm, 
whereas investigation of single magnetite 
or maghemite particle diameter was per-
formed by TEM and XRD and results in 
about 4.5 - 5.0 nm. The particles are col-
loidally stable and FTIR indicated the suc-
cessful functionalization. Hypericin  was 
linked to functionalized particles via reac-
tion with glutaraldehyd. The obtained drug 
loaded particles were stable over weeks. 
The biological activity of our formulation 
was tested in vitro with the non-adherent 
Jurkat cell line. The cells were treated with 
free and particle-bound hypericin, with and 
without illumination for different time in-
tervals. The experiments revealed no tox-
icity of pure nanoparticles as well as hyper-
icin without exposure to light, whereas the 
combination of drug and light induced cell 
death in a concentration and exposure time 
dependent manner. Finally, the origin of 
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the phototoxic behavior could be attributed 
to the generation of ROS, as determined by 
a DCFH-DA assay.  
 
Conclusion 
  

The combination of SPIONs´ targeting 
abilities with hypericin´s phototoxic prop-
erties represents a promising approach for 
merging MDT with PDT for the treatment 
of cancer. 
 
Figures 

 
 

Figure 1: Basic Principle of Photodynamic 
Therapy. 
 
 

 
 

Figure 2: Molecular Structure of hyperi-
cin. 
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Introduction 
 

Nanoparticles are increasingly used for 

clinical and biomedical applications as for 

contrast agents in magnetic resonance im-

aging. Especially superparamagnetic iron 

oxide nanoparticles (SPIONs) are devel-

oped for this purpose [1]. Despite the fact 

that several nanoparticles are already ap-

proved and commercially available, the 

precise action on cellular level and on the 

human body is poorly understood. In that 

regard, the penetration into tissue and the 

interaction with cells are of particular in-

terest. Multicellular spheroids represent a 

model to investigate such effects on tissue-

like cell structures [2]. 

 

Methods 
 

Multicellular spheroids composed of hu-

man breast tumor cells (BT-20) and human 

brain microvascular endothelial cells 

(HBMEC) were prepared with the hanging-

drop method using 30,000 cells per drop. 

They were incubated with SPIONs coated 

with different polymers (positive polyeth-

ylenimine, neutral starch and negative car-

boxymethyldextran) with various concen-

trations for 3 hours. 
 

 

Figure 1: Light microscopic imaging of 

multicellular spheroids composed of 

HBMEC (A) and BT-20 cells (B). scale bar 

100 µm. 

The interaction of SPIONs with multicellu-

lar spheroids was studied by laser scanning 

microscopy (LSM). Serial trypsination was 

used to dissociate the spheroids layer by 

layer [3]. To investigate the penetration of 

SPIONs into the multicellular spheroids 

they were embedded in 1% agarose, forma-

lin-fixed, dehydrated and then embedded 

into paraffin. 4 µm FFPE-sections were 

prepared which were stained with Prussian 

blue and counterstained with haematoxylin. 

 

Results and Discussion 
 

Microscopic analysis revealed that vital 

and stable 3D cell culture systems could be 

established. 

Figure 2: Multicellular BT-20 spheroids 

were incubated for 3 h with 25 µg/cm² flu-

idMAG-PEI/750/O, embedded in 1% aga-

rose, formalin-fixed and paraffin-

embedded. 4 µm sections were prepared. 

Iron was stained with Prussian blue which 

shows internalized nanoparticles (arrow). 

Cell nuclei were counterstained with hae-

matoxylin. Scale bar 200 µm (insert 

20 µm). 

A B 
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The breast cancer derived BT-20 cells 

formed denser spheroids than HBMEC 

cells (Figure 1). LSM analysis showed that 

the application of differentially coated 

SPIONs resulted in characteristic charge-

dependent patterning on the spheroids. 

Positively charged SPIONs exhibited in-

tense interaction with spheroid surfaces, 

whereas neutral charged showed moderate 

and negatively charged only weak interac-

tion. In order to get an impression of the 

distribution of the nanoparticles within the 

spheroids, the serial trypsination method 

was used. In our hands the procedure was 

not suitable for accurate and reproducible 

preparation of cell layers. This issue could 

be overcome by applying embedding and 

sectioning of the spheroids (Figure 2). Af-

ter 3 hours of incubation the positively 

charged fluidMAG-PEI/750/O are located 

within the first cell layer of the BT-20 

spheroids and were predominately aggre-

gated. In case of the HBMEC spheroids 

nanoparticles were found in deeper layers 

attributed to the loose package of the cells. 

 

Conclusion 
 

Multicellular spheroids show a tissue-like 

phenotype with pronounced cell-cell inter-

actions. Therefore they are a suitable mod-

el system to investigate the interaction and 

penetration of SPIONs with/into tissue. 

Thus spheroids embody a valuable tool to 

create a bridge between in vitro and in vivo 

test systems.  
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Magnetic targeting is considered a promis-
ing method to accumulate the diagnostic or 
therapeutic nanoparticles at the sites of 
atherosclerotic lesions, but little is known 
about the effects of magnetic nanoparticles 
on the vascular cells. 
 
Here, we analysed the biological effects 
and the endothelial accumulation of circu-
lating SPIONs (superparamagnetic iron 
oxide nanoparticles) in an in vitro model of 
arterial bifurcations. Two types of SPIONs 
were used: Lauric acid-BSA-coated SPI-
ONs (78.7 nm hydrodynamic diameter, ζ-
potential -37.3 mV) and dextran-coated 
SPIONs (82.5 nm hydrodynamic diameter, 
ζ-potential +5.5 mV). 
 
Under flow conditions, human umbilical 
vein endothelial cell (ECs) grown in the 
bifurcating slides were perfused at 10 
dyne/cm2 for 18 h with medium containing 
SPIONs. Without magnetic force, circulat-
ing SPIONs were well-tolerated up to 400 
µg/mL. Applying the external magnet al-
lowed accumulation of lauric acid-BSA-
coated SPIONs in non-uniform shear stress 
regions, even at concentrations as low as 3 
µg/mL.  
Increased uptake of SPIONs at non-
uniform shear stress region did not affect 
EC viability or resistance to shear stress 
exposure. 
Importantly, no significant differences in 
TNF-α-induced THP-1 monocytic cell re-
cruitment were detected between controls 
and SPION-treated ECs. 
 

Taken together, magnetic targeting allows 
localized accumulation of increased 
amounts of SPION at the region of interest 
under physiologic-like flow conditions, 
thus enabling a substantial reduction of the 
applied dose. In vitro no severe toxic or  
biological effects were observed. These 
findings indicate that magnetic targeting 
can constitute a suitable technique for the 
delivery of imaging and therapeutic nano-
particles to atherosclerotic plaques. 

 

 
Fig.1: Adherent THP-1 monocytes at the non-
uniform shear stress region after 18h of SPION ex-
posure under flow. ECs were stimulated with TNF-
α for 2h before dynamic adhesion assay. Shown is 
the mean value ± SEM (one-way ANOVA). 
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Introduction 
 

Magnetite (FeOxFe2O3) particles with di-
ameter around 10 nm have a very low co-
ercivity (Hc) and relative remanent magnet-
ization Mrel = Mr/Ms. In comparison to this, 
Co-ferrite (CoO x Fe2O3) particles have a 
very high Hc and Mrel, which is very favor-
able for magnetic recording [1].  
Unfortunately, these particles are magneti-
cally too hard to obtain suitable specific 
heating power (SHP) in magnetic hyper-
thermia [2] or good tracer performance in 
magnetic particle imaging (MPI) [3]. 
For optimization/tuning the magnetic prop-
erties, the Fe2+ ions of magnetite were sub-
stituted by Co2+ step by step (Scheme 1) in 
our study which results in a Co doped in-
verse spinel lattice with adjustable Fe2+ 
substitution degree (Figure 1). 
 

 
 

 
 

Scheme 1:  Reaction equations for preparation of 
Co doped inverse spinels. 
 
A Co concentration of 0% (a = 0) leads to 
formation of pure magnetite particles and 
at a Co concentration of 25% (a=1) pure 
CoFe2O4results. 
 
Methods 
 

The particles were prepared from Co2+, 
Fe2+, and Fe3+ chloride mixtures (0.02 mo-
lar) at different “a”-values by co-preci-
pitation with sodium hydroxide under stir-
ring at 100°C for 90 minutes reaction time.  
The obtained particles were washed with 
distilled water using magnetic separation 

technique and stabilized in water with hy-
drochloric acid (intermediate, with posi-
tively charged particles) and with citric 
acid (final MF, pH = 7, negatively charged 
particles). All samples were filtrated 
through a 0.8µm filter. 
 

 
 

Figure 1: Inverse spinel lattice of Fe3O4 or 
CoFe2O4. A constant amount of Fe3+, but variable 
Co2+/Fe2+ ion mixture, are located in the octahedral 
gaps (blue spheres in upper cell). The tetrahedral 
gaps (yellow spheres in bottom cell) contain a con-
stant amount of Fe3+only. 
 
The structural properties of prepared parti-
cles were determined by means of trans-
mission electron microscopy (TEM) and 
X-ray diffraction (XRD). For the magnetic 
characterization of the samples (Ms, Mrel, 
and Hc) a vibrating sample magnetometer 
(VSM) was used. Magnetic heating per-
formance for hyperthermia was investigat-
ed in calorimetrical measurements in alter-
nating magnetic fields of different field 
strength and frequency. 
 
Results 
 

For the ferrofluids containing the prepared 
particles, only a limited dependence of Hc 
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and Mrel on the Co content in the particles 
was found (Figure 2). This confirms a 
proper and stable dispersion of the particles 
within the ferrofluid and magnetic proper-
ties are determined mainly by hydrody-
namic particle size and a possible (but van-
ishingly low) particle agglomeration.  
For dry particle samples, a strong correla-
tion between Co content and resulting Hc 
and Mrel was found. For increasing Co 
concentrations from 0 to 8.6% (substitution 
rate “a” from 0 to 0.33) only a slight in-
crease of Hc was found, but from 12 to 
25% (“a” from 0.5 to 1) a strong linear 
increase of Hc results (Figure 2). Within 
this linear range of dependency, the mag-
netic properties of the particles, especially 
Hc, can be tuned easily by changing Co 
content of the particles. 
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Figure 2: Coercivity of fluid and powder samples 
(linear and logarithmical scale) of prepared particles 
as function of the Co concentration of the crystal. 
 
Discussion 
 

Here prepared particles have an inverse 
spinel lattice of oxygen atoms with iron 
(and/or cobalt) in the gaps of the lattice. In 
the tetrahedral gaps only Fe3+ can be locat-
ed. The octahedral gaps of the lattice (Fig-
ure 1) contain Fe3+ and  Fe2+, whereby the 

Fe2+ was substituted step by step  by Co2+ 

in our experiments. To verify this hypothe-
sis, the Fe/Co ratio of the ferrites was 
checked.  
Iron and cobalt are chemically very similar 
elements. Therefore, a strong magnetic 
interaction at higher ion concentrations and 
at closest ion contact in the octahedral gaps 
seems to be possible and caused the strong 
increase of the coercivity with increasing 
Co concentration. Similar results were 
found for the combination of different met-
al-ferrites using the layer by layer technol-
ogy [4]. 
In ongoing studies, gels containing the here 
prepared ferrite particles (immobilized) 
will be tested in magnetic hyperthermia 
and for MPI. 
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Stimuli responsive hydrogels offers a broad 
variety of useful application in medical as 
well as technical fields [1,2]. Most of the 
hydrogels react to an external stimulus like 
temperature, pH or light [3,4,5]. Hydrogels 
who can also respond to a magnetic (or 
electric) field broaden the possibility for 
further applications [6, 7]. These, so called 
ferrogels, combine the stimuli-responsive 
properties of the matrix with the magnetic 
properties of a ferrofluid.  

In ferrogels not only spherical magnetic 
particles are from interest, but also aniso-
tropic particles, because the particle shapes 
influence the magnetic properties strongly. 
Especially the coactivity force is higher for 
anisotropic particles than for spherical par-
ticles [11]. Therefore anisotropic particles 
are even stronger influenced by an external 
magnetic field and can be used as sensitive 
particles for magnetic resonance tomogra-
phy [8]. 

Here we present a simple method to tune 
the particle shape by a hydrothermal ap-
proach. Therefore Akaganeit precursor 
were synthesized (Fig. 1A) out of FeCl3 
solution. The Akaganeit precursor is cylin-
drical and has a broad polydispersity, so 
the length of the cylinders range between 
20 and 50 nm and the width is about 5 nm. 
This precursor structure is also present dur-
ing the synthesis process of the hematite 
spindles [9-12]. 

In a second step, the Akaganeit precursors 
are hydrothermally treated. The particle 
shape is in this step influenced via the 
pressure, Temperature, pH and concentra-
tion (Fig. 1 B-D). The formation of the 

hematite cubes have been recently dis-
cussed by Malik et al. [13].  

 

 
Figure 1: Different morphologies of hematite parti-
cles (B-D) prepared out of Akaganeit(A). 
 
The silica-covered particle will be then 
embedded in a thermoresponsive hydrogel 
based out of poly-N-isopropylacrylamid 
(pNiPAAm) and Methylenbisacrylamid 
(BIS) and Allylamin. Afterwards the micro 
gelparticles will be crosslinked with glutar-
aldehyd to get a macrogel [14]. 
 
 pNiPAAm has a volume phase transition 
(VPT) around 34°C. By changing the con-
tent of crosslinker BIS the VPT can be 
slightly shifted.  In addition the distribution 
of the crosslinker is of importance, because 
this also influences he temperature behav-
ior. Varga et al showed that a homogenous 
distribution compared to a heterogeneous 
distribution leads to a stronger swelling 
behavior at lower temperature [15]. For 
core-shell particle the temperature behavior 
differs. It also depends on the thickness of 
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the shell as well if the particles are com-
pletely covered.  
The temperature dependence is investigat-
ed by means of dynamic light scattering. 
Here we will demonstrate how the temper-
ature behavior of the microgel particles 
already depends on the preparation meth-
od. 
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Magnetic nanoparticles (MNPs) suspended 
in fluids are of great interest for biomedical 
and clinical applications. Manufacturers, 
distributors, end-users and researchers re-
quire different information on MNP prop-
erties depending on their perspective in the 
application scenario. A standardized de-
scription of MNP properties will improve 
the quality and reliability of MNP based 
products, widen their application range and 
foster acceptance of nanotechnology in so-
ciety. A comprehensive summary of physi-
cochemical methods characterizing the 
main structural and magnetic parameters is 
a prerequisite for a standardized descrip-
tion of these materials.   
 
Introduction  
 

Although MNP suspensions have been re-
searched and applied already for a consid-
erable number of years, there exists no 
standardized way of characterizing and ex-
pressing their main physicochemical prop-
erties. This represents a considerable ob-
stacle for introducing new MNP based bi-
omedical and clinical applications like for 
example Magnetic Particle Imaging (MPI). 
A possible way of improving this situation 
is the preliminary formulation of a tenta-
tive normative document for a standardized 
MNP description. This document can then 
iteratively be discussed and updated to-
gether with MNP suspension manufactur-
ers, appliers, end-users and other socioeco-
nomic groups interested in MNPs. Eventu-
ally, the document can enter a normative 
process as it is performed by national 
(DIN), European (CEN/CENELEC) or in-
ternational (ISO) standardization organiza-
tions.  

 
Methods and results 
   

Measurements on dried MNP powder pro-
vide important information on structural 
and magnetic properties of the metal oxide 
MNP cores. The interpretation of the 
measurement data can be based on well 
established models. However, the ensem-
ble behavior in powder does in most cases 
not represent the suspension behavior, 
firstly because the interaction of the parti-
cles and the suspension medium is missing 
and secondly, because average distances 
and thus the dipolar interaction energy be-
tween the particles has changed. MNP sus-
pensions make up realistic samples for the 
ensemble behavior but the model based 
interpretation might become extremely 
complicated due to field dependent chang-
es in MNP formation and interaction (e.g. 
chain formation) which have to be included 
in the interpretation. All these effects can 
be further modulated by the actual dilution 
of the MNP, which should also be taken 
into account. 
In the description of the structural compo-
sition of a typical iron oxide based MNP 
suspension, there should be a clear distinc-
tion between the different compartments of 
the suspension: metal oxide cores, organic 
coating and suspension medium.  
The chemical characterization of MNP 
suspensions should be performed separate-
ly for the three compartments and the re-
sults should be presented using a standard-
ized nomenclature and a nanomaterial vo-
cabulary (ISO/TR 11360). It remains ques-
tionable whether the exact chemical and 
structural composition of the MNP ensem-
ble can be measured and expressed with 
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reasonable effort. Furthermore, the term 
“polycrystalline iron oxide” for 
superparamagnetic iron oxide nanoparticles 
(SPIONs) seems to be sufficient in many 
application scenarios [1]. 
Static or dynamic M(H) measurements are 
widely used for the determination of the 
magnetic behavior of MNP suspensions. 
An important issue in the interpretation of 
M(H)-curves is the treatment of the dia- or 
paramagnetic background signal generated 
by the suspension medium and other parts 
of the measurement equipment. So far 
there is no established method how to treat 
this background signal, especially at low 
MNP concentrations or high external 
fields. 
In the description of the magnetic behavior 
of MNP suspensions, it is important to dis-
tinguish between properties of single parti-
cles and the ensemble behavior. Single 
MNP cores exhibit a constant magnetic 
moment that is oriented depending on the 
anisotropic crystal structure and on the ex-
ternal magnetic field. In addition, the ori-
entation of the constant magnetic moment 
of the MNP is continuously varied by 
thermal agitation. In contrast, an ensemble 
of suspended MNP exhibits 
superparamagnetic behavior with a non-
zero field-dependent macroscopic magnetic 
moment only in the presence of an external 
magnetic field. Here, thermal agitation will 
influence the amplitude, but not the direc-
tion of the macroscopic net magnetic mo-
ment. In most MNP applications, the en-
semble behavior is the relevant level of de-
scription. For those applications, the ener-
gy absorption of the MNP suspension un-
der the influence of an external magnetic 
field is one of the most relevant parame-
ters. It is given as the product of the sam-
ple’s magnetic moment and the respective 
external magnetic induction. The SI-unit of 
the differential expression per field and 
mass compartment is JT-1kg-1, which 
equals emu/g in the obsolete but still used 
CGS-system.  
In Small Angle X-ray Scattering (SAXS) 
and Dynamic Light Scattering (DLS), 
measurements can be performed and re-

sults can be expressed according to the 
standards ISO 17867 and ISO 22412, re-
spectively. For all measurement methods 
providing a size distribution, be it a core 
size or a hydrodynamic size, the regula-
tions of ISO 9276/1-6 (Representation of 
results of particle size analysis) should be 
obeyed. It might even be possible to pre-
sent the distribution of particle moments or 
anisotropy energy according to the 
schemes in ISO 9276/1-6. 
 
 
Conclusion 
  

Applying existing harmonized vocabulary 
and normative documents, a considerable 
improvement in the description of MNP 
suspensions can be reached. A clear dis-
tinction between magnetic core, organic 
coating and suspension medium properties 
is important. The magnetic behavior can be 
described from a particle based or from an 
ensemble based perspective, leading to 
completely different expressions. In the 
interpretation of magnetic measurements 
on MNP suspension, it should always be 
clear whether focus is on single magnetic 
nanoparticles or on the suspension as a uni-
form object. Expression of measurement 
results in SI units is indispensible for the 
comparison of analysis results. SI units 
should be used in all describing documents 
for MNP suspensions.  
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Introduction

Figure 1: TEM micrographs of sample 1
(iron oxide cores surrounded by DMSA)
and sample 2 (iron oxide cores coated with a
∼ 30 nm thick silica shell). From the analy-
sis of> 100 particles from both samples an
average iron oxide core size of∼ 11 nm with
low polydispersity (σ <6%) was obtained.

The magnetic properties of an ensemble of
iron oxide nanoparticles primarily depend on
the structural properties of the individual par-
ticles, but also on interparticle interactions.
The presence of dipolar interactions has sig-
nificant implications e.g. in biomedical ap-
plications such as hyperthermia [1]. The stan-
dardization of the determination of the mag-
netic parameters driving those applications
(e.g. magnetic moment, relaxation frequency,
interparticle interactions) is a need for the
near future.
The present study focuses on the analysis of
two samples (Figure 1) of iron oxide nanopar-
ticles with nearly identical average core di-

ameters (∼ 11 nm) and low polydispersity
(σ ≤ 6%) according to TEM analysis, but
with varying amount of dipolar interactions
due to different coating routines. In the first
sample (sample 1), the particles were coated
with an organic surfactant (DMSA) and ag-
gregated to clusters consisting of several doz-
ens individual particles. In contrast, the par-
ticles of the second sample (sample 2) were
surrounded by a∼ 30 nm rigid silica shell
increasing the interparticle distance, which
should significantly decrease the amount of
dipolar interactions. To investigate the influ-
ence of dipolar interactions on the magneti-
zation behavior of the iron oxide particles a
detailed analysis of combined Small Angle
Neutron Scattering (SANS), M̈ossbauer and
magnetization experiments was performed.

Results

The core-shell morphology of the nanopar-
ticles from sample 2 observed in TEM could
be veryfied by the SANS measurement in
the freeze-dried state (powder), shown in Fig-
ure 2. The SANS intensity in the intermedi-
ateq-range could be fitted very well with a
core-shell model [2] including the structure
factor of hard spheres. The obtained struc-
tural parameters of the particles (iron ox-
ide core diameter∼ 11 nm, polydispersity
of cores≤ 6%, silica shell size∼ 30 nm)
were in very good agreement with TEM anal-
ysis.
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Figure 2: SANS intensity of sample 2 in the
freeze-dried state (powder). The measure-
ment was fitted (straight line) with a core-
shell model including the structure factor of
hard spheres, verifying the structural param-
eters (core diameter distribution, shell thick-
ness) obtained from TEM. The discrepan-
cies in the low and highq-range can be at-
tributed to a small number of large particles.

According to M̈ossbauer measurements the
chemical composition of the iron oxide nano-
particles in both samples were virtually iden-
tical and predominately maghemite.
Hence, the two particle systems can be re-
garded as model systems to investigate the
influence of dipolar interactions on the mag-
netization behavior of the nearly monodis-
perse iron oxide cores.
Whereas the room-temperature magnetiza-
tion curves of the two samples were nearly
identical, the ZFC/FC-curves differed sig-
nificantly (Figure 3). This difference can ex-
clusively attributed to the significantly higher
dipolar interactions in sample 2. By apply-
ing global fitting routines [3] to analyze the
magnetization (Langevin), ZFC and FC mea-
surements [4], values for the saturation mag-
netization, core diamater distribution and ani-
sotropy constant could be extracted. Com-
parison between the obtained values for both
samples as well as with literature values hence
enabled to evaluate the influence of dipolar
interactions on these parameters.
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Figure 3: Zero field cooled (ZFC) and field
cooled measurements of sample 1 (black
spheres) and sample 2 (open spheres) in
colloidal dispersion (iron concentration≈
2 mg/mL) at a field amplitude of 1 mT nor-
malized to the iron content.
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Magnetic susceptibility of magnetorheological
composites
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Magnetorheological (MR) materials are
composites of magnetically soft microparti-
cles dispersed in a carrier medium, which
typically is a liquid (MR fluid) or a solid
elastic matrix (MR elastomer). Upon an ex-
ternal magnetic stimulus, the particles of a
MR composite become magnetized and can
form aggregates elongated in the direction
of the applied field. The aggregation of par-
ticles results in a change of the rheological
properties of the material. This change is
referred as the MR effect. The aggregation
process of the particles is reversible and
can be easily dynamically controlled. Due
to these properties the MR composites are
widely used in various technical applica-
tions from brakes, clutches and actuators to
dampers of vehicles, bridges or skyscrapers.
A central advantage of MR elastomers is the
preventing of sedimentation of the micron-
sized magnetic particles, which occurs in
the carrier liquid of MR fluids. Moreover,
it is possible to tune an anisotropy of MR
elastomers orienting the particles with
an external magnetic field applied during
the matrix cross-linking process. There
are many publications regarding various
aspects of MR materials synthesis and
modification, as well as works presenting
MR devices and technologies. Reviews on
these topics are given in [1, 2].
The field controlled rheology of a MR
composite is governed by the magnetic be-
haviour of the powder particles. Magnetic
properties for the powdered materials are
usually determined in situ, i.e. measuring
magnetization curves of the prepared com-
posite.
The powder suspended in the matrix of
a conventional MR material is, as a rule,

carbonyl iron which is a material without
magnetic hysteresis. Nevertheless, the
measured composite magnetization M at
the decreasing field H will be higher than
the magnetization at the increasing field.
The same is expected for the differential
susceptibility χ = dM/dH . This behaviour
is associated with a formation of structures
or motion of particles due to magnetic
interactions when the field is first applied.
When the particles are fixed inside a hard
matrix or fixed inside aggregates already
oriented parallel to the external field, this
effect is vanishing.
However, there is a lack of knowledge about
a correlation between a microstructure and
macroscopic steady state magnetic proper-
ties of MR composites. In our work we have
considered MR composites with different
kinds of matrices and initial structural
anisotropy. Furthermore, the concentra-
tion of the magnetic powder φ has been
varied. In figure 1 an initial susceptibility
for various kinds of MR composites as a
function of the powder concentration is
given. As a reference the Maxwell-Garnett
approximation is provided:

χ =
3φ

1− φ
. (1)

This equation gives χ/φ close to 3 for
low concentrated composites. Our results
have shown that this works well only for
diluted samples containing randomly dis-
tributed magnetic particles fixed on their
positions, i.e. composites without any in-
terparticular interactions and structuring ef-
fects.
Experimental data on magnetic properties
of low concentrated elastic samples are fol-
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lowed by microstructural observations per-
formed using X-Ray tomography [3, 4] (fig-
ures 2 and 3). Herewith a realistic discus-
sion of the obtained results is ensured.
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Figure 1: Initial susceptibility of various MR
composites: 1 - solid matrix; 2 - soft elastic ma-
trix; 3 - structured particles in an elastic matrix;
4 - liquid matrix; 5 - Maxwell-Garnet prediction.
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Figure 2: Initial susceptibility of low concen-
trated MR composites: 1 - with structures ori-
ented ‖ to an applied field; 2 - with structures
oriented ⊥ to an applied field; 3 - non-structured
samples; 4 - Maxwell-Garnet prediction.

A susceptibility of low concentrated (up to
1 vol.%) non-structured composites as well
as structured samples with chains oriented
perpendicular to an externally applied field
can be sufficiently well predicted using the
Maxwell-Garnet equation. Structured sam-
ples oriented parallel to the field obviously
have a higher susceptibility (χ/φ ∼9,5),
which apparently does not depend on the
number of chains and their thickness, as can
be seen comparing the tomographic data and
χ values for samples manufactured under
different field strength applied during cur-
ing (figure 3). A possible reason of this is a
chain demagnetization factor which remains
equal for different samples when the ratio of

the chains length and thickness L/d >> 1.
Obtained results provide basics for further
discussions of the field depended properties
of MR composites and should serve for cor-
rect theoretical predictions of their physical
behaviour.

Figure 3: Microstructure of the low concen-
trated elastic MR composite structured in a low
(< 10kA/m) (left) and in a high (> 200kA/m)
(right) magnetic field. Initial magnetic suscep-
tibility for both samples is ∼0.07. The capture
boxes have cuboid shape with 15mm x 1 mm x 1
mm dimensions
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Introduction 
 

Ferrofluids have numerous applications, 
like the sealing of rotating shafts or cooling 
of high-tech loudspeakers. As well, they 
have a high potential to be an effective tool 
for cancer treatment. For all those applica-
tions the interparticle interaction in pres-
ence of a magnetic field is a crucial param-
eter, since it determines the structure for-
mation processes and thereby the change of 
physical properties of the entire fluid sys-
tem. The change of viscosity under the in-
fluence of a magnetic field is one of those 
effects, which is denoted as the magne-
toviscous effect (MVE) R [1] and calculat-
ed by 

     (1) 

How the different composition of a fer-
rofluid influences the interaction among 
the particles and therefore the particles’ 
aggregation behaviour is the scope of the 
presented study. 
Especially the effect of small particles, 
which are not interacting among them-
selves, on the interacting large particles’ 

structure formation processes, was topic of 
numerous theoretical studies and simula-
tions [2] as well as of experimental investi-
gation [3]. The possible interactions of 
small and large particles are shown in  
Fig. 1 according to Wang and Holm [4]. 

 

Here the “Poisoning” effect describes the 
decrease of the MVE in the presence of 
small particles in a bidisperse model fluid, 
when the volume concentration of the 
small particles exceeds a value of ϕS  
0.01, while the volume fraction of the large 
particles is assumed to be constant. Ac-
cordingly, this predicted “Poisoning” effect 
has been experimentally examined by a 
systematic variation of the relative quantity 
of small and large particles in a fluid. 
 
Experimental setup 
 

An especially designed rheometer has been 
used, which allows to measure the viscous 
properties of a fluid under influence of a 
magnetic field. In this study a constant 
magnetic field strength of Hex = 35kA/m 
has been applied.  

Figure 2. Basic fluids FF5 and FF20 for the present-
ed investigation. Images by TEM. 

 
Figure 1. (a) shows the chain-destabilization and 
(b) the “Poisoning” effect of the chain shortening 
due to presence of small particles according to [4]. 

 0 0  H H HR .  
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Two basic ferrofluids with a narrow size 
distribution were synthesized using a modi-
fied Massart process. The fluids FF5 and 
FF20 contain only small (S) or large (L) 
ionically stabilized cobalt ferrite particles 
in deionized water as a carrier liquid re-
spectively (see TEM images in Fig. 2). 
These fluids were mixed in three different 
ratios i: 

     (2) 

where m denotes the volume fraction of all 
particles. 
 
Results and discussion 
 
 

No change of viscosity was measurable in 
the small particle fluid (FF5) under an ap-
plied magnetic field and thus one can as-
sume that the respective particles generate 
no microstructures. With the ferrofluid 
sample A0 containing only large particles 
(ϕL = 0.23 vol%) diluted in deionized wa-
ter, a distinct MVE was obtained under the 
influence of a magnetic field. The theory of 
the “Poisoning” effect predicts these values 
to decrease in the presence of small parti-
cles. In Fig. 3 it can be seen, that in con-
trast to that, the MVE is approximately one 
order of magnitude higher, when adding 
small particles to a constant volume por-
tion of large particles (fluid sample A0.75 
– iA0.75=0.75). Consequently, the “Poison-
ing” effect was not measurable.  
To understand how the ratio of small  
and large particles influences the 
 

 

interaction behaviour in a ferrofluid in re-
spect to its rheological properties the  
Small Particle Influence Parameter  
(SPIP) had been firstly introduced by 
Siebert et al. [3] and is calculated by 

    (3) 

Here Ri and Ri=0 represent the MVE with 
and without small particles respectively. 
Fig. 4 shows the SPIP as a function of the 
shear rate for the fluid sample Sets A, B 
and C. The values of MVE of the ferrofluid 
samples B0.9 (iB0.9=0.9) and C0.97 
(i0.97=0.97) prove the general increased 
structure formation. It is obvious that the 
presence of small particles strongly stimu-
lates the chain growth and additionally has 
an intense stabilizing effect on the generat-
ed microstructures. This is documented by 
the increment of SPIP with increasing 
shear rate, which indicates a suppressed 
shear thinning behaviour.  
 
Conclusion 
 

The presented investigation shows that the 
appearance of small particles moderates the 
aggregation process of the large ones and 
stabilizes the formed structures as well. 
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Figure 3. MVE vs. shear rate under an applied mag-
netic field. Presented are the fluid samples A0 con-
taining only large particles and A0.75 where small 
particles are added (mixing ratio i = 0.75) 

 
Figure 5. The Small Particle Influence Parameter 
(SPIP) plotted against shear rate under influence of 
an applied magnetic field.  
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Introduction

Magneto-responsive hybrid gels (MRGs)
have been attracting great attention due to
their tunable elasticity, swelling properties
and shape that can be remotely controlled
by a magnetic field. They have potential
applications as soft actuators, artificial
muscles, as well as sensors and can serve as
model systems to study the heat transfer in
hyperthermal cancer treatment. Compared
to other stimuli-responsive gels, MRGs
have the advantage of fast response, con-
trolled mechanical properties and reversible
deformabilities. A typical MRG consists of
a chemically cross-linked polymer network
swollen in a good solvent and embedded
magnetic particles.

The origin of the magnetic-responsive be-
havior of MRGs is the magnetic interaction
between the magnetic filler particles as well
as their interaction with external magnetic
fields. Different theoretical routes have been
pursued to investigate the magneto-elastic
effects of MRGs: macroscopic continuum
mechanics approaches, mesoscopic model-
ing, and more microscopic approaches that
resolve individual polymer chains. An ex-
perimental model system showing a well-
defined particle distribution and a measur-
able magneto-elastic effect can help to un-
derstand the magneto-elastic behavior of
MRGs at different length scales [1].

Figure 1 (a) Laser scanning confocal microscopy (LSCM) was
used to observe the morphologies of the paramagnetic chains in
the soft gels. The Halbach magnetic array provided a homoge-
neous magnetic field (here B = 216.4±1.1mT). This array could
be rotated to change the orientation of the magnetic field. (b)
The orientation of the magnetic field B was successively increased
from 0◦ to 180◦ in 36 steps (square points). A magnetic chain of
15 particles rotated to follow the magnetic field, but the rotation
angle was smaller than the orientation angle of B (dashed line).
(c) Morphologies of magnetic chains in a soft gel change when
the orientation angle of B increased. The scale bar is 10 µm. The
gel in (b) and (c) had a storage modulus G′ of 0.25±0.06 Pa.

Results

We study the magneto-elastic coupling be-
havior of paramagnetic chains in soft poly-
mer gels exposed to external magnetic
fields. A laser scanning confocal micro-
scope is used to observe the morphology of
the paramagnetic chains and the deforma-
tion field of the surrounding gel network.
The paramagnetic chains in soft polymer
gels show rich morphologies under oblique
magnetic fields, in particular a pronounced
buckling deformation (Fig. 1-2).
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Figure 2 (a) Different morphologies of paramagnetic chains in a
soft gel (G′ = 0.25±0.06 Pa) under a perpendicular magnetic field
(100.8±0.5 mT). The original chain direction was horizontal, and
the applied magnetic field was vertical. The scale bar is 10 µm. (b)
Frequency count of different buckling morphologies in the same
sample. M is the number of half waves.

The buckling morphology depends on the
length of the chain, the strength of the
magnetic field and the modulus of the gel
(Fig. 3). Longer chains form buckling
structures with a higher number of half
waves. Higher strengths of the magnetic
field and a lower modulus of the gel matrix
can lead to higher deformation amplitudes.
The deformation field in the surrounding
gel matrix confirms that the embedding
polymer network is strongly coupled to
the paramagnetic chain (Fig. 4a). A min-
imal magneto-elastic coupling model is
developed to describe the morphological
behavior of the paramagnetic chains in the
soft gel under a perpendicular magnetic
field. The total energy functional can be
expressed as followed:

Etot = Emagn +Ebend +Edispl +Econtr

The chains deform in order to decrease the
magnetic energy (Emagn) (Fig. 4). This is
hindered by the simultaneous deformation
of the gel matrix, which increases the elastic
energy of the gel (Edispl , Econtr and Ebend).
Furthermore, we found indication that the
embedded magnetic chains themselves fea-
ture a certain bending rigidity (also con-
tributing to Ebend), possibly due to polymer
chains adsorbed on the particle surfaces.
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Figure 3 Influence of chain length, strength of magnetic field
and elastic modulus of the gel matrix on the amplitude of the
S-shaped chains, observed when the magnetic field is applied
perpendicularly to the initial chain orientation. (a) The elastic
modulus of the gel was 0.25 ± 0.06 Pa, and the magnetic field
strengths were 216.4 ± 1.1 mT (squares), 80.5 ± 0.4 mT (trian-
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Figure 4 (a) Tracer particles were inserted into the gel matrix of
the sample. Tracking these embedded tracer particles, the defor-
mation field in the gel matrix was determined. The solid line rep-
resents the skeleton of the magnetic chain and the dashed line in-
dicates the original chain shape. (b) Simulation result. When the
boundary layer is assumed to be stiffer than the bulk, the buck-
ling effect occurs. (c) Contributions to the total energy as a func-
tion of the strength S of deformation. We always observed the
global minimum for symmetric shapes. (d) Energies Etot of chain
deformations as a function of chain length L and number of half-
oscillations M. Each curve describes a shape of M half-waves with
a minimum total length of (M − 1)b. The resulting curves show
crossing points from where the total energy for an increasing L
can be lowered by bending one extra time (jumping to a higher M)
rather than conserving the same shape.
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Introduction  
 

The dynamics of magnetic nanoparticles 
(MNPs) is generally described via an effec-
tive time constant which is related to the 
Brownian τB and Néel time constant τN by 

B N
eff

B N

τ ττ = τ + τ . 

In zero or small (ξ = mB/(kBT) << 1) mag-
netic fields, the well-known expressions 
for the Brownian and Néel time constants 
are generally used relating them to hydro-
dynamic size and viscosity as well as ani-
sotropy energy. For a number of applica-
tions, however, the knowledge of the time 
constants in larger magnetic fields (ξ ≥ 1) 
is of vital importance. For example in 
magnetic particle imaging (MPI), the mag-
netic markers are simultaneously exposed 
to ac and dc fields of up to 25 mT ampli-
tude. For a model-based reconstruction, 
appropriate expressions for the field-
dependence of the time constants are im-
portant. In magnetic hyperthermia, the 
SAR (specific absorption rate) is often dis-
cussed with ac susceptibility (ACS) meas-
urements, however, the nanoparticles are 
exposed to rather large ac fields. Also for 
nanorheological investigations in the pres-
ence of background fields, the effect of the 
field on the time constant must be separat-
ed from its effect on the rheological pa-
rameters such as viscosity and shear modu-
lus.  
Here we investigate the effect of the ampli-
tude of an ac magnetic field as well as of 
superimposed static fields – both parallel 
and perpendicular to the ac field – on 
Brownian and Néel time constants apply-
ing ac susceptometry.  
 

Methods 
 
All ACS measurements were performed 
with a fluxgate-based measurement setup 
described in detail in Dieckhoff et al. [1]. It 
allows one to record ACS spectra in the 
frequency range from 2 Hz to 9 kHz at ac 
field amplitudes of up to 9 mT and super-
imposed dc fields of up to 9 mT (for small 
ac excitation fields).  
The effective time constants were deter-
mined by fitting the measured imaginary 
part χ’’ of the complex susceptibility with 
the Navriliak-Negami formula [2]. 
As samples, single-core iron oxide nano-
particles SHP-25 from Ocean Nanotech 
having a mean core diameter of 25 nm 
were used. Standard, low-field ACS meas-
urements indicated that the majority of 
nanoparticles suspended in DI water follow 
the sinusoidal excitation field via the 
Brownian mechanism. Since the Brownian 
peak in χ’’ of aqueous SHP-25 suspensions 
lies in the low-field limit at around 10 kHz, 
the 25 nm particles were suspended in a 
water-glycerol mixture (volume ratio 
30:70) resulting in a viscosity of around 
25 mPs·s, thus shifting the maximum in χ’’ 
to below 1 kHz. In order to study the effect 
of the field amplitude on the Néel time 
constant, the nanoparticles were immobi-
lized by freeze-drying in mannitol. 
 
Results and discussion 
 
Fig. 1 depicts the imaginary part χ’’ as a 
function of frequency measured on a SHP-
25 suspension for different ac field ampli-
tudes. As can be seen, the maximum shifts 
with increasing ac field amplitude towards 
larger frequencies caused by a decrease of 
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the Brownian time constant. In Fig. 2, the 
imaginary part measured on the freeze-
dried reference sample is shown. Unfortu-
nately, the maximum for low field ampli-
tude lies below 2 Hz but it shifts with in-
creasing field amplitude into the measure-
ment window.  

 
Fig. 1: Measured imaginary part as a function of 
frequency and field magnitude for SHP-25 suspen-
sion. 

 
Fig. 2: Measured imaginary part as a function of 
frequency and field magnitude for freeze-dried 
SHP-25 sample. 
 
Fig. 3 depicts the extracted time constants 
as a function of ac field amplitude. Appar-
ently, the field dependence of the Néel 
time constant is much stronger than that of 
the Brownian one. The dependence of the 
Brownian time constant on ac field ampli-
tude was fitted with an equation derived by 
Yoshida and Enpuku from solving the 
Fokker-Planck equation [3]: 

B 0
B H 1 721 0 126

,
, ..

ττ = + ξ           (1) 

 

The best fit was obtained for a mean mag-
netic moment of 1.6 aA·m2 which is in 
agreement with the value from magnetiza-
tion curve measurements. 

Unfortunately, there is no appropriate 
model for the dependence of the Néel time 
constant on ac field amplitude (there are 
expressions for τN,H which are applied for 
the analysis of MRX curves; they hold, 
however, only in the limit ξ < 1 [4]). Thus, 
equation (1) is modified to fit the field de-
pendence of τN based on the determined 
magnetic moment. Similar measurements 
were also performed for small ac field am-
plitudes superimposed by static fields par-
allel or perpendicular to the ac field. The 
obtained dependencies of the time constant 
on the dc field magnitude were fitted with 
expressions derived by Raikher and Shlio-
mis [5], providing m values comparable to 
the one quoted before. 

 
Fig. 3: Brownian and Néel time constant as a func-
tion of AC magnetic field magnitude for liquid and 
freeze-dried 25 nm single-core iron oxide particle 
samples. Note the different ordinate axes. 
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In the research of biomedical applications 
ferrofluids receive a growing importance. 
The suspended magnetic particles can be 
used e.g. as carriers for chemotherapeutic 
agents or for hyperthermia – an artificial 
heating of diseased areas [1]. 
Regarding those potential applications it is 
important to have a good understanding of 
the fluids’ behavior if an external magnetic 
field is applied to guarantee a safe and ef-
fective application. Therefore the Magne-
toviscous Effect (MVE) has to be taken into 
account – an increasing viscosity of the fluid 
if a magnetic field is applied [2], caused by 
the structure formation of the nanoparticles. 
It was shown before that a rather strong ef-
fect can be measured for magnetic fluids 
used in the biomedical context [3]. Those 
measurements could only be realized under 
conditions not reflecting those of an actual 
application regarding the geometry, the 
shear rate ranges and the magnetic field 
strengths. 
Therefore a capillary viscometer was devel-
oped to fit those requirements. The capillary 
reflects an artery model and the shear rates 
as well as the magnetic field strengths were 
adapted to requirements fitting the biomed-
ical application. 
 
Experimental 
   

The principle of the capillary viscometer is 
presented in fig. 1. It is based on an ex-
changeable capillary allowing different in-
ner diameters. For the present investigation 
three capillaries with inner diameters of 
0,46 mm (A), 1,02mm (B) and 1,36 mm (C) 
were used and previously characterized us-
ing computer tomography (fig. 2).  
The pressure drop over the capillary, which 
can be used to calculate the viscosity, is 
measured using the hydraulic principle. 
Therefore a membrane separates the meas-
urement fluid and a silicone oil. The actual 

measurement involves the differential pres-
sure transmitted by the silicone oil (fig. 1). 
The advantage of this setup is that the meas-
ured signal is not affected by the applied 
magnetic field.  
This magnetic field can be applied by dif-
ferent coil setups as the measurement setup 
is movable. For this work two systems were 
used: a Helmoltz setup enabling precise 
magnetic field strengths up to 45 kA/m and 
a setup with a B-E25 magnet (Bruker, USA) 
enabling magnetic field strengths up to 500 
kA/m. Both have a field homogeneity of 
≥98%. 
For the experiments the ferrofluid fluid-
MAG-DX (Chemicell, Germany) was used. 
It consists of multicore iron oxide particles, 
a dextran polymer to enable stable agglom-
erates and water as carrier liquid. The fluid 
shows superparamagnetic behavior and a 
strong MVE was found using rotational rhe-
ometry. 
 

Figure 1: Principle of the capillary viscometer. (1) is 
the capillary, (2) the membrane separating the two 
fluids and (3) the position of the pressure sensor. 
 

 
Figure 2: Capillaries used for the measurements.
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Results 
  

The experimental investigations revealed a 
strong MVE for the ferrofluid for all three 
capillaries. Exemplary the effect is depicted 
in fig. 3 for capillary B for several magnetic 
field strengths. The MVE is denoted as R 
and calculated with the viscosity when a 
magnetic field is applied η(H) and the zero-
field viscosity η(H=0) [2]: 

� =
�������

����
. (1) 

It is readily visible that still a strong effect 
is present despite the high shear rates, and 
that this effect slightly decreases with in-
creasing shear rate and decreasing magnetic 
field. In fig. 4 the effect is presented for all 
three capillaries in comparison to data 
measured with rotational rheometry. It can 
be concluded that the effect is independent 
of the capillary diameter and that it is com-
parable to results measured with the rota-
tional rheometry. 
For strong magnetic field strengths up to 
500 kA/m a saturation of the effect up to 250 
kA/m was found while above this field 

strength the effect increased again (fig. 5). 
This behavior might be depending on the ca-
pillary diameter but requires further experi-
mental investigations. 
It can be concluded that despite the high 
shear rates a rather strong MVE was meas-
ured which has the potential to influence the 
biomedical application of ferrofluids and 
should be taken into account for further re-
search. 
Following investigations will include de-
tailed studies of the MVE at strong mag-
netic fields and will take care of the question 
if a particle interaction of the magnetic par-
ticles and blood cells occurs if blood is used 
as diluting agent.  
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Figure 3: The MVE measured with the capillary B 
for different magnetic field strengths.  

Figure 4: The MVE for all three capillaries (A,B,C) 
and rotational rheometry (SR) [3] for 30 kA/m. 
 

Figure 5: The MVE depending on the magnetic field 
strength for capillary A and two shear rates. 
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Introduction 
Spatially localised patterns are observed in 
such different systems like semiconductor 
lasers, gas discharges, vibrated granular 
media, intermittent coquette flow [1] or the 
normal field instability in ferrofluids [2]. 
The Homoclinic Snaking scenario has 
proven to be an important mechanism for 
localisation [1]. Here each alternating turn 
of a “snake” in control parameter-phase 
space is correlated with the emergence of a 
further interior cell of the localized pattern. 
This scenario has been unveiled in more 
than hundred theoretical studies, however, 
experimental evidence in two dimensional 
systems is sparse so far.  
 

 
Figure 1 Photo of a localized patch of  
seven spikes on a layer of ferrofluid. 
 
Experimental results 
We report on localised patches of cellular 
hexagons observed on the surface of a 
magnetic fluid in a vertical magnetic field 
(cf. Figure 1). These patches are spontane-
ously generated by jumping into the neigh-
borhood of the unstable branch of the do-
main covering hexagons of the Rosensweig 
instability upon which the patches equili-

brate and stabilise. They are found to co-
exist in intervals of some control parameter 
around this branch. By means of a pulse 
technique we unveil sequences of stable 
patches comprising intervals with one, 
three, seven … up to 21 spikes. These se-
quences may be a signature of Homoclinic 
Snaking. 
 

Figure 2  Normalised hydrostatic energy 
vs. the control parameter  computed for 
the Rosensweig instability in a ferrofluid of 
permeability r  = 2. The  bifurcation dia-

gram shows the domain covering hexagons 
and the emergence of a fully localised hex-
agon patch (dashed) bifurcating from a sol-
itary  spike (green).  
 
Numerical results 
We formulate a general energy functional 
for the system and a corresponding Hamil-
tonian that provides a pattern selection 
principle allowing us to compute Maxwell 
points for general magnetic permeabilities. 
At these Maxwell points the energy of a 
single hexagon cell that lies in the same 
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Hamiltonian level set as the flat state, has 
the same energy. Using numerical continu-
ation techniques we investigate the exist-
ence of localized hexagons in the Young-
Laplace equation coupled to the Maxwell 
equations. We find cellular hexagons pos-
sess a Maxwell point providing an energet-
ic explanation for the multitude of meas-
ured hexagon patches. Furthermore, it is 
found that planar hexagon fronts and hexa-
gon patches undergo homoclinic snaking as 
indicated in figure 2. Thus we are corrobo-
rating the experimentally detected inter-
vals.  
  

Besides making a contribution to the spe-
cific area of ferrofluids, our work paves the 
ground for a deeper understanding of 
homoclinic snaking of two-dimensional  
localised patches of cellular patterns in 
many physical systems. 
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Figure 1 The magnetic snail (see arrow) is 
traveling on a trace forming the text “Ep5”. 
 
We investigate how a magnet can autono-
mously travel on a ferrofluidic film. The 
photo in Fig. 1 displays a trace of ferrofluid 
(the text “Ep5”) together with the magnet. 
The latter moves on this trace, up to the 
end, like an inverse snail absorbing its own 
slime. In this way it is an autonomous mo-
bile robot. 
 
For a quantitative investigation we use the 
setup sketched in Fig. 2. An inclined plane 
made from perspex® is positioned in-
between an electro luminescent film and a 
camera. The angle of inclination   is 
measured by means of an electronic goni-
ometer connected to a computer. On top of 
the ramp a magnet with a mass of 2g and a  
 

 
Figure 2 Scheme of the experimental set-
up.  

diameter of 8 mm is positioned on a vol-
ume of 32 ± 3 µl ferrofluid and kept in 
place by a trigger. Activating the trigger,  
the magnet slides down the plane with the 
velocity v  leaving a straight trace of 
ferrofluid. Reaching the end of the plane 
the inclination is switched to 0°. Now the 
magnet is traveling back on its own trace, 
as displayed in Fig. 3a. Figure 3b indicates 
that the ferrofluidic film ahead of the mag-
net is thicker than the one behind it. Ap-
parently this asymmetry results in an effec-
tive Kelvin force, which is driving the 
magnet.  

 
Figure 3 The trace of the snail (a) and its 
measured thickness (b).  
 
The thickness h  of the film in Fig.3b is 
measured by means of light absorption. For 
calibration we use a ferrofluidic ramp as 
shown in Fig. 4. The solid line stems from 
the multi-exponential fit of Eq.(1), which is 
taking into account the polychromatic na-
ture of the radiation emitted by the light 
source [1] 

1 1 2 2
0

1 2 3

( ) exp( ) exp( )

(1 )exp( )

I
x f x f x

I

f f x

 


  
 

        (1)  

 where  is the extinction coefficient.  
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Figure 4 Absorption curve for a ferrofluid-
ic ramp, enclosed by two microscope slides 
(see inset) with a distance of 0m at the 
l.h.s and a distance of 100m at the r.h.s.  
 
For different angles of inclination   of the 
plane we record the time dependent posi-
tion ( )x t  of the magnet and determine its 

velocity ( ) ( ) /v t dx t dt  . The latter de-

pends on the thickness ( )h t  of the ferro-

fluidic film. For a specific time 0t  we plot 

in Fig. 5 the layer thickness versus the ca-
pillary number 0· ( ) /Ca v t   where   

denotes the viscosity and   the surface 
tension.  The experimental data are well 
described by the equation  
  1/2·h a Ca ,         (2) 
independent of 0t . This scaling law is 

known from the dip coating of a vertical 
plate pulled out of a liquid [2].  
 

 
Figure 5 Thickness of the ferrofluidic trace 
vs. capillary number and fit by Eq.(2).  
 
After the magnet arrives at the bottom of 
the plane the latter is switched to an angle  . For 0   it travels back on 

Figure 6 The snail creeps with v  uphill on 
an inclined plane of angle . The trace 
thickness varies with . 
 
its trace in the plane. We gradually in-
crease . Indeed the magnetic snail can 

creep uphill for 01.2  , as shown in Fig.6.  
 
 To conclude, a permanent magnet is slid-
ing on a previously well prepared homoge-
neous film of ferrofluid. Its apparently au-
tonomous motion is guided by the trace 
and driven by a reduction of the over-all 
magnetic field energy: the ferrofluid is col-
lected at the magnet. Our magnetic snail 
may be used to transport small cargo, like 
drugs, on complex path ways. It can easily 
be miniaturized and may also be useful for 
microfluidic applications.  
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Introduction 

Magnetorheological elastomers are a spe-
cial kind of magnetic field-responsive smart 
materials developed in the last years, where 
magnetic micro particles are embedded in a 
soft elastomer matrix. As a result the mag-
netoactive effects on the mechanical prop-
erties are combined with a stable, soft elas-
tic material. The investigation of the inter-
action of the particles with the external mag-
netic fields and the matrix is a subject of on-
going research. Computed X-ray micro to-
mography proved to be a reliable method to 
investigate the particle structure of such 
composite materials [1, 2]. 
With the new kind of samples investigated 
in this work, an effect of an external mag-
netic field on the orientation of NdFeB mi-
croparticles was observed. 
 
Material 

Wacker silicone components and silicone 
oil were used to produce the elastomer, in 
which 35 wt% of highly anisotropic shaped 
NdFeB particles MQA by Magnequench 
were embedded. The median of the particle 
size distribution is 92 µm. 
 
Methods 

The polymerized samples were tested with 
a DYNA-MESS universal testing machine 
with and without the presence of an external 
magnetic field with a flux density of 220 mT 
in direction of the cylinder axis. Subse-
quently, the sample was tomographed with 
the TomoTU cone beam tomography setup. 
Figure 1 shows a slice of the reconstructed 
tomography data. 15,000 particles were sep-
arated and evaluated. The major axes were 

calculated for each particle. The sample was 
then magnetized using a Lake Shore VSM, 
providing a magnetic field up to 2 T, leading 
to a remanent magnetization of the sample 
in direction of the cylinder axis. The de-
scribed measuring procedure was then re-
peated. At this point the tomography was 
conducted in presence of an external mag-
netic field with a flux density of 220 mT in 
direction of the cylinder axis as well.  
 

 
Figure 1: Slice of the reconstructed tomography before 
magnetization showing the highly anisotropic particles 
randomly oriented in the sample. 
 

Magnetorheological effect 

The unmagnetized sample shows a signifi-
cant increase of the elastic modulus in pres-
ence of the magnetic field, proving the soft 
magnetic behavior of the unmagnetized par-
ticles. 
After magnetization the sample shows an 
overall increase in stiffness and a significant 
increase of the effect of the external mag-
netic field on the elastic modulus. The re-
sults are visualized in figure 2. 
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Figure 2: The magnetorheological effect, induced by a 
220 mT magnetic field, was calculated as a change of the 
elastic modulus of the sample. Here the effect before and 
after magnetization with a 2T magnetic field is shown. 
 

Particle structure 

The angle between the longest major axis of 
the highly anisotropic particles and the di-
rection of magnetization was calculated 
from the evaluated geometry data for every 
particle. It was shown, that the angle de-
creased due to the magnetization as a result 
of particles rotating towards the direction of 
magnetization to align themselves within 
the magnetic field. As a result of the elastic 
linkage between the particles and the matrix 
no complete alignment was observed. In 
figure 3 the rotation of the particles is visu-
alized schematically. 

 
Figure 3: Rotation of a particle after permanent magneti-
zation (2 T) and in presence of an external magnetic field 
(220 mT). Both magnetic fields pointing in the same direc-
tion aligned with the sample cylinder axis. 
 

Figure 4 shows the frequency distribution of 
the calculated angles. Before magnetization 
the frequency of the angles is homogene-
ously distributed, indicating a random ori-
entation of the particles. After magnetiza-
tion this distribution shows a largely in-
creased number of particles with small an-
gles. This effect is enforced by the further 
application of an external field.  

 
Figure 4: Frequency distribution of the calculated angle 
between the particle main axis and the magnetization di-
rection. 
 

Conclusion and outlook 

A rotation of magnetized NdFeB-micropar-
ticles embedded in a silicone matrix was ob-
served by means of computed X-ray micro 
tomography. This change in particle struc-
ture may be linked to the change in elastic 
properties of the sample after magnetiza-
tion. 
So far this work shows the applicability of 
the utilized methods to evaluate changes in 
particle structures induced by magnetic 
fields, observed with magnetorheological 
elastomers. 
Future work will include a more detailed ex-
amination of the particle arrangement, as 
well as an evaluation of the motion and ro-
tation on a single particle basis [3]. 
A fine tuning of the matrix material may 
lead to a higher effect of particle structure 
change. 
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Introduction

Thermomagnetic convection denotes a trans-
port phenomenon in magnetic fluids driven
by a thermal gradient resulting in a gradi-
ent in the magnetic field [1]. It is character-
ized by the thermal and magnetic Rayleigh
numbers. Convection sets in if the destabi-
lizing magnetic force exceeds the stabilizing
effects of the fluid’s viscosity η and thermal
conductivity κ. Finlayson [1] theoretically
predicts an onset of convection if the condi-
tion of

Ra

Rac
+

Ram
Ram, c

≥ 1 (1)

is met. The phenomenon was first investi-
gated experimentally by Schwab [2, 3], and
later by Engler [4,5]. The present investiga-
tions aim at the experimental determination
of the critical magnetic Rayleigh number in
dependence from the fluid’s composition.

Experimental Setup

Three differently composed fluids are cho-
sen for the experimental investigations. Par-
ticles are always made from magnetite, the
NF4000C’s and EMG905’s carrier liquid is
kerosene, while APG513A is an ester-based
fluid with significantly higher viscosity. All
ferrofluids are provided by Ferrotec, USA,
and their properties are listed in Table 1, i.e.
the particle’s concentration φ and diameter
d̄, the fluid’s saturation magnetization MS,
density ρ, and viscosity η. The particle size
distribution for the fluids according to Chan-
trell et al. [6] is presented in Fig. 1.
The onset of convection is determined by

Table 1: Properties of the fluids at 313 K.

Property EMG905 NF4000C APG513A
[5]

φ, % 7.6 ±1% 5.3 ±2% 6.6
d̄, nm 12.7 ±1% 8.6 ±2% 12.9

MS, kA/m
at 289 K 34.2 ±1% 23.9 ±2% 28.5
ρ, kg/m3 1323 ±0.1% 1158 ±0.1% 1345
η, mPa·s 10.01 ±1% 6.55 ±0.5% 84
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Figure 1: The particle size distribution ac-
cording to Chantrell [6] is plotted for the
three fluids under investigation.

the heat flux transported across a layer of
magnetic fluid placed in a homogeneous mag-
netic field while the temperature difference
is risen step by step. Convection intensifies
the heat flux in comparison with the conduc-
tive one, and the critical temperature differ-
ence marking the transition is obtained. This
leads to combinations of thermal and mag-
netic Rayleigh numbers for each setup of
temperature difference and magnetic field.
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Figure 2: Thermal and magnetic Rayleigh number of the experiments, and of literature are
presented, critical thermal and magnetic Rayleigh number are depicted as intercepts [7].

Table 2: Critical thermal and magnetic
Rayleigh numbers calculated on basis of Eq.
1.
Fluid Rac Ram, c

EMG 905 2082 1998
NF4000C 1925 856

Results and Discussion

The Rayleigh numbers of each experimental
run and their corresponding point of tran-
sition are plotted in Fig. 2. The critical
thermal Rayleigh number, denoting the on-
set of convection in absence of a magnetic
force is gained by the intercept of the y-axis.
The critical magnetic Rayleigh number de-
scribes the onset of convection if buoyancy-
driven forces are absent, and can be obtained
by the intercept on the x-axis. The critical
values are listed in Table 2. The solid line in
Fig. 2 depicts the theoretical prediction of
the interdependence of the Rayleigh num-
bers considering the fluidic composition of
EMG905, while the dashed line stands for
the fluidic properties of NF4000C. While the
experimental data for the EMG905 and the
former APG513A seem reasonably close to
the theoretical critical magnetic Rayleigh num-
ber of ≈2500 [7], the NF4000C’s critical
value is significantly smaller. The NF-fluid’s

narrower particle size distribution and smaller
particle size are assumed being responsible
for the change in the convective behavior.
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Introduction 
 

Magnetic nanoparticles (MNP) experience 
increasing interest for a variety of medical 
and pharmaceutical applications, e.g. for 
magnetic drug targeting or magnetic hyper-
thermia. For all of these applications it is 
necessary, or at least advantageous, to ob-
tain a homogeneous MNP distribution 
within the tissue. At the moment, no com-
mercially available method exists to image 
the MNP distribution. Standard medical 
imaging methods like Magnetic Resonance 
Imaging (MRI) or X-ray Computed To-
mography (CT) provide no satisfying re-
sults regarding spatial resolution of ob-
tained images. 
A promising approach to determine spatial 
MNP distribution within tissue is Magnetic 
Particle Imaging (MPI). In MPI, the local 
nonlinear magnetic response of MNP in the 
tissue exposed to an external sinusoidal 
magnetic field is used to reconstruct a 3-
dimensional image of the magnetic particle 
distribution which can be related to struc-
tural features of the tissue [1]. In the past 
10 years there was a rapid progress in de-
velopment of MPI scanners and nowadays 
the very first preclinical devices are com-
mercially available from Bruker BioSpin 
(Ettlingen, Germany). To evaluate perfor-
mance of commercial as well as various 
custom-made scanners in several laborato-
ries, defined test phantoms are needed. 
Measurement phantoms for MRI have lim-
ited suitability for this purpose and thus the 
aim of the here presented study is to devel-
op and evaluate test phantoms for MPI 
which enable the assessment of present 
MPI scanners. 

Methods 
 

Pre-requirement for development of test 
phantoms is the establishment of a suitable 
MNP-matrix combination, which enables a 
homogeneous MNP distribution, combined 
with a strong immobilization of the MNP 
within the matrix as well a high mechanical 
stability of the matrix material. For this, 
magnetic multicore nanoparticles of about 
50 nm were prepared as described before 
[2], coated with different shells (Dextran, 
CM-Dextran, and DEAE-Dextran) and 
embedded in 6 various matrix materials 
(gelatin, agarose, agar-agar, ballistic gel, 
and two different gelatin-oil mixtures). 

 

  
Figure 1: Specimens for mechanical load tests made of gelatin 
and ballistic gel (a) as well as agar-agar and agarose (b). 
 

The obtained MNP-matrix combinations 
were tested for their mechanical stability 
by means of mechanical load tests (Figure 
1). The degree of MNP distribution and 
immobilization within the matrix was de-
termined by optical investigation of the 
samples with a microscope and by investi-
gation of the magnetic particle properties 
measured by vibrating sample magnetome-
try (VSM). 
The most promising MNP-matrix combina-
tion was used to manufacture measurement 
objects of different shape (spheres, cubes) 
and different size (5, 10, 20 mm) embed-
ded in a phantom matrix with an overall 
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geometry of a cylinder with D = 50 mm 
and H = 60 mm. The resulting test phan-
toms were evaluated for their suitability to 
simulate MNP loaded areas within a non-
magnetic matrix by means of MRI (Bruker 
Icon) and MPI (Bruker BioSpin preclinical 
MPI-scanner). 
 
Results 
 

As a measure for the agglomeration of the 
MNP within the matrix served the coercivi-
ty. Here we assume, that an increasing co-
ercivity is caused by unwanted agglomera-
tion of the particles. In case of low coerciv-
ity of embedded MNP, the absence of ag-
glomerates in the matrix was checked by 
microscopy. In summary, microscopic and 
magnetic investigations revealed, that bare 
and CM-Dextran coated MNP show the 
best results regarding homogeneous distri-
bution of the MNP within the matrix (Fig-
ure 2).  
 

 
 

Figure 2: Coercivity of different MNP-matrix combinations, 
normalized to the coercivity of dried MNP (LP). 
 

Resulting from these investigations, the 
combination of CM-Dextran coated MNP 
within ballistic gel was chosen as the most 
suitable material of our tested combina-
tions for test phantom building. 
Several strategies for preparation of meas-
urement objects and their embedding in the 
phantom matrix were tested and will be 
discussed together with the results of the 
test measurements in our presentation. 
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Introduction 

The research interest on remote-controlled 
multiple responsive materials has increased 
over the last few decades. In this respect, 
the combination of magnetic nanoparticles 
with soft materials offers several perspec-
tives towards smart adaptive materials that 
can be manipulated by external magnetic 
fields. In particular, the local heat dissipa-
tion by magnetic nanostructures in oscillat-
ing electromagnetic fields (OEMF) pro-
vides the option to increase the temperature 
locally and thus stimulate dynamic pro-
cesses, e. g. for temperature-triggered 
shape changes.  
In this work we show that temperature-
induced mechanisms for self-healing in 
polymers [1], [2] can effectively be acti-
vated by magnetic heating of tailored mag-
netic fillers. We systematically investigate 
the influence of the size, shape, composi-
tion and magnetocrystalline anisotropy of 
nanoscopic magnetic filler particles in an 
acrylate-based ionomeric elastomer on 
their heating and healing characteristics. 
The thermal energy that is dissipated local-
ly in the particles’ environment under field 
influence triggers the dynamic rebonding 
within the matrix, thus activating the self-
healing process.  
 
 
 
 
 
 
 
 
 
Figure 1. Illustration of cut`n`heal experi-
ments. 

The magnetic trigger is shown to result in a 
fast response and allows the contactless, 
remote-controlled restoration of the me-
chanical properties of a sample after dam-
age. Under optimized conditions, a particle 
volume fraction as low as 0.05 vol% is suf-
ficient to reach a healing efficiency of 
> 90 % after 15 min of irradiation.  
 
Results and Discussion 
 

Magnetic nanoparticles of different com-
position, size, and shape, are incorporated 
into a model elastomer matrix that recently 
was shown to show an effective, tempera-
ture-induced self-healing behavior. The 
matrix is based on a Zn-neutralized iono-
mer (Mw ~ 60.000 g·mol-1, PDI ~ 1.3) with 
n-butyl acrylate as the main component, 
which lead to flexible backbone with low 
Tg = -41, and 5% neutralized acrylic acid 
groups.[3] By using appropriate field pa-
rameters (250 kHz and 31.5 kA·m-1), we 
investigate the heating and healing profiles 
of pristine and damaged elastomer sam-
ples. The healing efficiency is quantified in 
tensile experiments of macroscopically cut 
samples. In addition, the impact of the fill-
ers on the rheological properties of the ma-
trix is examined.  
The magnetic nanofillers increase the me-
chanical strength of the elastomers and act 
as “nano-hotspots” in the electromagnetic 
energy dissipation under field influence. 
By heating the material intrinsically across 
the transition temperature, the self-healing 
process is activated.[3] 
A comparative investigation concerning 
Fe3O4, CoFe2O4, and Co-based particles in 
the size range of 10 nm – 200 nm and with 
spherical, cubic of rod-like shape was em-
ployed with the ultimate goal to result in a 
tailored design for an effective energy har-
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vesting (Figure 1a). The resulting compo-
sites were analyzed on their magnetic, 
thermal and mechanical properties.  
In dynamic rheology, the materials show 
an overall viscoelastic behavior. Figure 1b 
shows the thermograms for a series of 
P@FC composites. A Langevin-like tem-
perature increase with time is noticed due 
to the remaining heat loss to the environ-
ment. The steady-state temperature at long 
times, Ts, as well as the initial heating rate 
(dT/dt)t→0 increase with increasing particle 
fraction, and already at volume fractions as 
low as 0.1 vol%, the heating is fast enough 
to reach 150 °C in 10 minutes. At NP = 
0.05 vol%, the ionic transition temperature 
Ti is reached within a few minutes.   

 
Figure 2. a) Overview of the magnetic na-
noparticles of different magnetocrystalline 
and shape anisotropy; b) HF measurements 

of P@FC with increasing filler fraction and  
c) relaxationtime at τcross with increasing 
FC filler fraction. 
 
When comparing the dependence of the 
steady-state temperature Ts and heating rate 
(dT/dt)t→0 on the filler fraction for different 
particle types, the cubic (FC) particles 
show the best heating efficiency among the 
particles, followed by single-domain parti-
cle (FE) and (CE) then the spherical (FS) 
and the rod-like (FR) particles.  
All composites show a qualitative similar 
dynamic mechanical behavior in oscillato-
ry rheology. At low frequencies, the shear 
loss (G’’) modulus is dominant, indicating 
a prevailing viscous behavior. With in-
creasing frequency, the shear storage (G’) 
modulus increases, and a G’’/G’ cross-over 
to a dominating elastic behavior is ob-
served at a frequency that depends on the 
ion content and the nature of the counter 
ion. Figure 1c show a nearly linear scaling 
of the respective characteristic times cross for composites based on (FC) 
particles, as these are shown to be the most 
suitable for the heating efficiency. The im-
pact of the particulate filler fraction can be 
attributed to a slow-down of the sticky rep-
tation process and can be interpreted as an 
involvement of the filler particles in the 
phase behavior of the materials.[3] 
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We have made a preliminary study of a 
long-term phantom for MRI and X-Ray 
imaging of body tissues enriched with 
magnetic nanocomposites suitable for 3-
dimensional and quantitative imaging of 
tissues after, for example, magnetically as-
sisted cancer treatments.  
The approach was to perform a cross-
calibration of XµCT and MRI. For this a 
long-term phantom system suitable for 
MRI and XCT has been developed, applied 
and tested. The result is the specification of 
a sensitivity range for standard imaging 
techniques as XµCT and MRI. 
For the calibration phantoms the following 
requirements have been defined: • The body material shall represent 

biological tissue for MRI and X-
Ray imaging; • The body material has to be homo-
geneous e.g. without air bubbles; • The magnetic nanoparticles have to 
be suspended homogeneously and 
immobilised the body material; • The developed phantom system 
hast to be long-term stable over 
minimum several months. 

The developed phantoms consist of an 
elastomer with different concentrations of 
multi-core magnetic nanocomposites 
(MNC)[1]. The matrix material is a syn-
thetic thermoplastic gel, PermaGel (PG) 
[2]. It consists of white petroleum oil and 
styrenic copolymers, thus it is classified as 
a “physically associated gel”. Because PG 
is primarily made of white oil any measur-
able weight loss or evaporation rate is ex-
pected. Consequently, it is stable at room 
temperature over several months [3].  

We prepared 12 different magnetic compo-
nent concentrations in a range of 0 mg/ml 
to 6.91 mg/ml, as shown in Figure 1a). 
These cylinders have been layered to stack 
of three PG-MNC-cylinders which are 
separated by blank PG as shown in Figure 
1b).  
a) b) 

 

 
Figure 1a): cylinders of three different nanopar-

ticle concentrations and a pure gel cylinder;    

b): one of four stacks of cylinders with three 

nanoparticle concentrations separated by blank 

gel cylinders 

The developed phantoms have been ana-
lysed with NMR Relaxometry (Bruker 
minispec mq 60) at 1.4 T to obtain R2 
transverse relaxation rates, with SQUID 
(Superconducting QUan¬tum Interference 
Device) magnetometry and ICP-MS (In-
ductively Coupled Plasma Mass Spec-
trometry) to verify the magnetite concen-
tration, and with XµCT and 9.4 T MRI to 
visualise the phantoms 3-dimensionally 
and also to obtain R2 rates.  
MRI is also one of the mainstays in clinical 
imaging techniques and diagnostics. MRI 
is powerful for imaging soft tissues, as in-
ternal organs and brain. MRI is based on 
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the principles of Nuclear Magnetic Reso-
nance (NMR). Different to CT based on X-
Rays, MRI uses a strong magnetic field 
and radio frequency excitation for imaging. 
The MRI data is generated by manipulation 
and measurement of changes in the small 
magnetic moments linked to hydrogen at-
oms in the visualised object.  
The MRI measurements have been per-
formed at the “Harry Perkins Institute”. 
The used MRI-apparatus “Bruker BioSpin 
MRI” is a small animal and molecular MRI 
for pre-clinical research. It provides a 
magnetic field of 9.4 T [4]. 
The phantom stacks were placed inside the 
coil separated by an acrylic glass cross (as 
shown in Figure 2 a).  

The result is a 3-dimensional volume com-
posed of 2 dimensional grey scale images. 
One image is shown in Figure 2b). There 
an axial section of all four samples can be 
seen. Thereby the most least concentrated 
sample S1 (blank PG) gives the brightest 
signal (bright grey to white) while the 
highly concentrated sample S12 is almost 
not visible (black). 
R2 values from NMR-Relaxometry had a 
strong linear correlation (R = 0.994) with 
magnetite concentration between 0 mg/ml 
up to 4.5 mg/ml. For the XµCT-apparatus, 
we defined a sensitivity range from 0.723 
mg/ml to 6.91 mg/ml. For MRI, the MSME 
data produced strong linear correlations   
(R = 0.990 and 0.991, respectively) over 
magnetite concentrations between 0mg/ml 
and 1.435 mg/ml. As expected, high-field 

MRI has better sensitivity for nanoparticles 
with low to moderate magnetite concentra-
tions, while XµCT performs best with 
moderate to high magnetite concentrations. 
The common detection range of 9.4T MRI 
and XµCT for magnetite in this PG-MNC 
phantom lies between 0.723 mg/ml and 
1.435 mg/ml. 
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Figure 2a): Arrangement of the four sample 

stacks within the MRI coil. b) MRI-signal of 

different PG or PG-MNC samples. S1 is a 

blank gel and gives a strong bright signal and 

S12 is the highly nanocomposites enriched 

gel. Here, almost no signal is detectable. 
 

Figure 3: Summary of compared measuring 

techniques NMR, XμCT, and MRI. 
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We present a theoretical study on the equi-
librium behaviour of a supramolecular mag-
netoresponsive surface with potential for
different applications, such as enhanced
magnetorehological systems and filtering
devices. This surface consists of a rela-
tively dense array of magnetic filaments,
i.e., colloidal magnetic particles crosslinked
with polymers to form permanent linear
chains.[1] Recently, we have shown that
such filaments may have a considerably
stronger magnetic response than purely self-
assembled chains of magnetic colloids.[2]
In this case, every filament in the array is
grafted to a flat substrate, forming a poly-
mer brush-like structure that is expected to
be highly controllable by means of external
magnetic fields.
We study and optimise the properties of
the magnetic filament brush by perform-
ing extensive computer simulations with a
coarse-grained model that takes into ac-
count the correlations between the mag-
netic moments of the particles and the
backbone crosslinks.[2,3] We highlight the
differences between the magnetic filament
brush and conventional non-magnetic poly-
mer brushes, and determine the dependence
of the magnetic brush properties on the main
experimental synthesis parameters, such as
the magnetic moment of the particles, the
chain length and the grafting density.
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Introduction

We present Vinamax [1], a simulation tool
for the magnetization dynamics of nanopar-
ticles. Vinamax numerically solves the Landau-
Lifshitz equation and can be used in biomed-
ical research where nanoparticle imaging tech-
niques, such as magnetorelaxometry [2] and
Electron Paramagnetic Resonance [3] are de-
veloped. In these applications, it can help to
gain insight in the underlying physics, vali-
date higher level models and study their lim-
itations.

Methods

In the micromagnetic framework [4] the mag-
netization is described by a space and time
dependent continuum vector field m, nor-
malized to the saturation magnetization Msat.
Each nanoparticle is assumed to be uniformly
magnetized and is approximated by a single
macrospin. The magnetic dynamics of each
nanoparticle are described by the Landau-
Lifshitz equation [5]:

dm

dt
= − γ0

1 + α2
(m×Beff + αm×m×Beff) .

(1)
Where γ0 denotes the gyromagnetic ratio and
α is the dimensionless Gilbert damping con-
stant. The effective field Beff is derived from
the energy terms and is the sum of the dif-
ferent effective field terms that influence the
magnetization:

Beff = Bext +Banis +Bdemag +Btherm (2)

For a detailed description of the implemen-
tation of the different terms in eq. (2) and

the possibilities of Vinamax, we refer to Ref.
[1], where Vinamax was also extensively tested
against the micromagnetic software package
MuMax3 [6].
Bext is an externally applied field that can be
both space and time-dependent. This field
gives rise to the Zeeman energy density:

EZeeman = −MsatBext · m (3)

Most iron oxide nanoparticles used in biomed-
ical applications have uniaxial anisotropy [7],
for which the energy density reads

EAnisotropy = Ku1

[
1− (m · u)2

]
. (4)

In Vinamax, both the size and direction of
the anisotropy can be chosen freely. Fur-
thermore, it is also possible to simulate nanopar-
ticles with a cubic anisotropy with Vinamax.
The third term in eq. (2) is the demagnetiz-
ing field. This field originates from the dipo-
lar interactions between all particles [1]. The
strength of Vinamax lies in the fact that this
long range interaction can micromagnetically
be taken into account for large amounts of
particles in virtually any configuration due
to an efficient calculation using a fast multi-
pole method.
Finally, Beff contains a stochastic term Btherm

to take thermal fluctuations into account [8].
The size and properties of Btherm are deter-
mined by Brown [9] with the fluctuation-
dissipation theorem. In this contribution we
focus on the correct implementation and in-
fluence of this field.

Results
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Figure 1: The free energy landscape and
magnetization of an ensemble of particles
with radius 8 nm, Msat = 400kA/m and
Ku1 = 1000 J/m3 at T = 300K. The loops
(from inner to outer) correspond with exter-
nal fields with amplitude 2, 5, 10 and 20
kA/m with a frequency of 100 kHz.

To investigate effects of finite temperatures
on nanoparticle magnetization reversal, we
simulated the magnetization of non-interacting
nanoparticles in a time-varying external field
applied along their anisotropy axis. In a large-
scale study we vary the particle size, the am-
plitude and sweep rate of the external field.
As an example, Fig. 1 shows the magne-
tization as function of external field on top
of the free energy landscape for which we
derived an analytical expression. The time-
dependent external field is responsible for
the shift of the global minimum from m ≈ 1
to m ≈ −1. The presence of a local min-
imum is responsible for the observed hys-
teresis. Note the divergence of the free en-
ergy for m close to -1 and 1, due to the high
entropy is these configurations. We empha-
size that the implementation of the thermal
field in Vinamax results in the correct mag-
netization for high fields, i.e. the magnetiza-
tion lies in the local minimum close but not
equal to -1 or 1.

Conclusion

In conclusion, we presented Vinamax. This
simulation tool is able to micromagnetically

simulate magnetic nanoparticles and can be
used to gain insight in the underlying physics
of biomedical applications, or to validate and
study the limitations of higher-level models.
Here, we focused on the correct implemta-
tion of temperature effects in simulations of
nanoparticles in a time-dependent field, and
visualised the results on top of the free en-
ergy landscape for which we derived an an-
alytical equation.
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Introduction

Magnetic gels are hybrid materials com-
posed of colloidal magnetic particles em-
bedded in an elastic polymer matrix [1].
Due to the coupling of elastic and mag-
netic interactions, the material properties
can be dynamically [2] and reversibly [3]
tuned by applying an external magnetic
field. Such soft magnetoresponsive materi-
als have a wide range of applications as tun-
able dampers, vibration absorbers, sensors,
and soft actuators.
Here we analyze the nonlinear stress-strain
behavior of anisotropic uniaxial magnetic
gels using computer simulation. Exper-
imentally, these systems are synthesized
by applying a homogeneous external field
while cross-linking the polymer matrix,
which leads to the formation of chains of
magnetic particles along the field direction.

Simulation

We consider spherical magnetic particles
which are translationally coupled to the
elastic matrix. Their magnetic dipolar mo-
ments can freely reorient so that there is
no rotational coupling to the matrix [4].
The elastic matrix between the particles is
represented by a mesh of tetrahedra that
can affinely deform according to the Neo-
Hookean hyperelastic model. Although
the deformation within each tetrahedron is
affine, the combined distortion of many
tetrahedra can represent globally inhomoge-
neous deformations.
Our numerical samples consist of magnetic
particles arranged in parallel chain-like ag-

gregates, spanning the system in one di-
rection. In the plane perpendicular to the
chain axes, the chains are randomly dis-
tributed. We stretch the samples parallel to
the chain axes and analyze their nonlinear
stress-strain behavior, also in reaction to ad-
ditional external magnetic fields.

Results

The obtained stress-strain curves show a
pronounced nonlinear regime, where the
material exhibits superelastic behavior. In
this nonlinear superelastic regime, the sam-
ple can be extended without further increas-
ing the applied stress. There are two effects
leading to this nonlinearity: A structural
transition and a reorientation transition. As
we demonstrate, both transitions are suscep-
tible to external fields, which enables tun-
ing of the stress-strain behavior. Thus, we
can show that the stress-strain behavior of
magnetic gels shows remarkable similarities
to that of superelastic shape-memory alloys
and can be tailored to suit a specific applica-
tion.
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Suspensions of magnetic nanoparticles 
(MNP) in liquid crystalline (LC) matrices, 
i.e LC-MNP hybdrid systems [1], is a non-
trivial avenue for obtaining materials with 
programmable and controllable functions. 
New interest on such systems was 
stimulated by the recent discovery of 
spontaneous magnetic ordering in a hybrid 
system of large, micron-sized magnetic 
plates embedded in a low molar mass 
nematic LC [1]. In the present work we 
focus on the opposite case of small MNPs 
in LC matrices, where the sizes are 
comparable.  An example of such systems 
are lyotropic suspensions of colloid pig-
ment rods and magnetite MNPs [2] which 
have been recently studied. 
 
To explore these type of systems we here 
employ canonical Monte Carlo simulations 
and Molecular dynamics simulations of a 
simple binary model system consisting  of 
anisotropic Gay-Berne (GB) rod particles 
[3] and MNPs, represented as dipolar soft 
repulsive spheres (DSS), i.e., spheres with 
an embedded point dipole moment i  in 

their center [4]. The length (l )-to-width (

 ) ratio of the rods is set to 3 l
. The 

dipolar spheres have diameter  s . We fo-

cus on systems with comparable sizes, i.e 
0.25 2.0   s . 

 
Initially, we examine GB-DSS mixtures 
with relative small DSS 0.25 s . This 

system exhibits Isotropic (I), uniaxial 
Nematic ( uN ) and smectic-B  

 

 
Figure. 1. Representative simulation 
snapshots for mixtures with 0.25 s  in 

the uniaxial nematic ( uN ) state for 
2 2 7.5   skT . In (b) only the MNPs 

are shown for clarity. The director of rods 
ˆrn is also indicated. 

 
(SmB) phases. In this system the magnetic 
particles self-assembly into clusters (such 
as rings and ferromagnetic chains). The 
most important finding is that the LC mat-
rix induces orientational order to these 
clusters (see Fig. 1). 
 
 

 
Figure 2. Representative simulation snaps-
hots for mixtures with 1.0 s  in the (a) 

Isotropic, (b) uniaxial nematic ( uN )  and 

(c) Smectic-B phase. In the bottom parts 
only the MNPs are shown for clarity. The 
nematic directors of the species are also 
indicated. 
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We now turn to GB-DSS mixture where 
the diameter of the spheres is equal to the 
width of the rods ( 1.0 s ) [4]. This sys-

tem also exhibits I, uN  and SmB phases; 

nevertheless, the morphology of the DSS 
particles within the phases is completely 
different in comparison to the previous sys-
tem. In the I-state, the DSS particles self-
assemble into isotropic networks of 
wormlike chains (see Fig. 2a). 
Remarkably, in the uN  and SmB states the 

ferromagnetic chains spontaneously align 
along the LC director  ˆrn  (see Fig. 2b-c). 

Overall, the ferromagnetic chains are 
randomly arranged 'up' or 'down' and the 
system does not exhibit a net 
magnetization. 
 
 

 
Figure 3. Representative simulation snaps-
hots for mixtures with 2.0 s : a) 

biaxial nematic ( bN ) state and b) biaxial 

lamellar ( bL ) state. On the right sides only 

the MNPs are shown for clarity. Part b) 
additionally includes a snapshot of the 
structure in one dipolar layer. The directors 
are indicated by thick lines. 
 
Intriguing results obtained for a GB-DSS 
mixture with relatively large diameter of 
DSS, 2.0 s  [4].  This system exhibits 

spontaneously biaxial nematic ordering in 
which, on average, the director ˆrn  of the 

rods is perpendicular to the director ˆsn of 

the DSS particles (see Fig. 3).  In the 
biaxial Lamellar bL -state the 

ferromagnetic chains align, on average,  
perpendicularly to the director ˆrn , and are 

arranged into an antiparallel manner 
resulting no net magnetization. 
 
In conclusion, we have observed (i) 
spontaneous formation of clusters of 
magnetic particles, (ii) formation of 
ferromagnetic chains, yielding an 
uniaxially ordered hybrid without net 
magnetization but enhanced ordering of the 
LC matrix, and (ii) biaxial nematic and la-
mellar phases, where the magnetic particles 
arrange into chains oriented perpendicular 
to the LC director. Due to the magnetic 
component, both the uniaxial and biaxial 
ordered 'hybrids' possess strong anisotropic 
sensitivity to external magnetic field. 
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ty and sensitivity in comparison with spectroscopic methods 
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Background 
 

Due to their special physicochemical prop-
erties, iron nanoparticles offer new promis-
ing possibilities for biomedical applica-
tions. For bench to bedside translation of 
SPIONs, safety issues have to be compre-
hensively clarified. To understand concen-
tration-dependent nanoparticle-mediated 
toxicity, the exact quantification of intra-
cellular SPIONs by reliable methods is of 
great importance. 
 
Results 
 

In the present study, we compared three 
different SPION quantification methods 
(ultraviolet spectrophotometry (UVS), 
magnetic particle spectroscopy (MPS), 
atomic adsorption spectroscopy (AAS)) 
and discussed the shortcomings and ad-
vantages of each method. Moreover, we 
used those results to evaluate the possibil-
ity to use flow cytometric technique to de-
termine the cellular SPION content. For 
this purpose, we correlated the side scatter 
(SSc) data received from flow cytometry 
with the actual cellular SPION amount.  

We showed that flow cytometry provides a 
rapid and reliable method to assess the cel-
lular SPION content (Table 1).  
 

 
 
Table 1 Detection threshold for the UVS, MPS and 
ASS techniques with SPION-containing cell lysates 
indicated as μgFe/ml cell lysate. The detection 
threshold for SSc analysis is indicated in percentage 
compared to SSc data of untreated cells. The 
thresholds for UVS, MPS and SSc is dependent on 
the SPION nature, whereas ASS, a method quanti-
fying elementary iron, is not. The determinations of 
the detection threshold were achieved using the 3σ 
criteria. 
 
Our data also demonstrate that internaliza-
tion of iron oxide nanoparticles in human 
umbilical vein endothelial cells is strongly 
dependent to the SPION type and results in 
a dose-dependent increase of toxicity 
(Fig. 1).  
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Figure 1 Association of cellular uptake with toxicity 
of SPIONs. HUVECs were incubated for 48 h with 
different amounts of SPIONs and cytotoxicity was 
analyzed by flow cytometry. Cell viability deter-
mined by annexin V/propidium iodide staining. 
Percentages of necrotic (PI+), apoptotic (Ax+, PI-) 
and viable cells (Ax-, PI-) are shown. Data are pre-
sented as mean standard error; n=3 with sample 
triplicates. The results were normalized untreated 
control cells, set to 100% 
 
Thus, treatment with lauric acid (LA) coat-
ed SPIONs (SEONLA) resulted in a signifi-
cant increase in the intensity of SSc and 
toxicity, whereas SEONLA with an addi-
tional protein corona formed by bovine se-
rum albumin (SEONLA-BSA) and commer-
cially available Rienso® particles showed 
only a minimal increase in both SSc inten-
sity and cellular toxicity. The increase of 
the SSc was in accordance with the meas-
urements of the SPION content by the 
AAS reference method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Summary 
 

Our data revealed that flow cytometry 
analysis can be used for the estimation of 
uptake of SPIONs by mammalian cells and 
provides a fast tool for scientists to evalu-
ate the safety of nanoparticle products. 
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Introduction 
 

Magnetic materials with a high magnetisa-
tion come into scope of biomedical re-
search. There have been several attempts to 
use nickel nanoparticles in biomedicine, 
for example as drug or gene delivery sys-
tems [1, 2]. The low biocompatibility of 
nickel ions makes a tight coating indispen-
sable. We investigate the effects of coated 
nickel nanorods on cell viability and intra-
cellular signalling of human brain micro-
vascular endothelial cells (HBMEC) which 
are a commonly used model for the human 
blood brain barrier [3]. 
 
Methods 
 

HBMEC were cultivated with RPMI1640 
supplemented with 10% fetal calf serum 
and 1% Penicillin/Streptomycin in a hu-
midified incubator at 37°C and 5% CO2. 
The cells were incubated with different 
concentrations of gelatine, polyvinylpyrro-
lidone (PVP), SiO2, and SiO2-rhodamine 
coated nickel (Ni) nanorods (Figure 1), re-
spectively. 
The nanorods were synthesised by the 
AAO-template method and transferred into 
colloidal suspension by dissolution of the 
template in a dilute aqueous NaOH solu-
tion to which PVP was added as surfactant 
[4]. Gelatine coating was obtained by spon-
taneous adsorption after mixing the nano-
rod colloid with a gelatine sol. The silica 
encapsulation was realised by a Stöber 
process carried out in the presence of PVP 
coated nanorods [5, 6, 7]. 

 
Figure 1: Schematic representation of 
SiO2-rhodamine coated nickel nanorods. 
 

The cellular uptake was studied with con-
focal laser scanning microscopy. Presto-
Blue® Cell Viability Assay was performed 
to determine the overall cytotoxic effects 
of the nanorods on HBMEC. The influence 
on pro-survival and stress-associated sig-
nalling cascades involving AKT, GSK-3β, 
and MAP kinases was analysed by Western 
blotting. 
 
Results 
 

At first we extended our vitality studies. 
We reported earlier that SiO2 coated Ni 
nanorods did not affect the vitality of 
HBMEC up to a concentration of  
260 ng/cm2. Increasing the concentration 
up to 25 µg/cm2 led to a continuous reduc-
tion of cell vitality to 40% of control. Gela-
tine and polyvinylpyrrolidone coated na-
noparticles did not affect cell viability of 
HBMEC (Figure 2). Therefore, we used 
low concentrations of SiO2-rhodamine 
coated Ni nanorods for cell interaction 
studies and PVP coated Ni nanorods for 
intracellular signalling analyses. 
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Figure 2: PrestoBlue® Cell Viability As-
say was performed after 3h of incubation 
with the indicated concentrations of SiO2-
rhodamine, polyvinylpyrrolidone (PVP), 
and gelatine coated Ni nanorods. Data are 
expressed as percentage of untreated con-
trol. Means ± SDV of four replicates are 
shown. 
 

Next, we investigated the time course of Ni 
nanorod-cell interaction by applying  
1.5 µg/cm2 Ni nanorods to HBMEC. Al-
ready after 30 minutes Ni nanorods could 
be detected within the cells by confocal 
laser scanning microscopy. The amount of 
incorporated nanorods increased continu-
ously over time. During that interaction no 
morphological changes of the cells could 
be observed. Western blot analysis re-
vealed that intracellular signalling cascades 
were influenced by nickel nanorods. Rising 
concentrations of PVP coated nickel nano-
rods caused an increase of activation of 
AKT and the MAP kinase p38. 
 
Conclusion 
 

Coated nickel nanorods affect the viability 
of HBMEC in dependence of the coating, 
the concentration, and the incubation time. 
The internalisation of Ni nanorods occurs 
rapidly after application to the cell mono-
layers. The interaction and internalisation 
of Ni nanorods activates survival and 
stress-associated pathways, especially the 
AKT signalling cascade. Next, long-term 
effects on cell physiology as well as AKT 
down-stream targets need to be considered. 
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Introduction 

Based on their remarkable and unique 

properties superparamagnetic iron oxide 

nanoparticles (SPIONs) have been moved 

into the focus of biomedicine [1,2]. The 

introduction of SPIONs into a biological 

system commonly means a direct interac-

tion with cellular structures, e.g. cells with-

in the blood stream, endothelial cells lining 

the blood vessels or even epithelial cells in 

underlying tissues. For a reasonable as-

sessment of SPION interactions with bio-

logical environment not only cytotoxicity 

but also cellular activity studies including 

how SPIONs cross biological barriers must 

be studied in detail. 

The aim of our project is to establish a 

standardized in vitro test system to investi-

gate and understand the passage of coated 

SPIONs through cell layers driven by mag-

netic forces. Of special interest is the inter-

action with the extracellular matrix, the cell 

membrane as well as intracellular lipid bi-

layers, e.g. endosomal/lysosomal, mito-

chondrial or nuclear membranes. Finally, 

the consequences of such SPION interac-

tions on protein corona formation and cellu-

lar import and export are of interest. 

Materials and Methods 

We used human brain microvascular endo-

thelial cells (HBMEC) to establish a cellu-

lar monolayer on the transwell system with 

an optimal pore size of 3 µm allowing NP 

permeation into the lower compartment 

(Figure 1). The tightness of the cell layer 

was evaluated by measuring the trans- 

 

 

 

endothelial electrical resistance (TEER), 

sodium fluorescein (NaFl) permeability 

assays, and immunofluorescent staining of 

tight junction protein zonula occludens 

(ZO-) 1. Starch-coated fluidMAG-D (chem-

icell GmbH, Berlin) was used for incuba-

tion experiments as earlier studies revealed 

good biocompatibility of these SPIONs 

[3,4]. Magnetic particle spectroscopy 

(MPS) [5] was used to exactly quantify 

SPION-associated iron.  

Figure 1: Scheme on experimental setup. 

Cells were incubated with fluidMAG-D in a 

concentration range from 25 to 100 µg/cm
2
 

in the presence of 10 % fetal calf serum 

(FCS). The first 30 min of incubation time 

were carried out on top of a permanent 

magnet (350 mT at the surface, field gradi-

ent at the used distance from the magnet: 10 

– 15 T/m) whereupon the magnet was re-

moved and incubation time was completed 

without the influence of the external mag-

netic field. All sections including the upper 

compartment, membrane/cells, and the 

lower compartment were sampled and ana-

lysed by MPS. For this, the third harmonics 

of the MPS spectra were normalized to the 
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moment of a SPION reference sample of 

known iron amount. 

Results and Discussion 

First we confirm the accurate tightness of 

the HBMEC monolayer. TEER, molecular 

NaFl permeability, and ZO-1 localization 

are affected by the cell medium composi-

tion. Conditioned medium enhanced cell-

cell contacts and FCS strongly increase 

TEER and reduce sodium fluorescein per-

meability. 

 
 

Figure 2: SPION-associated iron quantification by 

magnetic particle spectroscopy (MPS). Standard 

curve of MPS signals obtained from fluidMAG-D 

dilution series (A). Compartment-specific iron re-

covery upon indicated incubation conditions (B). 

MPS data obtained from SPION dilution 

series indicate excellent correlation be-

tween MPS signal and iron amount (Figure 

2A) with a high level of sensitivity down to 

1ng of iron.Further iron quantification data 

summarized in figure 2B indicate that SPI-

ONs easily traverse cell-free membranes 

whereas the presence of cells on the mem-

brane nearly completely prevents SPION 

crossing confirming high cell layer tight-

ness. Nevertheless, low but significantly 

increased iron contents can be detected 

within the lower compartment upon 180min 

of incubation representing about 0.03% of 

total iron yield. The HBMEC monolayer 

contains roughly 2% of the applied iron 

amount. After a short-term incubation (30 

min) the detectable iron content is below 

the detection limit indicating that SPIONs 

need some time to attach to the cell surface 

and then traverse the cellular barrier by 

transcytosis rather than via intercellular 

gaps. The magnetic enrichment of these 

transcytosed SPIONs will enable a detailed 

analysis of SPION surface regarding pro-

tein corona and phospholipid membrane 

contents. In consequence these studies per-

mit detailed information on cellular interac-

tion and processing. These results encour-

age us to use this experimental setting for 

further cell-nanoparticle interaction studies 

where a variety of particles can be tested in 

a standardized manner. Thus, systematic 

and reliable nanoparticle assessment con-

tributes to the development of tailor-made 

and safe SPIONs for intended purposes. 

Conclusion 

The presented workflow seems appropriate 

for further precise SPION quantifications 

during nanoparticle-cell-interaction studies 

using the combination of the in vitro 

transwell system with magnetic particle 

spectroscopy quantification. 
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Universität des Saarlandes
a.tschoepe@nano.uni-saarland.de

Harald Unterweger
ENT Clinic Erlangen
harald.unterweger@uk-erlangen.de

Dr. Tatiana Volkova
TU Ilmenau
Tatiana.volkova@tu-ilmenau.de

Prof. Dr. Joachim Wagner
Universität Rostock
joachim.wagner@uni-rostock.de

Prof. Dr. Thomas Wallmersperger
TU Dresden
thomas.wallmersperger@tu-dresden.de

Andreas Weidner
TU Ilmenau
andreas.weidner@tu-ilmenau.de

Emilia Wisotzki
Leibniz Institute of Surface Modification (IOM)
emilia.wisotzki@iom-leipzig.de

Marcus Witt
TU Berlin
m.witt@tu-berlin.de

Mengbo Zhou
Universität Jena
mengbo.zhou@uni-jena.de

Falko Ziegert
Universität Rostock
falko.ziegert@uni-rostock.de

Dr. Sabina Ziemian
Bayer Pharma AG
sabina.ziemian@bayer.com

III


