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Measuring internal deformations materials - some 
new developments 

G. K. Auernhammer1

1 Leibniz-Institut für Polymerforschung Dresden eV, Hohe Straße 6, 01069 Dresden, Germany 

For the understanding of basis mech-
anisms in complex systems under ex-
ternal mechanical load, measuring the 
internal deformation is often essen-
tial. In this presentation I will give 
some examples on how measuring the 
internal deformation is possible, in-
cluding magnetic hybrid materials, 
dense granular suspensions and vis-
coelastic polymeric materials. 
Thereby the focus is on imaging meth-
odologies beyond transmission mi-
croscopy [1], including off-focus 
methods [2] and fast confocal micros-
copy [3].   
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Superparamagnetic Nanoparticles in Magnetic 
Drug Targeting and Molecular Communication 

M. Bartunik1, J. Kirchner1 

1 Lehrstuhl für Technische Elektronik (LTE), Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU) 
 
Superparamagnetic Iron-oxid Nano-
particles (SPIONs) 

Superparamagnetic iron-oxid nanoparti-
cles, short SPIONs, consist of a magneti-
cally active core of iron oxide and an ap-
plication-dependent coating to ensure col-
loidal stability and often to functionalize 
the particle surface (see Fig. 1). Particle 
sizes for medical applications typically 
vary from 10 nm to 200 nm [1]. 
 

Figure 1: SPION sample, 
synthesized by the Sec-
tion for Experimental On-
cology and Nanomedi-
cine (SEON) of the Uni-
versity Hospital Erlangen. 

 
 
 

The superparamagnetism, i.e. a high sus-
ceptibility and no remanence, entails a 
strong interaction with magnetic fields but 
avoids particle accumulation in the ab-
sence of an external field. Together with 
their biocompatibility, this makes SPIONs 
suitable for a wide range of medical appli-
cations such as magnetic drug targeting 
and molecular communication. 

SPIONs in Magnetic Drug Targeting 

In magnetic drug targeting (MDT), SPI-
ONs are used as carriers for tumor medi-
cation. By attracting the particles towards 
the tumor by use of a strong electromag-
net, the fraction of the drug that reaches 
the target region is increased, thus im-
proving therapeutic success and at the 
same time reducing adverse effects [2]. 

SPIONs in Molecular Communication 

SPIONs can also be used to carry infor-
mation, e.g., about insulin dosage be-
tween an implanted glucose sensor 
(transmitter) and an insulin pump (re-
ceiver). This is a particular example of 
molecular communication (MC), where in-

formation is transmitted by use of mole-
cules and nano-size particles. MC provides 
an alternative to conventional data trans-
mission based on electromagnetic fields, 
in situations where the latter is not appli-
cable, e.g., due to strong signal attenua-
tion, as is the case in the human body [3]. 
In fact, MDT can be interpreted as a form 
of MC, both aiming at maximizing the re-
ceived signal in the target region. In this 
way, MDT can benefit from methods de-
veloped for MC, while SPION-based 
testbeds provide means for studying MC 
processes and techniques [4]. 

SPION Detection 

SPION concentrations were initially meas-
ured inductively by use of susceptome-
ters, conceived for characterizing material 
probes. In recent years, we advanced this 
measurement concept for application in 
MC and MDT research [5]: An increased 
temporal resolution allows to investigate 
time-varying SPION concentrations. Cus-
tom-made coils (Fig. 2) enable adaptation 
of the sensor to different channel geome-
tries; in particular, planar coils facilitate 
the application in the human body, with 
blood vessels as transmission channels 
[6]. Furthermore, by placing several sen-
sors around the channel, information 
about the SPION distribution across the 
channel cross-section is obtained [7]. 
 

 
Figure 2: Inductive sensors with cylindrical and flat 

coil. 

An alternative measurement approach is 
the use of capacitive sensors (see Fig. 4), 
which exhibit a larger signal-to-noise ratio 
than in the inductive approach but slower 
responses [8]. Furthermore, they promise 
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a reduced sensitivity to electromagnetic 
interference. 

 
Figure 3. Injection of SPIONs into a silicone tube and 
capacitive sensor. 

SPION Steering 

The feasibility of particle steering tube 
branchings has been demonstrated ex-
perimentally by several research groups 
[9,10]. The results from our measure-
ments with a custom-made electromag-
net at a branching are shown in Fig. 4 [7]. 
The difference of susceptibility, hence of 
SPION concentration, between the two 
channels behind the branching is shown in 
relation to the applied magnetic flux den-
sity, for different flow velocities. 
For magnetic flux densities < 300 mT, the 
setup successfully directs more particles 
into the target branch, with the effect in-
creasing with increasing magnetic field. A 
larger field strength, however, causes an 
accumulation of the particles in the vicin-
ity of the electromagnet and thus dimin-
ishes the steering effect. Both effects are 
more pronounced the smaller the fluid 
flow is. Hence, an optimum has to be 
found between steering and avoidance of 
SPION accumulation. 

 
Figure 4. Results of the SPION steering setup. 

What’s Next? 

In conclusion, both animal studies and lab 
measurements have demonstrated the 
feasibility and effectiveness of MDT and 

MC, two related approaches highly de-
sired for medical use. For optimal results, 
the steering/communication setup has to 
be adapted to the geometry and flow pro-
file of the individual channel. However, 
both a systematic investigation of the 
physical and particularly biological pro-
cesses, i.e., a comprehensive model, and 
algorithms for optimizing the parameters 
of the steering setup with respect to the 
SPION concentration in the target region 
are still missing. Such a model plus opti-
mization algorithm has to capture the full 
complexity of the channel, with respect to 
both the vascular structure and the in-
volved bio-physical processes, and at the 
same time, be able to computationally 
handle such complex models. If these 
challenges can be solved, MDT and MC will 
improve cancer treatment and open up 
new applications of SPIONs in medical 
care. 
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Shape-induced superstructure formation in 

concentrated ferrofluids 
 

P. Bender1, L. Rochels2;3, S. Disch2;3 

 
1Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universität München, Germany 
2Department für Chemie, Universität zu Köln, Germany  
3 Institut für Anorganische Chemie und Center for Nanointegration CENIDE, Universität Duisburg-Essen, 
Germany  

 
The response of magnetic nanoparticles 
(MNPs) to applied static and dynamic 
magnetic fields is the subject of intense 
research in view of its fundamental 
technological importance, e.g., for medical 
applications such as imaging and magnetic 
hyperthermia [1], or sensor applications [2]. 
The field-assisted self-organization of shape-
anisotropic nanoparticles in dispersions is 
further desired for liquid crystalline or 
optically anisotropic materials [3] and as a 
prerequisite for self-organization into long 
range ordered arrangements [4]. The 
heating behavior of MNPs in AC magnetic 
field is largely influenced by interactions 
arising from nanoparticle aggregation [5]. A 
detailed understanding of interparticle 
interactions in colloidal dispersion is 
therefore crucial for the advancement of 
magnetic hyperthermia. 
A variety of nanoparticle arrangements 
has been observed for colloidal 
dispersions of spherical MNPs with 
different particle sizes, ranging from 
reversible chain-formation [6] to extended 
columns [7], or even crystalline 
arrangements of MNPs [8]. The strong 
structure-directing influence of the particle 
shape on the symmetry of mesocrystalline 
arrangements has been studied in detail 
for nanocubes with a varying degree of 
corner truncation [9–11]. In this 
contribution, we present the influence of 
the particle shape on the superstructure 
formation in concentrated colloidal 
dispersions. 
The nanoparticles under study consist of 
maghemite (γ-Fe2O3) nanospheres and 
nanocubes  with a 9 nm diameter and 8.5 
nm edge length, respectively, and 

excellent monodispersity with 
lognormal size distributions of 5.5(1) 
and 7.2(2) % FWHM.  
 

 
Figure 1. a) SANS pattern of nanocubes in a 1.5 T 
magnetic field (applied horizontally) b) 2D pair 
distance distribution derived by SVD [14]. 

 
The integral nanoparticle moment of the 
samples is very similar, with a stronger 
degree of surface-near spin disorder in 
the nanocubes [12]. Despite the similar 
particle size, magnetic moment, and 
volume concentration ( >5 vol-%), we 
observe a significantly distinct 
aggregation behavior of nanospheres 
and nanocubes using Small-Angle 
Neutron Scattering (SANS).  
 
Both samples reveal a short range 
ordered hard spheres interaction 
potential with random orientation 
towards an applied magnetic field that is 
observed as ring-shaped correlation 
peak in the 2D SANS detector (Fig. 1a).
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The particle-particle distances derived from 
the peak position are significantly smaller 
than observed in ordered assemblies of the 
same particles [9, 10], and a preference of 
face-to-face orientation of the nanocubes is 
likely. The distinct aggregation behavior of 
the cubic nanoparticles is expressed in a 
much stronger correlation peak which 
exhibits an unusual field-dependence 
suggesting field-induced order and 
structural rearrangement. Additionally, a 
directionally anisotropic scattering 
contribution observed in the lower Q range 
indicates oriented attractive interparticle 
interactions of the nanocubes. This be-
comes visible in the 2D pair distance 
distribution function extracted from the 2D 
scattering pattern using the Singular Value 
De-composition approach (Fig. 1b) [13], 
which we interpret as an internally nearly 
isotropic superstructure which extends 
anisotropically in the field direction [14]. 

 
In our contribution, we give a detailed ac-
count on the impact of nanoparticle shape 
and size on the interparticle correlations in 
colloidal dispersions of maghemite 
nanoparticles. Particular emphasis is on 
the aggregation behavior of cuboidal 
particles in highly concentrated 
dispersions. The field-dependent 
arrangement into mesocrystalline 
assemblies and their geometric orientation 
will be dis-cussed as observed by field-
dependent small-angle scattering 
experiments. 
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Magnetic polymer containing liquid metal  

D.Y. Borin, R.E.G. Houghton, C. Lehmann, S. Odenbach 
 
 Technische Universität Dresden, 01069 Dresden, Germany 
 
By combining an elastic polymer matrix 
with a specific type of filler, it is possible 
to create materials with modified and/or 
controllable properties. For example, an 
elastomer filled with magnetic microparti-
cle powder is called a magnetorheological 
elastomer (MRE). The physical properties 
of MREs are actively controlled by an ex-
ternal magnetic field. If the filler powder 
is magnetically hard, the so-called passive 
tuning of the material properties is pro-
vided by the pre-magnetisation of the 
composite, while active control remains 
possible [1]. 
Recently, numerous studies have been 
carried out on the physical properties of 
mixed polymer-liquid metal composites, 
opening up perspectives for their use in 
various types of applications [2]. Further-
more, it has been proposed to combine 
such type of composite with magnetic soft 
filler, towards liquid metal based magne-
torheological elastomer [3]. 
 

 
Figure 1. Rendered 3D µCT image of the composite 
filled with NdFeB-alloy micropartciles and liquid 
GaInSn alloy droplets. 

 
In the present work, we have fabricated 
and experimentally investigated a mag-
netic elastic composite based on a polydi-
methylsiloxane matrix and a mixed filler 
consisting of solid and liquid phases (Fig-
ure 1). As the solid phase we used a pow-
der of magnetic hard microparticles. As 
the liquid phase, a liquid at room temper-
ature eutectic GaInSn alloy was used. Me-
chanical stirring of the liquid metal in the 

polymer matrix leads to an emulsion in 
which liquid metal microdroplets are the 
dispersed phase. A soft elastomer with 
corresponding inclusions is obtained by 
subsequent polymerisation. Regardless of 
the concentration and type of filler, the 
material is an insulator. Both types of filler 
increase the relative permittivity to the 
same extent, whether the filler is solid, 
liquid or mixed. It is the total concentra-
tion of filler that matters. At the same 
time, the liquid metal inclusions reinforce 
the polymer matrix to a much lesser ex-
tent, allowing the composite to remain 
softer (Figure 2). 

 
Figure 2. Elastic modulus of the composite as a 
function of the mixed filler total volume concentra-
tion. Results are given for different mass ratios of 
solid particles to liquid metal. 
 
The presence of the magnetic hard filler 
allows functionalisation of the material by 
tuning its residual magnetisation. The re-
sult is a soft elastic magnet with increased 
relative permeability compared to the un-
filled matrix. The pre-magnetisation has 
no significant effect on the mechanical 
and electrical properties studied, while 
the liquid metal inclusions do not affect 
the residual magnetisation of the compo-
site. A specific study is required to evalu-
ate the possibility of active control of com-
posite properties by means of an external 
magnetic field. 
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Restricted mobility of Ni nanorods in agarose hy-
drogels 

N. Boussard, A. Tschöpe
Universität des Saarlandes, Experimentalphysik, Campus E2 6, 66123 Saarbrücken 

Introduction 

Hydrogels are biphasic materials consist-
ing of a three-dimensionally linked poly-
mer network and a liquid that fills the in-
terstices. The liquid provides a medium 
for the transport of embedded particles, 
which is, however, more or less hindered 
by the elastic network.  

Agarose hydrogels have large pore sizes 
in a range comparable to the typical 
length of Ni nanorods [1]. The aim of the 
present study was to investigate how the 
rotational and translational motion of 
magnetic nanorods in agarose hydrogels 
is constrained by the semiflexible polysac-
charide scaffold.   

Methods 

Ni nanorods of different length (≈100-600 
nm) were prepared by the AAO-template 
method and processed to stable aqueous 
colloidal dispersions [2,3]. Basic physical 
properties of the Ni nanorods, such as the 
length distribution P(L), mean magnetic 
moment〈m〉and hydrodynamic layer 
thickness Λhyd were obtained by transmis-
sion electron microscopy (TEM), static- 
(SFOT) [4] and oscillating field (OFOT) [5] 
optical transmission measurements, re-
spectively. 

Agarose was dissolved at various concen-
trations (0.3-1.0 wt.%) in distilled water 
at 95°C and mixed with the preheated na-
norod colloids. The mixtures were sub-
jected to a homogeneous magnetic field 
(10 mT) in the sol state and during gela-
tion to align the nanorods. For measure-
ments of the shear modulus, pure agarose 
gels were formed in situ in the CP meas-
uring system of a MARS II rheometer. The 
correlation lengths ξ were obtained from 
spectrophotometric turbidity measure-
ments of pure agarose gels using the 
characteristic relation α(ξ) of the wave-
length exponent in the optical extinction 
E∝λα [6]. 

Results 

The first experiment addressed the 
rotational degree of freedom of Ni 
nanorods in agarose hydrogels, focusing 
on the accessible angular range. 
Assuming rotational symmetry, the 
second moment of the nanorod 
orientation distribution function 
x=‹cos2θ› could be determined from the 
optical transmission of linearly polarized 
light. Starting from the initial alignment 
(x=1) the alignment parameter x relaxed 
within 100 ms after switching off the field 
to a steady-state value xr in the range 
between xr=1⁄3 (isotropic) and xr=1 (uni- 
axial). The final state correlated qualita-
tively with the ratio ‹L›/ξ, i.e., short rods 
in an open mesh were assuming a nearly 
isotropic distribution whereas long rods in 
narrow meshes remained fixed in their 
parallel alignment. A quantitative model 
was derived by adapting the Edwards tube 
model. The topological constraint on the 
rotational motion of the nanorods, im-
posed by the agarose network, was ap-
proximated by a confining tube of diame-
ter dt. The optical extinction of repre-
sentative ensembles of nanorods with 
random center positions and orientations 
consistent with the geometric constraint 
was simulated. In addition to ‹L› and ξ, 
the distribution P(L) and the mean hydro-
dynamic diameter Dhyd=DTEM+2Λhyd, 
known from TEM and OFOT characteriza-
tion, were also included in the model. Two 
unknown model parameters were intro-
duced, the ratio a=dt⁄ξ between tube di-
ameter and correlation length, and the 
scatter parameter σξ of a lognormal distri-
bution P(ξ) for the correlation length. The 
experiments systematically showed larger 
scatter at lower agarose concentrations, 
as reflected by larger error bars in Fig. 1. 
A weighted χ2-fit of the model accounting 
for unequal uncertainties was systemati-
cally below these data. This could be due 
to larger inhomogeneities in the network 
structure [1] and nanorod  
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Figure 1. Alignment parameter xr of Ni nanorods after 
relaxation in agarose hydrogels as function of the ratio 
‹L›/(ξ−Dhyd). The transition from a nearly isotropic dis-
tribution (xr=1⁄3) to a fixed uniaxial alignment (xr=1) 
could be well described by the tube model. The une-
ven uncertainties (error bars) had a large effect on 
the results obtained from weighted vs. unweighted χ2-
fits. 

Figure 2. Time-dependent intensity during magneto-
phoresis of nanorods in water and agarose hydrogels 
of different concentration. The intensity was meas-
ured at a position 200 μm below the upper phase 
boundary (insert, green line) in the center of the ca-
pillary. 

distribution after phase separation at low 
concentration. Macroscopic translational 
motion of the nanorods in agarose hydro-
gels was investigated by magnetophore-
sis. The textured homogeneous nan-
norod/agarose mixtures were prepared in 
glass capillaries and placed in a field gra-
dient (Halbach magnet) of 5.5 T⁄m. Two 
crossed polarizers were used to block the 
backlight whereas the nanorods became 
clearly visible due to their linear dichro-
ism. Intensity profiles along the capillary 
center were obtained from digital images. 
The nanorods, homogeneously distributed 
in the initial state, moved in the field gra-
dient and the region below the phase 
boundary was continuously depleted, 
Fig.2. This process could be monitored by 
measuring the intensity as function of 
time at a fixed position. The experiments 
revealed similar but significantly shifted 
profiles of the time-dependent intensity. 
These results confirmed long-range 
(∆z≈850x‹L›) translational motion of na-
norods in agarose hydrogels. The ob-
served shift with increasing agarose con-
centration corresponded to a reduction in 
mean drift velocities by 1-2 orders of 
magnitude.  

 
Conclusion and Outlook 
 
For the combinations of nanorod length 
and agarose concentration of this study, 
the Ni nanorods showed the transition 
from nearly free mobility to fixation. The 
ferromagnetism of the nanorods will be 
used in future studies to investigate the 
anisotropy of mobility and the effect of 
external stimulation. 
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Overview: A comprehensive characterization and 
description of the properties of magnetic alginate 

hydrogels. 

Ch. Czichy, St. Odenbach
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01069 Dresden, Germany 

In the field of tissue engineering, a cen-
tral issue is the manufacture of patient-
specific implants. One possibility lies in 
additive manufacturing such as extrusion 
printing. Accordingly, there are many 
different approaches. A novel approach 
in the "IndivImp" project was the design 
of magnetic scaffolds, which are specifi-
cally deformed with the application of a 
magnetic field [1].  
In this context, comprehensive studies 
were carried out on the material proper-

ties such as the Young’s modulus [2], on 
the deformation behavior, time behavior, 
particle structure and ageing behavior 
[1]. Likewise, two test rigs were created, 
one allowing investigation in the µCT [1] 
and the second the cyclic, contactless 
stimulation of samples [3]. 
With this contribution we would like to 
give an overview of the results in Fig. 1 
and look ahead to future research.  

Figure 1. Overview of the investigations regarding magnetic alginate hydrogels für extru-
sion printing in the field of tissue engineering 
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Outlook 
 
During the research, several new ques-
tions arose and other areas of the manu-
facturing process, cross-linking and stor-
age, and ageing behavior require further, 
more in-depth consideration. This ap-
plies, for example, to the time response, 
for which a separate test set-up is need-
ed, as well as for investigations regard-
ing cyclic deformation. An interesting 
topic is e.g. the influence of a magnetic 
field, which is either applied during the 
printing process or when the strands are 
deposited before cross-linking. Also of 
interest is the scaffold design, the stimu-
lation of the cells and their reaction to 
stimulation, printing process, particle 
content and magnetic field. Ideas and 
open questions are presented and open 
the dialogue for discussions, suggestions 
and further project ideas. 
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The constant development, research and 
possible application of new nanoparticle 
systems urgently requires standardizable 
and reproducible test systems to predict 
in vivo behavior. In this study, the inter-
action of the extracellular matrix compo-
nent collagen with magnetic nanoparticles 
(MNP) with and without post –synthesis 
PEG coating was analyzed by quantifica-
tion of the retention of the MNP after 
passing through a column of collagen. 
PEG (Polyethylene glycol) is a flexible, 
water soluble polymer, which improves 
blood half live of SPIOs in vivo [1] [2].  
Here we will characterize the two MNP-
systems with respect to its opsonization 
behavior, i.e., its capability of binding bi-
omolecules as a potential prerequisite of 
binding to the collagen matrix, applying 
Alternating Current Susceptibility (ACS) 
revealed to be a powerful tool for the es-
timation of the change of the hydrody-
namic diameter of MNP. For the sake of 
the estimation of the thickness of the pri-
mary shell we analyzed ACS and M(H) 
data by a simultaneous fit of a model (Fig-
ure 1) which regards the apparent multi-
domain structure of the 2 Multicore-MNP 
(MCMNP) systems, (i) coated with carbox-
ymethyldextran (M*COO) and (ii) addi-
tionally coated with mPEG-amine with a 
molecular weight of 10 kDa (M*CONH-
PEG), phenomenologically, yielding core 
size distribution, the thickness of the pri-
mary coating layer and the thickness of 
the opsonisation layer, built after incuba-
tion of the MNP in bovine serum albumin 
and fetal calf serum (FCS) (Table 1). 
The results show a clear opsonisation of 
M*COO in BSA with a thickness consistent 
with a mono-layer of albumin (molecule 
size is about 4 nm), while no significant 
increase of the particle’s hydrodynamic 
diameter was observed for M*CONH-PEG 

which has a larger thickness of primary 
coating, 𝛿𝛿s, due to the PEG (Figure 1b). 

Table 1. Mean volume diameter, 𝑑𝑑𝑣𝑣,𝑐𝑐, and 
dispersion parameter, 𝜎𝜎𝑐𝑐, of the core sizes 
and thickness of the polymeric shell, 𝛿𝛿𝑠𝑠, 
as well as the thickness of the adsorbed 
corona, 𝛿𝛿𝑐𝑐𝑐𝑐𝑐𝑐, of the investigated MNP sys-
tems. 

parameter M*COO M*CONH-PEG 

𝑑𝑑v,c/nm 30.0(2) 35.6(2) 

𝜎𝜎c 0.196(7) 0.124(5) 

𝛿𝛿s/nm 2.8(4) 20.5(7) 

𝛿𝛿cor/nm 4.2(2) 0.5(7) 

a)

b)
Figure 1. ACS-data (symbols) and best fit 
curves (lines) for a) M*COO and b) 
M*CONH-PEG, dispersed in indicated me-
dia, demineralized water (dH2O), BSA 
and FCS. 
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The hydrodynamic diameter of M*CONH-
PEG does not increases even in FCS which 
contains a rich variety of biomolecules ob-
viously evoking a cross linkage of M*COO 
which results in a dramatic increase of hy-
drodynamic diameters (Figure 1a). 
Collagen hydrogels were prepared directly 
within a straw. The MNP dispersion was 
put on top of this collagen column. Follow-
ing 48 h the MNP could penetrate into the 
collagen column by diffusion (“diffusion”), 
additionally by an applied magnet field 
gradient (“Magnetic Force”) and by an ap-
plied water flow (“Water Flow”). The 
amount of MNP within the pieces of sec-
tioned collagen column was quantified by 
Magnetic Particle Spectroscopy (MPS). By 
magnetic force 2-3 times more MNP reach 
the deeper part of the column in compar-
ison to pure diffusion (Figure 2). Note, 1st 
part may be strongly influenced by not 
penetrated, surface bound MNP. 
M*CONH-PEG shows an about 2-fold 
higher penetration than M*COO. While in 
“Diffusion” and “Magnetic Force”-setup 
the MNP do not penetrate deeper than to 

the 3rd piece, the MNP were strongly 
pushed downwards by the external water 
flow. Also in this set-up the M*COO parti-
cles bind to a much larger amount to the 
collagen than M*CONH-PEG. 
Based on the opsonisation results we ex-
pected a larger difference between the 
two MNP-systems. We discuss the binding 
of M*CONH-PEG to collagen fibrils in the 
context of a mushroom-like structure of 
the PEG on the M*CONH-PEG particles. 
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Figure 2. Schematic draw of the collagen column housed by a straw (upper left) and 
the relative amount of MNP found within the pieces of the collagen column (numbered 
by 1-10) following the downward movement of the MNP driven by diffusion only, ad-
ditional magnetic force, and by water flow. The presented iron amount is the sum of 
MNP found in the collagen parts and the released liquid while sectioning of the colla-
gen column. “Passage Water” denotes the MNP which were collected beneath the col-
umn. 
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Iron oxide nanoparticles are presently 
considered as promising objects for vari-
ous medical applications including tar-
geted drug delivery and magnetic hyper-
thermia. The nanoparticle solution in 
water has to posses large enough satu-
ration magnetization to react on external 
magnetic field. However, there remains 
several unsolved questions regarding the 
effect of size onto nanoparticle overall 
magnetic behavior. One aspect is the 
reduction of magnetization as compared 
to bulk samples. A detailed understand-
ing of the underlying mechanisms of this 
reduction will improve the particle per-
formance in the applications.  
There are several proposed models for 
the spatial distribution of the magnetiza-
tion, which include the presence of a 
magnetic core-shell structure, spin dis-
order around defects and a reduced 
magnetization in the core due to re-
versed moments and frustration. In this 
work we combine neutron and synchro-
tron X-ray scattering techniques with 

magnetometry, transmission electron 
microscopy (TEM), elemental analysis 
and Mössbauer spectroscopy to study 
nanoparticles of various sizes and to ob-
tain as complete as possible picture of 
their properties [1]. We find that the 
nanoparticles possess a macroscopically 
reduced saturation magnetization, most-
ly due to the presence of antiphase 
boundaries (APBs) as observed with 
high-resolution TEM (HRTEM) and X-ray 
scattering [2] and to a lesser extent due 
to a small magnetically depleted surface 
layer and cation vacancies. 
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Figure 1. (a) HRTEM micrograph of an isolated nanoparticle viewed along [310]. A region with an APB is 
marked with the red square. (b) Marked region of (a) with a schematic of the crystal structure, the atom posi-
tions were verified by multislice TEM image simulations (inset). The lattice plane along which the translation 
occurs is indicated with the white rectangle. Red and blue dots represent iron atoms in octahedral and tetrahe-
dral coordination, respectively. (c) The micrograph depicted in (a) after masking the 220 Bragg reflection (red 
circle in the inset) in the fast Fourier transform (FFT) and calculating the inverse FFT (IFFT). Now the lattice 
translation becomes clearly visible. 
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Steering the modes of deformation of soft 
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Overview 
 
Magnetic gels and elastomers are well 
known for their magnetoelastic effect. 
That is, their mechanical properties 
such as stiffness or dissipative behavior 
can be tuned from outside by external 
magnetic fields [1]. Yet and besides, 
they are also promising candidates to 
realize soft actuators. To this end, their 
magnetostrictive properties are 
exploited [2, 3]. Induced by 
homogeneous external magnetic fields, 
this allows for induced changes in shape 
also for microscopic objects in a 
contactless way. 

 
Motivation 

 
The considered materials consist of 
magnetizable particles of micrometer to 
submillimeter size embedded in a soft 
elastic polymeric matrix. The latter is 
sufficiently soft so that it is notably 
deformed when the particles are 
magnetized and exert resulting forces. 
Accordingly, induced magnetic 
interactions between the particles lead 
to overall deformation. 

 
As a consequence, the discrete 
arrangement of the particles is directly 
related to the type of deformation 
emerging for the whole sample under 
consideration. It is our goal to relate 
these two scales of microscopic 
particles and overall macroscopic 
deformation. In other words, our 
ambition is to calculate explicitly from 
the discrete arrangement of the 
microscopic particulate inclusions the 
overall deformation of the whole 
system. This endeavor requires to 
include the system boundaries into our 
considerations. The displacement of 
these boundaries represents the 

induced overall deformation as viewed 
from outside. 

 
Theoretical description 
 
To be able to determine the overall 
deformation from the induced magnetic 
forces be-tween the discrete magnetized 
particles, we proceed by analytical 
calculations. These are performed in the 
framework of linear elasticity for 
isotropic, homogeneous, compressible or 
incompressible materials. Taking into 
account the boundaries of the sys-tem in 
a three-dimensional situation is 
challenging. Therefore, we consider a 
geometry as simple as possible and turn 
to objects of spherical shape. 
 
For this case, an analytical expression 
for the corresponding Green’s function is 
avail-able [4, 5]. That is, from the 
magnetic force centers, which we 
assume as point-like, we can calculate 
the mechanical displacements 
throughout the system and thus also on 
the surface of the sphere. The outward 
surface displacements determine the 
overall changes in shape. We expand the 
outward surface displacement field into 
spherical harmonics, which identify the 
different normal modes of deformation. 
 
The influence of many force centers 
given by the many magnetized particles 
in the linearly elastic regime is simply 
superimposed. This is achieved by 
evaluating our analytical expressions 
using computational means. 
 
Results 
 
In effect, we now can calculate from the 
discrete arrangements of many particles 
inside our soft elastic composite system 
the resulting changes in overall 
macroscopic shape including the full 

DFG Rundgespräch Magnetische Hybridmaterialien 2023 22



range of elastic degrees of freedom. We 
had demonstrated corresponding modes 
of deformation for isotropic and for 
regular lattice arrangements [5, 6], as 
well as for twisted particle configurations 
[7, 8]. The latter leads to torsional 
actuation, which recently has been 
realized in experiments [9]. 
 
Conclusions 

 
In summary, we link microscopic 
properties, specifically the discrete 
arrangement of magnetizable particle in 
soft magnetic gels and elastomers, to 
the overall macroscopic deformation of 
the whole system. We demonstrate that 
peculiar overall modes of deformation 
can be obtained and pronounced by 
realizing specific microscopic particle 
con-figurations. With the advent and 
rapid evolution of new techniques of 
material synthesis, such as 3D printing, 
fabricating such systems in reality 
seems in reach. In this way, tailored 
soft magnetoelastic actuators selected 
for a specific practical purpose can be 
generated in the future. 
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magneto-active polymers at the macroscale level 
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In recent years there has been an 
increasing interest in the theoretical and 
experimental study of field responsive, 
functional composite materials. Magneto-
active polymers (MAPs) are a special class 
of field responsive solids that comprise of 
a polymeric matrix with dispersed micro-
sized magnetizable particles. Based on the 
magnetic properties of the underlying 
ferromagnetic filler particles, MAP 
composites can be classified into two 
categories: (i) soft and (ii) hard MAPs. 
Soft MAPs comprising magnetically soft 
particles, e.g. carbonyl iron, exhibit 
negligible hysteresis loss and demagnetize 
completely after the removal of the 
external magnetic field which in 
consequence leads to reversible 
deformation mechanisms. In contrast, 
NdFeB particle-filled hard MAPs exhibit 
distinct nonlinear, dissipative material 
behavior, such as the characteristic 
magnetic and ”butterfly” field-induced 
strain hysteresis. In the present work, we 
present a comprehensive variational- 
based modeling framework for hard MAPs 
including the response of the soft MAPs as 
a limiting case. We outline ingredients of 
the constitutive theory based on the 
framework of generalized standard 
materials, that necessitates suitable 
definitions of (i) the total energy density 
function and (ii) the dissipation potential. 
Key idea of the constitutive approach is an 
additive split of the material part of the 
total energy density function into three 
contributions associated with (i) an elastic 
ground-stress, (ii) the magnetization and 
(iii) a magnetically induced mechanical 
stress, respectively [1, 2]. We propose 
suitable constitutive functions in an 
energy-based setting that allow to 
accurately capture the highly non-linear 
material behavior of soft and hard MAPs 
with stochastic microstructures. The 
performance of the developed variational-
based modeling framework is 

demonstrated by solving some application-
oriented boundary value problems. The 
main emphasis of the numerical studies 
lies on the investigation of the 
magnetostrictive effect of hard MAPs at the 
macroscale level as well as on the in depth 
analysis of pre-magnetized beam 
structures undergoing large deformations. 
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Introduction 

Magnetorheological elastomers (MREs) 
are elastomer composites with embedded 
magnetic particles. Due to their rapid re-
sponse to stimulation by an external mag-
netic field they are classified as smart ma-
terials. The MREs made of thermoplastic 
elastomers can be stimulated by both 
temperature and magnetic field. In recent 
times, thermoplastic polyurethane mag-
netorheological elastomers (TPU-MREs) 
have attracted considerable interest 
among researchers due to its multi stim-
ulated compliance in addition to superior 
mechanical properties, ease of prepara-
tion and wide range of applicability [1,2]. 
The change in modulus of an MRE in re-
sponse to an applied external magnetic 
field provides information on the sensitiv-
ity of the MRE. The investigation of parti-
cle microstructure provides further infor-
mation on the reason behind the changes 
in mechanical properties. X-ray micro to-
mography has been proved to be a relia-
ble tool for microstructural investigation 
[3,4]. In this work we present the tem-
perature and magnetic field dependent 
changes in mechanical and microstruc-
tural properties of TPU-MRE. 

Materials and methods 

TPU-MRE samples were prepared from a 
two component TPU system. PU 450 and 
PH 330 from Elantas were mixed with 
plasticizer Dimethyl Phthalate from 
Sigma-Aldrich and Höganas ASC 200 iron 
particles of size 50 to 80 µm. The compo-
sition of the investigated samples con-
tained 40, 50 and 60 wt.% of iron parti-
cles within the TPU matrix material. The 
TPU components are weighed based on 
the parts by weight calculation, and the 
plasticizer and iron particles as percent-
age weight. The details of the method of 

calculation and preparation process can 
be found in our previous article [5]. 

Isotropic cylindrical rod-shaped samples 
were tested for mechanical properties 
based on the method proposed in Borin 
et.al. [6]. Quasi-static tensile and torsion 
tests were conducted using a modified 
HAKE MARS III rheometer. All the tests 
were conducted at three different temper-
atures with and without the presence of a 
magnetic field of 250 mT. As the quasi-
static tensile and torsion tests were con-
ducted within the linear elastic limit of the 
sample, the slopes of the corresponding 
stress-strain curves provide the values of 
the Young’s modulus (E) and the shear 
modulus (G). Table 1 shows the sequence 
in which the samples were tested. The rel-
ative difference between the modulus 
with and without magnetic field gives the 
magnetorheological effect (MR effect). 

Table 1. Sequence of quasistatic tensile (E) and tor-
sion (G) tests on the sample. 

Temp. 23 ˚C 40 ˚C 60 ˚C 
Test E G E G E G 
0 mT 1 3 5 7 9 11 

250 mT 2 4 6 8 10 12 

Microstructural investigations using X-ray 
microcomputed tomography was done on 
the sample with 40 wt.% of iron particles. 
The samples were observed for micro-
structural changes at 23 ˚C and 60 ˚C 
without and with a magnetic field of 250 
mT. The microstructural arrangement of 
particles was investigated using previ-
ously established direction dependent pair 
correlation function (PCF) and the particle 
motion was studied using particle tracking 
technique [4]. The influence of different 
stimulating conditions was studied in both 
macro- and microscopic scale. 
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Results and Discussion 
 
From figure 1, the results indicate that the 
MR effect calculated from both the 
Young’s and the shear modulus of the 
TPU-MRE sample increase with the in-
crease in temperature. With the increase 
in temperature, the bonding force be-
tween the soft and hard segments re-
duces, leading to higher freedom of 
movement for soft segments. This results 
in the decrease in the modulus with the 
increase in temperature and hence in-
crease in MR effect. It can be clearly ob-
served that the magnitude of MR effect is 
slightly higher in tensile tests than in tor-
sion tests. This is due to the difference in 
direction of strain with respect to the di-
rection of the magnetic field. The inter 
particle force of attraction is higher along 
the magnetic field direction. Therefore, 
the resistance to deformation experienced 
by the sample in presence of magnetic 
field is higher in tensile tests than in tor-
sion tests and resulting in higher MR ef-
fect. 

 
Figure 1. The calculated MR effect of the Young’s 
modulus (E) (left) and shear modulus(G) (right). 
 
Microstructural investigation preliminarily 
revile that the particles are homogenously 
distributed in the sample. Figure 2. shows 
the distribution along the length of the 
sample.   

 
Figure 2. Particle distribution along axile direction. 
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We present a framework for the mul-
tiscale modeling of finite strain magneto-
elasticity which is based on physics-aug-
mented neural networks (NNs). By using 
a set of problem specific invariants as in-
put, an energy functional as the output 
and by adding several non-trainable ex-
pressions to the overall total energy den-
sity functional, the model fulfills multiple 
physical principles by construction, e.g., 
thermodynamic consistency, material 
symmetry or a stress-free and non-mag-
netized unloaded configuration.  

Three NN-based models with different 
levels of rigor regarding an extended pol-
yconvexity condition and the growth con-
dition of the magneto-elastic potential are 
presented. First, polyconvexity, which is a 
global concept, is enforced via input con-
vex neural networks (ICNNs), i.e., by con-
struction. Afterwards, we formulate a re-
laxed local version of the polyconvexity 
and fulfill it in a weak sense by adding a 
tailored loss term. Furthermore, as an al-
ternative, a loss term to enforce the 
weaker requirement of strong ellipticity 
locally is proposed, which can be favora-
ble to obtain a better trade-o 
 between compatibility with data and 
physical constraints. 

Databases for training of the models are 
generated via computational homogeni-
zation for both compressible and quasi-
incompressible magneto-active polymers 
(MAPs). Thereby, to reduce the computa-
tional cost, 2D statistical volume elements 
and an invariant-based sampling tech-
nique for the pre-selection of relevant 
states are used. All models are calibrated 
by using the database, whereby interpo-
lation and extrapolation are considered 
separately. Furthermore, the 

performance of the NN models is com-
pared to a conventional model from the 
literature. The numerical study suggests 
that the proposed physics-augmented NN 
approach is advantageous over the con-
ventional model for MAPs. Thereby, the 
two more flexible NN models in combina-
tion with the weakly enforced local poly-
convexity lead to good results, whereas 
the model based only on ICNNs has 
proven to be too restrictive. 

 
Figure 1. Workflow for data-driven multiscale 
modeling of finite strain magneto-elasticity 
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Following experimental advances in the 
early 2000s, anisotropic and anisometric 
magnetic nanoparticles have become a 
promising  subfield of magnetic soft mat-
ter [1,2]. It has been shown that even 
small alternations in particle shape 
strongly affect the overall microscopic 
properties of such particle suspensions 
[3]. This particular feature makes them  

Figure 1. Magnetic platelets with extended dipoles; 
magnetic filaments; magnetic multicore particles. 
 
appealing candidates for applications with 
tailored requirements [4].  What is not yet 
clear, albeit being of primary interest, it is 
how the dynamics of the systems of ani-
sotropic and anisometric particles is af-
fected by their intrinsic features.   
Here, we present an extensive study on 
how to correctly merge intrinsic magneti-
sation processes of nanoparticles with 
their spatial motion and structural transi-
tions in molecular dynamics simulations. 
We put forward three different ap-
proaches based on the egg-model [5], on 
a so-called hot Stoner-Wohlfarth para-
digm [6] and on the extended dipoles [7] 
to allow for particle magnetic nature. We 
apply those models to investigate static 

and dynamic susceptibilities of the sys-
tems as well as the cluster formation dy-
namics.  
In particular, we focus on magnetic mul-
ticore spherical particles, magnetic fila-
ments and platelets, as shown in the Fig-
ure . 
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Abstract 

Nowadays, ferrofluids and magnetic 
hybrid materials play an important role in 
many technical applications, allowing 
tunable reaction to external stimuli 
depending on the magnetic properties of 
the embedded nanoparticles as well as 
the particle mobility, defined by the 
particles’ size, shape, and nanoscale 
surrounding. Therefore, we here present 
a study on the magnetic nanoparticle 
alignment in ferrofluids being exposed to 
magnetic fields, as well as on the shape-
dependent anisotropic diffusion. This 
approach later on is planned to be applied 
to functional hybrid materials of more 
complex nanostructure. For that purpose, 
we performed magnetometry and 
Mössbauer spectroscopy experiments of 
about 1 wt% of hematite nanoparticles of 
different aspect ratio ranging from ~1 
(approximately spherical) to 5.13 
(spindle-shaped) in 70 wt% glycerol-
water solution. Scanning transmission 
electron microscopy (STEM) images are 
shown in fig 1 and 2, respectively. Based 
on previous experiments on the in-field 
alignment behavior of oxide nanoparticles 
in ferrofluids, Mössbauer spectroscopy 
experiments were conducted in different 

experimental geometries, corresponding 
to perpendicular and parallel orientation 
of the magnetic field relative to the γ-ray 
incidence (probing) direction [1]. As 
Mössbauer spectroscopy utilizes the linear 
optical Doppler effect, by doing so we aim 
for information on particle diffusion 
coefficients along probing direction, 
yielding anisotropic diffusion coefficients 
for the nanospindles in case of complete 
particle alignment in sufficiently high 
magnetic fields. Information on the 
magnetic alignment of the nanospindles 
can be extracted by analyzing the relative 
line intensity ratio A23 of lines 2 and 3, as 
shown in Fig. 3, where A23 = 4/3 
corresponds to a complete magnetic 
alignment along field direction, whereas 
A23 = 4 translates to a complete spin 
alignment perpendicular to the probing 
direction. As we can see in Fig. 3, we 
achieve almost complete alignment along 
field direction at about 70 mT. At the 
same time, linewidths extracted from 
Mössbauer spectroscopy were compared 
for different probing directions as well as 
for different particle shapes, to indicate 
the presence of anisotropic diffusion of 
the elongated particles when being 
aligned via magnetic fields. In fact, the 
first results for the elongated particles 
showed a weakening in the case of 
perpendicular geometry and a 
reinforcement of the particle diffusion for 
the parallel geometry.  

Figure 1. STEM image of hematite nanospindles 
with aspect ratio 5.13 

Figure 2. STEM image of hematite nanoparticles 
with aspect ratio of about 1 
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Outlook 

The main objective of this work is to study 
the orientation process of hematite 
nanospindles with different aspect ratios 
in magnetic fields as well as the influence 
of the field on the particle motion. In the 
next step, we want to extend our 
approach from ferrofluids to liquid 
crystalline systems and study in detail the 
particle dynamics in ferronematic phases 
to gain more insight on anisotropic 
diffusion. In this context, first attempts to 
stabilize barium ferrite nanoplatelets in 
5CB have already been performed. 
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Figure 3. Line intensity ratio A23 as a function of the 
external magnetic field of the sample with an 
aspect ratio of 5.13 in parallel and perpendicular 
geometry. 
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Functional materials consisted of 
polymer-coated nanoparticles tend to 
self-assemble into complex structures 
and widely used for biomedical and 
industrial applications. The precise control 
of the nanoparticle assembly is crucial for 
obtaining magneto-elastomeric 
nanocomposites with desirable 
properties. For that, internal parameters 
of a system are tuned, such as e.g. the 
polymer shell size, constituting materials, 
solvent. Additionally, nanoparticle 
assembly can be impacted by external 
influences: shearing, magnetic fields 
(applied to magnetic-core nanoparticles), 
temperature, which leads to the 
formation of highly ordered structures.    

In framework of the SPP 1681 we 
developed a synthetic procedure to obtain 
highly monodisperse nanoparticles 
consisting of a superparamagnetic iron 
oxide core (SPION) embedded in a 
polymeric shell [1,2]. Using a 
combination of scattering techniques with 
TEM we showed that particle 
agglomeration is largely absent. Our 
scattering experiments in solution or in 
the solvent free state in the presence of a 
magnetic field demonstrated (i) chain-like 
ordering of the nanoparticles along the 
direction of the magnetic field and (ii) a 
pronounced magnetic scattering observed 
by small angle neutron scattering (SANS). 

Recently it has been demonstrated that 
controlled synthesis of SPIONs applying a 
thermal pretreatment of the iron oxide 
precursor is possible [3]. We find that 
each solvent provides access to a certain 
temperature range, within which the 
variation of temperature, heating rate, or 
precursor concentration allows us to 
reproducibly control the nanoparticle size 
Further, grafting the SPIONs with polymer 
using ligand exchange was performed. 
For that polystyrene (PS) and 
polyisoprene (PI) was used. Shearing and 
magnetic external fields are powerful 
instruments for structure ordering and 

orientation, which enable phase 
transitions and the adjustment of lattice 
parameters. Accordingly, polymer grafted 
SPIONs form FCC crystal phases under 
shearing, which in combination with a 
permanent magnetic field causes 
reorientation processes of the 
nanoparticles. In particular, the influence 
of a permanent magnetic field during a 
long-time exposure causes well-defined 
disorder-BCC-FCC phase transitions [4]. 

The dynamics and conformation of 
grafted polymer is governed by the 
assembly of nanoparticles in melt state 
[5]. This assembly in turn is significantly 
dictated by the polymer properties. We 
studied the rheological response of PI 
grafted nanoparticles with two different 
molecular weights. We show that for 
unentangled grafted PI, the geometrical 
confinements from the assembly of 
nanoparticle solely governs the apparent 
rheology plateau. On the other hand, for 
weakly entangled polyisoprene, a 
combination of geometrical confinements 
and topological entanglements from 
polymer chains gives rise to a prominent 
plateau in the frequency sweep. We 
showed that a correct analysis of small 
angle X-ray scattering (SAXS) data is 
crucial to these results and the famously 
used hard sphere model is not applicable 
to these systems. Using a combination of 
SAXS and rheology, we were able to 
interpret the dynamics and conformation 
of grafted polymer chains in context of 
the assembly of the nanoparticles. 
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Introduction 
Tuning the macroscopic properties of fer-
rofluid suspensions enables a multitude of 
application areas. In order to do so, it is 
of uttermost importance to understand 
the microstructure, reflecting the na-
noscale characteristics of the suspen-
sions. Following the theoretical prediction 
of a fluid ferromagnet more than 50 years 
ago, it has only recently been shown that 
even in suspensions of ferrimagnetic bar-
iumhexaferrite (BaHF) nanoplatelets in 
isotropic n-butanol colloidal nematic 
phases can form [1-3]. In order to under-
stand the self-assembly mechanism sta-
bilizing the order, an analysis of the ener-
gies involved is necessary.  
Studying the dynamic magnetization 
spectra of BaHF suspensions in 1-butanol, 
we found that multiple relaxation modes 
can appear in the complex susceptibility 
spectrum [4]. Given the fact that these 
modes cannot be described by a single 
Debye-type mechanism, we attribute 
them to a superposition of single-particle 
relaxation at high frequencies and low-
frequency relaxation modes, which we as-
sign to self-assembled structures [4,5].  
In this contribution we show how both the 
relaxation of single particles and that of 
the low-frequency collective modes 
change depending on external alternating 
(AC) and static bias (DC) fields, either 
parallel or perpendicular to the excitation 
direction.  
 
Experiment 
Scandium-doped barium hexaferrite 
(BaHF) nanoplatelets with DBSA surfac-
tant [1] were suspended in isotropic 1-bu-
tanol with concentrations between 
7.5 mg/mL and 304 mg/mL. The mag-
netic moments of these nanoplatelets are 
directed perpendicularly to their basal 
planes. The sample with the highest BaHF 
nanoplatelet concentration (304 mg/mL) 

exhibits nematic order. The sample stud-
ied here has a fixed mass ratio of particles 
to DBSA of 87:13, which was found to be 
optimum considering the interplay of 
magnetic and electrostatic interactions 
[5], and a platelet concentration of 75 
mg/mL. The dynamics of the BaHF plate-
lets is studied using AC susceptometry in 
a frequency range from 0.1 Hz – 2.2kHz 
using a fluxgate-based setup [6]. The ap-
plied AC magnetic field amplitude was 
varied up to 5 mT, additionally DC fields 
were superimposed with strengths up to 1 
mT, being directed either parallel or per-
pendicular to the AC field.  
 
Results 

 
Fig. 1 depicts the ACS spectra measured 
for different AC field amplitudes. Two re-
laxation modes are clearly discernable: 
the mode at high frequencies is attributed 
to the relaxation of single platelets while 
the middle-frequency (MF) mode is 
caused by self-assembled structures 
[4,5]. The peak frequency of both modes 
shifts with increasing AC field amplitude 
towards higher frequencies. The fit of the  

 
Figure 1. ACS spectra of MP75, measured for dif-
ferent AC field amplitudes ranging from 0.2 mT to 
5 mT. 
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field dependence of the characteristic fre-
quency of the HF mode with the Fokker- 
Planck-based phenomenological equation 
by Yoshida and Enpuku [7] works reason-
ably well but provides a too large value of 
the platelet’s magnetic moment. Analyz-
ing the data with the equation derived by 
Rusanov et al. [8] for interacting particles 
results in a better fit, which additionally 
provides the effective Langevin suscepti-
bility of interacting nanoparticles. 

As Figs. 2 (a) and b) show the shift and 
suppression of the MF peak significantly 
differ for additionally applied DC fields 
parallel and perpendicular to the AC field. 
The fact that the shift and suppression is 
larger for an applied parallel DC field is in 
qualitative agreement with theory [9], 
which however considers non-interacting 
nanoparticles. 
 
 

 

Conclusion and outlook 
Both the relaxation time of single platelets 
and that of collective modes show a pro-
nounced dependence on the applied AC 
and DC magnetic field. For medium plate-
let concentrations, dipolar interactions 
cannot be neglected; here the equation 
derived by Rusanov et al. [8] well explains 
the dependence of the Brownian relaxa-
tion time of single platelets on AC mag-
netic field. The strong shift and suppres-
sion of the mode related to self-assem-
bled structures by a superimposed DC 
magnetic field, directed either parallel or 
perpendicular to the AC field, is an indica-
tion of the considerably higher and mag-
netic-field dependent magnetic moment 
of these structures 
 
Acknowledgement 
The research was funded by the DFG via 
projects LU 800/7-1 and NA 1668/1-1. 
The authors acknowledge P. H. Boštjančič 
from the Jožef Stefan Institute Ljubljana 
for providing the BaHF platelet suspen-
sions. 
 
 
 
 

References 
 
[1] A. Mertelj et al., Nature 504, 237-241 (2013). 
[2] N. Sebastián et al., Soft Matter 14, 7180-7189 

(2018). 
[3] M. Shuai et al., Nat. Commun. 7, 10394 

(2016). 
[4] M. Küster et al., J. Mol. Liq. 360, 119484

(2022).
[5] H. Nádasi et al., J. Mol. Liq. 382, 121900

(2023).
[6] J. Dieckhoff et al., Appl. Phys. Lett. 99, 112501

(2011).
[7] T. Yoshida and K. Enpuku, Jpn. J. Appl. Phys. 

48, 127002 (2009). 
[8] M. S. Rusanov et al., Physical Review E 104, 

044604 (2021). 
[9] M. A. Martsenyuk et al., Sov. Phys. JETP 38,

3507 (1974).

Figure 2. ACS spectrum (0.2 mT) with superimposed DC offset fields, (a) parallel and (b) perpendicular to AC 
field. 

(a) (b) 

DFG Rundgespräch Magnetische Hybridmaterialien 2023 33



Laser-tuning of magnetic and catalytic  
properties in spinel-based ferrofluids 

J. Landers1, S. Zerebecki2, S. Salamon1, D. Krenz2, A. Rabe1,  
S. Reichenberger2, S. Barcikowski2, H. Wende1 

1 Faculty of Physics and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-Essen 
2 Technical Chemistry I and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-Essen 
 
Ferrimagnetic spinel-type nanoparticles 
are widely used in technical as well as 
medical applications due to their stability, 
high magnetization and tunable coerciv-
ity. An essential material parameter de-
fining the cation distribution is the so-
called inversion parameter “x”. It de-
scribes the distribution of the different 
metal ions on octahedral (B-) and tetra-
hedral (A-) sublattice positions, specified 
e.g. by: (𝑀𝑀1−𝑥𝑥

2+ 𝐹𝐹𝐹𝐹𝑥𝑥3+)𝐴𝐴(𝑀𝑀𝑥𝑥
2+𝐹𝐹𝐹𝐹2−𝑥𝑥3+ )𝐵𝐵𝑂𝑂4. 

Evidently, the distribution of different ion 
species on the A- and B-sublattice has a 
dramatic influence on the magnetic prop-
erties of the spinel, most directly on the 
saturation  magnetization MS. A simple 
calculation shows that e.g. in cobalt fer-
rite MS is expected to increase by about 
40% when going from the well-ordered 
inverse spinel structure to random ion 
placement.  
This has been previously demonstrated in 
spinel bulk samples or powders by tuning 
the inversion parameter via heat treat-
ment followed by cooldown at different 
cooling rates to obtain different degrees 
of order in ion placement [1], as illus-
trated in figure 1. However, the excessive 
initial heating required for this method is 
 

 

Figure 1. Exemplary calculation of the inversion pa-
rameter x in an inverse spinel upon annealing to 
1200 K for different cooling rates, x0 = 0.35. 
 

 
Figure 2. Scheme of the flat-jet setup used for s-
PUDEL under continuous flow conditions. [2] 
 

impractical for small nanoparticles due to 
potential sintering, which can cause con-
siderable particle growth and morphology 
changes.  Here, an option has been intro-
duced recently, utilizing single nanosec-
ond laser pulses for the controlled heating 
(and diffusion enhancement) of the spinel 
nanoparticles in a fluid stream (s-PUDEL 
[2]). A schematic overview of the setup 
used for this approach is shown in figure 
2. During the laser processing, the nano-
particles experience elevated tempera-
tures for only a few tens of  nanoseconds 
such that atomic diffusion and modifica-
tion of the inversion parameter can take 
place in a confined volume and controlled 
time frame, respectively. Due to the rapid 
heat transfer from the laser-heated parti-
cles into the surrounding fluid (cooling 
rates of about 109 K/s), the heat-induced 
cation distribution is quenched and con-
served within the laser-processed nano-
particles.  
Within this study the method is demon-
strated at the example of three different 
types of cobalt ferrite nanoparticles ob-
tained from different synthesis techniques 
with different initial levels of disorder re-
garding the cation distribution. Precise 
measurements of the spinel inversion pa-
rameter were performed via Mössbauer 
spectroscopy in a magnetic field of 5 T fol-
lowing exposure of the particles to differ-
ent laser dosages.  
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As visible in figure 3, increasing laser dos-
ages led to ion redistribution, with the dif-
ferent particle types approaching the 
state of thermal equilibrium from different 
directions. The latter lies between the in-
verse spinel structure preferred for cobalt 
ferrite and a value of 2/3, which repre-
sents random ion placement. Following 
this approach, we have demonstrated the 
ability to tune the inversion parameter 
(and thereby the magnetization) of spinel 
nanoparticles with single laser pulses 
while maintaining the initial particle size 
and morphology. Finally, a linear correla-
tion between the determined inversion 
parameter and the catalytic activity of the 
laser-processed particles in the conver-
sion of cinnamyl alcohol could be shown 
in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Laser-dose dependent change in inversion 
parameter x of three types/sizes of CoFe2O4 nano-
particles approaching the high-temperature thermal 
equilibrium state. [3] 
 

In an ongoing study, we now aim to gen-
eralize this structure-activity correlation 
towards a broader matrix of laser-pro-
cessed ferrite spinel systems (MFe2O4 
with M = Mn, Co, Ni, Zn, …), to clarify to 
what extent the magnetic performance of 
spinel nanoparticles can be enhanced by 
tuning the inversion parameter, e.g., to 
lower necessary particle concentrations in 
medical applications. 
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Introduction 

Fungal infections are a frequently under-
estimated clinical picture associated with 
both severe local and systemic inflamma-
tory reactions. These microorganisms are 
known to cause a variety of host reactions 
that can lead to hypersensitivity disor-
ders, toxic reactions and sepsis. Such 
types of infectious diseases, called my-
coses, are categorized according to their 
causative agent (e.g. candidiasis, crypto-
coccosis, and aspergillosis) and primarily 
affect immunocompromised individuals1. 
Factors such as viral pan- and endemics 
(HIV, SARS-CoV-2), an ageing society, in-
creasing numbers of surgical procedures 
have increased the number of patients, 
who are prone to opportunistic infec-
tions2. Especially in the case of candidia-
sis, the rather long-time spans until posi-
tive detection vary greatly. The most 
dominant and clinically most relevant 
yeast species to cause bloodstream infec-
tions is Candida albicans by far1-4 with a 
medium time to detection of around 85 h. 
These examples demonstrate how im-
portant finding possibilities to accelerate 
fungal blood infections are. During this 
time usually the patients receive broad 
band antibiotics that unfortunately do not 
help against fungal infections. In our 
study, we investigated previously devel-
oped, GP340-peptide-functionalized SPI-
ONs5 for their capacity to extract C. albi-
cans from different media under static 
and flow conditions. This was accompa-
nied by theoretical simulations. Moreover, 
we investigated the feasibility to regrow 

the extracted fungal cells on culture 
plates and checked relevant interactions 
of the functionalized nanoparticles with 
different host cells. 

Results  

Characterization of SPION-APTES-
Pep 
To further study the organic content of 
SPION-APTES-Pep, thermographimetric 
(TGA) analysis revealed a first weight loss 
below 200°C, as it is known for other SPI-
ONs. Further heating revealed a content 
of 12.3% peptide and linker and another 
5.7% of the silane coating. This was con-
firmed by subsequent measuring the iron 
content of the probes with atomic adsorp-
tion spectroscopy (AES). 

 
Figure 1. TGA curves of SPION, SPION-APTES, the 
pure peptide and SPION-APTES-Pep. 
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Storage stability of SPION-APTES-
Pep 
For any substance or nanoparticle being 
intended for the use in therapy or (in 
vitro)-diagnostic, storage stability is a 
critical factor. Here, an initial study re-
vealed that after a storage of 12 weeks at 
4°C in fluid, no changes of the physico-
chemical parameter, like e.g. ζ-potential, 
volume susceptibility and hydrodynamic 
size or pH could be found. Likewise, not 
release of peptide was detected and there 
was no difference in magnetic removal 
performance. 

Evaluation of changes in cell cycle of 
different blood cells by SPION-
APTES-Pep 

Especially, when used in a bypass system 
to remove pathogens from patient blood 
for diagnosis of very low microorganism 
numbers, it is of utter importance that the 
nanoparticles do not influence the blood 
cells. Additionally to the earlier performed 
blood compatibility testing, we now tested 
the effect of SPION-APTES-Pep on the cell 
cycle of leucocytes using the cell lines 
Jurkat, THP-1 and freshly isolated periph-
eral blood monocytes (PBMCs). The re-
sults showed that although we saw inter-
action and uptake of particles with the 
PBMCs, they did not induce toxicity or al-
teration of the cell cycle. 

Pathogen Separation and regrowth 

For magnetic C. albicans separation we 
tested static and flow conditions 
(10mL/min). For static conditions, we 
found an effectivity of up to 82% for 
aqueous buffer and 55% in citrate stabi-
lized blood. Interestingly, the efficiency 
was in a similar range under flow condi-
tions with up to 76%. 
Regrowth of fungi in culture is particularly 
difficult from blood, since some blood 
components reduce it. Interestingly, the 
regrowth performance of C. albicans cells 
magnetically isolated from blood was 
strikingly better than the usual procedure. 
18h after incubation in fluid culture me-
dium, the samples did show changes in 
optical density that could be attributed to 
C. albicans growth, while the samples di-
rectly taken from blood did not grow dur-
ing the evaluation period of 24h (Fig 2).  

 

Figure 2. Regrowth of C. albicans in fluid culture with 
and without magnetic removal from blood.  

Conclusion 

SPION-APTES-Pep can magnetically re-
move Candida albicans from water-based 
media and blood after 8 minutes pro-
cessing highly efficiently under static and 
flow conditions. Effects on the cell cycle of 
human blood cells were not found. More-
over, the separated fungal cells could be 
regrown without any restrictions showing 
a high potential for an enhanced detection 
of fungal blood stream infections. 
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Liquid suspensions of sphere- and rod-
shaped ferromagnetic nanoparticles do 
not show any ferromagnetic behaviour 
independently of whether the host is 
isotropic or anisotropic (liquid crystal). 
In 2013, it was demonstrated that the 
suspensions of the scandium-doped 
barium hexaferrite ScBaHF nanoplatelets 
in a nematic liquid crystal form a 
ferromagnetic fluid [1]. The 
ferromagnetic order of the nanoplatelets 
is believed to be stabilised by the 
nematic director coupled to the particles 
via the director anchoring. Later it was 
demonstrated that the ferromagnetic 
order does not require the liquid crystal 
(LC) host and can be achieved in an 
isotropic environment [2]. At sufficiently 
high concentrations, ScBaHF 
nanoplatelets form colloidal nematics in 
n-decane and show ferromagnetic 
properties [2,4,5]. Another important 
breakthrough in the last few years was 
the discovery of true 3D ferroelectric 
liquids. Due to the polar symmetry, 
those liquids are nematic liquid crystals. 
Although ferroelectric LCs have been 
known since the sixties of the twentieth 
century, most of them were of smectic 
or columnar type, which could not 
provide a host for the dispersions of 
nanoparticles. Ferroelectric nematics are 
distinguished by a for LCs exceptionally 
high spontaneous polarisation reaching 
as high as 6 µC/cm2, and a large 
dielectric response [6-8]. Recently, it 
has been shown that being ferroelectric, 
such liquids can guide an electric field 
along curved microchannels or even 
stabilise freely suspended filaments. 

 
The discovery of ferroelectric nematics 
also provides a new framework for 
developing novel hybrid materials 
combining the ferroelectric and 
ferromagnetic properties in one liquid.  
In this presentation, we demonstrate the 
feasibility of liquid multiferroics 
consisting of a ferroelectric nematic host 
and dispersed magnetic nanoplatelets. 
We show that such materials exhibit a 
magneto-electric effect where the 
magnetic excitation of such materials 
results in an electric response. 
Additionally, we characterise the 
nonlinear optical response, the optical 
generation of the second harmonic 
(SHG) resulting from the polar 
nanostructure of the material. 
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Abstract 
 
The phase change form Newtonian fluid to 
semi-solid in a magnetorheological fluid 
commences with chain formation of the 
suspended magnetic particles. The result-
ing physical effects are not immediate. 
Response times quoted in the literature 
vary widely due to the diverse magnetic 
and dynamic conditions. However, the in-
itial phase change is easily measurable as 
the onset of chain formation results in ab-
rupt changes in electrical properties. This 
work concerns the analysis of electrical 
properties, including capacitance, re-
sistance and the respective time con-
stants for magnetorheological fluids 
based on carbonyl iron powder suspended 
in silicone oil under mechanically and 
magnetically static conditions.  
 
Introduction 
 
The mechanical response times of MRF 
have been measured by several research-
ers, for example [1]. Rise and fall times 
differ considerably within the range 0.25 
ms to 1 s. However, in almost all cases, 
the response time of the complete system 
including the MRF was determined rather 
than that of the MRF alone.  
 
The application of a magnetic field results 
in the physical displacement of magnetic 
particles suspended in the carrier fluid. 
This usually occurs in the form of align-
ment of the particles along the direction 
of the magnetic flux lines. The magnetic 
field causes a reduction in inter-particle 
distance, which results in a measurable 
increase in electrical capacitance. It is im-
portant to note, that only a change in 
electrical capacitance takes place, not a 
change in the relative permittivity εr of the 
dielectric material. Consequently, the re-
sulting interfacial magnetocapacitance [2] 
is not a magnetodielectric effect as the 
relative permittivity is a function of the 
molecular structure of the oil or polymer 
material alone, which remains uninflu-
enced by the magnetic field [3].  

 
Experimental 
 
Two experimental configurations were 
employed. The first consisted of two par-
allel planar electrodes between which the 
sample fluid was contained. The second 
comprised a coaxial probe which was im-
mersed in the fluid sample. Measure-
ments of capacitance and resistance for 
both parallel and series CR circuit charac-
teristics were made using various LCR 
measurement bridges (Philips PM6303 
and Hameg 8118). 
 
Both electromagnet and permanent mag-
net configurations were used for magnetic 
field generation with comparable results. 
 

Figure 1a. Parallel R and C vs. B field 

Figure 1a and 1b show the typical charac-
teristics of capacitance and resistance re-
spectively, for the 50% wt. CIP sample 
MRF. Large amounts of data were gath-
ered using both coaxial probes and planar 
capacitors. Apart from different offsets, 
the measurements were effectively iden-
tical. For other CIP concentrations the 
curves are of similar shape but with dif-
fering ordinate scales. In order to avoid 
unnecessary clutter only the 50% wt. CIP 
curves are shown in figure 1. 
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Figure 1b. Series R and C vs. B field 

Observation shows that the parallel CR 
time constants are very similar regardless 
of CIP content but reduce significantly 
with increasing magnetic flux density and 
tend to a steady-state under 1 ms at flux 
densities above 200 mT. On the other 
hand, the series CR time constants are 
generally longer with similar influence 
from CIP content but rise almost linearly 
with increasing magnetic flux density as 
shown in figure 2 b. 
 

Figure 2a. Parallel τ vs. B field 

Observing the curves of figures 1 and 2, 
parallel CR time constants commence be-
tween about 4 and 6 milliseconds and sink 
by about an order of magnitude as the 
magnetic flux density approaches 200 
mT. At the same time the series CR time 
constant undergoes up to a 10-fold in-
crease for the same increase in magnetic 
flux density. 

 

 
 
Figure 2a. Series τ vs. B field 
 
Such measurements can vary considera-
bly depending on the level of CIP suspen-
sion in the carrier fluid. The measure-
ments made in this work were conducted 
immediately following agitation and the 
data compiled in order to generate figures 
1 and 2 are based on numerous measure-
ments and statistical evaluation which ac-
counts for the spread of the curves in fig-
ure 2. 
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Magnetoactive elastomers (MAEs) have 
material properties that influence each 
other in a mutually exclusive manner un-
der magnetic field application. These elas-
tomers consist of a soft elastic matrix 
filled with hard and/or soft magnetic par-
ticles. Micron-sized magnetic particles 
with a high coercivity, i.e. hard, enable to 
maintain their magnetization after mag-
netization in a strong magnetic field. 
Through this process, an elastic magnet 
can be created. The use of soft magnetic 
particles increases the net filling of the 
MAE, and therefore extends the field-in-
duced variation of its magnetic properties, 
such as magnetic susceptibility [1,2]. 
 
Motion systems based on MAEs show 
promising potential in the field of soft ro-
botics. Their comparison with robots 
made of rigid links and joints shows that 
soft robots based on MAE can be moved 
with a minimum number of actuators [3]. 
In this work, we focus on realization of 
multimodal locomotion systems driven by 
magnetic fields. Solutions to combine dif-
ferent principles of locomotion in one mo-
bile system are under our consideration.  
 
In particular, we investigate vibration-
driven systems based on multipole mag-
netized MAE for planar locomotion. The 
MAE in a beam form contains both mag-
netically hard and soft particles and is 
magnetized in a way that it has three 
poles overall with the same poles at the 
end. An alternating magnetic field of a coil 
fixed above the MAE beam generates a 
forced bending vibration of the beam in 
the vertical plane due to the induced mag-
netic attractive and repelling forces. The 
oblique bristles on the underside of the 
MAE beam are attached to realize asym-
metrical friction forces which, in combina-
tion with the cyclic inertial forces of bend-
ing vibrations, lead to an offset of the sup-
port points, and thereby to a system´s 

propelled movement. The considered sys-
tem design utilizes simple magnetic actu-
ation that allows to achieve fast motion in 
a resonant mode. Specific design varia-
tions, such as bristle arrangement and ap-
plication of several MAE beams, enable 
linear and planar locomotion in different 
directions with additional features, such 
as load carrying and obstacle overcoming. 
 
As shown in [4], the locomotion system 
made of the multipole MAE beam, which 
has bristles protruding obliquely only in 
one direction, enables linear movement in 
the opposite direction. This unidirectional 
movement depends on the magnetic ac-
tuation frequency, whereby the advancing 
speed reaches a maximum response of 
70.4 mm/s at a frequency of 75 Hz.  
 
Adjusting the bristle arrangement in a 
way that the bristles protrude in different 
directions at the underside of the MAE 
beam, allows bi-directional movement of 
the locomotion system (Fig. 1). 
 

 
Figure 1. Locomotion system for bi-directional 
movement. 

 
The system generates linear motion for 
coil excitation frequencies in the range up 
to 130 Hz, with the frequency-dependent 
reverse motion for frequencies between 
1-6 Hz, 8-12 Hz, 17-19 Hz, and at 53 Hz. 
The maximum advancing speed forward is 
60.8 mm/s at a frequency of 59 Hz, and 
the maximum advancing speed reverse is 
2.9 mm/s at a frequency of 10 Hz (Fig. 2). 
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Figure 2. Advancing speed of the locomotion system 
for horizontal bi-directional movement dependent on 
the magnetic field excitation frequency. 

 
The vertical motion opposed gravity is 
achieved by the locomotion system made 
of two multipole magnetized MAE beams. 
They are arranged around the actuating 
coil and have mirror-symmetrical mag-
netization. Figure 3 shows the system´s 
upward locomotion between two plexi-
glass plates. A vertical movement through 
a tube is also possible. 
 

 
Figure 3. Comparison of distances covered by the lo-
comotion system for vertical movement at an exci-
tation frequency of 75 Hz. 

 
The system moves in the frequency range 
between 15-170 Hz, whereby a fre-
quency-dependent bi-directional move-
ment is identified. The upward movement 
against the weight force reaches a maxi-
mum speed of 61 mm/s at a frequency of 
75 Hz. The downward movement occurs 
for frequencies between 15-40 Hz and 
105-170 Hz with a maximum speed of 1.3 
mm/s at an excitation frequency of 105 
Hz (Fig. 4). 
 

 
Figure 4. Advancing speed of the locomotion system 
for vertical bi-directional movement dependent on 
the magnetic field ex-citation frequency. 

 
Further improvements of the presented 
systems will be oriented to realize planar 
locomotion, to make them autonomous 
concerning energy supply and to improve 
controlling ability. 
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Molecular liquid crystal (LC) materials 
have gained significant prominence in 
modern electronics, including displays 
and sensors, as well as in materials 
science for applications like soft 
robotics. In these applications, control 
occurs primarily by electric fields or 
temperature changes [1]. Despite the 
principal potential for a direct 
manipulation of pure LCs by means of 
magnetic fields, which would open a 
large number of novel applications, 
the required magnetic field strengths 
are too high to be conveniently 
accessible [2]. In 1970, Brochard and 
de Gennes proposed the concept of 
achieving magnetic control over 
molecular LC phases by dotation with 
magnetic nanoparticles. Despite the 
exact mechanism of the magnetic-
nematic interaction still being under 
debate, since 2013 several systems 
have been reported to achieve a 
reduction in the threshold of the 
magnetic field strength for the 
Fréedericksz transition by several 
magnitudes [3]. In these systems, a 
direct coupling of the nematic and 
magnetic directors is experimentally 
confirmed, resulting in the creation of 
ferromagnetic properties in liquids at 
room temperature [3]. However, the 
successful integration of magnetic 
nanoparticles into LC phases is met 
with challenges such as nanoparticle 
agglomeration, or even complete 
phase separation between the 

magnetic and nematic components 
[4]. To overcome those challenges, 
and to develop a versatile strategy for 
the enhancement of the compatibility 
between different, (including 
magnetic) nanoparticle dopants and 
the molecular LC phase, the 
functionalization of the particle 
surface with help of surfactants or 
polymers is considered [2],[5]. The 
present work focuses on the covalent 
surface functionalization of barium 
hexaferrite nanoplatelets with 
mesogen decorated, 
polymethylsiloxane-based polymer 
brushes. The covalent attachment of a 
high number density of 
nonyloxycyanobiphenyl (9OCB) units 
via flexible tethering aims to increase 
the dopants compatibility with the 
surrounding LC phase composed of 4-
cyano-4’-pentylbiphenyl (5CB), and to 
promote a successful anchoring with 
the nematic phase. 

Si O Si O Si

H

O Si

N

7
O

x

 
Figure 1. Functionalized Barium hexaferrite 
nanoplatelets with a polymer brush consisting of 
9OCB and PHMS. 

To comprehensively characterize 
these systems, a bouquet of 
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complementary analytical techniques 
is employed, including transmission 
electron microscopy, magnetometry, 
elemental analysis, and differential 
scanning calorimetry. Beyond 
addressing challenges related to 
nanoparticle dispersion and 
compatibility, this research also 
delves into compatibility issues and 
coupling mechanisms inherent to such 
systems.  In future experiments, we 
aim to elucidate the potential of 
further refinement in terms of dopant 
concentration, nanoplatelet 
morphology, and polymer brush 
chemistry. 
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Magnetic hybrid materials made of mag-
netizable microparticles embedded in an 
elastomeric matrix are called Magneto Ac-
tive Elastomers (MAEs). Due to strong 
magneto-mechanical coupling on short 
and long length scales a general charac-
terization of their material behavior is 
very challenging.  
We developed a powerful mean-field di-
pole approach [1, 2] that captures various 
aspects of the intrinsic magneto-mechan-
ical interplay. The formulation allows to 
account simultaneously for the micro-
scopic particle distribution and macro-
scopic sample form. In this way, an ana-
lytic approximation for the effective mag-
netization behavior in MAEs [3], spanning 
from linear to saturation regime, for iso-
tropic and anisotropic particle arrange-
ments is derived. The results clearly re-
veal that anisotropic particle distributions 
have an equivalent effect as anisometric 
sample shapes. Furthermore, our ap-
proach enables an efficient characteriza-
tion of magnetization fields in real-sized 
samples that can be implemented in 
macro-continuum models. 
Evolution of microstructure caused by an 
applied magnetic field is another fascinat-
ing phenomenon with a significant impact 
on the mechanical behavior of MAEs. We 
just presented a model that captures the 
microstructure evolution and its effect on 
the mechanical properties with a small 
number of model parameters [4]. A pen-
alty term is introduced to compensate for 
the micro-mechanical elastic energy re-
quired to move the particles inside the 
cross-linked elastomer. Our results pre-
dict a huge increase in the elastic modulus 
of MAEs made of a very soft elastomeric 
matrix. The magneto-rheological effect is 
accompanied by non-monotonic elonga-
tion of samples. The model parameters 
can be modified to adjust the behavior to 
specific materials and testing procedures 
used in the experiments. Validation for 
cylindrical samples is presently in pro-
gress. 
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Introduction 

The application of nanomaterials in a 
medical context is rapidly progressing. 
There is still the necessity to understand 
the interaction between nanomaterials 
and the human body in more detail, es-
pecially at cellular boarders like the 
blood-placenta barrier. Since clinical 
studies in pregnant women are difficult 
to perform, physiologically appropriate 
models of the human placenta are need-
ed to study the interactions between na-
noparticles and placenta in vitro. 
The placenta delivers nutrients from the 
maternal blood to the fetus and elimi-
nates metabolites in reverse direction. 
This organ is essential to protect the fe-
tus from harmful substances. Various cell 
types are involved in building up the 
blood-placenta barrier (BPB), especially 
trophoblasts and endothelial cells, pla-
cental macrophages and pericytes. Dur-
ing pregnancy, the placenta is highly 
dynamic in its morphology and composi-
tion, e.g. the cytotrophoblasts fuse and 
form the syncytiotrophoblast. 
The aim of our investigations is to gain a 
better understanding of the interactions 
of magnetic nanoparticles (MNP) with the 
blood-placenta barrier. We could show 
previously, that the coating and the sur-
face charge of MNPs affect the passage 
through an in vitro blood–placenta barri-
er under fluidic conditions in a microflu-
idic biochip [1,2]. In the present study, 
we investigated whether the fusion of 
cytotrophoblasts to syncytiotrophoblasts 
affects MNP passage through the barrier. 

Materials and Methods 

The in vitro BPB was established in a 
microfluidic chip (microfluidic chipshop, 

Jena) by using the cytotrophoblast cell 
line BeWo on the apical (maternal) side 
and human primary placental pericytes 
on the basolateral (fetal) side (Figure 1) 
[1]. Differentiation of the BeWo cells was 
induced by supplementation of the medi-
um with 20 µM forskolin for 24h. This 
treatment was repeated as indicated. 
 

 
Figure 1. Schematic representation of the BPB in 
the microfluidic chip and the localization of BeWo 
cells and pericytes (hPC-PL). 
 
Molecular permeability assays using so-
dium fluorescein were conducted to 
prove cell barrier integrity prior to MNP 
incubation. The differentiating agent for-
skolin (dissolved in DMSO) was applied 
up to 3 times in 24h periods with a con-
centration of 20 µM. Forskolin-induced 
differentiation of the BeWo cells was 
evaluated by qPCR (LGALS13, ZO-1, 
CGB1, SPTAN1). Morphological changes 
were monitored by immunofluorescence 
staining of the tight junction-associated 
protein ZO-1 of BeWo cells. Citrate-
coated MNP (hydrodynamic diameter 134 
nm, ζ-potential -51 mV) were applied for 
24h (final concentration in the apical 
compartment 100 µg/ml). For quantifica-
tion of the MNP content in the apical and 
basolateral compartment as well as in 
the cell layer magnetic particle spectros-
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copy (MPS) was performed. For MPS, the 
third harmonics of the spectra were 
normalized to the moment of a MNP ref-
erence sample of known iron amount. 
Cytokine release was measured with the 
LEGENDplex human inflammation assay 
(BioLegend, San Diego, USA) and for 
selected cytokines with ProQuantum 
Immuno-Assays (Thermo Fisher Scien-
tific, Osterode). 

Results and Discussion 

BeWo cells co-cultured with pericytes 
form a stable barrier inside the microflu-
idic biochip. In order to simulate the 
changes of the placenta during pregnan-
cy we used forskolin (F) as a differentiat-
ing agent for the BeWo cells (cytotroph-
oblasts). In consequence, the cells are 
forced to fuse and form syncytiotropho-
blasts, which are dominant in the late 
stage of pregnancy in vivo. This differen-
tiation process is accompanied by altered 
gene expression and subsequent mor-
phological changes. The expression of 
the pregnancy hormone Choriogonado-
tropin beta (CGB) was significantly up-
regulated (log2 ratio +5.3 ± 0.4 (3xF; p 
< 0.001), +4.2 ± 1.0 (2xF; p < 0.01), 
+3.8 ± 1.1 (1xF; p < 0.01)), whereas 
ZO-1 expression was reduced compared 
to untreated samples (log2 ratio -0.8 ± 
0.4 (3xF; p < 0.05), -1.4 ± 0.3 (2xF; p 
< 0.01), -1.1 ± 0.2 (1xF; p < 0.05). This 
was confirmed by immunofluorescence 
staining. Even after a single forskolin 
incubation for 24h BeWo cell boarders 
are largely disrupted (Figure 2). 
 

 
 
Figure 2. A: Untreated BeWo cells with well-
structured and tight cell borders (green). B: 
BeWo cells after treatment with 20 μM for-
skolin for 24h to induce cytotrophoblast fu-
sion. Cell membranes are largely degraded 
(green dots). Cell nuclei are stained with 
DAPI (blue); Cell membranes are stained with 
ZO-1 (green). Magnification 20x. 
 
After forskolin (2xF) and MNP incubation 
the MNP content in the apical and baso-
lateral compartment was determined by 

MPS. The penetration rate of MNPs was 
not affected by the formation of syn-
cytiotrophoblasts. In the basolateral 
compartment, no significant difference in 
MNP content was measured between 
DMSO (control) (3.8% ± 4.9%) and 2-
times forskolin treated samples (4.2% ± 
2.7%) (Figure 3). 
 

 
 
Figure 3. Relative MNP distribution in the BPB after 
double forskolin incubation (n=3); * p<0.05;** 
p<0.01. 
 
Finally, we studied the secretion of a 
panel of 13 cytokines after a 2-times 
forskolin and MNP incubation to monitor 
putative inflammatory effects. IL-6, IL-8 
and MCP-1 were the predominant cyto-
kines. The IL-6 release was enhanced 2-
fold after forskolin and MNP treatment. 

Conclusion and Outlook 

We show that citrate-coated MNPs pass a 
syncytiotrophoblast to a similar extent as 
a cytotrophoblastic cell layer. This will 
allow further studies on the passage of 
MNPs through a late stage blood-
placenta barrier. 
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Due to their unique properties, nano-
materials started to gain interest in mul-
tiple application fields like sensing, bio-
medicine, catalysis, or even as a part of 
composite bulk materials. Nanoparticles 
(NPs) can be made even more versatile in 
their properties by combining multiple dif-
ferent materials into one hybrid material. 
An example of such a hybrid are magne-
toplasmonic NPs. These are hybrid NPs 
made out of a superparamagnetic core 
such as magnetite or other ferrites that 
are encapsulated in a gold shell or deco-
rated with gold NPs. The addition of the 
gold shell adds the plasmonic properties 
and catalytic activity of the nanostruc-
tured gold to the magnetic fluid and addi-
tionally increases the stability of MNPs 
against dissolution and oxidation [1].   

These “magnetic gold particles” can be lo-
calized in a specific area by magnetic 
fields and thus improve the application for 
example in biomedicine compared to ordi-
nary gold NPs, which diffuse in the biolog-
ical system. The abovementioned proper-
ties make the MNP@Au-NPs an interesting 
alternative to ordinary MNPs or gold NPs 
and open up different applications utiliz-
ing the properties of both components 
[2]. Additionally, the properties of the hy-
brid are strongly dependent on the ligands 
that are used and play an integral part in 
the possible application of the system. 
Due to the affinity of thiols to the gold 
shell, a variety of ligands can be used for 
these magneto-plasmonic NPs. In this 
work, polymer ligands are used since they 
are a versatile ligand class that can add 
colloidal stability to the system, enable bi-
ocompatibility, introduce properties like 
stimuli-responsiveness, and finally turn 
colloidal systems into bulk material [3].  

To achieve this flexibility and be a reliable 
ligand for different applications, a highly 
reproducible and versatile synthesis of the 
polymer is mandatory. This can be real-
ized using controlled radical polymeriza-
tion techniques like reversible addition-
fragmentation chain-transfer (RAFT) 
polymerization. Using this approach spe-
cific copolymer architectures, chain 
lengths and degrees of functionalization 
of the polymers can be tailored to support 
the particle system for specific applica-
tions [4]. In our work, we present a novel 
synthesis route of multi-responsive hybrid 
materials based on magnetoplasmonic 
CoFe2O4 @Au-NPs inside of a responsive 
polymer matrix. The synthesis of the hy-
brid NPs is based on a two-step approach. 
In the first step, spherical CF-NPs were 
synthesized via a coprecipitation method 
and functionalized with different ligands. 
The ligands on the CF surface were used 
in situwith the Au(III) precursor to form 
gold-decorated CF-NPs. Using an addi-
tional reducing agent, fully gold-coated 
CF@Au-NPs were synthesized. Both hy-
brid nanostructures were then functional-
ized with a thermo-responsive RAFT poly-
mer without further modification of the 
polymer using the trithiocarbonate end-
groups to achieve the final CF@Au@Poly-
mer hybrid material.   

The obtained hybrid material was charac-
terized regarding its magnetic, plasmonic 
and thermo-responsive properties and 
compared to these of the components 
that make up the hybrid material. Inves-
tigations showed that the hybrid material 
exhibits the desired magnetic behavior, 
plasmonic properties as well as thermo-
responsive properties of the polymer ma-
trix. Finally, NIR-irradiation was used to 
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show that the thermo-responsive phase 
transitions of the polymer can be trig-
gered using photothermal heating of the 
particle system. This enables potential ap-
plications in drug release and control of 
the swelling behavior of a hydrogel via 
NIR-irradiation and the resulting photo-
thermal heating. 

Finally, our investigations reveal a syn-
thesis route to create multi-responsive 
CoFe2O4@Au@Polymer hybrid materials 
using tailor-made polymers with thermo-
responsive properties, which can be trig-
gered via photothermal or magnetic heat-
ing. Using this approach hybrid materials 
with different polymer compositions, to-
pologies, and responsive properties can 
be produced to fit the desired application 
or create responsive bulk material.  
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The dynamical behavior of ”active” (or ”self-
propelled”) particles that can convert energy 
from an internal source or the surroundings 
into motion, has become a major focus in 
statistical physics and soft matter sciences. 
Indeed, it is now well established that active 
motion, combined with different types of 
particle-particle interaction, can lead to 
remarkable collective behavior such as 
motility-induced phase separation (MIPS), 
swarming, and vortex formation. Moreover, 
activity can lead to unusual material 
properties such as spontaneous flow and 
odd elastic response. A standard model of 
active motion is the ”active Brownian 
particle” (ABP), where each particle moves 
with a constant propulsion speed along a 
direction subject to white noise, and the 
interactions are purely steric and isotropic. 
Here we consider, as an extension of that 
model, active particles with dipole-dipole 
interactions stemming from intrinsic 
(permanent) dipole moments or dipoles 
induced by an electric or magnetic field. 
Realistic examples include ferromagnetic 
”rollers” con-fined to a fluctuating surface 
which may exhibit swarming or vortex 
patterns when energized by an external 
(alternating) field [1, 2], magnetotactic 
bacteria [3], and active metallodielectric 
Janus particles [4, 5].  
We have performed Brownian Dynamics 
simulations in two dimensions, considering a 
wide range of motilities and dipolar coupling 
strengths [7, 8]. At low densities and low 
motilities, the most important structural 
phenomenon is the aggregation into chains, 
very similar to conventional (passive) 
dipolar particles. Upon increasing the 
particle mobility, these chain-like structures 

break, and the system transforms into 
a weakly correlated isotropic fluid. At 
intermediate densities and large 
motility we observe motility-induced 
phase separation (well established for 
non-dipolar ABPs) which becomes, 
however, sup-pressed upon increase of 
the dipolar coupling. To better 
understand this phenomenon we have 
developed a hydrodynamic theory [8] 
derived by explicitly coarse-graining 
the microscopic Langevin dynamics, 
thus allowing for a mapping of the 
coarse-grained model and particle-
resolved simulations. The theoretical 
approach indeed captures the 
suppression of MIPS. Moreover, the 
analysis of the numerically obtained, 
angle-dependent correlation functions 
sheds light into the underlying 
microscopic mechanisms leading to the 
destabilization of the homogeneous 
phase. Finally, at high densities, the 
phase separation disappears, and the 
system displays a ferromagnetic 
”flocking” state, where particles form 
giant clusters and move collective along 
one direction. We provide arguments 
for the emergence of the flocking 
behavior, which is absent in the passive 
dipolar system. We close by discussing 
some open questions. 
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Magnetic Particle Imaging (MPI) is a fast 
and sensitive imaging modality with high 
contrast, which is well suited as a potential 
theranostic platform. Especially a 
combination of MPI with magnetic 
hyperthermia heating via ac hysteresis 
losses in magnetic nanoparticles (MNPs) is 

an appealing strategy. Here, we aim for a 
spatially focused (localized) and controlled 
drug release (of drugs with low molecular 
weight) via a temperature-induced (burst) 
release mechanism. 
 

 

 
Figure 1. Integrated MPI and magnetic hyperthermia setup (left) enables controlled ac heating (middle) and high-
resolution imaging (right). 
 
Compared to hyperthermia for cancer 
treatment, which typically heats the 
malicious tissue directly, triggering drug 
release requires equally high heating 
power but with minimal duty cycle, i.e. 
pulsed heating. We are generating 
sufficient heat around the magnetic 
nanoparticles to trigger release but without 
excess heating of the surrounding medium 
or tissue. 
MNP-local heating requires fast and precise 
temperature monitoring and feedback to 
meet the designated release temperature. 
Integrated MPI and magnetic hyperthermia 

reuses the drive field for both magnetic 
heating and spatial imaging for monitoring 
and treatment controlBuilding on previous 
work, which focused on “functional MPI”, 
including temperature measurements [1] 
and dual-frequency MPI for spatially 
resolved particle mobility tracking [2-3], 
we first designed a magnetic particle 
spectroscopy (MPS) device for initial 
heating experiments. It operates with a) a 
classical fiberoptic temperature probe to 
obtain SAR/SLP values from calorimetric 
measurements and b) temperature 
measurements directly from the MNP 
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magnetization signal, allowing cross-
validation of both temperature 
measurement techniques. It also enables 
fast direct feedback from the magnetically 
obtained temperature signal to achieve 
feedback control in MPS and to target the 
release temperature of modified MNPs. 
We also successfully implemented ac 
heating and imaging into a fully integrated 
prototype MPI system, which will allow 
temperature monitoring and control for 
drug release studies on mice shortly. 
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An extensive field in material science is 
developed by embedding “hard” magnetic 
nanostructures within an organic “soft” 
matter [1].  This also involves the com-
prehensive characterisation of the individ-
ual components and the combined mate-
rials, especially with regard to their mag-
netically induced hyperthermia proper-
ties. This describes a predominantly 
Brownian relaxation mechanism by the 
application of an alternating magnetic 
field and generation of a temperature in-
crease that depends i.a. on the ambient 
medium and its viscosity. A possible field 
of application is the thermotherapy for tu-
mour treatment [2,3]. Furthermore, in 
combination with responsive matrices, 
the biocompatibility of the particles can be 
increased, drug delivery systems can be 
produced and magnetic nanoparticles 
(MNPs) can be localized in concentrated 
form. 
For hyperthermia applications, reproduci-
ble synthesis routes of MNP with control 
and adjustment of the structure, size, 
shape and magnetic properties are key 
aspects [4–6]. To minimize the adverse 
side effects on healthy cells, a large 
amount of heat generated by a small 
quantity of nanoparticles must be deliv-
ered to the tumor cells only. Therefore, 
particles with large values of saturation 
magnetization and a high resolution for 

magnetic imaging are required leading to 
a strong and efficient response to the ex-
ternal magnetic field. Moreover, by in-
creasing the saturation magnetization 
values, the control over the movements of 
the MNP can be optimized by the external 
magnetic field after injection into the 
bloodstream so the required therapeutic 
concentration of MNP can be reduced ac-
cordingly. Among the ferrites, cobalt fer-
rite (CoFe2O4) has turned out to be an in-
teresting material as spherical cobalt fer-
rite shows a higher magnetocrystalline 
anisotropy than iron oxide [7,8]. As the 
reduction of the Co 2+ ion concentration 
in cobalt ferrite particles leads to an in-
crease in average crystallite size, coerciv-
ity, and saturation magnetization 
[7,9,10], our work is focused on the syn-
thesis of nonstoichiometric cobalt ferrite 
nanoparticles. In a twostep reaction, 
akageneite nanorods (an antiferromag-
netic iron oxide hydroxide) were prepared 
first followed by an aqueous hydrothermal 
reaction without toxic surfactants or sol-
vents and variation of the metal salt con-
centration and composition of 
Co2+/Fe3+/Fe2+. Afterwards, the MNPs 
were stabilised with citrate ligands to 
achieve more safety for biological applica-
tions. 
 

 

 
 
Figure 1. TEM images of selected ferrite-based particles by using different molar ratios of akaganeite to metal 

salts. The scale bar shows 100 nm for the TE micrographs. The hydrothermal step was carried out with a molar 
ratio of akaganeite to metal salts (Co2+/Fe3+/Fe2+) of (A) 2, (B) 1 and (C) 0.5. 
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To explore the effect of the cobalt ion con-
centration and the pressure within the hy-
drothermal step, magnetic measurements 
were validated in dependency to size, 
shape, composition, and structure of the 
samples. The crystallographic composi-
tion of the particles was confirmed by X-
ray diffraction and inductively coupled 
plasma atomic emission spectroscopy. 
Cubic and spherical CoxFe3−xO4 nanoparti-
cles (0.2 < x < 0.4) synthesized by molar 
ratios of akaganeite to metal salts of 0.2 
to 2 showed a saturation magnetization of 
around 15 Am2/kg to 75 Am2/kg. It can be 
observed that an increased Co2+ content 
in the crystals leads to higher crystalline 
anisotropy, respectively saturation mag-
netization. Although, the lowest coercivity 
value could be indicated with highest co-
balt ion amount. It was found that the in-
ternal lattice strain obtained from the Wil-
liamson-Hall plot increases with the pres-
sure within the hydrothermal step due to 
the successful doping of the crystals with 
Co2+. This effect can be referred to the 
smaller atomic radii of Co2+ compared to 
Fe2+. Furthermore, the hyperthermia be-
havior of the nanoparticle suspensions 
was carried out at frequencies and mag-
netic field strengths which results in 
H0∙f<5∙109 A∙m-1∙s-1. The highest temper-
ature change at a frequency of 10 kHz and 
a magnetic field strength of 24.4 mT was 
determined by the sample synthesized 
with a molar ratio of 2 and a pressure of 
1 bar. Co0.34Fe2.66O4 with an average par-
ticle diameter of 18.9 nm leads to a raise 
up to 9.9 K which means an increase of 
80% compared to the 10 mg/mL 
Co0.80Fe2.20O4 suspensions with an aver-
age diameter of 17.6 nm. The SAR value 
of 45 W/g at given frequency and field 
strength is up to ten times higher than of 
stochiometric cobalt ferrite nanoparticles 
synthesized by precipitation [11]. By in-
creasing the frequency to the value of 150 
kHz, the temperature change could be in-
creased to 43 K within 10 minutes while 
the field strength remained constant en-
suring medical applications such as medi-
cal imaging and cancer treatment. Finally, 
we focus on the combination of MNPs with 
a crosslinkable gel matrix to generate a 
thermo-responsive ferrogel which may 
become useful for applications in the field 
of polymer therapeutics or microactua-
tors. The polymer matrix consists of a 

double thermoresponsive graft-copoly-
mer which is composed by a poly[ol-
igo(ethylene glycol) methacrylate] back-
bone and poly(N-isopropylacrylamide) 
side chains resulting in two segregation 
temperatures when heated in aqueous so-
lution (lower crictical solution tempera-
ture, LCST) [12]. For the synthesis of the 
polymers, initiator-free photoiniferter re-
versible addition-fragmentation chain 
transfer (RAFT) polymerization will be 
used due to selective initiation of the 
backbones and side chains from acrylic 
and methacrylic monomers [13–15]. The 
number and length of the side chains will 
significantly influence the mesh size of the 
gel and, thus, the incorporation of the na-
noparticles. In addition, subsequent con-
version of the trithiocarbonate pendant 
groups to thiolreactive functionalities en-
ables further modification and covalently 
crosslinking with different length of dithi-
ols to afford a thermoresponsive hydrogel 
or nanostructures embedded hybrid gel. 
First experiments show the successful 
embedding of 1.0 to 4.0 % (w/w) of 
Co0.80Fe2.20O4 in thermo-responsive hy-
dro-gels during the gelation process. 
These ferrogels have an increased swell-
ing behavior in water compared to the hy-
drogels. Furthermore, there is a more in-
tense deswelling with temperature during 
the LCST transition of the polyNIPAM side 
chains. Hyperthermia measurements of 
the ferrogels in water show a temperature 
increase of up to 1.5°C/10 min. Since less 
than 1/10 of the particle mass was used 
compared to the ferrofluids, larger 
amounts of ferrogel as well as a higher 
particle concentration should increase the 
temperature effect. This should enable 
magnetically induced deswelling of the 
ferrogel promising a potential application 
in the field of actuator technology and hy-
perthermia.  
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Magnetic nanoparticles (MNPs) are of in-
terest for a variety of biomedical applica-
tions, e.g. for cancer treatment. A very 
promising therapy is magnetic drug target-
ing where magnetic field gradients guide 
particles to specific sites in the body. 
There, they can release therapeutic 
agents, leading to increased drug concen-
tration at the target and reduced systemic 
toxicity. A precise prediction of the local 
particle accumulation is required to plan a 
successful therapy [1]. This is a very chal-
lenging task due to several complex flow 
phenomena. Computational models can 
provide support to improve the scientific 
knowledge of those phenomena and act as 
planning tools. 

For this purpose, a variety of macroscopic 
fluid-flow models describing the particle 
transport have been developed (e.g. [1]). 
They can be applied to macroscopic sys-
tems but are limited in simulating realistic 
particle assemblies with all interactions 
due to the vast number of particles in-
volved. Therefore, microscopic models 
have been proposed to study the proper-
ties of ferrofluids, (e.g. [2]). However, 
these models do either not consider the 
micromagnetic behaviour which is respon-
sible for magnetization dynamics as de-
scribed in [3] or are limited in the variety 
of interaction potentials. 

We aim at developing and validating a 
model, based on molecular dynamic ap-
proaches, that is capable of representing 
micromagnetic dynamics as well as being 
used to study equilibrium properties of par-
ticle assemblies in viscous media including 
various interaction potentials. 

For our model, we assume all MNPs to be 
spherical, uniformly magnetized and have 
uniaxial anisotropy. Each particle has a 
magnetic core surrounded by a stabilizing 
surfactant layer. They consist of only one 

Weiss domain and can therefore be consid-
ered as single domain particles with a total 
magnetic moment. Thus, they can be 
treated as small magnetic dipoles in a car-
rier liquid. The solvent is considered as 
thermally equilibrated at the timescale of 
the MNP's motion. Thus, the random colli-
sions of the solvent molecules with the 
MNPs can be modelled as fast fluctuating 
terms. 

The rotational dynamics of the magnetiza-
tion vectors are described by the stochastic 
differential Landau-Lifshitz-Gilbert (LLG) 
equation that is coupled to the differential 
equation for the physical rotation [3]. The 
translational motion of the particles is de-
scribed by Newtons second law.  

 

Figure 1. Simulated particle ensemble yielding chain 
structures 

The particles in colloidal systems interact 
with each other through a number of re-
pulsive and attractive forces. We imple-
mented the attractive van der Waals 
forces, the magnetic dipole-dipole interac-
tions and the repulsions from the electro-
static double layer and steric interactions. 
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To compute the interactions between the 
particles, we use the Ewald summation 
method, with an error control algorithm. 
Periodic boundary conditions are employed 
to study the properties of bulk material. 
Adaptive timestep solvers with an embed-
ded solution are used to perform the nu-
merical integration of the differential equa-
tions. This is important because the dy-
namics depend on many parameters, mak-
ing it hard for the user to manually select 
a proper timestep. 

To validate our model we studied the equi-
librium and time-dependent properties of a 
non-interacting particle ensemble and 
found very good agreement with the theo-
retical predictions. We observed the ex-
pected chain like structures in an interact-
ing system (cf. Fig. 1) too. Also, the error 
of the dipolar interaction calculation for 
various Ewald parameters was checked.  

The model is currently used to study: the 
influence of the anisotropy energy constant 
on the equilibrium magnetization of immo-
bilized particles, the chain size distribution 
in particle assemblies, temporal properties 
of interacting particle assemblies and the 
influence of surface coatings on ferrofluid 
stability.  
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Introduction 
 
For hyperthermia applications, iron oxide 
is one of the most common materials for 
magnetic nanoparticles. Considering 
technical or biotechnological heating 
applications in-stead of intracorporeal 
ones, higher field amplitudes and 
frequencies can be used, enabling the 
utilization of particles with larger 
coercivities (HC). We synthesized high 
coercivity cobalt ferrite nanoparticles 
(CoFe-NP) using a wet co-precipitation 
method and evaluated the correlation of 
synthesis parameters and resulting 
particle characteristics in detail. 
Secondly, we evaluated the effects of 
different cobalt-to-iron ratios. Particles 
were characterized using magnetometry, 
XRD, Mössbauer spectroscopy, TEM and 
calorimetry. [1] 
 
Methods 
 
CoFe-NP were synthesized by 
precipitating a solution of FeCl2, FeCl3 
and CoCl2 salts with 3M NaOH under 
constant stirring and defined heating. In 
a first series of experiments, variations 
of the following synthesis parameters 
were evaluated: temperature of the salt 
solution when adding NaOH (Tadd), the 
end temperature the precipitate 
suspension is heated to (Tend), duration 
of the NaOH addition (dadd) and 
duration of the overall reaction (dreact). 
Every synthesis was done under air and 
nitrogen atmosphere. In a second series, 
synthesis parameters were fixed and the 
cobalt content x in CoxFe3-xO4 was 
varied by changing the ratio of FeCl2 to 

 
CoCl2. Every synthesis was done in 
triplicate. To evaluate the particles’ 
morphology and size, transmission 
electron microscopy (TEM) images were 
taken. X-ray diffraction (XRD) 
measurements were used to evaluate 
crystal size, lattice parameter a, 
crystallinity and phase composition. 
Magnetometry at room temperature (RT) 
and 5 K up to fields of 9 T was used to 
determine coercivity HC and 
magnetization M. Mössbauer 
spectroscopy was conducted to study the 
particles’ magnetic phase transitions and 
magnetic alignment behavior. Lastly, 
calorimetric measurements of 1 wt% 
particles in fluid or agar at varying field 
amplitudes and 290 kHz were made. 
 
Results and discussion  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Mössbauer spectroscopy for a sample with 
low (a) medium (b) and high (c) hydroxide content. 

The cyan sub-spectrum increases for higher 
hydroxide content. 

 
Series 1: Correlations between synthesis 
parameters and particle properties were 
found as well as thresholds that need to 
be met to prevent the formation of
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crystalline by-phases. For high Tadd and 
low Tend as well as a dadd of 2 and 4 min, 
crystalline phases other than cobalt 
ferrite were found by XRD. The formation 
of a hydroxide, most likely akageneite, 
was also indicated for some of those 
multi-phase samples by Mössbauer 
spectroscopy, leading to an additional 
subspectrum (fig. 1). Magnetization was 
found to decrease with increasing 
hydroxide content (fig. 2 b) and 
synthesis under nitrogen atmosphere led 
to higher MRT,2T and lower HC (fig. 2 a).  

Measured SAR of the particles showed a 
maximum of 480 W/g in fluid and 440 
W/g in agar for a cobalt fraction of x = 
0.3. For higher x, coercivity was too high 
to enable an efficient switching of the 
magnetization with the applied external 
field amplitudes.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Magnetization at RT and 2 T correlating 

with HC (a) and hydroxide content (b). 
  

For varying the cobalt fraction x in series 
2, the optimized synthesis parameters 
Tadd = 40 °C, dadd = 2 min, Tend = 97 °C 
and dreact = 90 min and nitrogen 
atmosphere were used.  
Series 2: By varying the cobalt fraction, 
the coercivity of the particles can be 
tuned (fig. 3 b). The maximum coercivity 
of 37 kA/m at RT is reached for x = 0.8 – 
0.9. Magnetization at 9 T and RT is 
above 70 Am²/kg with a slight drop for x 
> 0.9. No crystalline byphases were 
found in the samples of series 2 due to 
the optimized synthesis. Particle sizes 
ranged between 12 and 16 nm with no 
significant correlation between x and 
size. Lattice parameter a increased from 
8.38 to 8.41 Angström with increasing x.  
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Magnetization at 9 T (a) and HC (b) 
depending on cobalt fraction x. 

 
 
 
 
 
 
 

Figure 4. SAR of particles with different cobalt 
fraction x in fluid and agar. 

 
Conclusion and outlook 
 
We optimized the synthesis of cobalt 
ferrite nanoparticles with high 
magnetizations and tunable coercivities 
that can be used for efficient heating in 
extracorporeal applications, where high 
field amplitudes can be used. In ongoing 
studies, the heating behavior of the 
particles in a generator with higher field 
amplitudes is investigated. 
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