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Advances towards responsive nanocomposites
with supramolecular activity

L. Fruhner!, M.Kruteval, J. Allgaier?, W. Pyckhout-Hintzen?, R. Koll?,
H. Heller?, A. Feld?, H. Weller?

1Julich Centre for Neutron Science, Forschungszentrum Jilich GmbH, 52425 Jilich, Germany
2 Institute of Physical Chemistry, University of Hamburg, Grindelallee 117, 20146 Hamburg, Germany

Recently, we published our results concern-
ing homogeneously distributed superpara-
magnetic iron oxide nanoparticles (SPI-
ONs) with a diblockcopolymer shell con-
sisting of polybutadiene (PB) and poly(eth-
ylene oxide) (PEO) in a PEO matrix. [1]
Here, we present these results next to our re-
cent advances towards responsive nano-
composites with supramolecular activity.

Motivation

Nanocomposites consisting of inorganic na-
noparticles and polymer matrices are an im-
portant class of smart and adaptive materi-
als. Unfortunately, the immiscibility be-
tween these two components leads to prob-
lems in their synthesis and handling. By
shielding the particles with polymer hairs
consisting of the same polymer as the ma-
trix we were able to overcome this difficulty
and achieve highly stable and monodisperse
nanocomposites which can be seen in Fig-
ure 1. Staining the sample with phospho-
tungstic acid allows the display of the poly-
mer shell around the nanoparticles.

Synthesis improvements

The SPIONs are coated with a polymer
multishell to stabilize them against aggrega-
tion (Figure 2). For this purpose, PB-PEO
diblockcopolymers are prepared via anionic
living polymerisation and used for micellar
encapsulation of the SPIONs. While the PB
part of the polymers is crosslinked via the
thiol-ene click reaction to provide a dense
shell structure, the PEO hairs form an outer
corona which allows the nanocomposites to
be well dispersed in water.

Although having achieved a highly homo-
geneous distribution of nanoparticles al-
ready, we are still aiming at improving the
synthesis procedure. Using phosphonate
groups instead of amino groups to attach the
polymer ligands to the nanoparticles’ sur-
face, decreases the amount of ligand needed
to provide a stable shell considerably.

PEO nanocomposite purified crosslinked

Figure 2 Synthesis procedure for nanocomposites

To avoid the high temperatures necessary
during the radically initiated crosslinking of
the inner polymer shell, we successfully
tried to use UV light to initiate the thiol-ene
click reaction. The so obtained samples’
distribution of nanoparticles is comparable
to the results of the normal procedure.

16th German Ferrofluidworkshop 11



Longer polymer chains lead to even better
distributions than before, making it possible
to describe the data obtained via small-angle
X-ray scattering (SAXS) with a spherical
form factor only (Figure 3).
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Figure 3 SAXS data of nanocomposite

Magnetic properties

Investigating our nanocomposites with
magnetometry shows an excellent superpar-
amagnetic behaviour, evidence for which
can be found in the zero-field-cooled (ZFC)
and field-cooled (FC) curves displayed in
Figure 4.
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Figure 4 ZFC/FC curves of nanocomposite

When exposed to a magnetic field, the na-
noparticles reveal an anisotropic scattering
image. Using small-angle neutron scattering
(SANYS), it is possible to detect the magnetic
contribution of the scattering of the nano-
particles.

Supramolecular functionalisation

Attaching supramolecular functionalities to
the end of the polymer hairs leads to equally
good distribution of nanoparticles in the
polymer matrix. Additionally, functionalis-
ing also the matrix itself arises new interac-
tions between particle and matrix.
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Anisotropic magnetite particles and their incorporation into
thermoresponsive hydrogels

S. Hinrichs?, N. Lucht!, B. Fischer?

L University of Hamburg, Department of Physical Chemistry, Grindelallee 117, 20146 Hamburg.

Hydrogels that respond to more than one
stimulus are called multi-responsive hy-
drogels. A hydrogel consisting of a ther-
moresponsive polymer loaded with (aniso-
tropic) magnetic particles is presented in
this work. Special attention is paid to the
synthesis and characterization of the ther-
mo-responsive and magnetic properties.
The magnetic cores consist of magnetite
particles coated by a silica shell of tunable
thickness. The magnetic particles are syn-
thesized by different methods to achieve
different degrees of anisotropy and phase
purity.

The polymer network material is N-
isopropylacrylamide (Nipam) which un-
dergoes a phase transition from a free
elongated structure towards a coiled-
globule formation around the human body
temperature (~32 °C).

Synthesis of isotropic magnetic particles

To compare the effects of the particle
shape on the properties of the hydrogels
isotropic (spheric) as well as anisotropic
(rhomboedric) particles were synthesized.
The synthetic scheme for spherical parti-
cles was based on the work of Zou et al.[!l,
The reaction is a modified coprecipitation
mechanism. Iron salts are added dropwise
to a mixture of water, ammonia and hydra-
zine at 90 °C. To stabilize the particles in
agueous media citrate is added. The satura-
tion magnetization lies at about 375 kA/m.
The silica shell can be added by dispersing
the particles in water and adding a silica
precursor, namely tetraethyl orthosilicate
(TEQOS), and again hydrazine as a catalyst.
The thickness of the silica shell can be

Figure 1: TEmicrographs of the particles synthe-
sized in this work. A: Isotropic particles synthesized
by the two phase method. B: The particles from A
with a silica shell with a thickness of about 8 nm. C:
Particles synthesized by reduction and aging in
TMAMH. D: Detail of Particles synthesized accord-
ing to C but in a magnetic field. The scale bar in all
images is 100 nm.

tuned from 6 nm (Figure 1a,b) to more than
20 nm by changing the content of TEOS.

Synthesis of anisotropic magnetic parti-
cles

Anisotropic particles were synthesized by a
hydrothermal approach in a twostep reac-
tion. In a first step precursors of g-
FeOOH are synthesized which are subse-
quently reduced to magnetite by hydrazine.
The magnetite particles grow in the shape
of rhombohedra with a diameter of about
25 nm and are very phase pure.B! The satu-
ration magnetization lies at 363 kA/m.
These particles can also be stabilized by
citrate. (Figure 1c)

Another approach is the synthesis directly
in a magnetic field.[*! Iron salts get reduced
with or without the presence of a field of
up to 180 mT and after that tetrame-
thylammonium hydroxide (TMAH) is add-
ed and the precursor seeds are aged. The

16th German Ferrofluidworkshop 13



aging step removes any impurities left in
the system during the reduction step.

In Figure 1d a TEmicrograph of a detail
from a sample prepared in a magnetic field
by the aging method is displayed. Aniso-
tropic shapes are produced by this method,
but the ratio anisotropic:isotropic should be
increased by further optimization.

Ferrogels

To obtain multi-responsive ferrogels the
Fe304@Si particles are used as a basis for a
free radical polymerization of Nipam. The
Nipam strains get crosslinked by a bifunc-
tional acrylamide to form a microgel. The
thermoresponsive and magnetic properties
of the microgel were characterized. The
microgelbeads were crosslinked to a mac-
rogel by utilizing glutaraldehyde.®! The
macrogel retains its thermoresponsive
properties and responds to a magnetic field.
(Figure 2) When comparing the magnetic
response of the hydrogel to that of the pure
particles it can be approximated that the
hydrogel consists of roughly 0.8 wt% mag-
netic particles.

3000 [ o,
o W
"
— ]
2500 g
s o
= o *®
E 2000 g =
5] |
E 1500 | 1
(&}
‘uE-J‘ i
© 1000
g ®  Magnetization
0 o Demagnetization
500 4
[
0 L

0,0 2,0;105 4,0;10a ss,m:m5 s‘o:(me 1,0x10°
H [A/m]

Figure 2: Magnetization curve of a microgel pre-

pared with 25 nm particle diameter. The saturation

magnetization lies at 3 kA/m suggesting a particle

concentration of approximately 0.8 wt% of.
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Photo- and magnetoresponsive self-assembly of nanoparticles

Bart Jan Ravoo

! Organic Chemistry Institute and Center for Soft Nanoscience, Westfalische Wilhelms-Universitat Miinster,

Germany. Email: b.j.ravoo@uni-muenster.de

Self-assembly is emerging as a superior
method to prepare adaptive and responsive
nanomaterials. The structure and function
of these materials is determined by the dy-
namic and weak interactions of the constit-
uent “building blocks” of the material.
Since the inherent interactions are weak,
these versatile materials readily respond to
even small changes and stimuli in their
environment. In this contribution, we will
highlight our newest findings concerning
the preparation of photoresponsive and
magnetoresponsive materials by self-
assembly of nanoparticles. These structures
are photoresponsive since the particles in-
teract through photoresponsive host-guest
interactions of cyclodextrins. Moreover,
they are magnetoresponsive since they con-
tain superparamagnetic nanoparticles.

We have prepared “magnetic vesicles” that
self-assemble in microscale linear aggre-
gates in agueous solution under the influ-
ence of a magnetic field.[1] A noncovalent
and photoresponsive azobenzene cross-
linker can stabilize the metastable linear
aggregates, which can be photoisomerized
between an adhesive and a nonadhesive
configuration. Thus, the hybrid soft materi-
al responds to magnetic field as well as to
light and a stable self-assembled structure
can only be obtained in a magnetic field in
the presence of the cross-linker.
Furthermore, we explored arylazopyrazoles
(AAPs) as a new light-responsive motif.[2]
Compared to azobenzenes, AAPs offer
quantitative photoisomerization in both
directions and longer half-life times of the
E-isomer. We have applied AAPs in pho-
toresponsive clustering of nanoparticles.

Moreover, we have prepared Janus silica
particles (diameter 6 micron) by sandwich
microcontact printing of an ATRP initiator
and subsequent growth of polymer brushes
exclusively in the printed caps of the Janus
particles. AAPs can be included in the pol-
ymer brush caps and the resulting ”guest”
Janus particles form linear aggregates in
the presence of superparamagnetic “host”
nanoparticles coated with cyclodextrins.[3]
These anisotropic aggregates can be ma-
nipulated in a magnetic field.

Finally, we have recently shown that the
photoisomerization of azobenzenes and
AAPs can be mediated by near-infrared
irradiation of upconversion nanoparti-
cles.[4] Currently, we investigate the pho-
to- and magnetoresponsive assembly of
multifunctional nanoparticle clusters con-
taining metal, upconversion and superpar-
amagnetic nanoparticles.
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Introduction

The synthesis of monodisperse magnetic
nanoparticles is of key-importance for un-
derstanding the interaction processes be-
tween different fractions of nanoparticles,
by varying their size ratios and volume por-
tions. It has been observed that the magneti-
cally active particle volume can strongly
differ from the hydrodynamic size of the
particles and thus, leading to strongly de-
creased interactions among them. This
could be examined by the decrease of the
magnetoviscous effects in ferrofluids ac-
cordingly. In contribution to the conference
it will be shown how the temperature gradi-
ent of the synthesis of monodisperse mag-
netic nanoparticles has an influence on the
magnetically active particle volume.

Synthesis

Iron oxide nanocrystals has been obtained
by a thermal decomposition reaction using
the reaction pattern for 12 nm particles by
Park et al. [1]

Methods

For measuring and controlling the tempera-
ture of the reaction the temperature control-
ler LC6 from JULABO has been used. The
controlling parameters have been optimized
so that the temperature gradient can be hold
constant over the whole reaction process.

The heating-up process for the first reaction
has just been executed by full power heating
until reaching the boiling point of the solu-
tion at approximately 320°C. Figure 1
shows the received temperature gradient.

For the second reaction the heating-up pro-
cess has been set to a constant temperature
gradient of 3.3°C/min until the temperature
of 320°C is reached.
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Figure 1: Temperature gradient of the uncon-
trolled heating up (grey dots) with fit (red dots)
and the controlled heating (black dots) over the
reaction temperature.

Results

The results lead to the assumption that the
high temperature gradient of the uncon-
trolled heating up process is leading to a
smaller magnetically active particle vol-
ume, while the constant slow heating is
providing the possibility for the particles to
grow magnetically “healthy”.
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The Influence of the Microgel Structure on the Distribution of
Magnetic Nanoparticles
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The following work is focused on the dis-
tribution of magnetic nanoparticles (MNP)
inside of N-lIsopropylacrylamid (NIPAM)
microgel particles.

Introduction

In the field of multifunctional microgels
the variability of systems is large. Starting
from the built-in of co-monomers to get a
system that is sensitive to the pH, over the
incubation of gold nanoparticles to use
light as an external stimuli. In this study we
are using magnetic nanoparticles (MNP) to
add a magnetic response [1].

Sample Preparation

The synthesized microgel consists of N-
Isopropylacrylamid ~ (NIPAM),  N,N'-
Methylenebis- (acrylamide) (BIS), Allyla-
mine (AA). Two different synthesis routes
are used to grow microgels with different
internal structures. Both are surfactant free
precipitation polymerisations. The first
route was published by Pelton and Chi-
bante [2] resulting in a heterogeneous mi-
crogel structure. In a heterogeneous micro-
gel the amount of cross-linker BIS de-
creases with increasing distance from the
particle center leading to a denser core and
a fluffy shell. The second route is pub-
lished by Acciro et al. [3]. Here the reac-
tants are feeded into the reaction. In this
way the concentration of BIS and AA in
the reaction was constant. The constant
concentration results in a homogeneous

distribution of BIS and therefore in a con-
stant mesh size over the whole scale of the
microgel particle.

The MNP consist of Cobaltferrite. Two
different batches are used. The first one is
synthesized by the group of A. Schmidt
(Universitat zu Koln) and the second one
by B. Fischer (Universitat Hamburg).

Results
i
»".
i
g

Figure 1: TEM picture of PNIPAM Micro-
gel loaded with MNP.

Transmissions electron microscopy (TEM)
images give information about the distribu-
tion of MNP inside the microgel. Fig. 1
shows such a TEM image. The picture
shows the MNP distribution. The circular
arrangement of the particles is originated in
the shape of the microgel.

16th German Ferrofluidworkshop 17



Fig. 2 shows the distribution of MNP in-
side the microgel as a cut through of the
gel. The black pixel frequency gives the
grey value distribution for a section of the
hybrid particle.

o
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Figure 2: Histogram for the distribution of
MNP inside the microgels derived from the
TEM Image.

From the two dimensional projection, the
three dimensional distribution of the MNP
can be estimated.

The Gaussian distribution of the black val-
ues over the radius originates from a ho-
mogenous MNP distribution. The density
of the MNP is constant over the gel. The
electrons in the TEM have to travel a big-
ger Volume in the center of the gel, leading
to a higher black value in the center.

The next measurements include the obser-
vation of the volume phase transition tem-
perature (VPTT) using dynamic light scat-
tering (DLS) and the change in the electro-

phoretic mobility (ZetaSizer). The meas-
urements show that the well-known shrink-
ing and swelling behavior of the microgels
is preserved, even after the incubation of
MNP.

In cooperation with A. Schmidt the mag-
netization is measured and compared to the
magnetization of single MNP, improving
the understanding of the coupling between
MNP and microgel.

Outlook

Additional measurements are covering the
response of the hybrids to external constant
magnetic fields in bulk solution and at the
surface.

A perspective is to use the microgels in
order to form magnetic materials. These
materials are easy to prepare, even at non-
planar surfaces and show a fast reponse to
outer stimuli.
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Biopolymer ferrogels. The role of nanoparticle concentration
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Hydrogels are 3-D networks of polymer
chains in which the dispersion medium is
an aqueous solution. Due to the versatility
of the properties (mechanical, chemical,
biocompatibility degree) of hydrogels, dif-
ferent applications have been reported for
these materials in several fields, including
biomedical applications [1].

Hydrogels can be endowed with excep-
tional properties by addition of synthetic
materials. For example, the inclusion of
magnetic particles in polymer gels enables
the generation of magnetic hydrogels or
ferrogels [2]. The magnetic character of
ferrogels allows their control by noncontact
magnetic forces, which represents an inter-
esting feature for applications [3-5]. Fur-
thermore, the fundamental investigation of
the physical properties of ferrogels presents
special challenges, due to phenomena such
as changes in structure provoked by me-
chanical or magnetic stimuli [6].

In this work, we analyze the effect of
nanoparticle concentration on the physical
properties of ferrogels consisting of bi-
opolymer networks with embedded mag-
netic particles, swollen by a water-based
solution. We prepared these magnetic hy-
drogels by crosslinking of the biopolymer
precursors in the presence of magnetic na-
noparticles. We used two different proto-
cols for the preparation of the ferrogels
differentiated by the application in one of
them of a magnetic field at the beginning
of the crosslinking process. Both protocols
resulted in the formation of macroscopical-
ly homogeneous ferrogels.

From the microscopic point of view,
ferrogels crosslinked without field applica-
tion presented some cluster-like knots that
were connected by several polymer
threads, whereas ferrogels crosslinked un-
der a field presented alternating parallel

bands of low and high concentration of
polymers, aligned in the direction of the
applied magnetic field. By contrast, non-
magnetic hydrogels presented a homoge-
neous net-like structure with only individu-
al connections between pairs of fibers.

Differences in the microstructure corre-
lated well with the mechanical properties.
Indeed, ferrogels presented a huge en-
hancement of the mechanical properties as
the concentration of magnetic nanoparti-
cles was increased. We studied, by using
Winter Chambon criterion [7], the kinetic
of the crosslinking process of the hydrogels
and found that the characteristic gelation
time diminished as the magnetic nanoparti-
cles content increased.

From all this we can conclude that na-
noparticles favor the crosslinking process,
serving as nucleation sites for the attach-
ment of the polymer chains. Attraction
between the positive groups of the mono-
mers and the negative surface groups of the
magnetic nanoparticles justifies the en-
hancement role played by the nanoparticles
on the mechanical properties of the ferro-
gels.

Finally, we developed a theoretical
model that semiquantitatively explains the
experimental results by assuming the indi-
rect attraction among monomers through
the attached nanoparticles. Due to this at-
traction, the monomers condense into nu-
clei of the dense phase. At the end of the
polymerization process the nuclei (knots)
of the dense phase crosslink the fibrin
threads, so strengthening their structure
and enhancing their mechanical properties.
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Magnetic Hydrogels: Exploiting the Stabilizing Silica Shell to Tai-
lor the Mechanical Properties of the Gel
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Stimuli-responsive hydrogels are cross-
linked polymers that are able to react to
certain applied stimuli. The typical stimuli
that are applied are temperature and pH
value. A modern approach is the intro-
duction of nanoparticles to tune the proper-
ties of the gel. Hydrogels with embedded
magnetic cores are commonly called ferro-
gels.[?

The typical synthetic route for ferrogels
starts with the synthesis of a stable watery
ferrofluid. To increase the stability in solu-
tion and to prevent ripening of the magnet-
ic particles a stabilizer is needed. One pos-
sibility is the use of surfactants like sodium
citrate. In our case we synthesize a silica
shell which is synthetically more complex
but very robust on the upside. The second
major step is the polymerization and cross-
linking of the polymer matrix. The used
polymerization technique is typically a free
radical polymerization. The primary ad-
vantage of this technique is its simplicity
and applicability for most polymer sys-
tems. The inherent disadvantage of this
technique is the low degree of reaction
control. Nonetheless ferrogels created by
this method show remarkable magnetic and
— depending on the matrix material - tem-
perature or pH responsivity. These very
promising mechanical and chemical prop-
erties are subject to further research.

One point of interest that has not yet been
excessively studied is the silica shell. Usu-
ally the silica shell is used as stabilizer as
well as ‘linker’ between magnetic particle
and gel interface. To achieve this ‘linkage’
a small shell is sufficient in most cases.
Our new approach makes use of a huge
silica shell with roughly the quadruple

Figure 1: Sketched inside-out etching mechanism of a
silica shell (grey) with magnetic core (black).

diameter of the magnetic core. This enables
direct manipulation of the shell. Acetic
acid and sodium hydroxide are reagents
that can dissolve the shell while leaving the
magnetic core untouched.®! Sodium hy-
droxide is the ‘fast & easy’ approach which
typically does not need special conditions
and can be tuned solely by the concentra-
tion of sodium hydroxide in the system.
The inherent disadvantage of this system
lies in the possibility of recondensation of
the dissolved silicium oxide derivatives
leading to possible agglomeration during
the etching process. Acetic acid etching on
the other hand is the ‘slow & complicated’
approach which has the big advantage of
inhibiting the mentioned recondensation
process while being much slower and syn-
thetically more complex than the sodium
hydroxide approach.®l Independently of
the used synthetic treatment the mechanism
of the etching process remains in principle
the same. Silica spheres or in our case sili-
ca shells are synthesized in a base cata-
lyzed condensation reaction of the quadri-
valent tetraethyl orthosilicate (TEOS). Two
TEOS molecules have basically two possi-
ble types of interaction. On the one hand
two Si-OH groups can interact via hydro-
gen bonding on the other hand via a con-
densation reaction to Si-O-Si with the latter
being a more stable but much slower pro-
cess. The particle formation includes a rap-
id nucleation that leaves no time for the
formation of condensed Si-O-Si bonds.
The shell growth process is much slower in
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200nm

Figure 2: Transmission electron microscopy image of
pure silica spheres (left) etched with acetic acid forming
hollow spheres (right) as model system.

comparison which decreases further with a
growing shell leaving the TEOS more time
to condense. The etching agent is able to
break the condensed Si-O-Si bonds and
therefore dissolves the particle network.
The ‘rule of thumb’ for this process: The
lower the condensation grade of the TEOS
the more effective the bond breakage while
a fully condensed TEOS cannot be dis-
solved under typical experiment condi-
tions. Therefore the particles are etched in
an inside-out mechanism while leaving the
surface of the silica particle untouched
preserving the structural integrity of the
silica shell/particle (see Figure 1). This
etching process in combination with a
magnetic particle filled hollow silica
sphere embedded in a gel matrix allows the
particle to move freely inside the etched
cavity (see Figure 2). As a first interesting
application to exploit this high degree of
freedom in comparison to the ‘fixed’ gel
solution would be the application of an AC
magnetic field to heat up the gel via induc-
tion and force a phase transition of the
thermoresponsive gel matrix.

Another project for the future will be the
surface functionalization of the silica shell
to link a chain transfer agent (CTA) to the
surface to allow controlled radical
polymerization directly on the particle sur-
face.l¥l This polymerization technique al-
lows the synthesis of a highly ordered gel
matrix possibly increasing the mechanical
and magnetic properties of the ferrogel.
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Worm-like micellar gels connecting magnetic nanocubes
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Introduction

Comprehending the interplay between self-
assembled networks and (cubic) nanoparti-
cles (MNP) in thermoresponsive aqueous
ferrogels is essential. It is essential because
responses to mechanical stress, temperature
and magnetic field can be manipulated.
Most ferrogels result from adding poly-
meric gelators to an existing ferrofluid.t
Pockets of the original ferrofluid are encap-
sulated by domains of polymer molecules
on a colloidal scale. Thus, such systems ex-
hibit no synergistic response due to the
missing interplay between matrix and parti-
cles. A more elaborated ferrogel, which re-
sponds to stimuli, is thereby constructed.
We use small angle scattering techniques
(SAXS, SANS) to get a detailed picture of
the interplay between monodisperse silica
coated MNPs incorporated into a gel net-
work. In static SAS we can observe particle
and gel fiber arrangement at nanoscale,
while time-resolved SAS shows us the ki-
netics of such systems (relaxation time and
pathway of particles and network).

Worm-like micellar gels

A new class of gels is based on combining
fatty acids with basic amino acids. Such gels
are eco-friendly, non-toxic and cheap. They
present attractive rheological and tempera-
ture-dependent properties. The viscosity
changes reversibly over orders of magni-
tude by heating/cooling shown in Fig. 1.
By concentration changes, the network den-
sity can be influenced. By pH changes, the
system can be switched from a vesicle gel to
a viscoelastic network formed by worm-like
micelles, tuning structure and properties el-
egantly (Fig. 5, bottom).

Modulus /Pa

Fig. 1: T debendent rheology measurements: left:
storage (o) & loss (m) modulus:; right: viscosity as
a function of shear rate

Cubic magnetic nanoparticles

Highly monodisperse Fe3s04, CoFe 04 (hard
ferrite) and MnxZni.xFe,O4 (soft ferrite)
nanocubes in a size range of 7 to 17 nm
(edge length, 10 to 30 nm space diagonal)
were synthesized using a thermal decompo-
sition route.’! The large scale reaction’s
particles (2-3 g) are shown in Fig. 2 and 5.

Flg. 2: TEM |m'ages of a commercial flerroﬂu.id;' as
synthesized Fe304, CoFe;04 and MngsZnosFe;04
nanocubes (from top left to bottom right).

Such monodisperse nanoparticles are re-
quired for detailed structural investigations
(SAS). Commercial ferrofluids are unsuita-
ble due to high polydispersity, (Fig. 2, top
left).
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The final nanoparticles are coated with a
stabilizing hydrophobic oleate shell as seen
from infrared spectroscopy and thermograv-
imetric analysis (Fig. 3).
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Fig. 3: left: IR spectroscopy of precursor (light
grey) and final particles (black); right: TGA
curves of differently sized particles.

Silica coating

For enhancing colloidal stability and inte-
grating these hydrophobic MNPs into a hy-
drogel network, they need to be surrounded
by a hydrophilic and protective shell that
can be modified chemically. This shell is
obtained by a silica coating via a reverse p-
emulsion reaction.l®!

The coated particles are hydrophilic and
hence water dispersible with homogeneous
shells. The shell thickness can be tuned 4 to
15 nm. (Fig. 4) We enhanced the synthesis
in literature towards improved homogeneity
and up scaled it by a factor of ~50.

Fig. 4: TEM images of different silica shell thick-
nesses with the same magnetic core.

Ferrogel modification/Perspective

Aiming at a responsive ferrogel as a versa-
tile system, we intend to combine MNPs
and gels. The properties of these ferrogels
cannot only be controlled by pH, tempera-
ture and composition, but also by a possible
hydrophobic shell modification.

These ferrogels will be further characterized
in dynamic SAS measurements with mag-
netic field.

05mFe0, @10mmsio,
« 75nmFe0, @10mmsio,
= 7.5nmCofe0, @11mmsio,
= 60nmMn,Zn,Fe0, @ 3nmS0,
= 550mFe0, @ 8nmsio,
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N .
o »
01 - ST Sz
o1 T apm

Fig.5: Summary of magnetic core, silica shell and
micellar gel characterized by (cryo)-TEM, SAXS
and SANS (in D20, core matched).

The particles are currently investigated in
combination with spider silk to create mag-
netic filter systems (C. Grill, Universitat
Bayreuth). The gel system will be observed
in ACS measurements, taking advantage of
viscosity changes with temperature (H.
Remmer, T. Viereck, S. Draack, TU Braun-
schweig).
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High energy crosslinking of gelatin ferrogels towards the
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E. I. Wisotzki!, K. Jazxhit, P. Tempesti?, E. Fratini?, S. G. Mayr®™

L1 eibniz Institute of Surface Modification (IOM), Permoserstr. 15, 04318, Leipzig, Germany.
2 Department of Chemistry “"Ugo Schiff” and CSGI, University of Florence, via della Lastruccia 3, 50019, Sesto

Fiorentino (FI), Italy.

8 Faculty of Physics and Earth Sciences, Leipzig University, Germany.

In biomedicine, there is significant interest
in ferrogels as magnetically responsive
composites with potential applications in
active drug delivery, actuation and sensing.
This project is centered on the synthesis and
optimization of radiation crosslinked gelatin
ferrogels to design a biocompatible, biode-
gradable actuator. Modification of gelatin
ferrogels with high energy electron irradia-
tion is aimed at achieving magneto-mechan-
ical coupling between particles and the ma-
trix, particularly above the native gelatin
sol-gel transition [1]. For such applications,
it is critical to understand the coupling and
interactions between the magnetic nanopar-
ticles (MNPs) and surrounding matrix.
Here, the local network structure as relevant
to nano- and microparticles was investi-
gated using scattering and microscopy tech-
niques, in comparison with macroscopic
analysis based on rheology and swelling ra-
tios.

SAXS analysis of irradiated hydrogels
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Figure 1: SAXS revealed ranging strubtural
differences in physically entangled and irra-
diation-crosslinked gelatin hydrogels.

Small-angle X-ray scattering (SAXS) was
used to investigate the network structures of
gelatin hydrogels with increasing irradiation
dose in contrast to gels of increasing physi-

cal entanglement [2]. Both increasing irra-
diation dose and polymer concentration re-
sulted in higher macroscopic shear moduli
and reduced swelling ratios due to addi-
tional chemical and physical crosslinking,
respectively [3]. Fitting the Ornstein-Zer-
nike function with an open Lorentzian ex-
ponent indicated that the irradiated gels ex-
hibited increasingly branched and globular
structures. Similarly, power law fits re-
vealed the fractal dimension of the irradi-
ated gels increased from values expected for
swollen polymer coils to those of branched
polymers and chemical gel networks.

Figure 2: Micrographs of freeze-dried
4 wt% gelatin hydrogels i) unirradiated and
i) irradiated with 10 kGy.

In contrast, the physically entangled gels of
increasing concentration reduced the fractal
dimension towards those of a rigid linear
object, corresponding to an increase in the
triple helical content of the networks. Alt-
hough both radiation and concentration had
similar effects on the network macroscopi-
cally, SAXS profiles revealed differences in
the network structures on the nanoscale.
Changes to the porosity of the microstruc-
ture were also observed with scanning elec-
tron microscopy (SEM) of the freeze-dried
hydrogels.

From SAXS-obtained mesh sizes, the net-
work shear modulus was predicted using
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several flexible and semi-flexible models,
then compared to the macroscopically de-
termined shear moduli. Overall, differences
in the scaling behavior of the networks was
apparent, highlighting fundamental differ-
ences in the entangled and chemically cross-
linked gel networks.

Magnetic response of irradiated ferrogels

The next stages of the project are focusing
on achieving magneto-mechanical coupling
between MNP and irradiated gelatin net-
works to demonstrate potential as a mag-
netically-controllable bioactuator. Experi-
ments are ongoing in a custom 1 T pole shoe
magnet. The interplay between the degree
of crosslinking (i.e. irradiation dose) and cy-
cling of the actuator (i.e. fatigue) are being
explored.

Figure 3: Experimental setup to measure de-
formation of homogeneously dispersed
magnetic particles (20 mg/mL) arrested in
10 wt% gelatin, irradiated with 5 kGy.
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Stable Suspensions of Magnetic
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Liquid crystals (LCs) combine properties
of both the liquid and crystalline state. The
magnetic susceptibility of low-molecular-
weight organic LCs is comparably small.
Therefore, alignment of such LCs in thin
cells requires high magnetic fields. Integra-
tion and stabilization of magnetic nanopar-
ticles (MNPs) in LCs can increase the
magnetic susceptibility and thereby the
response to an applied magnetic field [1].
Chen [2] and Mertelj et al. [3], for exam-
ple, realized the integration of magnetic
NPs in LCs with interesting magneto-
optical properties. However, a long-term
stabilization of magnetic NPs in LCs is still
a challenging task.
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Figure 1: Functionalization of magnetic nanoparti-
cles with ligands and integration in a liquid crystal.

The LC anchoring at MNP surfaces, MNP
sizes as well as interparticulate interactions
are the most important parameters that de-
termine the behavior of ferronematics. In
order to modulate the LC-MNP interac-
tions and MNP stability in the LC, a series
of (pro-)mesogenic ligands was prepared
by systematically varying the chemical
nature of the three functional ligand enti-
ties, i. e., (1) the MNP binding group and
(2) the mesogenic unit both linked via (3)
an alkyl chain. Besides loading the electro-
statically stabilized MNPs, MNPs func-
tionalized by (pro-)mesogenic ligands were
also obtained from oleic-acid stabilized

MNPs by using ligand exchange proce-
dures. The behavior of the MNP@Lig na-
noparticles was examined in a commercial
LC host, 4-pentyl-4°-cyanobiphenyl (5CB),
in the bulk and in thin films in LC test
cells. An investigation of the coupling effi-
ciency revealed that carbonic acids lead to
the highest ligand loading (TGA of ligand
loading: NH2 (12 wt%), POsH2 (25 wt%)
and COOH (50 wt%)) [4]. We have further
shown that an increase in length and flexi-
bility of the alkyl linker -(CH2)n- from n =
6 to 15 result in better stability and in-
creased concentration of MNPs in the LC
host.). The further increase of the chain
length to n = 17, however, did not signifi-
cantly improve MNP stability and concen-
tration in the LC, and ligands with a linker
length of n > 17 revealed low solubililities
in organic solvents and 5CB. Moreover,
the endgroup of the (pro-)mesogenic enti-
ties (R=CN, CgHi7) significantly influ-
enced the stability of the functionalized
MNPs in 5CB (Figure 2).

g | BV

Figure 2: Stabilization of MNPs in LCs: CN end-
group leads to better MNP stability and a higher

MNP concentration in the LC.

CoFe0s@Lig  MNPs  (size  2.5nm,
R=CN, n=15) vyielded stable colloidal
suspensions in 5CB. As compared to un-
doped 5CB, the CoFe,0.@Lig-5CB hy-
brids showed an increased sensitivity to the
magnetic field, affecting the Fréedericksz
transition. The coupling of the small,

e O
002
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spherical MNPs with the LC director in the
magnetic field suggests the formation of
LC-induced, anisometric MNP clusters.
The interaction of the MNPs with the 5CB
host and cluster formation was monitored
by SAXS, SANS and by SQUID magne-
tometer measurements [5].

The understanding of this process supports
the preparation of stable colloidal systems
with well dispersed MNPs. In view of big-
ger MNPs, dendric ligands equipped with
mesogenic units may minimize the distor-
tion of the ligand sphere (Figure 1) and
thus aggregation effects, and offer a prom-
ising approach for MNP-LC hybrids, in
particular if the dendritic ligand itself ex-
hibits liquid crystalline properties [6, 7].
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with a thermotropic nematic phase
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The spontaneous formation of orientation-
ally ordered, nematic phases in thermo-
tropic liquid crystals and their manipulation
by external stimuli is of huge importance for
their application, e. g. in optical displays
and as sensors.

The control of the orientational order of lig-
uid crystals (LCs) by magnetic fields via the
magnetic Fréedericksz transition is less
common than the use of electric fields, as
the relatively small anisotropy of the dia-
magnetic susceptibility of liquid crystals re-
quires a large threshold magnetic flux of
several Tesla to induce a shift of the nematic
director in pure LC.

However, as predicted by deGennes and
Brochard already in 1970, the incorporation
of dipolar particles is expected to result in
nematic phases that are readily manipulable
at moderate magnetic field strength.[1] One
of the main obstacles in that has to be over-
come is the aggregation of the dispersed na-
noparticles.[2] It is known that the shape
and size of the particles are relevant for the
degree of anchoring of the mesogens to the
particles surface. Due to a comparable
shape, elongated particles are shown to bet-
ter influence the orientation of adjacent
molecules of the liquid crystal.[3] The
switching of a particle-doped LC with low
external fields was successfully realized
with small, anisotropic barium hexaferrite
particles, but even there agglomeration of
the particles could not be completely pre-
vented.[4]

Liquid crystal polymer brush particles

Our new approach toward particle-doped
LC phases is based on elongated hematite
particles that are decorated with a side-chain

LC polymer brush. We couple a polyme-
thylsiloxane (PHMS) with n-alkyloxycya-
nobiphenyl (nOCB)-based mesogenic side
chains to a functionalized particle (Fig-
ure 1). The approach allows independently
the variation of the shell thickness, the
mesogen density, and the spacer length. It
results in an effective steric stabilization of
the particles against agglomeration and of-
fers a high degree of functionalization of the
particles with respect to the mesogen. This
way, we aim to optimize the coupling en-
ergy W between the particle surface and the
resulting particle-cmﬁtrix compatibility.

Figure 1. Scheme of LC polymerftjrush particle

As a model system for the interaction be-
tween particle surface and the surrounding
matrix, the compatibility of the functional-
ized polymer with the LC phase is probed
by exploring the phase diagram of the LC
polymer in a common mesogen (p-pen-
tylcyanobiphenyl, 5CB). A stable nematic
phase at low polymer content and the for-
mation of a smectic phase at higher polymer
fraction is observed, proving the good cou-
pling between the two components.
nOCB-PHMS is grafted onto spherical SiO-
particles of varying size, magnetically
blocked CoFe>O4 particle as well as spindle-
like a-Fe O3 particle. Depending on the par-
ticle size, up to 1 m% of particle can be dis-
persed without formation of agglomerates.
The formation of the nematic phase is not
disturbed by the particles.
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Investigations on the order parameter S of
the dispersions in 5CB showed that S is de-
creasing for 5CB doped with SiO2, but is
constant or slightly increasing for disper-
sions of magnetic particles in 5CB.

Optical switching in external magnetic
fields

In a setup combining polarization micros-
copy with magnetic coils, the influence of
an external magnetic field on particle doped
5CB is investigated. A magnetic flux of
150 mT is sufficient to change the orienta-
tion in non-preoriented sample. Depending
on the position of the polarizers the orienta-
tion leads to an increase or decrease in trans-
mitted light (Figure 2).

Figure 2. Images from polarization micrscopy woth
crossed polarizers of 90CB-PHMS@Fe20s in 5CB
(0.015 m% magnetic content) at different times t after ap-
plication of a homogenous magnetic field (B = 150 mT).

The transfer of the alignment of the aniso-
tropic a-Fe2Os3 in the applied field to the ma-
trix orientation confirms the coupling be-
tween the magnetic particles and the sur-
rounding LC matrix.
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Ferromagnetism is a phenomenon well
known in solids. An old idea to generate a
liquid ferromagnet was that by introduction
of ferromagnetic nanoparticles in a nematic
liquid crystal one could induce a ferromag-
netic liquid crystal phase [1]. Only recently
this phase was successfully experimentally
realized [2]. The ordering in a ferromagnet-
ic nematic liquid crystal can be described
by two fields: the director field n, which
describes an average orientation of the
molecules of the liquid crystal and the
magnetization field M, describing an aver-
age orientation of the magnetic moments of
the magnetic particles. Unlike for usual
nematics, the ferromagnetic phase is sensi-
tive to very small magnetic fields [3] and
could be used in various magneto-optic
devices.

Light scattering

Nematic liquid crystals strongly scatter
light, which is caused by fluctuations of the
director field [4]. Relaxation rates of the
fundamental eigenmodes are easy to ob-
serve experimentally and are used to de-
termine the viscoelastic properties of the
system [5].

In ferromagnetic nematic liquid crystals
one has as an additional variable the mag-
netization, which increases the number of
fundamental eigenmodes by two (assuming
fixed magnetization modulus). We find
that using standard experimental tech-
nigques one cannot measure a single fluc-
tuation mode but in general a complicated
mixture of at least two. We furthermore
derive basic expressions for the depend-
ence of the relaxation rates of the funda-
mental eigenmodes on the applied magnet-
ic field.

Rheology

To understand the complete dynamic be-
havior of a ferromagnetic nematic liquid
crystal one needs to measure rheological
properties of the system. A shear flow in a
nematic liquid crystal influences the orien-
tation of the molecules, which in turn in-
fluences the measured viscosity. To cir-
cumvent the dependence of this coefficient
on the shear rate, simple experiments were
proposed in [6], where the orientation of
the molecules is fixed by an external elec-
tric or a strong magnetic field. This way,
one can introduce in an ordinary nematic
liquid crystal three different Miesowicz
viscosities.

In a ferromagnetic nematic the presence of
the magnetization leads to additional dy-
namic cross-couplings [7]. As a conse-
quence the three Miesowicz viscosities for
an ordinary nematic are replaced in a fer-
romagnetic nematic by nine viscosities.
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Immobilization of magnetic nanoparticles —
a comparison of different procedures
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The dynamics of magnetic nanoparticles
(MNP) are determined by the interplay of
the well known Brownian and Néel mech-
anisms. In order to assess the anisotropy
energy KV¢ of blocked MNP in dynamic
magnetic measurements, such as magne-
torelaxometry (MRX) or ac susceptibility
(ACS), the Brownian mechanism must be
suppressed by immobilization of the MNP.
At the same time it must be guaranteed that
particle interactions are not altered by the
immobilization process, since many mod-
els assume non-interacting MNP. The sys-
tematic evaluation of immobilization tech-
niques is crucial to further refine existing
models and to investigate the anisotropic
behavior of MNP by exposing them to a
static magnetic field during the immobili-
zation process. Just recently the influence
of intra-potential-well contribution on the
ac susceptibility spectrum was experimen-
tally verified by immobilizing MNP in
presence of a static magnetic field resulting
in differently aligned easy axes [1]. In lit-
erature a broad variety of different tech-
niques are suggested and used, such as
epoxy resin [2], frozen silicone oil, gyp-
sum, freeze-drying and cotton wool, but we
found that only few are suitable in terms of
general purpose.

Techniques

We systematically compared different
techniques on the well understood MNP
system FeraSpin R from nanoPET Pharma
GmbH with MRX, ACS and magnetic par-
ticle spectroscopy (MPS) measurements.

The magnetite/maghemite MNP are coated
with a carboxyldextrane shell. The fer-
rofluid has a Fe concentration of 5 mg/ml
which is suitable to neglect concentration
dependent particle interactions since the

volume susceptibility spectra scale well
with applied dilution.

We investigated on heated agarose solu-
tion, drenched and air-dried cotton wool
strings, two component epoxy glue blended
with the MNP solution and air-dried,
freeze-drying with mannitol, pure gypsum
air-dried, heated egg-white protein and
original suspension as Brownian dominat-
ed reference sample.

On this basis, MNP in different concentra-
tions have been exposed to both permanent
magnets and electromagnets with different
field strengths during the freeze-drying
process.

FEMM simulations and measurements
with a Hall-magnetometer revealed homo-
geneous fields for all setups with devia-
tions of field strengths <1% within the
sample volume of 150 pl.

Evaluation of immobilization techniques

Fig. 1 depicts the normalized ACS spectra
measured on all prepared samples. For the
reference sample, i.e., suspended MNP, a
pronounced Brownian maximum in the
imaginary part is observable at around
1.4 kHz corresponding to a mean hydrody-
namic diameter of 68 nm, which is in good
agreement with the Z-average of 65 nm
obtained from DLS measurements. In
comparison, the freeze-drying shows a
linear decay of the real part over In(f) while
the imaginary part is constant over the
whole frequency range which is to be ex-
pected for a Neel dominated MNP system
with a broad distribution of anisotropy en-
ergies [1]. Samples prepared with agarose
and cotton wool basically behave like the
suspension, i.e., a distinct maximum in the
out-of-phase signal is discernable though
slightly shifted towards lower frequencies
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Fig. 1: ACS imaginary parts of immobilized
MNP and reference suspension.

in case of the drenched cotton wool. This
might originate from agglomeration due to
higher local density of particles, as the
MNP are not evenly distributed inside the
volume but attached to the cotton wool
strings. Only the sample prepared with
epoxy glue shows the same performance as
the freeze-dried sample which indicates
ideal immobilization. Gypsum and cotton
wool prepared samples seem to undergo
only partial immobilization as features of
both Brownian and Néel relaxation are
present, like a subtle maximum in the im-
aginary part and slight deviations from the
linear decay of the real part, especially
towards higher frequencies. Possible ex-
planations would be an increase of (local)
dynamic viscosity or in liquid encapsulated
particles which due to decreased mean dis-
tance form agglomerates and therefore ef-
fectively larger hydrodynamic objects.

The normalized step response of the MRX
measurements for all samples is depicted in
Fehler! Verweisquelle konnte nicht gefunden
werden.. After applying an external field of
2 mT for 2 s, the flux density of the decay-
ing stray field is recorded. While the sus-
pension’s signal is decaying very quickly
as a significant portion of the MNP relaxes
via the Brownian mechanism, immobilized
MNP only relax via the Neel mechanism
which is in case of thermally blocked MNP
therefore slower. Here again the sample
prepared with agarose shows a very similar
behavior as the suspended MNP, while the
epoxy glue sample only has minor devia-
tions from the signal of the freeze-dried
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Fig. 2: Normalized MRX relaxation curves of
immobilized MNP and reference suspension.

sample. The signal of the gypsum sample
crosses the freeze-dried sample’s curve,
which can be interpreted that only a portion
of the MNP are actually immobilized while
the rest remains mobile.

Conclusion

Our research suggests that freeze-drying
seems to be the most reliable and robust
technique to immobilize MNP as it pro-
vides optimal performance, i.e., presuma-
bly total immobilization, while not altering
the MNP system and being able to control
iron content and sample volume.

Applying external fields by means of elec-
tro- or permanent magnets up to 300 mT
during the freeze-drying process allows
one to derive valuable information about
magnetic properties of the MNP, such as
the effective anisotropy constant and to
develop more sophisticated models.
Further investigation of the immobilization
of various MNP systems with e.g. different
coatings or sizes is in progress.
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Recently we developed a permanent mag-
net system to guide and image super-
paramagnetic particles (SPP) by simple
rotation of Halbach cylinders [1]. This in-
strument was nicknamed Mag-Guider
(Magnetlc Guide and Imager).

f "[///, # 4:
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Fig. 1: Micrographs of SP-iron oxide particles
with an average diameter of 30 um in the Mag-
Guider system. a) Initially the particles form
long chains or strings. b) A few seconds later
lateral growth sets in resulting in carpet- or
raft-like structures.

The velocity of various SPPs was studied
with this system. Although the size of the
SPPs varied from some 10 nm to several
pum this was not reflected in the measured

velocities, which were all several magni-
tudes bigger than calculated for the single
particles.

Fig. 2: Micrographs of cobalt ferrite particles
with an average size of 70 nm at higher resolu-
tion showing big clusters with a needle or lentil
shape.

This behavior is explained by the for-
mation of long chains and lentil shaped
agglomerates of the particles due to strong
and homogeneous magnetic field in the
device (cf. Fig. 1). This field orients and
magnetizes the SPPs so that they form long
chains. Beyond a critical length of such
chains particles can not only attach at the
poles of such chains but also at their sides,
causing lentil shaped forms (cf. Fig. 2).
The experimental data were reproduced by
simulations and an analytical hydrodynam-
ics model is suggested and compared with
the measurements.
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Influence of the particles morphology on the properties of magne-
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Magnetorheological elastomers (MRESs) are
composites of a rubber or gel-like matrix in
which magnetic powder is distributed [1,2].
They belong to the group of controllable
materials whose properties can be reversi-
bly changed under the influence of an exter-
nally applied magnetic field. One of the
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ing. The results indicate that different phys-
ical processes can be responsible for the ob-
tained material behavior: rotation of parti-
cles in the matrix and formation of particle
aggregates. Furthermore, a correlation be-
tween the powder morphology and viscoe-
lastic response of the MREs is observed.
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Figure 1: Storage modulus (E”) and loss factor (E’’/E’) of MREs containing particles with different
morphologies in an external magnetic field at loading frequency of 0.1Hz and deformation of ~5%.

most prominent properties of MREs is a
field dependent change in viscoelasticity,
i.e. an influence of the applied magnetic
field on the storage and loss moduli of a
specimen at different deformations and
loading frequencies. In this contribution we
report on the effect of the magnetic powder
morphology on the moduli of MREs. Our
experimental study is focused on the MRE
samples filled with hard magnetic powder
(NdFeB-alloy). Samples were characterized
in their initial state and subsequently were
magnetized prior to the testing procedure in
order to tune their initial state by means of
remanence magnetization.

Experimental characterization of all sam-
ples is performed using dynamic axial load-
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The adaptability of the properties of mag-
netic materials such as magnetorheological
(MR) fluids, MR elastomers and magnetic
hybrid materials (MHM) drives scientific
activities worldwide, trying to broaden the
fields of application of such materials. Main
focus of most works is the characterization
and theoretical description of this material
group. Only a few works try to combine ex-
perimental results with praxis-oriented and
easy to use design and simulation methods.
In the work presented the anisotropic mag-
neto-mechanical properties of a MR fluid
are experimentally determined to generate
an adapted anisotropic material model for
finite element (FE) simulations. Utilizing
this model the field-dependent anisotropic
behavior of this MR fluid and of a MHM are
simulated and opposed to experimental re-
sults showing potential for improvements
and potential of the presented methodology.

Testing methodology

For the experimental determination of the
anisotropic magnetomechanical properties
of a MR fluid MRF-140CG by Lord Corpo-
ration the custom made Magnetic Field An-
gle Testing Device (MFATD) is used [1].
Experimental tests were performed in pres-
ence and absence of a magnetic field for
shear and compression under different mag-
netic field orientations. As for MR fluids
field orientation equals a main orientation of
internal particle superstructures, this direc-
tion was defined as 1-direction for FE sim-
ulations.

Results

The experimentally determined anisotropic
results are for FE simulations theoretically
described via a scaled exponential approach

as exemplary shown in figure 1 for shear at
different magnetic field directions.
A

4,000

3,000

2,000 4

1
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Shear y/1
Figure 1: Comparison of theoretical approx-
imation and experimental results for shear
under two magnetic field directions

Conclusions

The results indicate that under the influence
of a magnetic field and for the considered
cases an abstracted simulation of MR fluids
as solids is in good accordance with experi-
mental data. The used methodology enables
a practice oriented, fast and simplified sim-
ulation of magnetic hybrid materials as well
as complex assemblies based on MR fluids.
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Multiparametric Magnetic Particle Spectroscopy
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Introduction

Magnetic Particle Spectroscopy (MPS) is
an increasingly important characterization
method for magnetic  nanoparticles
(MNPs). MPS provides both a powerful
tool to examine the suitability of MNP for
Magnetic Particle Imaging (MPI) and a
wide range of applications to investigate
particle characteristics in suspensions or
matrices. Multiparametric MPS measure-
ments of selected particle systems make it
possible to investigate physical relation-
ships and to derive mathematical descrip-
tions.

Methods

Magnetic Particle Spectroscopy utilizes the
non-linear magnetization curve of magnet-
ic nanoparticles. A sinusoidal magnetic
excitation field drives the magnetization of
the particles periodically into the saturation
region. Thus, the magnetization response
includes higher harmonics, which provide
sensitive information about the particle
dynamics and their binding state.

Ocean NanoTech SHP25 is a FesO4 single-
core nanoparticle system with a mean core
diameter of approximately 25 nm. Its nar-
row core size distribution suggests SHP25
as a model system to clarify MPS and MPI
signal generation including particle dynam-
ics by mathematical models. For low exci-
tation frequencies, the dynamics of the
particles in Newtonian liquids are dominat-
ed by the Brownian relaxation process.
Therefore, the spectra in MPS measure-
ments significantly modulate with varying
matrix properties. To investigate spectral
changes depending on the viscosity of the
suspension, a series of viscosities with dif-
ferent DI water / glycerol ratios was pre-

pared. Furthermore, a freeze-dried (manni-
tol) reference sample was prepared to
compare spectral viscosity dependencies
with the immobilized state. Viscosity-
dependent MPS measurements on the se-
ries were performed with a custom-built
MPS setup using a drive field peak ampli-
tude of 25 mT and an excitation frequency
of 1 kHz.

The viscosity and the magnetization dy-
namics of MNP are very sensitive to the
sample temperature. For this reason, tem-
perature influences must be considered. A
new temperature-controlled MPS setup
was built to additionally investigate tem-
perature dependencies in a temperature
range of at least -14°C to +114°C [1].

Results

Fig. 1 shows the spectral magnitude of the
odd higher harmonics for different glycerol
mixtures.
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Fig. 1: Spectral magnitude of odd higher harmonics
of Ocean NanoTech SHP25 for different glycerol
mixtures and a freeze-dried (mannitol) reference
sample, acquired in a MPS measurement at poH =
25 mT and f, = 1 kHz.
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The MPS spectra exhibit a decrease of the
lower harmonics for increasing viscosities
while the magnitude of higher harmonics
increases. This leads to a crossing of the
series of curves, which seems difficult to
explain at first. A different illustration of
the low-order odd harmonics (3fo — 11fo) is
shown in Fig. 2. Real and imaginary parts
of the acquired data are plotted over the
dynamic viscosity n of the Newtonian fluid
suspension matrix.
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Fig. 2. Real and imaginary parts of the odd higher

harmonics depending on the dynamic viscosity of
the suspension matrix.

For increasing viscosities, the real part
curves of the higher harmonics converge
and the amplitude of the real part drops by
trend. The imaginary parts feature a maxi-
mum, which is near the inflection point of
the real part curve for the corresponding
higher harmonic. This relationship is well-
known from ACS measurements for the
fundamental frequency and can be de-
scribed by the Debye model.
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Fig. 3. Spectral magnitude of the odd higher har-
monics of Ocean NanoTech SHP25 for different
temperatures for a suspension (sp) and a freeze-
dried (fd) sample, acquired in a MPS measurement
at uoH = 25 mT and f, = 5 kHz.

The explanation of the complex suscepti-
bility in ACS measurements can be ex-
tended to MPS by an advanced generalized
Debye model which also covers the higher
harmonics [2].

Fig. 3 shows MPS spectra for different
sample  temperatures  using  Ocean
NanoTech SHP25 as suspension (sp) and
freeze-dried (fd) sample. In the spectra of
the suspension, crossings can be observed
due to changing particle dynamics which
result from a superposition of altered ma-
trix properties and internal magnetization
dynamics.

Conclusion

Magnetic Particle Spectroscopy provides a
powerful characterization tool for magnetic
nanoparticles, which is very sensitive to
particle dynamics. Since the dynamics are
directly related to matrix properties, mul-
tiparametric MPS measurements allow
complex investigations on field-controlled
particle-matrix interactions. On the basis of
measurement results, mathematical models
can be derived and evaluated to describe
physical relationships, which are particu-
larly relevant in biomedical applications
due to the analogy of MPS and MPI. A
comparison of different particle models
and a software fitting environment for the
derivation of particle properties from
measurements are in progress.
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Rotational Dynamics of Ni Nanorods in Polymer Solutions
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Intoduction

Some important properties of complex soft
matter, such as the transport of small ob-
jects like viruses or nanosized drug carriers
through biological barriers, are governed
by their structural heterogeneity on the
sub-micrometer scale. Investigations of
nanoparticle dynamics in such systems
contribute to the basic understanding of the
involved processes.

The present study focused on the rotational
dynamics of ferromagnetic nanorods in
polymer solutions. The molecular weight
and concentration of the macromolecules
provide two control parameters which ena-
ble access to a wide spectrum of length and
time scales. We present the results of a
study on polyethylenglycol (PEG, PEO)
solutions for a series of ten different molar
masses (PEG-x denotes M, = x g/mol).
The concentration was fixed at ¢ =
1 wt. % so that the correlation length & and
the Edwards tube diameter a were nearly
constant whereas the radius of gyration R,
varied from 3 nm (PEG-4k) to 100 nm
(PEO-2M). With increasing molar mass,
the various solutions pass through the ma-
jor concentration regimes, i.e. dilute, semi-
dilute unentangled, and semi-dilute entan-
gled, each with characteristic relaxation
properties at different length scales [1].

Methods

Ni nanorods (l=234+4nm, d =
23.6 + 0.3 nm) were synthesized by the
AAO-template method and processed to a
stable colloidal dispersion. The basic phys-
ical properties of the nanorods were deter-
mined by transmission electron microscopy
(TEM) and static field-dependent optical
transmission [2]. PEG (PEO) of different

molar mass were purchased from Sigma-
Aldrich, dissolved in bidistilled water at
~pH 8 and gently mixed in a rotator for at
least 48 h. Nanorod colloid was added to a
total volume fraction ¢~ 10~° and mixed

for 1 h.

The rotational dynamics of the nanorods
was characterized by measuring the optical
transmission of linear polarized light in
oscillating magnetic field as function of the
oscillation frequency [3]. The obtained
response function was analyzed using
model functions for Newtonian liquids or
the generalized linear viscoelastic liquid
model with a small number (n=3-6) of
Maxwell elements. From the obtained pa-
rameters, the zero shear viscosity, dynam-
ical modulus and complex viscosity were
calculated. Macrorheological reference
measurements were performed using an
Anton-Paar DAM4100 M rolling ball vis-
cosimeter and an Anton Paar MCR702
dual drive rheometer.

Results

The OF-OT response function is deter-
mined by a particle shape factor K, repre-
senting the hydrodynamic size and magnet-
ic moment of the nanorod (determined by a
calibration measurement) and the visco-
elastic properties of the environment. For
Newtonian fluids, the OF-OT response is
well described by a Debye relaxation, con-
voluted with a moderate distribution of K.
This behavior was found for the low molar
mass samples PEG-4k, PEG-8k, and PEG-
35k. The retrieved local viscosities were
nearly identical to the macroscopic refer-
ence values, Fig.1, indicating that all rele-
vant length scales of the polymer solutions
are smaller than the size of the nanorods.
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Figure 1. Macroscopic (open symbols) and
local viscosity (OF-OT) of 1 wt.% PEG so-
lutions as function of molar mass. The dashed
lines separate the dilute (I) from the semi-
dilute unentangled (1) and semi-dilute entan-
gled regime (111).

By contrast, the OF-OT spectra for higher
molar mass PEGs revealed increasing elas-
tic contributions in the particle-polymer
interaction. The spectra were fitted using
model functions derived for the generalized
linear viscoelastic liquid model with a
small number (n=3-6) of Maxwell ele-
ments. The dynamic modulus calculated
using the retrieved model parameters is
clearly divided into the terminal region,
where G'~w? and G''~w, and a high fre-
quency region, in which G'~G"~w~°85,
Fig.2. In the semi-dilute unentangled re-
gime, polymer stress relaxation is expected
to follow the Rouse model (G’ =
G"' ~w®%) at length scales larger than the
hydrodynamic screening length (&, ~ &~
40 nm) with a transition to Zimm-like be-
havior (G’ = G"/V3~w??) at smaller
length scales, i.e. higher frequencies [1].
The results of the OF-OT measurements
show systematic differences, such as the
high power law exponent (~w?8°), a larger
difference between G’ and G'* and a higher
terminal relaxation time than expected. The
latter difference is also apparent if we as-
sume the Cox-Merz rule to hold for PEG
solutions and compare the calculated com-
plex viscosity with the macroscopic shear
viscosity, Fig.2. At present, we may only
speculate whether size effects or the non-
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Figure 2: Dynamic modulus obtained from the
linear viscoelastic model analysis of an OF-
OT measurement of the PEG-400k solution.
The derived local complex viscosity decreases
at lower frequencies as compared to the onset
of macroscopic shear thinning.

affine deformation of the polymers is the
major reason for the observed differences.

The two solutions with the highest molar
mass are expected to be in the semi-dilute
entangled regime where relaxations at
length scales larger than the Edwards tube
diameter a are controlled by the reptation
time constant t,.,. For these solutions,
OF-OT measurements revealed considera-
bly lower local viscosities as compared to
the macroscopic values. This difference
may be related to the size of the nanorods
being smaller or close to the tube diameter
a = 135 nm so that the rotation dynamics
of the nanorods remains controlled by
Rouse relaxation.
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Introduction

By mixing magnetically controllable parti-
cles into a soft elastic matrix, a composite
material with tunable physical properties
can be developed. By applying a magnetic
field, the particles inside the elastomeric
matrix try to aggregate due to the interaction
force of the particles influenced by the ex-
ternal magnetic field. There different physi-
cal properties of the particles do have an im-
portant influence on the property changes of
the MREs, e.g. by using magnetically sofft,
magnetically hard, or a mixture of both
types of particles, different effects could be
found. [1]

The primary focus of this work was to com-
bine magnetic and microstructural investi-
gations to enable a complex description of
the behavior of MREs under the influence
of a magnetic field.

Setup

The magnetic measurements were per-
formed by using a vibrating sample magne-
tometer (VSM) to carry out hysteresis loops
and first-order reversal curves (FORC).
The microstructure was investigated by us-
ing micro-computer-tomography (X-uCT)
with a magnetic setup consisting of two per-
manent magnets to generate a magnetic
field up to B =400 mT [2].

Samples with a mixture of NdFeB particles
(magnetically hard) and carbonyliron parti-
cles (magnetically soft) in a ratio of 1:1
were produced. The particle content has
been set to 5 vol.%, as matrix material we
used the soft silicon rubber Elastosil
RT 623 A/B by Wacker Silicones Germany.

The mechanic behavior of the samples has
been tested by strain-stress test measure-
ments and results in an elastic modulus of
the sample of E = 80 kPA.

Experimental

Using the CT setup and edit the CT-scans
by using image processing it was possible to
analyze the particles in the MRE (fig.1) and
separate them based on their geometrical
properties. Fig. 2 shows the particle size dis-
tribution of the MRE, which clearly shows
that already the size of the particles allows
separation between the NdFeB -particles
which are represented by the broad lognor-
mal distribution and the small carbonyliron
particles which provide the peek at 5 pm
particle diameter.

Fig. 1: Separated particles in a CT-scan of
a mixed magnetic hybrid material. One can
already visually clearly distinguish between
the large flake like NdFeB particles and the
small carbonyl iron particles.
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Fig. 2: Size distribution of the separated
particles in the MRE sample obtained from
a CT-scan.

The magnetic properties of the sample are
shown in fig. 3 and suggest that the first hys-
teresis loop differs from the following
loops. To explain this effect CT scans at dif-
ferent points of magnetization of the sample
has been performed (exemplarily shown in
fig. 4) and the rotation of the NdFeB parti-
cles have been evaluated.
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Fig. 3: Three hysteresis loops of the MRE
sample. It is clearly seen, that the first loop
M(H)1 differs significantly from the subse-
quent hysteresis cycles.

M A

Fig. 4: Schematic representation of the dif-
ferent stages in which tomographic investi-
gations of the sample have been undertaken.

The particle rotation was analyzed approxi-
mating the particles with an ellipsoid and
measuring the angle between the direction
of the magnetic field and the major axis of
the particles. The results are shown in fig. 5
and point to an irreversible rotation of the
particles comparing the first and the second
hysteresis loop (point 2 differs from 6 and
point 3 differs from 7) This irreversible ro-
tation respectively the destroying of the ma-
trix locally could be the reason for the dis-
appearance of the asymmetric behavior of
the hysteresis loop. These results don’t take
the influence of the carbonyliron particles
into account. Further measurements should
be done to evaluate the interaction between
the carbonyliron particles and the NdFeB
particles.

45 | 5 .
= 4r -——-2 3
=35 [N, L0 4 5
c Ve - —o- - - —e— —

3 3t~ . 6 7

©25 | L i

S ) , «..x%w

= - b“’.w bq

CU - ‘l “‘a g

T15 77 e
1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90
a[°]

Fig. 5: Distribution of the angles between
the major axis of the flake like NdFeB par-
ticles and the magnetic field direction for
the different magnetisation states showed in
fig. 4
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Motivation

Rheological measurements, including static
and dynamic rheology, allow to access in-
formation on the macroscopic (quasi-)con-
tinuous properties of bulk materials. In con-
trast to that, the interesting properties of mi-
crostructured materials (e. g. complex flu-
ids) can be studied further by means of rhe-
ological measurements on the micro- or na-
noscale. By employing magnetic particles
as probes in soft hybrid systems, the possi-
bility to investigate the self-assembly and
dynamic interactions systematically by
means of dynamic susceptibility, is given.
When the size of the probe particles is in the
same range as the characteristic length
scales within the material, we expect strin-
gent deviations from the rheological perfor-
mance as obtained by conventional meth-
ods. De Gennes postulated, that the viscos-
ity # of a polymer solution depends on the
ratio of probe size d to the size of the corre-
lation length & While for large probes (d
>> £), the behavior reaches the (quasi-)con-
tinuous case, small probes (d << ¢) are dom-
inated by the solvent viscosity.

In this study, we perform nanorheological
experiments using the method of Magnetic
Particle Nanorheology>®! and systemati-
cally vary the size of the tracer particles.
The experiments are analyzed by paying
pronounced attention to the ratio of struc-
tural length scales within the investigated
material and the probe size.

Method

As merromagnetic CoFe204 (CF) nanoparti-
cles (drem=17.3 nm = 14 %) are used as
magnetic cores and are additionally system-
atically coated with a silica (SiO2) shell to

obtain tracer particles with variable hydro-
dynamic size. The Brownian relaxation of
the tracer particles in complex fluid is in-
vestigated by means of AC susceptometry
in the range of 1 Hz — 250 kHz and the use
of theoretical models!>®! gives access to fre-
quency dependent rheological properties.

Results and Discussion

To obtain monodisperse magnetic core-
shell nanoparticles with tunable shell thick-
ness and defined hydrodynamic properties,
a variant of the classical Stober method is
used.l! For this reason the reaction condi-
tions are changed systematically and param-
eters like the reaction time, the amount of
precursor, the dropping rate or the amount
of the base are screened. Finally, adjusting
the right reaction parameters and varying
the base concentration lead to an increased
particle size with increasing amount of base
(see Fig. 1).

increasing base concentratio X
Fig. 1: TEM images of CF@SiO, nanoparticles with
increasing shell thickness due to an increased
amount of base during the reaction process.

The AC susceptometry spectra of the core-
shell particles in water indicate defined hy-
drodynamic properties of the particles and
variable particle size, which is indicated by
a shift of susceptibility spectra to lower fre-
quencies (see Fig. 2a). These results are
confirmed by the determination of the parti-
cle sizes using different analytical methods
(see Fig. 2b).

44 16th German Ferrofluidworkshop



T T T T
a) 1.0 o ~~—— increasing amount of base |

L . L n
1 2 3 4 5

10 10 10 10 10

frequency f [Hz]

b) 100
g0} o
60|

4 ©

particle size [nm]

20+

100 1000
NH,OH [uL]

Fig. 2: a) AC susceptometry spectra for CF@SIiO;
nanoparticles with different hydrodynamic size in
water. b) Sizes of the probe particles in dependence
on the amount of base: filled squares: diayer, TEM;
empty squares: dg, tem; filled circles: dn, pLs; empty
circles: dv, pis; triangles: dn, acs.

First experiments with CF@SiO; (dn = 58.5
nm) in PEG solutions were performed and
compared to the results obtained by using
only the magnetic CF core as tracers. The
frequency dependent viscosity, storage and
loss moduli and diffusion properties are an-
alyzed. The results show systematic differ-
ences in the higher frequency range that are
caused by the different hydrodynamic prop-
erties of the tracer particles (see Fig. 3).
The size-dependent particle diffusion is
evaluated further considering the scaling
theory of the Gennes and by comparison to
the theoretical predictions.?!

L increasing mass fraction - E
of

<@’ m’
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Fig. 3: Time dependence of the product of the mean-
square displacement < @?(t)> and the particle size ry2

for PEG (M = 35000 g-mol?) for CF (filled squares)
and CF@SiO, (empty squares) probe particles with
increasing polymer mass fraction (2 m% - 25 m%).
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Introduction

Doping microstructured complex fluids and
soft matter with magnetic nanoparticles en-
ables external control of the mechanical
properties. In this respect, a detailed under-
standing of the coupling conditions between
the magnetic particles and the matrix phase,
being determined by a variety of interac-
tions, becomes important. By using a diver-
sity of rheological approaches ranging from
the macro- to the nanoscopic scale, infor-
mation on scale-dependent particle-matrix
interactions are accessible. Deviations from
the macroscopic rheological behavior are
expected when the size of the probe parti-
cles is in the same size range as the charac-
teristic length scales present in a microstruc-
tured system. [+

Materials and Methods

Spherical magnetically blocked single do-
main CoFe>04 (CF, dg = 17.3 nm) and uni-
axial ~ ferromagnetic  Ni  nanorods
(I =234 nm, d = 23.6 nm) are used as nano-
scopic tracer particles. We test their fre-
guency-dependent dynamic behavior in
aqueous solutions of polyethylene glycol
(PEG) as model system for complex fluids
using various methods and setups. These so-
lutions are analyzed regarding their rheo-
logical properties using various analytical
methods which are comparatively em-
ployed. Besides macro- and microrheologi-
cal methods, AC susceptometry, oscillating-
field optical transmission and MaoRbauer
spectroscopy measurements are performed

(Fig. 1).

The polymeric aqueous solutions of poly-
ethylene glycol were prepared to have the
same macroscopic viscosity of
n =29 mPa-s: the molar masses amount to
33.6 m% for PEG 4k g'mol™?, 11.2 m% for
PEG 35k g'mol™ and 2.1 m% for PEG 300k
g-mol™t) and with this different characteris-
tic length scales within the fluids are pre-
sent. The fluids are prepared at UzK and dis-
tributed among the partners to assure best
comparison.

Ey

M ag n eto
TECHNISCHE
rheology @ UNIVERSITAT

DRESDEN

Micro- ’: .............
5

10k rheology

=
o,
N

L1 MoBbayer (UDE)

Characteristic size [m]

=

107 100 100 10 10°10°
Frequecy f [Hz]
Fig. 1: Probe ize-frequency correlation of the
rheological methods compared in this study.

Results

For the small CF particles the different AC
susceptometry methods are compared, and
the spectra are in good correspondence (Fig.
2). The spectrum for PEG4k can readily be
fitted based on a single Debye relaxation, in
agreement with the predominant Newtonian
behavior of the non-entangled fluid, with
length scales (radius of gyration Ry, correla-
tion length &) well below the particle diam-
eter dp).
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Fig. 2: AC-MAG spectra for aqueous solutions
of PEG4k (white), PEG35k (grey) and
PEG300k (black) with a macroscopic viscosity
of 29 mPa-s. UzK: squares, circles, UDE: stars,
triangles.

For the PEG35k solution, well above the en-
tanglement molar mass and concentration of
PEG in water, deviations from this behavior
are observed, and indications for a bimodal
distribution of relaxation times can be
found. This is in accordance with an inter-
mediate probe size. Even stronger devia-
tions from the macroscopic behavior is ob-
served for PEG300k at the given viscosity.
The results are interpreted on base of the
empirical Havriliak-Negami and the Ge-
mant-Bishop-diMarzio model.

For Ni nanorods, the comparison of the OF-
OT relaxation spectra (Fig. 2) of the doped
PEG solutions under investigation shows
that for the low molecular weight PEG 4k
and 35k solutions, in terms of the relaxation
peak profile and the increase of the phase
angle to 90°, confirm the Newtonian relax-
ation behavior of the particles in the inves-
tigated frequency range. The values for the
local viscosity are close to the macroscopi-
cally determined results as expected for na-
norods larger than the characteristic length
scales of the polymer solutions.

In contrast, the PEG 300k solution revealed
a reduced peak amplitude and a plateau of
the phase angle at 60° which indicates an
elastic contribution in the interaction be-
tween the nanorods and the polymer matrix
and can be analyzed using the generalized
linear viscoelastic liquid model.

The results are complemented by fre-
guency-dependent rheological data availa-
ble from micro- and macrorheology. The
onset of shear thinning was observed for the
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Fig. 3: OF-OT spectra and phase shift for aque-
ous solutions of PEG 4k (white), PEG 35k
(grey) and PEG 300k (black) with a macro-
scopic viscosity of 29 mPa-s. Black lines: fits
for a Newtonian liquid model for PEG 4k / 35k,
and a generalized linear viscoelastic liquid
model for PEG 300k.

PEG 300k solution but not for the lower mo-
lecular weight polymers.

Conclusions and Outlook

The different methods employed in this
study are in good agreement especially
when focusing on the frequency regions
where the different techniques overlap. This
provides the possibility to analyze the hy-
brid systems in a very large frequency range
of more than seven orders of magnitude as
seen in Fig. 2. The measurements show the
validity of the nanorheological methods for
the lower molecular mass range. For higher
molar mass, the results show a dependence
on the particle size, in agreement with theo-
retical predictions.

In future experiments, the impact of the par-
ticle concentration and of a superimposed
DC magnetic field on particle-particle and
particle-matrix interactions will be studied.
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Motivation and Aim

The flow behavior of ferrofluids under the
impression of external electromagnetic
fields is driven by complex mechanisms. In
a flow field the rotational axis of a magnet-
ic particle in a ferrofluid is perpendicular to
the flow direction, rotational axis of the
particle and vorticity of the flow field are
thus parallel. Under the impression of a
magnetic field, the particles tend to align
with this magnetic field. If the orientation
of flow field and magnetic field is not par-
allel, a magnetic torque acts on the parti-
cles and thus the viscosity of the fluid ap-
parently increases. Flow field and magnetic
field mutually affect each other [1]. The
aim of this work is the experimental inves-
tigation of the influence of axial electro-
magnetic fields on flow regimes in a fer-
rofluid in a hydrodynamic model system, a
Taylor-Couette-System.

Materials and Methods

The Taylor-Couette-System consists of two
coaxial cylinders of radii r; and r> and
length L which can rotate independently
with angular velocity o1 and ®, respective-
ly. A viscous fluid of kinematic viscosity v,
here the ferrofluid, fills the gap of the
width d between the two cylinders. The
radius ratio is given by 1 =ri/r> =0,5 and
the aspect ratio is given by I' =L/d=5.
Hence the Reynolds number of each cylin-
der can be calculated by:

Re,, = @y - d 1y, . 2.1)

1%

The external, homogeneous magnetic field
is applied in axial direction with a maxi-
mum field strength H ~40kA/m. Axial
flow profiles are measured by means of
ultrasonic Doppler velocimetry.

Sensor

]

~.
NS

Fig. 1: Schematic sketch of the Taylor-
Couette-System and principle arrangement of
the ultrasonic transducer [1].

Results and Discussion

In a first step a flow regime of axial propa-
gating, toroidal closed vortices (pV-
regime) was established. These flow re-
gimes are currently an active field of re-
search ([2], [3]). Due to the boundary con-
ditions of the experimental setup (rigid top
plate, rotating bottom plate) this regime is
dominated by an asymmetric propagation
of the vortices from top to bottom. The
space-time plot in fig. 2 shows clearly
three pairs of vortices, one stationary pair
at the top plate and two propagating pairs
in the bulk region. New vortices are gener-
ated between the stationary and the upper
propagating pair, the annihilation occurs
near the bottom plate. Generation and an-
nihilation are periodic in time with fre-
quency fw = 1/tw.

By application of an axial homogeneous
magnetic field the pV-regime was trans-
ferred into an oscillating flow state (oV-
regime). The closed toroidal vortex struc-
ture retained, but the propagation of the
mid pair transferred into an oscillation. The
downward propagation of the bottom pair
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was superimposed by an additional down-
ward stream. The oscillatory movement
was mainly driven by the annihilation and
generation of new vortices and periodic in
time. Furthermore, the frequency fw strong-
ly depended on the magnitude of H and
decreased with increasing magnetic field
strength.
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Fig. 2: Space-time plots of the pV-regime (a)
and the oV-regime (b). Re;=-189,8 24,
Re,=129,8 +1,6.

Conclusions and Outlook

In this work the influence of homogeneous
axial magnetic fields on axial propagating,
toroidal closed vortices in a ferrofluid con-
tained in a Taylor-Couette-System was
experimentally investigated. The flow state
changed from a propagating state to an
oscillating state whilst the magnetic field
was applied. Both states were periodically
in time with tw. tw strongly depended on
the magnitude of the magnetic field.

Up to date, the stability and bifurcation
behavior of the pV-regime are unknown.
Further investigations shall be carried out,
to classify the described flow state in the
context of the parameter range of the Tay-
lor-Couette-System.

27
26/t
25/ N
224_3__\_
Fog N
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Fig. 3: Dependence of the periodic time t, on
the magnitude of H.

References

[1] M. Reindl, Strémungskontrolle in
magnetischen Kolloiden, Dissertation,
Technische Universitat Dresden, 2011

[2] A. Schulz: Verzweigungen und Struk-
turen in der Stromung zwischen unab-
héangig rotierenden Zylindern, Disser-
tation, CAU Kiel, 2006

[3] C. Hoffmann, S. Altmeyer, M. Heise,
J. Abshagen, G. Pfister: Axisymmetric
propagating vortices in centrifugally
stable Taylor-Couette flow, Journal of
Fluid Mechanics, 2013

16th German Ferrofluidworkshop 49
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Introduction

Composite materials of magnetic nanopar-
ticles embedded in soft matter matrices
exhibit unique magnetic properties, which
can be described primarily by two essential
parameters: The rate of Brownian particle
motion and the particle orientation as a
response to external magnetic fields. Using
ferrofluids as a simple model system, rep-
resenting more sophisticated soft matter
composite materials, we demonstrate that
orientation as well as mobility of the parti-
cles can be studied simultaneously and
independently by Mdssbauer spectroscopy.

Setup & materials

To study particle mobility and orientation,
Mdossbauer spectra were recorded at tem-
peratures of 230-270K using a Mdssbauer
setup with integrated Peltier cooling ele-
ments [1]. During the experiments, external
magnetic fields of up to 200mT were ap-
plied parallel and perpendicular to the y-ray
propagation direction, respectively, using
either electromagnet or permanent ring
magnet setups.

The studied ferrofluids contained ma-
ghemite/magnetite nanoparticles of ca. 15
to 25nm core diameter in 70vol% glycerol
solution [2].

Results

Exemplary Mdssbauer spectra of the 15nm
particles in glycerol solution are shown in
figure 1, which were recorded at 243K and
252K, respectively, and external magnetic
fields up to 122mT along the y-ray propa-
gation direction. The spectra display a con-
siderable change in the ratio of line intensi-
ties, being directly coupled to the relative

243K temperature 252K
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Fig. 1: Mdossbauer spectra of 15nm particles in
glycerol solution recorded at 243-252K in magnetic
fields up to 122mT parallel to the j-ray direction.

misalignment (canting) angle between spin
and magnetic field direction (y-ray direc-
tion). As an absence of lines 2 and 5 corre-
sponds to complete spin alignment coaxial
to the magnetic field, we are able to exam-
ine the gradual, time-averaged alignment
of the particles in the fluid. This is clearly
visible in the field dependence of the inten-
sity ratio of line 2 and 3 (measured for par-
allel and perpendicular field geometry)
shown in figure 2, where a fast increase in
spin alignment is visible up to about 50mT.
Upon further increase in magnetic field, an
almost static line intensity ratio is detected,
indicative for the complete alignment of
particle superspins, whereby the remaning
misalignment is bound to be caused by
surface spin canting, which is less depend-
ent on the external magnetic field.

At the same time, the broadening of the
Mdossbauer absorption lines due to the
Brownian particle motion and optical Dop-
pler effect provides direct access to study
the particle mobility. In figure 1, distinct
line broadening upon heating to 252K
translates to the exponential decrease in
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Fig. 2: Intensity ratio of absorption lines 2 and 3
indicating spin orientation relative to the j-ray
direction (parallel/perpendicular to field direction)
measured for 15nm particles in glycerol solution.

fluid viscosity. Additional minor asymme-
tries in lineshape, visible primarily for nar-
row lines at 243K, are caused by beginning
superparamagnetic relaxation and provide
information on the Néel type relaxation
parameters like the magnetic anisotropy
independent of the two aforementioned
effects [3]. Parameters of Brownian parti-
cle diffusion and Néel relaxation obtained
from Mdssbauer spectroscopy experiments
were crosschecked by means of AC-
susceptometry, combining measurements
in the high-frequency (ca. 102-10° Hz) and
ultralow frequency (ca. 102-10%° Hz)
regime.

In addition to observations described
above, a minor reduction in linewidth was
detected for the ferrofluid containing 15nm
nanoparticles upon rising magnetic field
amplitude. As the particles align along the
external field direction, this could reflect
an increasing suppression of rotational par-
ticle motion, whereby the remaining line
broadening in higher magnetic fields would
correspond to translational particle move-
ment only.

Conclusion

We have successfully demonstrated that
mobility, orientation and Néel relaxation of
nanoparticles can be studied in ferrofluids
individually in one experimental series of
Madossbauer spectra. Furthermore, presented
experimental results could indicate the
ability to resolve rotational and translation-
al modes of motion. Future studies will
approach the application of this methodol-
ogy on soft matter composites, to utilize
Madssbauer spectroscopy as a versatile asset
for the examination of magnetic particle
response behavior in external fields and
particle mobility in nanostructured (visco-)
elastic media. The analysis of field de-
pendent dynamics shall be compared to
magnetic susceptometry experiments in the
presence of additional DC magnetic fields
performed at the TU Braunschweig.
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Introduction

AC susceptometry is a widely applied
method for the determination of structure
parameters of magnetic nanoparticles
(MNP). In ac susceptometry, the MNP are
exposed to a sinusoidal magnetic field and
the voltage induced in a differential detec-
tion coil is measured and converted into
real and imaginary parts of the ac suscepti-
bility which are displayed as a function of
frequency. Custom-built and commercial
ac susceptometers cover a frequency range
of a few Hz up to several MHz [1,2].
The analysis of the complex susceptibility
spectrum is generally performed with the
Debye model which is applicable if the ac
magnetic  field is small  enough
(&6 =mB/(keT) <<1) and if all MNP have
the same characteristic relaxation time r.
Here the static susceptibility is given by
__%Xo

X(m) l+iot @)
with angular frequency o and static sus-
ceptibility

2
nm
= @

3kgT

Here, n is the MNP density, m the magnet-
ic moment of a single MNP, kgT the ther-
mal energy and o the vacuum permeabil-
ity. According to (1), the imaginary part
has a maximum at ot = 1 and the real part
drops down to zero at high frequencies.

In reality, MNP dispersions exhibit distri-
butions of core and hydrodynamic sizes
which can be accounted for by inserting
distributions of core and hydrodynamic
sizes in the Debye model [3].
Experimentally it is often found that the
real part at high frequency does not drop
down to zero but levels off at a finite value
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Fig. 1. Complex susceptibility versus frequen-
cy of suspension of blocked single-core MNP

(Fig. 1). This is commonly attributed to the
presence of some Néel contribution origi-
nating from MNP with very short relaxa-
tion times (tn << 1 us).

Model

In [4], Shliomis and Stepanov presented a
model which accounts for the anisotropic
character of the ac susceptibility of suspen-
sions of magnetic nanoparticles with uniax-
ial anisotropy. Here the complex suscepti-
bility if given by

XZE( pali +2 XL j (3)

3 1+i(,0’C|| 1+i(,0‘CJ_

where the indices “II” and “L” refer to the
direction of the applied ac magnetic field
either parallel of perpendicular to the MNP
easy axis. The characteristic relaxation
times of the parallel and perpendicular

components are given by

r|_|l = r|_l + tél and 1:11 = rt_l + rgl

where

vy o
g = MY with viscosity n and hydrody-
kgT
namic volume Vn. The longitudinal and
transversal Néel relaxation times are given

by [4]
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Since the transversal Néel relaxation time
Tt is of the order of 1o (or smaller), ot << 1
for frequencies which are accessible in
typical ac susceptometers (f< 10 MHz).
Thus, equation (3) modifies to

10
ey 4 TR VS
X 3[1+i(,0‘|:|| XLJ ( )

Experiment and results

To experimentally verify this anisotropic
character of the ac susceptibility of MNP
suspensions, we immobilized single-core
MNP (CSIC-04) so that the characteristic
longitudinal and transversal relaxation
times are given by the corresponding Néel
relaxation times. Immobilization was car-
ried out by freeze-drying the MNP in a
mannitol matrix. For the random case (ran-
dom orientation of easy axes), freeze-
drying was done in the absence of a mag-
netic field, while for the perpendicular and
parallel cases a magnetic field of 170 mT
was applied during the freeze-drying pro-
cess, thus aligning the MNP easy axes par-
allel or perpendicular to the direction of the
applied ac magnetic field.

The measured susceptibility spectra are
depicted in Fig. 2. Apparently, there is a
pronounced anisotropy in the spectra. For
the sample with easy axes perpendicular to
the ac magnetic field, the real part is con-
stant over the measured frequency range
while the imaginary part is zero — in
agreement with (4). The spectra of the
sample with randomly oriented easy axes
are in between the other two scenarios. The
observed features are in qualitative agree-
ment with spectra calculated for immobi-
lized MNP for a lognormal-distributed
normalized anisotropy energy
o = KV/(ksT) with a sufficiently large
standard deviation (of the order of 0.6) [5].

Tt =270
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Fig. 2: Measured ac susceptibility spectra for
the CSIC-04 samples with random distribution
of easy axes as well as with easy axes either
parallel or perpendicular to ac magnetic field.

The finite real part at high frequency —
caused by intra-potential-well contributions
— can also be used to independently deter-
mine the effective anisotropy constant.
Using (4), one finds yw«/yo =1/c. From the
data shown in Fig. 1, a value
K = 9000 J/m? is obtained.

The findings also have a strong impact on
the phase which is given by

@zarctan(x%.). If the influence of the

intra-potential-well contribution is not cor-
rected for, the phase lag does not converge
to 90° for high frequencies but — after an
initial rise — drops down to zero.
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Rotational motion of anisotropic magnetic
particles can either be induced by torques
resulting from the interaction with an exter-
nal magnetic field or by the vorticity of a
velocity field in a laminar shear flow even
in absence of a magnetic field. In the latter
case particles reduce their rotational friction
following the angular velocity of the sur-
rounding matrix.

In the case of magnetically induced torques
the deformation of the surrounding elastic
matrix due to rotation of particles generates
restoring torques. When both torques com-
pensate each other, a time-independent ori-
entation of individual particles with respect
to the field direction is approached (see Fig.
1). Analyzing the canonical average of the
orientational distribution function in ther-
mal equilibrium gives insights into the in-
teraction between particles and matrix if
both, magnetically induced torques and
elastic constants of the matrix are known.
As a model system, composites consisting
of spindle-shaped hematite particles and
poly-N-isopropylacrylamide hydrogels are
used.

In absence of a magnetic field, the rotation
of particles can be induced in the vorticity
of the velocity field in a laminar shear flow.
In a first step a prealignment of the particles
with their long axes parallel to the shear
plane is achieved by compressing drops of
isotropic composites between the plates of
plate-plate rheometer. A small angle scatter-
ing experiment employing a primary beam
perpendicular to the shear plane results in a
circular symmetric scattering pattern, since

the long axes of the particles are statistically
aligned within this plane.

aqueous suspension of hematite

O D

pNIPAM-hematite composite

Fig. 1: False color representation of SAXS resulting from
aqueous suspension (upper row) and composites (lower
row) containing identical number densities of hematite par-
ticles at magnetic flux densities B;=0 T (left) and Bz=
1.5 T (right).

In time-resolved scattering experiments
during oscillatory shear of the samples, in-
tensity fluctuations in phase with the defor-
mation occur, the frequency of which is
twice the frequency of the oscillatory shear
(see Fig. 2).

The velocity field of a laminar shear flow
rotates around an axis in the shear plane.
Particles with their long axis parallel to the
vorticity rotate around their director. Since
the scattering function of axially symmetric
particles depends only on the angle between
the scattering vector Qand the particle di-
rector 1, the scattering is not affected by the
rotation around the long axis. Particles with
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their long axis perpendicular to the vorti-
city, however, rotate around their short axis
out of the shear plane. By this rotational mo-
tion, the angle between Qand @ changes
and therewith the scattering power of the
particle.

Z10 x
=

ol , ' , |
0 50 100 150 200 250 300 350
¢ [°]

Fig. 2: Contour plots, representing the scattered intensity
of a composite in dependence on the time t and the angle
®with respect to the direction of the shear flow at shear

frequency f = 0.1 Hz.

The maximum anisotropy occurs at maxi-
mum deformation 7, while in the non-de-
formed state at ¥ =0 again an isotropic
scattering pattern is observed. Since the
scattering function depends due to the equa-
torial mirror plane of the particles on the
squared inner product

(Q1)? = (Q.(—1))? the scattering under

the deformation 7is identical to the scatter-
ing under the deformation —7which leads to
intensity fluctuations with a frequency
twice as large as the oscillation frequency
(see Fig. 3).
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Fig. 3: Differences in scattered intensities under oscilla-
tory shear stress and those of initial configuration without
shear stress.
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Introduction

Quantitative measurements of magnetic na-
noparticles (MNP) yield a lot of potential
for biomedical applications. Magnetic Par-
ticle imaging (MPI) is a new technology
with great potential for safe, fast and spa-
tially resolved quantification of MNP distri-
butions in vivo [1]. The technique utilizes
spectral analysis of the non-linear dynamic
magnetic response of the MNP exposed to a
harmonic excitation field. Combined with a
static gradient field and a calibration meas-
urement, the measured spectra can be used
to reconstruct a quantitative map of the iron
amount. However, even the spectra before
calibration contain quantitative information
about the MNP in the sample. This principle
is also used in a magnetic particle spectrom-
eter (MPS), which can be called a “0D-MPI
scanner”. Here, we present results acquired
with an MPI scanner adapted to work as a
conventional MPS. The performance is then
compared to a commercial MPS and the dif-
ferences and limitations evaluated.

Methods

Measurements were conducted using a pre-
clinical MPI 25/20 FF scanner (Bruker/
Philipps) and a calibrated magnetic particle
spectrometer (MPS-3, Bruker), both operat-
ing at an excitation frequency of 25 kHz.
Seven samples were measured containing
15 ul Perimag (Mircomod) at different iron
concentrations ranging from 8.5 mg/ml to
4.8 ng/ml. MPS measurements were con-
ducted at an amplitude of 12 mT, a receiver
bandwidth of 1 MHz and a scan time of
10 s. MPI measurements were executed us-
ing only one of the three excitation coils (x-

direction) at an amplitude of 12 mT. Initial
MPI measurements were done with the gra-
dient system turned off completely, which
resulted in additional artefacts in the spec-
tra. A small gradient field of
0.25/0.25/0.5 T/m  (x/y/z-direction) was
therefore introduced, and the samples were
positioned at the center to minimize the ef-
fect of the gradient on the spectra. The scan
time was also adjusted to 10 s for a fair com-
parison, and the receiver bandwidth to the
maximum value of 1.25 MHz. The response
signal was measured using a separate re-
ceive coil sensitive in the x-direction. The
transfer function for the MPI system and the
MPS system were used to correct the influ-
ence of the receive chain on the measured
spectra.

Empty measurements were taken for both
techniques subtract time-independent noise.
For comparison, all acquired spectra were
normalized to the corresponding amplitude
of the third harmonic (As) measured with
the undiluted sample.

Results and Discussion

The amplitudes of the third harmonics are
visualized as a function of the iron mass in
figure 1. Presented are the data with, and
without, background correction. In both
cases the signal decreases linearly with de-
creasing iron mass until a constant signal
level (noise) is reached. This noise level is
caused by the scanning device and can be
used as a definition of the detection limit.
For iron masses above 10 pg a good agree-
ment between the measurements of MPI and
MPS is observed. However, the noise level
of the MPI scanner is reached for an iron
mass of about 1 pug, while the MPS device
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reaches a value at about 1 ng. The overall
sensitivity can be increased by a subtraction
of a background measurement. For both
measurement techniques the detection limit
decreases by a factor of ten.
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Figure 1: Comparison of normalized As; signal am-
plitudes measured with MPS and MPI as a function
of the iron mass. The noise level of the MPI meas-
urements is reached for iron masses of about 1 pug
and about 1 ng for the MPI and the MPS scanner
without using a background correction. Using a pre-
viously measured empty measurement for correction
the noise level decreases by a factor of ten.

The difference in sensitivity between the
two systems is mainly caused by the differ-
ent sizes of the receiving coils. The coil of
the MPI system has a coil diameter of
72 mm, while the MPS system works with a
diameter of 12 mm.

The comparison between the odd and even
harmonics of the background-corrected
measurements shows similar spectral be-
havior for MPS and MPI above the detec-
tion limits (figure 2). The slightly faster de-
cay of the MPI amplitudes for higher har-
monics might be caused by the small gradi-
ent, which suppressed parts of the signal.
The spectral behavior of the samples, meas-
ured with lower iron concentrations, show
the same results until the saturation (noise)
level of the respective system is reached.
Note that the determined detection limits are
only valid if just one of the excitation coils
is used. In general, all three excitation coils
are used, working with slightly different fre-
quencies. This will generate signal at mixed
frequencies, which can be better distin-
guished from the noise level.

| il
WMPS

Normalised Signal

—
2

10 3 5 7 9 11 13 15

Higher harmonic No.
Figure 2: Comparison of the background corrected
amplitudes of the odd and even harmonics measured
with MPS and MPI. Shown are the data acquired
with the biggest iron concentration of 8.5 mg/ml.

Conclusion

We compared the signals of a serial dilution
of MNP obtained by an adapted MPI system
with MPS measurements. The data are in
good agreement with each other, and exhibit
a detection limit of the MPS system approx-
imately 100-times lower than the MPI sys-
tem. This is mainly caused by the smaller
coil geometry. Therefore, a first step to-
wards quantitative MPI has been achieved
by validating our MPI scanner to a cali-
brated MPS system.
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Magnetic filaments are semiflexible poly-
mer-like chains of magnetic nanoparticles
permanently crosslinked with polymers.
The synthesis and control of the properties
of these systems has experienced a great
progress in recent years thanks to the en-
hancement of polymer crosslinking techni-
ques. They have been recently pointed as
promising building blocks for the creation
of sophisticated magnetoresponsive mate-
rials [1]. The main application of magnetic
filaments today is their use as artificial cil-
ia, driven by a magnetic field, as well as to
create micro-swimmers or magnetically
controlled devices for drug delivery. Mo-
reover, dispersions of biocompatible mag-
netic polymers have already been tested as
contrast agents for magnetic resonance
measurements in biomedicine and give a
higher magnetic response than equivalent
traditional magnetic fluids. Thus, dispersi-
ons of magnetic filaments are promising
candidates for the replacement of traditio-
nal magnetic fluids in any application that
benefits from an increase of magnetorheo-
logical response.

Our research addresses the study of mag-
netic filaments made out of ferromagnetic
nanoparticles with different chain confor-
mations - simple open chains, closed rings
and branched structures with “X” and “Y”
junctions - inspired by the recent findings
on the low temperature self-assembly of
dipolar hard spheres [2]. The introduction
of the polymer crosslinkers to stabilise the
structure of such self-assembled nanopar-
ticle aggregates is expected to have an im-
portant impact on the properties of the sys-
tem. Here, using Langevin dynamics simu-

lations, we focus on low-concentration so-
lutions of magnetic filaments, analysing in
detail their self-assembly behaviour. Ex-
tensive cluster analysis allows us to com-
pare the structures formed by these fila-
ment solutions to those observed in con-
ventional magnetic fluids, containing non-
crosslinked nanoparticles. Also we investi-
gate initial susceptibility for different pa-
rameters (value of magnetic moment,
length of filaments). We will show that the
topology of the filaments can dramatically
change the microstructure and macroscopic
response of the solution. These results will
pave the way for the development of analy-
tical models and identify the most interes-
ting building block candidates for the de-
sign of novel magnetoresponsive materials.
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Magnetic Field Dependence of Ni Nanorod Brownian Relaxation
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Introduction

The dynamics of magnetic nanoparticles
(MNP) in large excitation magnetic fields
has been subject of numerous theoretical
and experimental studies but it is also of
interest for biomedical applications like
hyperthermia and magnetic particle imag-
ing. In addition, for nanorheological stud-
ies of the particle-matrix interaction in ap-
plied magnetic fields, which is an im-
portant tool to understand the magnetic
controllability of hybrid materials, it is
important to separate the influence of the
magnetic field on the Brownian relaxation
time from that on the rheological parame-
ters. While Nowak et al. [1] focused on the
magnetorheological effect in a Newtonian
fluid, here it is important to extend these
studies to non-Newtonian fluids and visco-
elastic matrices.

For Langevin parameters &= mB/ksT >> 1,
the widely known equations for Brownian
and Néel relaxation times cannot be ap-
plied. In literature several models for field-
dependent Brownian relaxation times with
&>>1 can be found (e.g. [2, 3]).

Here we investigate the dynamics of PAA-
coated Ni nanorods in different aqueous
polyethylene glycol (PEG) solutions in
large ac and dc magnetic fields. The nano-
rods are uniaxial ferromagnetic single-
domain particles with effectively sup-
pressed Néel relaxation because of their
high magnetic shape anisotropy energy.
With their magnetic moment of the order
of a few 10"Y” A-m?, the Langevin parame-
ter £ becomes much larger than unity even
for comparably small fields.

The complex ac susceptibility (ACS)
measurements are analyzed with different
theoretical models for the Brownian relaxa-
tion time in the presence of large ac or su-
perimposed dc magnetic fields.

Experiment

The Ni nanorods were prepared by electro-
deposition of nickel into anodized alumini-
um oxide (AAO) templates [4]. This ap-
proach results in a narrow size distribution.
Determined by TEM, the length of the na-
norods amounts to | = (273 = 3) nm and the
diameter to d = (20.3 £ 0.2) nm.

The aqueous PEG solutions have a nomi-
nal, macrorheologically measured viscosity
of 29 mPa-s: PEG 35 k with 11.2 w% 35
kg-mol™* PEG and PEG 300 k with 2.1 w%
300 kg-mol™ PEG.

The ACS spectra presented here are meas-
ured with our home-built, fluxgate-based
setup which was originally developed for
measurements in a rotating field with two
orthogonal Helmholtz coils [5]. Because
ACS measurements need only one pair, we
can use one Helmholtz coil for optional
superimposed dc fields. The measurements
are performed in a frequency range be-
tween 2 Hz and 9 kHz with ac and dc mag-
netic field amplitudes up to 9 mT.

Results

For the sample with PEG 300 k, the imagi-
nary parts of the ac spectra are shown in
Fig. 1 for different magnetic excitation
fields. With increasing field, the maxima of
the imaginary parts shift towards higher
frequencies and the amplitude decreases. A
similar behavior can be observed for the
sample with PEG 35 k (not shown).
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Fig. 1: Imaginary parts of ac susceptibility
versus frequency for different ac magnetic
field amplitudes.

The experimental data are analyzed with an
equation by Yoshida and Enpuku who have
solved the Fokker-Planck equation for the
Brownian relaxation time of spherical na-
noparticles in the non-linear magnetization
regime [6]:

T80

A S R— (1)
14012667

The characteristic frequencies extracted
from the peak positions and their corre-
sponding regression results are mapped in
Fig. 2 for the samples with 35 k and 300 k
PEG. The data points are well described by
the theoretical expression for the Brownian
relaxation time. The obtained zero-field
Brownian relaxation times 0 can be used
for the determination of the viscosity using
the Brownian relaxation time of the aque-
ous nanorod sample. Assuming Mwe-
ter = 0.89 mPa:s, the received viscosity val-
ues are N3sk = 23.5 mPa:s and
Mzook = 28 mPa-s. This is in good agree-
ment with the macrorheologically deter-
mined zero-shear viscosity of 29 mPa-s.
The wvalue of the magnetic moment
m = 4.2.10"1" A-m? which is obtained from
fitting the characteristic frequencies as a
function of applied magnetic field with (1)
is also obtained by amplitude dependent
measurements on an aqueous nanorod
sample [7].

In addition, the ACS measurements are
performed with a superimposed dc field up
to 9 mT perpendicular to the ac field. In
this case the extracted characteristic fre-
quencies are fitted with the expression by

[ = Maxima imag. part
PEG35 k
— Tgo= 6.397 ms

char. freq/ Hz
o

+ Maxima imag. part

3 PEG 300 k
- - - | ‘ = TB.0= 768 ms ‘
02 04 06 08 10 12 14
B/mT

Fig. 2: Extracted characteristic frequencies,
maxima for PEG 35 k and PEG 300 k with
their corresponding fitting curves.

Martsenyuk et al. [3]. A good agreement
with the ac amplitude dependent results
was found.

In summary, the influences of viscosity and
ac magnetic field amplitude on the Brown-
ian relaxation time are apparently multipli-
cative effects. The measured curves can be
fitted very well with the expressions of
Yoshida and  Enpuku  respectively
Martsenyuk et al.. Thus, based on these
measurement results, there is no measura-
ble magnetoviscous effect in the studied
magnetic field range applying ACS meas-
urements.
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Interaction of magnetic chains in soft gels
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At the Max-Planck-Institute for Polymer
Research in Mainz, in recent years we fo-
cused on the interaction between magnetic
particles in magnetic hybrid materials. In
3D and 2D systems we investigated the
reaction of the magnetic particles and the
surrounding matrix on applied magnetic
fields [1-5]. In the 3D systems, superpara-
magnetic particles were dispersed into re-
active polymer in the sol state. The compo-
sition was carefully adjusted to be just
above the percolation threshold. Thus, soft
gels with an elastic modulus lower than 10
Pa were fabricated. When the cross-linking
was performed in the presence of an exter-
nal magnetic field the magnetic particle in
the polymer rearranged to chains. After
cross-linking, the structure of the magnetic
chains deformed when the magnetic field
orientation was different to the frozen-in
orientation in the soft magnetic gel. Imag-
es, taken with confocal microscopy,
showed buckling chains. The buckling
morphology depends on the length of the
chain, orientation of the magnetic field
respectively to the chain and the gels mod-
ulus.

Here, we investigate the interaction be-
tween magnetic chains and their buckling
instabilities. Whereas in previous studies,
the behavior of single well separate chains
were in the focus, now the coupling of the
buckling instability between neighboring
chains will be studied. By simply increas-
ing the concentration of the magnetic parti-
cle, the concentration of the magnetic
chains can be tuned in a certain range.
However, the distribution of the chains will
be random in space. We will explore the
chain interaction in such configurations.
Furthermore, we want to extract the defor-

mation of the gel and aim for the ability to
change the magnetic interactions through
deforming the polymer. From these data
we want to extract models for an effective
tuning of internal deformations in soft
magnetic hybrid materials.

Figures
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Introduction

Magnetic anisotropic polymer composites
can be used as active components in soft
actuators with remote and independent
control of forces and torques. Complex and
multidimensional motions are achieved by
tailoring the local density and the orienta-
tion distribution of the anisotropy axes of
the magnetic particles in combination with
suitable external magnetic fields [1].

The present study focuses on nanocompo-
sites which consist of homogeneously dis-
persed and parallel aligned ferromagnetic
Ni nanorods in polyacrylamide (PAM)
hydrogels. The high compliance of the ma-
trix enables considerable elastic defor-
mations as result of an applied torque in a
transversal magnetic field. The local rota-
tion of the individual nanorods was inves-
tigated by optical transmission measure-
ments at low particle volume fraction
(¢, 107%) making use of the optical ani-
sotropy of the nanorods. The macroscopic
torsion of a textured hydrogel cylinder with
nanorod volume fraction of ¢ =~ 10~* was
studied experimentally and compared with
a continuum model based on the micro-
scopic properties of the nanorods and the
geometry and shear modulus of the torsion
cylinder.

Methods

Ni nanorods were prepared by the AAO-
template method and processed to stable
aqueous colloidal dispersions [2]. The na-
norods were surface-functionalized with
polyacrylic acid and mixed at the desired
concentration with a degassed solution of
27.3 wt% acrylamide and 0.363 wt% bis-
acrylamid. The suspension was polymer-
ized in a homogeneous magnetic field of =

20 mT by addition of a 1 wt% TEMED
and 1 wt% APS solution which provided
textured hydrogels with parallel alignment
of the nanorods.

Basic physical properties of the Ni nano-
rods were obtained by transmission elec-
tron microscopy (TEM), magnetization
measurements (VSM, vector-VSM), static
(DC-0T) [3] and oscillating field (OF-OT)
[4] optical transmission measurements.

Results

The Ni nanorods used in this study are uni-
axial ferromagnetic single-domain parti-
cles. Their magnetization properties can be
described by the Stoner-Wohlfarth model.
However, coherent rotation during reversi-
ble magnetization changes is restricted to
an angular range ©@ < 70° between the
field- and rod axis as revealed by meas-
urements of the magnetization vector (V-
VSM). Within this limited range, the SW-
model provides quantitatively consistent
values for the magnetic torque T(6®, H).

As a result of an applied transversal mag-
netic field, each Ni nanorod in a soft elastic
environment rotates until the magnetic
torque is balanced by an elastic counter
torque. Taking advantage of their optical
anisotropy, this local rotation of the paral-
lel aligned nanorods was determined from
the optical transmission of linearly polar-
ized light for different angles @ as func-
tion of magnetic field. When the two ex-
perimental variables @ and H were trans-
lated to the corresponding torques by using
the SW-model, the various measurements
collapse onto a single straight master
curve, Fig.l. The slope is given by
(K,G)™1, where K, is a geometry factor
representing the hydrodynamic size of the
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Figure 1: Local rotation angle o of Ni nano-
rods, measured at different initial orienta-
tions ©, as function of the magnetic torque.
The torque was calculated using the SW-
model in the limited range of ® < 70°.

nanorods (determined by a calibration
measurement) and G = 260 Pa is the shear
modulus of the hydrogel matrix. This local
rotation, measured at a low volume fraction
¢, ~ 107°, does not cause a macroscopic
deformation. However, it decreases the
particle orientation angle ® and conse-
quently leads to a reduction of the magnet-
ic torque which has to be taken into ac-
count in the modeling shown below.

Macroscopic deformations were investigat-
ed by measuring the torsion of a textured
Ni/PAM nanocomposite cylinder (I =
17 mm, d = 2 mm) in a transversal field.
The Ni nanorods at a volume fraction ¢, ~

10~* were aligned perpendicular to the
cylinder axis. The field-dependent torsion
increased with increasing initial orientation
angle of the texture axis with respect to the
magnetic field direction, Fig.2. The exper-
imental results could be well described by
a model based on the magnetic properties
of the nanorods (SW-model), their local
orientation and the macroscopic torsion of
an elastic continuum as a result of distrib-
uted body torques, Fig.2.

Conclusion and Outlook
The SW-model predicts a maximum value
for the magnetic torque which is achieved

Torsion Angle Q [°]

100

uH [mT]

Figure 2: Macroscopic torsion angle Q of a
nanocomposite cylinder measured at differ-
ent initial orientations of the texture axis as
function of magnetic field, and comparison
with a continuum model based on the micro-
scopic properties of the Ni nanorods.

for particular combinations of @ and H
only. This indicates a potential strategy to
improve the magnetic actuator perfor-
mance by optimizing the initial distribution
of magnetic anisotropy axes.
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In-situ observation of the particle microstructure of
magnetorheological elastomers in presence of
mechanical strain and magnetic fields
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Introduction

Magnetorheological elastomers are a type
of smart hybrid material which combines
elastic properties of a soft elastomer matrix
with magnetic properties of magnetic micro
particles. The particle properties and their
arrangement in the matrix play a major role
in determining the resulting macroscopic
magnetorheological effects [1]. In this work
the impact of mechanical strain and mag-
netic fields on the particle structure was ob-
served by means of x-ray microtomography.

Material

40 wt% of Hogands® ASC200 carbonyl
iron particles were combined with silicone
polymers by Gelest Inc. to achieve a homo-
geneous hybrid material with an isotropic
particle distribution. Two sizes of cylindri-
cal samples were prepared for tomography
(d = 4 mm) and for the mechanical testing
(d=12 mm).

Methods

Stress-strain-tests were performed to evalu-
ate the Young’s modulus of the material
without and in presence of a 250 mT field.
The particle structure was observed via
x-ray microtomography. From the recon-
structed tomography data, the angle be-
tween the longest major axis of individual
particles and the cylinder axis of the sample
was calculated for 50,000 particles [2]. Fur-
thermore the radial distribution function
(RDF) of the particle ensemble was evalu-
ated for each sample state [3].

During the tomography measurements mag-
netic fields of 0 mT, 10 mT and 250 mT

were applied to the sample. In addition to
that the sample was compressed to 12 %
strain during tomography to recreate the sit-
uation during mechanical testing, where the
magnetorheological effect occurs. The di-
rection of the magnetic field, the applied
strain and the mechanical testing align with
the cylinder axis of the samples.

Magnetorheological Effect

The material shows a significant impact of
the applied 250 mT magnetic field on the
Young’s modulus. If the field is removed,
the Young’s modulus returns to its initial
value of 10 mT. An average magnetorheo-
logical effect of MRE = 633 % + 55 % was
calculated from the measured moduli.

Distribution of particle angles

The reconstructed tomography data reveal
the formation of particle chains if the
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Figure 1: This excerpts of the reconstructed to-
mography data (850 um x 850 um) show the ini-
tial isotropic particle structure (left) and parti-
cle chains in presence of the 250 mT field

(right).

The angles as evaluated from the tomogra-
phy data shown in Figure 1 are depicted in
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Figure 2. Different combinations of mag-
netic fields and mechanical strain lead to
significant changes of the particle orienta-
tion. The results show a clear impact of the
magnetic field on the particle rotation. An
impact of the mechanical strain on the par-
ticle angles can only be observed for the 10
mT field. The deviation of the initial particle
strucutre from a perfectly isotropic distribu-
tion of particle angels may be linked to the
sample preparation process.
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Figure 2: The increase of the amount of parti-
cles featuring a small angle indicates a rotation
of the particles tending to align with the mag-
netic field direction.
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Spatial distribution of the particles

The radial distribution function (RDF) of
the particle arrangements were evaluated
from the same 3D tomography data sets [3].
The RDF was calculated for every 2D slice
and the averaged over the whole sample vol-
ume. Figure 3 shows the results for the ob-
served applied fields and strains. As visible
in the tomography data, at 250 mT the par-
ticles rearrange in chains (Figure 1). This
leads to distinct distances of the chains in
the 2D slices, in contrast of a 2D random
distribution of particles before application
of the magnetic field.

This change from a random to a specific
particle spacing is reflected in the RDF as
occurring extrema. The impact of axial me-
chanical compression is visible as an in-
crease of the distance of those maxima. This
indicates a radial expansion of the particle
structure as one would expect with a axially
compressed sample. No chain formation
was found at 10 mT. Thus, an impact of the

strain on the particle structure at 10 mT is
not visible due to the isotropic distribution

of the particle distances.
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Figure 3: The results show a transition from a

typical RDF indicating an isotropic particle
structure to an ordered structure.
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Conclusion

The addition of the evaluation of the RDF to
the analysis of the geometrical properties of
individual particles offer a more compre-
hensive characterisatio of the impact of dif-
ferent stimuli on the particle structure in
magnetorheological elastomers. A detailed
interpretation of the presented data can be
found in [4].
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Remote-Controlled Magnetic Activation of Self-Healing
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The interest in  remote-controlled
responsive materials and their modelling
has increased over the last few decades. In
this respect, the combination of magnetic
nanoparticles with soft materials offers
new possibilities towards smart adaptive
materials that can be manipulated by
external magnetic fields. In particular, the
local heat dissipation by magnetic
nanostructures in oscillating
electromagnetic fields (OEMF) provides
the opportunity to increase the temperature
locally and thus stimulate dynamic
processes, e.g. for self-healing materials.™
Designing and modeling the heating
procedure in this system allows the
fabrication of on-demand tailor-made
adaptive materials and an overall control of
the procedure.

lonomers have shown to be promising
candidates for self-healing elastomers.l>
Polymer of this class contain up to
20 mol% of ionic aggregates that phase-
separate and lead to thermoreversible
physical crosslinks. The origin of the self-
healing behavior of the ionomers is the
dynamic viscoelastic nature and the
thermal reversibility of the ionic crosslinks.
The appearance of an ionic transition
temperature T; is characteristic for the ionic
physical clusters.E!

Results and Discussion

The used ionomer is based on a n-butyl
acrylate backbone and contains 5 mol% of
Zn?*-neutralized acrylic acid units.[®l After
a comparative investigation concerning
magnetic  particles, cube-like Fe304
particles (FC) with an edge length of
d = (212+£57) nm were identified as good

candidates due to their energy harvesting
efficiency.

Magnetic composites of the FC particles
and the self-healing ionomer matrix are
obtained by coprecipitation and analyzed
with respect to their magnetic, thermal and
mechanical properties. It is shown that the
thermal transition of the ion clusters is in
the desired range (Ti = 339.6 K), and that
the  viscoelastic  behavior  changes
accordingly at T; from elastic to viscous at
intermediate  frequencies for healing
capability. Rheological experiments show
an increase of the mobility of the matrix by
increasing temperature.

Figure 1a shows a typical thermogram for
OEMF measurement at f = 250 kHz and
H=31.5kA-m? for ionomeric composite
with  0.05vol% FC. A steady-state
temperature Tmax IS reached due to the
remaining heat loss to the environment. It
is also noticed that Tmax as well as the
initial heating rate (dT/dt):—o increase with
increasing particle fraction. The steady-
state condition is characterized by equality
of the heat flow (Qint) generated by
magnetic heating, and the heat transfer
from the sample to the environment (Qex),
and thus Tmax under a given field condition
depends on the particle fraction, their
specific heat power (SHP), and also on the
sample dimension, shape, geometry, and
contact to its environment.
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Figure 1: a) OEMF measurements of P@FC
with filler fraction of 0.05 vol%, b) Simulated
steady-state temperature ATwax VS. the
magnetic content umyg at different specific
heating powers for a composite with a
geometry of (25 x 10 x 2) mm?,

The heating process can be described by a
logarithmic equation, involving 7 as the
characteristic time constant depending on
the heat transfer of the sample to the
environment (Qex) and therefore on the
sample geometry. Further the heat transfer
coefficient h is accessible. The knowledge
of h of a specific interface allows the
prediction of Tmax depending on the heat
efficiency of the particle Pm for different
sample geometries (figure 1b).

The  magnetic  field-induced  heat
development and the resulting temperature
profile can effectively be predicted and
modelled for various materials on the base
of accessible material characteristics and
geometry.[®l The heat transfer coefficient is
determined and the steady-state
temperature and time scale can be forecast
by the described method.
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Torgue on suspensions of anisotropic pigment particles and mag-
netic nanoparticles in rotating magnetic field
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The reorientation dynamics of complex
liquids in external magnetic fields is im-
portant for their potential application in
magneto-mechanical and magneto-optical
devices, and provides fundamental insights
into their structures and internal dynamic
mechanisms. The phenomenon that
nanostructured magnetic fluids follow a
rotating magnetic field is known as the
rotational effect [1,2]. We study this effect
in mixtures of ferrofluids and colloidal
suspensions of anisotropic, plate-shaped
pigment particles (Fig.1), by exploring its
dependence on the concentration of mag-
netic nanoparticles (MNP) and rheological
properties of the carrier fluid.
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The detailed description of the setup can
be found in Ref. [3]: A spherical glass con-
tainer completely filled with the suspension
is fixed to a thin glass fiber and placed in a
rotating magnetic field generated with two
pairs of Helmholtz coils. The spherical
container geometry provides a uniform

demagnetization, and thus a homogeneous
inner magnetic field. We determine the
magnetic torque density T in dependence
on the applied external magnetic induction
B and frequency f from the torsion of the
glass string (Fig.2).
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We demonstrate that the frequency de-
pendence of the torque strongly depends on
the rheological character of the carrier flu-
id. A monotonic increase of the torque with
increasing frequency is found in nearly
Newtonian carriers with only small con-
centrations of the plate-shaped particles
(N3-N5). A non-Newtonian character of
the fluid (shear-thinning) in suspensions
with high concentration of the pigment
particles (N1-N2) results in a larger slope
of the torque T(f) at low frequencies. The
saturation of T(f) shifts to the lower fre-
quency range in samples with higher pig-
ment particles concentrations. This reflects
an intricate interaction between the flow
induced by the rotating MNPs and the
plate-shaped pigments. A detailed theoreti-
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cal study is in progress to understand this
behavior.
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noparticles as tracer particles
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Spherical and monodisperse cobalt ferrite
nanoparticles in a polyethylene glycol
(PEG) solution display decelerated Brown-
ian motion due to the presence of the PEG
chains. The nanoparticles are in the same
size of the structural units of the matrix and
as a result the relative length scale of the
magnetic particles compared to the size of
the structural units of the polymer gets rel-
evant. Therefore, the particle mobility is
influenced. Similar investigations were
performed in a ring survey within the
SPP1681 [see Abstract Nanorheological
Studies on the Scale-Dependent Particle-
Matrix Interaction in Magnetically Func-
tionalized Hybrid Materials].

Here we proceed with the study of PEG
with different concentrations in an aqueous
solution above the critical mass fraction
where the PEG chains form entanglements.
1 wt% of cobalt ferrite nanoparticles with a
diameter of 17.3 nm are dispersed in X
PEG300k solution with x=2.1, 5, 10...25
wt%. With increasing PEG concentration
the solution changes, starting as a viscous

sample it becomes more and more viscoe-
lastic.

Results

For a pre-characterization cobalt ferrite
nanoparticles in water were studied by
magnetic AC susceptometry and low tem-
perature in-field Mdssbauer spectroscopy
to get information about the hydrodynamic
radius and the structural properties.
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The Brownian rotation frequency of the
particles in various PEG solutions was
studied by magnetic AC susceptometry at

different temperatures mainly from 250 K
to 300 K.
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Figure 1: The imaginary part of the mag-
netic AC susceptibility as a function of

temperature and frequency for PEG300k
with 2.1 wt%.

With increasing temperature the Debye
peak shifts to higher frequencies than ex-
pected [1].

Above a certain concentration of PEG a
bimodal behavior was found: The real part
shows a double step-like behavior and the
imaginary part of the magnetic AC suscep-
tibility exhibits two relaxation peaks as
displayed in Figure 2.
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Figure 2: The real part and the imaginary
part of the magnetic AC susceptibility as a

function of temperature and frequency for
PEG300k with 25 wt%.
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Modeling and finite element simulation of macroporous ferrogels
at finite strains
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Introduction

Ferrogels are magneto-sensitive polymeric
materials consisting of a chemically cross-
linked network with embedded iron oxide
particles, which can absorb and release
water. Their fabrication was first reported
in the late 90s [1, 2].

Due to their bio-compatibility, ferrogels
have a great potential to be applied e.g. in
biomedical engineering and medicine. Pos-
sible applications comprise remotely con-
trolled drug delivery devices, sensors and
actuators.

Ferrogels demonstrate large volumetric
deformations up to 100% and more. But,
due to their low porosities, the water
transport through the gel is restricted.

In [3], macroporous ferrogels with inter-
connected pores in the micrometer range
and porosities up to 80% were synthesized
by freezing gels at different temperatures.
These kinds of ferrogels have the ability to
respond to applied magnetic fields with
fast and dramatic change in shape and vol-
ume.

In the present work, a fully coupled mag-
neto-mechanical computational framework
is developed in order to investigate the
behavior of composite porous ferrogels in
reaction to applied magnetic fields.

Modeling

Additionally to the modelling of ferrogels
derived by Attaran et al. [5] based on the
Theory of Porous Media, in the present
work, a model for macroporous ferrogels at
finite strains based on the macroscopic
consolidation theory of Biot [4] is present-
ed.

In the newly developed model, the authors
provide a comprehensive modeling ap-
proach to investigate magnetic field in-
duced large deformation and fluid transport
in magnetically sensitive porous materials.
In this model, unknowns for the mechani-
cal displacement, for the fluid pore pres-
sure and the magnetic scalar potential — in
order to satisfy Ampere's law — are chosen
as primary field variables.

The developed formulation is discretized
by using the finite element method and is
implemented in FENICS [6].

Numerical Simulation

In order to demonstrate the capability of
the derived formulation, a three-
dimensional composite beam consisting of
two different macroporous ferrogels is in-
vestigated. The analyzed beam, supported
at its left end, has the following dimen-
sions, see Figure 1. Q,={X€
R3|X € [0,L] x[0,B] x[0,B]} with L =
40 mm and B = 8 mm. The poromechani-
cal behavior of the top (ferrogel 1) and
bottom gel layer (ferrogel 2) is identical,
but both ferrogel layers own different
magneto-mechanical coupling properties.

T
X27 ferrogel 1 4} mm
T
ferrogel 2 ‘} mm
Xy B
40 mm

Figure 1: Geometry and mechanical boundary conditions
of the composite beam.

A magnetic scalar potential of ®jst =0 A at
the left side and of ®rignte = 9600 A t/to at
the right side — where to = 15 s — is pre-
scribed, resulting in a material magnetic
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field strength of Hi = 240 A/mm t/to. On
the free surfaces a constant fluid pressure is
prescribed.

Numerical Results

The total displacement Utor =

Juf +us +u3 of the composite beam at

t= 0s, 5s, 10s and 15s is depicted in
Figure 2.

Due to the different magneto-mechanical
coupling properties of both gel layers, the
composite ferrogel bends downwards ob-
taining its maximal bending at t = 15 s.

In the present example the large-strain the-
ory is essential to model the physical be-
havior of highly porous ferrogels.

t=0s t=5s
t=10 s t=15s
Uy [mm]
| |
0 12,2 24,4

Figure 2: Total displacement utt of the composite beam at
different times.

Conclusion

In the present work, a fully coupled mag-
neto-mechanical computational framework
has been developed and discretied by using
the FEM in order to investigate the behav-
ior of porous ferrogels in reaction to ap-
plied magnetic fields.

It has been shown that the proposed finite
strain based framework is well suited for
ferrogels which exhibit large deformations.
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Equilibrium magnetization and magnetization relaxation of
multi-core magnetic nanoparticles from computer simulations

P. Ilg!

1School of Mathematical, Physical, and Computational Sciences, University of Reading, Reading,

RG6 6AX, United Kingdom

Motivation

More and more frequently, biomedical and
biotechnical applications make use of multi-
core magnetic nanoparticles [1, 2]. How-
ever, their magnetic properties are less
well studied and less well understood than
their single-core counterparts. Therefore,
several ad-hoc assumptions are often needed
in order to interpret experimental results.
Previous simulation studies have either
focused on the equilibrium magnetization
[3] or disregarded the rotational diffusion
of the cluster. Here, we present a se-
ries of computer simulations of multi-core
magnetic nanoparticles were we investi-
gate the effects of magnetic anisotropy
and dipolar interactions on the equilib-
rium magnetization and magnetization re-
laxation, taking into account Néel relax-
ation, thermal fluctuations as well as Brow-
nian rotation of the clusters.

Model System

We consider a system of NV identical spher-
ical magnetic nanoparticles that each posses
a magnetic point dipole of strength m
at their centers. The N nanoparticles
together form a dense multi-core cluster
that we generate by simulating the diffusion-
limited cluster aggregation process. Once
the cluster is formed, no translations or
rotations of the individual nanoparticles
relative to each other are allowed, so that
we deal with a rigid cluster. Sufficiently
large clusters, N > 50, are found to be
dense and spherical to a good approxi-
mation.

Figure 1: One realization of a multi-core
cluster containing N = 100 nanoparticles.
The magnetic moments of the nanoparti-
cles are indicated by arrows.

The internal Néel relaxation of the mag-
netic moment of each nanoparticle we model
by the stochastic Landau-Lifshitz-Gilbert
equation, including the effect of an exter-
nal magnetic field, the magnetic anisotropy
as well as dipolar interactions between the
nanoparticles [4].

In order to model rotational diffusion of
the cluster as a whole that is suspended in
a suitable carrier liquid, we include rota-
tional Brownian motion of the cluster as
a rigid body resulting from the angular
momentum balance.

Equilibrium Magnetization

In order to study the equilibrium magne-
tization, we apply a static external field
and numerically solve the stochastic Landau-
Lifshitz-Gilbert equation together with the
rotational Brownian motion of the whole
cluster. We record the resulting total mag-
netic moment of the cluster parallel to the
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field direction once the equilibrium state
has been reached. Performing time aver-
ages as well as averaging over an ensem-
ble of statistically independent clusters,
we determine the mean magnetization of
the cluster as a function of the strength
of the external field. In agreement with
ecarlier results [3], we find that for weak
dipolar interactions, the equilibrium mag-
netization is rather well described by the
Langevin function that corresponds to non-
interacting particles. Upon increasing dipo-
lar interaction strength, the magnetiza-
tion is reduced compared to non-interacting
case, mainly due to frustrated dipole-dipole

Figure 2: Magnetization relaxation of
multi-core clusters each containing N =
100 nanoparticles after switching off a
strong orienting field. Top panel: Brown-
ian relaxation is slow compared to Néel
(dipolar interaction strength increases

interactions.

Magnetization Relaxation

Magnetization relaxation plays an impor-
tant role in different applications. One
example of particular relevance is magne-
torelaxometry, where a strong magnetic
field is applied initially and the magneti-
zation is measured when the field is sud-
denly switched off [2]. We perform the
corresponding simulations for our model
system. The magnetization relaxation is
found to proceed in a two-step fashion
with a fast initial decay being followed
by a long-time relaxation. For moder-
ate dipolar interaction strengths, the lat-
ter can be approximated quite well by an
exponential decay with rate given by the
sum of the relaxation rates in the immo-
bilized state and the Brownian rotation.
For strong dipolar interactions, slow non-
exponential relaxation is observed.
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Concentration-dependent zero-field magnetic dynamic response
of polydisperse ferrofluids
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In the present contribution we discussed
three possible mechanisms, through which
particle concentration can affect the dy-
namic zero-field magnetic response of fer-
rocolloids. These mechanisms are: (i) line-
ar dependence of the initial dynamic sus-
ceptibility on ferroparticle number density,
which however cancels out in case of
measuring a phase shift; (ii) the growth in
the collective relaxation time related to
dipolar correlations intensified by the in-
crease in concentration; (iii) the overall
slowdown of the particle rotational diffu-
sion due to the concentration growth of the
system effective viscosity. We tried to sep-
arate the latter highly interweaved mecha-
nisms by analyzing the combination of
experimental data for samples obtained on
dilution with fixed polydispersity, analyti-
cal model based on the perturbation theory
and Brownian Dynamics simulations of
monodisperse dipolar soft sphere fluids.
We discuss the experimental results ob-
tained for seven ferrofluid samples with the
same particle size distribution that differ
only in concentration of magnetic material.
The dynamic response to a weak linearly-
polarized probing AC field is measured for
each sample at five different temperatures
from 232 K to 237 K. We investigate Cole-
Cole diagrams and phase shifts in order to
describe the impact of ferroparticle concen-
tration on the initial magnetic susceptibil-
ity.

We showed that the strongest impact of the
concentration, for the range of parameters
studied here, comes through the growing
effective viscosity. The latter leads to a
complex transformation of the relaxation

time spectra and gives rise to the qualita-
tive changes in Cole-Cole diagrams and
phase shifts at fixed temperature. In gen-
eral, if one considers the distribution of
relaxation times for a ferrofluid with a giv-
en polydispersity, its evolution is defined
by the changes in temperature and concen-
tration and related to the redistribution of
particles between Ne’el and Brownian
mechanisms. The relaxation time spectra,
per se, as a function of temperature and
concentration and its trans formations de-
serve a separate investigation, which we
plan to perform in the future.
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Modeling and Simulation of Hystereses in MREs filled with
NdFeB Particles
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Introduction

Magnetorheological elastomers (MREs) are
active composites consisting of magnetiza-
ble particles embedded into a polymer ma-
trix. A specific class of these materials are
MREs with magnetically hard fillers as
NdFeB. These MREs have features as field
dependent coercivity and remanent magnet-
ization which are typical for conventional
magnetically hard materials. However, as
recently published by Linke et al. [1], meas-
ured magnetization loops of MREs based on
a soft polymer matrix filled with NdFeB dif-
fer considerably from the loops of the bulk
magnetic component or NdFeB particles
fixed in a comparatively stiff matrix as
epoxy resin.

To investigate the microstructural causes of
the measured macroscopic behavior, a con-
tinuum-based modeling approach is pre-
sented in this contribution.

Modeling and Simulation

The analyzed MREs are described by a mi-
croscopic model, i. e. the heterogeneous mi-
crostructure consisting of magnetizable in-
clusions embedded into a polymer matrix is
taken into account explicitly.

The constitutive models for the particles and
the matrix are formulated separately. To de-
scribe the magnetic behavior of the embed-
ded NdFeB particles, a phenomenological
rate independent vector hysteresis model
which is based on the work of Bergqvist [3]
is used. Experimental data and the least
square fit of the hysteresis model are de-
picted in Figure 1. The matrix material is as-
sumed to be purely elastic.

In order to connect the macroscopic and the
microscopic magnetic and mechanical
quantities, a suitable computational homog-
enization scheme [4,5] is used. The govern-
ing equations of the coupled magneto-me-
chanical boundary value problem are solved
within a nonlinear finite element (FE) for-
mulation as presented in [2]. Since the local
magnetic and mechanical fields are resolved
explicitly, the presented approach accounts
for particles close to each other.
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Figure 1: Magnetization of NdFeB: Least-
square fit of the major hysteresis loop.

Results and Discussion

In order to investigate the behavior of the
considered MRE, a homogenization with a
representative volume element (RVE) con-
taining monodisperse circular inclusions is
examined. In the performed simulations,
different random microstructures are evalu-
ated statistically to ensure validity.

These simulations indicate a rotation of the
particles within the soft polymer matrix ma-
terial. Due to this effect the effective hys-
tereses of the MRE are significantly smaller
than the hystereses of pure NdFeB, see Fig-
ure 2. Furthermore, it has been observed that
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the reversion of the effective magnetization
occurs due to a combination of the particle
rotation and internal domain conversion
processes.

The discussed computational results are
qualitatively in good agreement with the ex-
periments presented in [1].
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Figure 2: Predicted effective macroscopic
magnetic behavior: initial curves (dotted
lines) and second hysteresis loops (solid
lines) of an MRE with an elastomer matrix
and a composite with an epoxy resin matrix.
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Self-assembly of magnetic filament pairs

E. Novak?!, D. RozhkoVv?, E. Pyanzinal, P. A. Sanchez?, S. Kantorovich!-2

1 Ural Federal University, Ekaterinburg, Russia

2 Computational Physics: Faculty of Physics, University of Vienna, Vienna, Austria

Newly developed experimental techniques
allowed combining magnetic particles and
polymers and create magnetic filaments.
These techniques make it possible to create
certain aggregated structures with finely
controllable mechanical, magnetic and oth-
er properties, using directed self-assembly
at nano- and microlevel. We study the self-
assembly of pairs of magnetic filaments
made out of ferromagnetic nanoparticles
with different chain conformations and par-
ticle shape. For spheres we use simple
open chains, closed rings and branched
structures with “X” and “Y” junctions -
inspired by the recent findings on the low
temperature self-assembly of dipolar hard
spheres [1,2]. For ellipsoidal nanoparticles
simple open chains and closed rings are
used. To the best of our knowledge, there
are no other configurations of ellipsoids in
the ground state [3]. Using Langevin dy-
namics simulations, we investigate pairs of
magnetic filaments with the same confor-
mations (chain-chain, ring-ring, etc.), ana-
lysing in detail their self-assembly behav-
iour depending on the length of filaments,
distance between filaments, particles shape
and magnetic moment. On Fig. 1 the com-
parison between pairs of chains and rings
are presented. One can see the different
self-assembly. We investigate also average
magnetic moment and magnetic energy of
filaments pairs for different filament’s con-
formations. We show that all system’s pa-
rameters can dramatically change self-
assembly of magnetic filaments pairs. All
these results will form the basis for devel-
oping theoretical model for effective pair
potential of two filaments and will be the

first step for design of novel magnetocon-
trollable systems.

Figure 1: Pair of chains (top line) and rings
(bottom line) for spheres and ellipsoids.
The distance between middle particles is 3
and square of magnetic moment is 5.
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Coupled displacements and rotations of magnetic particles
in elastic environments in bulk and near rigid substrates
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Overview

In ferrofluids, magnetic colloidal particles
are suspended in a carrier liquid. External
magnetic field gradients impose forces on
these particles, while the magnetic field it-
self may induce particle rotations. Simi-
larly, induced magnetic interactions be-
tween the particles imply forces and possi-
bly torques on the particles. Since the parti-
cles are suspended in the liquid and Reyn-
olds numbers are small on the particle scale,
the forces and torques are transmitted to the
surrounding fluid. This sets the fluid into
motion. Other suspended particles are ex-
posed to these induced fluid flows. Result-
ing hydrodynamic interactions couple the
particle motions, and an analytical theoreti-
cal approach is available to describe and
quantify this situation [1].

Recently, we have transferred this approach
to the case of magnetic gels and elastomers.
There, the particles are embedded in a soft
elastic, i.e., reversibly deformable environ-
ment [2]. In this case, magnetically induced
forces or torques on the particles are trans-
mitted to the surrounding elastic matrix.
The consequence are long-ranged elastic
distortions of the environment. Other em-
bedded particles are exposed to these distor-
tions, which leads to coupled displacements
and rotations of the inclusions.

We have explicitly analytically calculated
the resulting coupled displacements and ro-
tations for linearly elastic deformations. The
role of the elastic matrix is implicitly in-
cluded in our resulting expressions. It does
not need to be calculated separately, e.g., by
corresponding simulations. Compressibility

of the elastic matrix is readily taken into ac-
count.

Coupled displacements under imposed
forces

As a first step, we only considered magnetic
forces acting on the embedded particles [3].
For simplicity, the elastic matrix is consid-
ered as homogeneous, isotropic, and infi-
nitely extended, while the particles are rigid,
spherical, and of identical size.

It turns out that the rigidity of the particles
leads to effective reflections of the defor-
mation fields induced by other particles.
That is, a first particle distorts the elastic
matrix. A second particle is exposed to the
deformation field and would be deformed it-
self, if it were soft. However, due to its ri-
gidity, the particle counteracts, which leads
to a secondary deformation field in the elas-
tic matrix. The first particle is now itself
subject to this secondary deformation field.
Also higher-body interactions result in this
way. Our approach is an expansion in the in-
verse separation distance between the parti-
cles. The order of this expansion deter-
mines, if and how many back-and-forth re-
flections are taken into account.

We have compared our theoretical approach
with experimental data [3]. They were ob-
tained by embedding paramagnetic nickel
particles into soft elastic polymeric gel ma-
trices. Applying and rotating an external
magnetic field induces and tunes magnetic
interactions between the particles. Experi-
mental data points and theoretical results on
the resulting coupled particle displacements
show very good agreement.
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Moreover, in a simplified situation of point-
like particles and centrally symmetric parti-
cle displacements, we have mapped our de-
scription onto an effective dipole-spring
model. It serves as an input for a statistical
description of magnetic gels [4].

Coupled displacements and rotations un-
der additionally imposed torques

In a second step, we have included addi-
tional torques acting on the particles [5]. We
have then explicitly calculated the resulting
coupled displacements and rotations of the
inclusions. In all these calculations, we have
assumed no-slip boundary conditions for
the elastic matrix on the particle surfaces.
For spherical particles exposed to magnetic
fields, torques can arise, if the crystalline
structure of the particle material leads to
magnetic anisotropy. As an example, we
have considered uniaxial magnetic anisot-
ropy in an idealized Stoner-Wohlfarth
model. The effect of the additional torques
on the resulting particle displacements and
rotations were evaluated for simplified ex-
ample situations.

Influence of a rigid wall

Finally, we have considered the situation
close to a rigid wall, e.g., the substrate of a
magnetic gel or elastomer [6]. The coupled
displacements of magnetically interacting
point-like particles were addressed. Results
obtained for both, no-slip and free-slip sur-
face conditions on the substrate, were com-
pared to each other and to the bulk behavior.
No-slip surface conditions often occur in
experimental situations when the polymeric
matrix adsorbs to the substrate. Free-slip
conditions could possibly be realized by lu-
brication.

Our results suggest that vanishing slip of the
elastic matrix on the substrate surface usu-
ally hinders the displacements of the parti-
cles within the matrix. In contrast to that,
free-slip surfaces can in some situations
support the particle displacements when
compared to the bulk behavior. We always
found larger displacements for free-slip
conditions. These results suggest free-slip

surface conditions for certain applications,
e.g., to achieve larger deformation ampli-
tudes when magnetic gels are used as soft
actuators.

Apart from that, we identified a qualita-
tively inverting effect of the rigid substrate
under certain conditions. If magnetic parti-
cles attract each other but are additionally
subject to an external magnetic field gradi-
ent, their mutual attraction can sometimes
be reversed into effective repulsion (and
vice versa).

Conclusions

In summary, we have derived explicit ana-
Iytical expressions to calculate the coupled
displacements and rotations of magnetic
particles embedded in a linearly elastic ma-
trix in bulk and near a rigid substrate. In the
future, the formalism shall be used to char-
acterize analytically and quantitatively dif-
ferent practical situations of applications of
magnetic gels and elastomers. Yet, we wish
to stress that our formalism is not restricted
to the situation of magnetic interactions, nor
to the polymeric nature of the surrounding
matrix. For instance, also certain situations
concerning soft biological tissue and living
cells can be described analogously.
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Towards the simulation of dynamic processes in magnetic gels
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Figure 1: Relaxation of different gel samples, namely isotropic and uniaxial (cross-linked in presence of a mag-
netic field), when switching on an external magnetic field. The deformation of the gel shape parallel to its longest
axis is shown. Dashed lines indicate the relaxation process without hydrodynamic interactions. When lattice
Boltzmann hydrodynamics are taken into account, an overshoot due to inertia effects can be observed (solid lines).

We use a particle-based molecular dynam-
ics approach for simulating the magnetic,
deformational and elastic response for mag-
netic gels. So far our focus was gaining an
understanding of the deformation mecha-
nisms in ferrogels under the influence of a
DC magnetic field. Both, deformations
driven by the dipole-dipole interaction and
by the nanoparticle-polymer coupling were
studied [1, 2, 3, 4], as well as the influence
of the particle and network structures [5].
Many experiments are, however, conducted
using time-dependent stimuli, in particular
AC magnetic fields. Furthermore, oscilla-
tory deformation responses may be of inter-
est for actuation and transport applications.
Hence, in this contribution, we report initial
results for the relaxation processes in a mag-
netic gel. These are studied by applying a

jump in the external magnetic field and ob-
serving the time-dependent magnetic and
deformation responses.

We show that hydrodynamic interactions
have a significant influence on the deforma-
tional relaxation time. Also, an overshoot
and subsequent secondary relaxation behav-
ior can be observed, which we attribute to
inertia effects.

Additionally, first results for the magnetic
and deformational AC susceptibility will be
presented.
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Computer modeling of bidisperse hybrid magnetic elastomers
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Among the most recent strategies developed
to improve the properties of soft magnetic
elastomers, the mixture of different types of
magnetic particles filling the polymer ma-
trix is one of the most promising solutions.
In recent experimental studies, a new family
of magnetic elastomers containing magneti-
cally soft nanoparticles and magnetically
hard microparticles was synthesized for the
first time [1-2]. Typically, in such hybrid
elastomers, one keeps a relatively low vol-
ume fraction of magnetically hard col-
loids—usually ferromagnetic particles with
diameters of 3-5 um—and a high volume
fraction of magnetizable particles—in most
cases paramagnetic particles with a diame-
ter of around 10nm.

An accurate theoretical characterization of
these materials and their magnetic response
requires to take into account the complex in-
terplay between the two types of magnetic
particles and the external fields, as well as
their magneto-elastic coupling with the pol-
ymer matrix.

Here, we present a simple bead-spring
model of such a hybrid soft magnetic elas-
tomer materials intended to capture the es-
sential interactions in the system. The
model takes into account the magnetization
of the magnetically soft particles by the
presence of the magnetically hard ones, as
well as the effect of external magnetic fields

on both types of magnetic particles. With
this model we performed extensive com-
puter simulations focused on one “elemen-
tary cell” of the elastomer microstructure.
This cell consists of a central fixed particle
with a permanent dipole moment, represent-
ing one magnetically hard colloid. This col-
loid is surrounded by a corona of polymers
grafted on its surface, that include the em-
bedded magnetically soft beads. We analyze
the magnetic response of this system with
the aim to connect our results to experi-
mental results and analytical models based
on continuum approaches.
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Minimal modeling of initial inelastic deformations in composite
magnetic elastomers
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In this contribution we report on our recent
progress on the theoretical modeling of a
novel type of composite magnetic elasto-
mers, created by embedding a mixture of
magnetically soft and hard particles into a
polymer matrix [1]. In particular, we focus
on the characterization of the unconven-
tional magnetic response exhibited by
freshly synthesized samples of these mate-
rials: for a broad range of synthesis param-
eters, it has been observed that their initial
magnetization loop, obtained when exposed
for the first time to external fields, is signif-
icantly different from the ones obtained in
subsequent measurements. The two main
potential reasons suggested to explain this
behavior are the interplay between the mag-
netically soft and hard particles and/or the
existence of inelastic deformations in the
polymer matrix as a consequence the field-
induced rearrangements of the particles.
Here, we study if the latter mechanism is
enough to produce the experimental behav-
ior. With this goal, we performed extensive
computer simulations with a minimal model
of the elastomer microstructure that takes
into account the mechanical coupling be-
tween the magnetic particles and the poly-
mer matrix. This coupling is modeled as
elastic rotational and/or translational con-
strains on the movement of the particles.
Our simulations show that the introduction
of irreversible relaxations on these con-
strains during the first magnetization loop

reproduces qualitatively the experimental
differences between initial and later loops.
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Fig. 1. Example of a sequence of three con-
secutive magnetization loops obtained for
our minimal model of magnetic elastomer
with rotational and translational constrains,
including irreversible relaxations during the
first loop.
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To the theory of shear elasticity of magnetic gels

A. Zubarev, L. Iskakova
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One of the interesting and practically im-
portant features of magnetic gels is their
ability to vary rheological properties and
behavior under the action of an external
magnetic field. Physical explanation of
these phenomena and development of
methods of their quantitative description
require detailed study of origination of the
magentorheological effect on the level of
the particles of the magnetic filler. In its
turn, solution of this problem requires ac-
count of cooperative effects of multiparti-
cle interactions, the particles displacement
in the host polymer matrix and large de-
formations of the matrix as well. In the
general case, these problems cannot be
solved strictly. Very often they are consid-
ered by using heuristic models and simpli-
fications, whose accuracy and even qualita-
tive adequacy a ‘priory are unknown.

To achieve deep insight in this problem, it
is necessary to develop of mathematically
regular, free from any intuitive construc-
tions, methods of analysis of the studied
phenomena. One needs to note that the
payment for the mathematical regularity is
restriction of the models applicability by
certain limiting situations (usually - small
concentrations of the particles and small
deformations of the host matrix). Neverthe-
less, we believe that the results, obtained
with the help of the mathematically strict
approaches, can be a reliable basement for
development of semi-empirical and intui-
tive methods of description of the practi-
cally interesting highly concentrated and
severely deformed composites.

We present results of theoretical study of
shear properties of magnetic gels with ran-
dom and isotropic distribution of non-
Brownian magnetic particles in a host elas-
tic matrix. The system undergoes defor-

mation of a simple shear; a uniform mag-
netic field is applied in the direction of
gradient of the sample deformation.
Analysis shows that in the shear deformed
composite the total macroscopic shear
modulus G can be presented as the sum
G=Ge+Gm. Here G is the modulus of the
composite with the solid inclusions. This
term can be estimated by using the known
results of classical theory of composite
materials (see, for example, [1]). The sec-
ond term Gn reflects effect of magnetic
field and can be presented in the form:
Gm=0.5p0pM1H/y

Here o is the vacuum magnetic permeabil-
ity; ¢ is volume concentration of the parti-
cles; M. is the component of the sample
magnetization, perpendicular to the field H
in the sample; y is the macroscopic shear of
the gel. The main problem is to determine
the component M.

Three kinds of the composites have been
considered.

Ferrogels with magnetically hard
spherical particles. We have studied a
system of identical spheres with permanent
magnetic moment each, randomly distrib-
uted in an elastic matrix. The initial orien-
tation of the moments is supposed iso-
tropic. Magnetic moment is “frozen” in the
particle body and rotates with the particle.
The analysis is based on the equation of
rotation of the single particle in an elastic
media under the action of an applied field
and macroscopic shear of the sample. The
component M1 is determined from the
balance between the magnetic and elastic
torques, acting on the particles.

Our results show that magnetic field in-
creases the total modulus G (i.e. Gn>0); in
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the lowest approximation with respect to
the particle concentration Gm~¢.
Composites with non spherical magnet-
izable particles. A system of ellipsoidal,
linearly magnetizable particles has been
considered. Initial distribution of orienta-
tions of the ellipsoids axes is supposed
isotropic. Determination of M. again is
based on the analysis of the particle rota-
tion under the action field and elastic tor-
ques in the sheared composite. The results
demonstrate that Gn is positive, i.e. mag-
netic field enhances the composite rigidity;
in the low concentrated systems Gm~o,
effect of the particle shape on the total
modulus G is estimated.

Materials with spherical linearly mag-
netizable spheres. In these systems the
perpendicular component M. cannot appear
in the single-particle approximation; the
magnetic interparticle interactions must be
taken into account. Analysis shows that
macroscopic shear changes the function of
relative disposition of the particles, making
it asymmetric. Due to this fact, the mutual
magnetization of the particles leads to ap-
pearance of M.i. We have studied this ef-
fect in the regular pair approximations,
taking into account magnetic and elastic
(through the matrix deformations) interac-
tions between the particles. The last is con-
sidered by using the Batchelor results [2]
for the particles hydrodynamic interaction
in suspensions as well as the mathematical
identity of the hydrodynamic equations and
equations of deformations of elastic media
[1]. The particles spatial rearrangements,
induced by their magnetic interaction, are
taken into account. This rearrangement

leads to the uniaxial anisotropy of the non
sheared composite.

Our results show that, if the field in-

duced structural anisotropy is insignificant,
then the modulus Gn is negative, i.e. mag-
netic field reduses the total elastic
modulus G. If the induced anisotropy is
strong enough, the opposite effect can take
place - magnetic field will increase the
modulus G (Gm will be positive). It should
be noted that in the real ferrogels with
magnetizable particles effect of the interac-
tion between them can be masked by non
spherical shape, at least, part of the parti-
cles, as well as by the anisotropic agglom-
erates, which very often appear in the lig-
uid and polymer magnetic systems on the
stage of their synthesis. Both these factors
increase the macroscopic shear modulus G.
This conclusion must be taken into account
at interpretation of experimental results on
the magnetomechanic effects in the com-
posite materials.
We have estimated effect of the shear y on
the modulus G and have shown that G
always decreases with y.  In the lowest
approximation with respect to the particles
concentration, Gm~@>.
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Mag-Guider: A permanent magnet system
to guide and image super-paramagnetic nanoparticles

O. Baun, P. Blumler

Institute of Physics, University Mainz, 55099 Mainz, Germany

A new concept of using permanent magnet
systems for guiding superparamagnetic
nano-particles (SPP) on arbitrary trajecto-
ries over a large volume is presented [1].
The same instrument can also be used for
magnetic resonance imaging (MRI) [2]
using the inherent contrast of the SPP.

The basic idea is to use one magnet system
which provides a strong, homogeneous,
dipolar magnetic field (Bo) to magnetize
and orient the particles, and a second con-
stantly graded (dB/dr = G), quadrupolar
field, superimposed on the first, to generate
a force on the oriented particles. In this
configuration the motion of the particles is
driven predominantly by the component of
the gradient field which is parallel to the
direction of the homogeneous field. As a
result, particles are guided with constant
force and in a single direction over the en-
tire volume. The direction is simply adjust-
ed by varying the angle between quadru-
pole and dipole. Since a single gradient is
impossible due to GauB’ law, the other
gradient component of the quadrupole de-
termines the angular deviation of the force,
which is negligible for Bo >> Gr.

A possible realization of this idea is a co-
axial arrangement of two Halbach cylin-
ders [3,4]. A dipole to evenly magnetize
and orient the particles, and a quadrupole
to generate the magnetic force, Fmag, On
SPPs.
£ (xy) mTe(((BBXJr BosinZaj

= Yy + B, cos2a

—

EE\/B(f +G’ (X" +y)+ 2B,G(xsin 2.+ ycos2a)

where m is the magnetic moment of the
SPP and a is the angle between dipole and
quadrupole (see Fig. 1).

Fig. 1: Schematic drawing of an ideal Halbach
dipole (inner ring in lighter gray, white arrows
indicate the magnetization of the permanent
magnetic material) surrounded by an ideal
Halbach quadrupole (darker gray). Since Hal-
bach mutipols have no external (stray)field, the
guadrupole can be rotated force free around the
dipole by an angle a. The resulting magnetic
force points then along 2a..

A simple prototype was constructed to
demonstrate the principle in two dimen-
sions on several nano-particles, which were
moved along a rough square by manual
adjustment of the force angle (see Fig 2).

The observed velocities of SPPs in this
prototype were always several orders of
magnitude higher than the theoretically
expected value. This discrepancy is at-
tributed to the observed formation of long
particle chains —like iron filings— as a result
of their polarization by the homogeneous
field. The magnetic moment of such a
chain is then the combination of that of its
constituents, while its hydrodynamic radius
stays low [5].
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Fig. 2: a) Photograph of a simple prototype.
The inner dipole is made from 2 layers of 16
magnets each. The outer quadrupole is made
from 8 of the same FeNdB-magnets and can be
rotated without a noticeable force. This instru-
ment generated Bo = 0.1 Tand G = 0.2 T/m. It
has an opening of 28 c¢cm in diameter and
weights 9.5 kg.

b) Some 30 pum size SPP (dark cloud on top)
are moved in a rough square by manual rota-
tion of the quadrupole in four steps of a = 45°.
The particles wander with a speed of ca. 5
mm/s to positions marked by the numbered
circles. (taken from a movie).

A complete system will consist of another
quadrupole (third cylinder) to additionally
enable scaling of the gradient/force
strength by another rotation. In this config-
uration the device could then also be used
as a simple MRI machine to image the par-
ticles between movement intervals.

Finally, a concept is proposed by which
superparamagnetic particles can be guided
in three-dimensional space. In case that
SPP agglomeration shall be prevented after
guided transport (e.g. in magnetic drug
targeting) yet another dipole ring can com-
plete the design so that ideally all magnetic
fields can be removed once the SPP
reached their destination.
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Investigations of magneto-sensitive elastomers
in context of actuator and sensor applications
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The main research direction in context of re-
alisation of actuator and sensor systems us-
ing magneto-sensitive elastomers (MSES)
focuses on the change of their mechanical
properties by applying a static magnetic
field. This change corresponds to the inter-
actions between embedded magnetic parti-
cles and the elastomer matrix in the micro-
scopic scale. Especially samples with a
complex filler, made of large magnetically
hard grains and small magnetically soft par-
ticles, reveal sophisticated properties.

This work reports investigations of the free
vibrational behaviour displayed by MSE
cantilevers with magnetically soft particles
in the presence of a uniform magnetic field.
Such construction may serve as a core ele-
ment for fabricating sensors of several
kinds, e.g., acceleration, force and pressure
sensors. The concept to design a system in-
corporating an MSE sensor element to de-
tect mechanical stimuli of the environment
is presented in [1]. According to it, an MSE
cantilever with a complex filler shows bend-
ing vibrations induced by an external exci-
tation of its base. This response is identified
by magnetic field measurements. The key
point is that an adaptivity of the MSE sensor
element can be realised by means of an ex-
ternal magnetic field, which causes the
change of the material properties, above all
the mechanical compliance.

An alternative possibility for adjusting the
mechanical properties is to use thermo-
plastic elastomers or compounds consisting

of elastomer and thermoplastic as material
matrix, instead of just an elastomer. In this
case, the change of properties can be mainly
affected by variation of properties of the
thermoplastic component due to a tempera-
ture change in an alternating magnetic field
[2]. Hence, the magnetic particles of these
MSE materials are used primarily to induce
indirectly the resulting properties change in
contrast to MSEs based on elastomer ma-
trix. Thus, the technical use of such smart
materials is promising due to the possible
realisation of their properties changes.

Dynamical properties of MSE cantilevers

The description of the influence of an exter-
nal magnetic field on the material properties
is essential for the development of sensor
systems with variable sensitivity ranges.
One of the interesting aspects is the eigen-
frequency dependence of MSE cantilevers
on a magnetic field. Therefore, free vibra-
tional behaviour displayed by a macro MSE
beam with one end fixed and the other free
in the presence of a uniform magnetic field
is investigated experimentally. Isotropic
MSE beams of three lengths (40, 60, and 80
mm) and four concentrations (0, 10, 20, and
30 vol%) of magnetically soft particles of
carbonyl iron powder (CIP, @ 6 pm) are
used in tests. For each set of these parame-
ters, samples with various rectangular cross-
sections are prepared. Based on the deflec-
tion measurements, it is found that for the
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samples containing CIP, the eigenfrequency
dependencies are quadratically increasing
with the field strength.

In order to describe this microscale induced
system behaviour, the theoretical model is
developed. It extends the classical vibra-
tional dynamics of thin rods to allow for the
ponderomotive torque induced by magneto-
mechanical interactions experienced by an
MSE beam in a uniform magnetic field. The
expression for this torque is derived from
the approximation of the prismatic beam by
a magnetisable ellipsoid with the same di-
mensions of the principle axes. Two adjust-
able parameters that characterise the geo-
metric configuration of the beam’s cross-
section and its magnetic material properties
are introduced.

The model is applied for interpretation of
the measured frequency dependencies. As it
turned out from the calculations, the values
of these parameters are “universally” valid,
i.e., they provide good agreement (percent
error below 5.6%) between the theoretical
eigenfrequency dependencies with the ex-
perimental results for all used MSE beams.
Thus, the developed magneto-mechanical
model can be reliably used to predict the
amplitude-frequency characteristics of a vi-
brating sensor element made of an MSE
with magnetically soft particles.

MSEs with
matrix

elastomer-thermoplastic

The grade of mechanical properties change
of MSE materials based on an elastomer-
thermoplastic matrix is essentially depend-
ent on the material design as well as the fre-
quency and magnitude of an applied mag-
netic field. As a first step of investigations,
basic considerations for finding suitable
material composition are made. Type of
magnetic particles, their concentration and
parameters of the magnetic field are varied.
Due to the specific activating principle of
these materials, the focus of investigations
is on the possibility of the temperature
change. It is found that by using CIP of
5 wt% in an elastomer matrix under an al-
ternating magnetic field of Hmax = 20 KA/m,
f = 400 kHz (sample volume of 1cm?)

within 20 s, a temperature change of 30 °C
can be induced.

For applications to be developed, small tem-
perature changes of the MSE in comparison
to room temperature are preferred. There-
fore, thermoplastic materials with low melt-
ing points are selected for the preparation of
the MSE matrix. First investigations with
Dextran Myristic Ester particles (@ 1 mm,
melting point of 42 °C, 0.5...10 wt%) show
that a stiffness reduction up to 30% is pos-
sible (temperature range is 20...55 °C).
Based on these promising results, upcoming
investigations will focus on more detailed
experimental considerations and material
study regarding the concentration of the
MSE components. These investigations will
enable the further realisation of sensor and
actuator systems based on MSEs with vari-
able mechanical properties.
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Introduction

All systems that contain moving compo-
nents, have some sort of lubrication in-
volved. One of the biggest problems seen
here is wear, which makes lubrication a big
issue in industry. The wear is generally
caused by contact between the bearing fac-
es resulting in material detaching from the
surfaces. In general, it can be said that if
you can guarantee that the surfaces are not
touching under all operating conditions,
you can guarantee that there is no wear in
your bearing under all operating condi-
tions.

The scope of this research is on the bearing
of rotating equipment, where the failure of
these bearings is mainly caused by wear
that causes blocking of the rotating shaft.
Which consequently results in system fail-
ure. This is especially troublesome for ro-
tating equipment in failure sensitive sys-
tems like for example emergency power
system, chemical plants and nuclear power
plants.

The goal is to develop a bearing system
that is contactless for all operating condi-
tions. All current solutions, that can be
characterized as contactless, are hydrody-
namic (HD) bearings (Figure 1) and hydro-
static (HS) bearings (Figure 2). The draw-
back of the HD bearing is that the system
does not have any load carrying capacity at
low speeds. A HS bearing does have load
carrying capacity for all speeds but it al-
ways needs a failure sensitive high pres-
sure supply pump for proper operation.

In this research the properties of MR fluid
are used to combine the advantages of both
the HD and HS bearing in one design: a
bearing concept that is contactless for all
operating speeds and relies on pump only
at low speeds (Figure 3). The bearing
works as a HS bearing at low speeds and a
HD bearing at high speeds, something that

is normally not efficient since surface tex-
turing, which is desired for maximum effi-
ciency of a HS bearing, reduces the effi-
ciency of a HD bearing.

This work presents the basic working prin-
ciple of the bearing in the HS working re-
gime. Furthermore, the work demonstrates
the effect of control on the bearing perfor-
mance as is showrll in [1].

] housing

pressure field

Figure 1: Example of a hydrodynamic bearing(HD).
The inner cylinder moves counter clockwise while
the outer cylinder stays static. The eccentricity
between the two cylinders causes a converging
wedge that results in a local pressure field.

pd\
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Figure 2: Configuration A presents a hydrostatic
bearing that works by actively pumping lubricant
in-between the two bearing faces to create a load
carrying capacity. The pad area has close to con-
stant pressure since the flow has little resistance
there, the land area has a declining pressure due to
the high resistance caused by the small fly height h.
Configuration B presents a hydrostatic bearing with
MR texturing that works by actively pumping MR
lubricant in-between the two bearing faces to create
a load carrying capacity. A land and pad configura-
tion is created by respectively activating and not
activating the MR fluid.
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Figure 3: A schematic overview of a hybrid bearing
with MR texturing. The bearing works as a MR
textured hydrostatic bearing at low speeds and as a
conventional HD bearing at high speeds(see Figure
1).

Bearing model

The load carrying characteristic of a hydro-
static bearing is defined by the potential
divider presented in Figure 4. A basic
model of the HS bearing with MR textur-
ing is derived by deriving a relation for the
resistance of the bearing Rpeqring-

R

Tes

Psowrce R bearing Poeari ng

Figure 4: The pressure in the bearing is defined by a
potential divider of the restrictor resistance R,..; and
the bearing resistance Ryearing -

With the following relations a 2D model is
derived that has as main assumption a low
Reynolds number flow and a Bingham
plastic fluid model.

Rbearing
pbearing - Rbearl’ng + Rres Psource (1)
24nAr
Rpearing = Lh3(2 — 3R + R°) (2)
Az @)
hpbearing

The relations use n as viscosity, Ar as the
distance over which the pressure drop
Dpearing aCts, L as the length of the bear-

ing, h as the spacing between the bearing
surfaces and t as the yield stress of the
fluid.

The bearing pressure can be obtained by
solving relation (1). From relation (3) it
can be seen that the bearing is actually a
function of the same bearing pressure. Still
the relation can be solved analytically by
rewriting it to a 3" degree polynomial that
has one physically correct solution.

Results

The bearing pressure as a function of the
fly height is given in Figure 5. The graph
shows that the bearing pressure at low fly
height is equal to the feeding pressure. For
higher fly heights, the bearing pressure
follows either a -3 slope or a -1 slope. The
-3 slope is followed where the MR effects
are small (R~0) and a -1 slope is followed
where the MR effects are big (R~1).
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Figure 5: Bearing pressure in function of fly height
for different yield strengths.

Conclusion

A basic model for the load and stiffness of
a hydrostatic bearing with MR texturing is
derived. The model furthermore shows
how the load characteristic is changing
with changing yield stress in the fluid.
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Introduction

Nanoparticles are very versatile not only in
their composition but also in their applica-
tion. They are increasingly used for bio-
medical approaches as for diagnostic anal-
ysis or therapy. Especially superparamag-
netic iron-oxide nanoparticles (SPIONS)
are suitable for this purpose. Their long-
term effects are of particular interest since
they may remain in the human body, e.g. in
the liver or in other organs. Thereby an
inflammatory response may be induced,
which has to be considered evaluating the
biocompatibility of newly designed nano-
particles. Therefore we intend to analyse
the effect of different nanoparticles on the
expression levels of inflammation associat-
ed genes in more detail in hypopharyngeal
squamous cell carcinoma cells (FaDu).

Materials & Methods

FaDu cells were incubated for 3h and 24h
with different SPIONs (starch-coated flu-
iIdMAG-D - neutral, glucuronic acid-coated
fluldMAG-ARA — anionic, polyethylene-
imine-coated PEI-M - cationic, polyeth-
ylene-glycol-coated PEG-5kDa — neutral,
silica-iron oxide composite SiliFe42 - neu-
tral). The physical interaction of the parti-
cles with the cells was analysed with laser-
scanning-microscopy. Their influence on
the viability of the cells was investigated
via PrestoBlue Viability Assay. For gene
expression analysis RNA was isolated from

incubated FaDu cells using the innuPREP
RNA Mini Kit (Analytik Jena) and mRNA
was transcribed into cDNA utilising Re-
verse Transcriptase. Quantitative real-time
PCR was performed to determine the ex-
pression level of selected inflammation-
associated genes (c-fos, icaml, cyplal,
pdgfb). Results were evaluated according
to Pfaffl (2001).

Results

At first we confirmed biocompatibility of
the selected SPIONs (up to 100 pg/cm?)
with the exception of PEI-coated nanopar-
ticles, as expected. Depending on the coat-
ing of the SPIONs a unique interaction
pattern with the cells was observed by laser
scanning microscopy. Positively charged
PEI-M particles formed large aggregates
and exhibited a strong interaction with the
cells already after a 3h incubation. Neutral-
ly charged fluidMAG-D showed a slight
agglomeration and cell interaction behavior
after 3h, which was more pronounced after
24h. Negatively charged fluidMAG-ARA
and neutrally charged PEG-5kDa particles
interacted only weakly with FaDu cells
even after a 24h incubation. In addition,
fluidMAG-ARA showed a high stability in
the cell culture medium with almost no
visible agglomeration.

The expression of c-fos, icaml, cyplal and
pdgfb was not significantly altered after a
3h incubation with 25 pg/cm? fluidMAG-
D, fluidMAG-ARA, PEI-M or SiliFe42
each as compared to controls.
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Conclusion

Short-term application of neutrally and
negatively charged SPIONs neither inter-
feres with cell viability and cellular uptake,
nor alters expression of inflammation-
associated genes.

Future work will focus on long-term appli-
cation of SPIONs and its consequences on
cellular metabolism.
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Introduction

Superparamagnetic iron oxide nanoparti-
cles (SPIONs) have gained increasing im-
portance as promising new tools for bio-
medical applications. In this investigation,
we studied the influence of physicochemi-
cal properties like particle size, Zeta poten-
tial and coating of various SPIONs on par-
ticle uptake, cell proliferation and viability
of various human breast cancer cell lines
[1]. To address the heterogeneity of nano-
particles and cells, we synthesized 3 differ-
ent, precisely characterized SPIONs (lauric
acid-coated SPIONs [SPIONYY, lauric
acid and human serum albumin-coated
SPIONs [SPION"*"5A1 and dextran-coated
SPIONs [SPIONP®]). We investigated
their effects on 4 breast cancer cell lines
(T-47D, BT-474, MCF7 and MDA-MB-
231) belonging to different subtypes, as
defined by receptor expression and prolif-
eration rates. As a tumor-unrelated control,
we used human umbilical vein endothelial
cells (HUVECs). We analyzed cellular
SPION uptake, magnetic properties, cell
proliferation and toxicity using atomic
emission spectroscopy, magnetic suscep-
tometry, flow cytometry and microscopy.

Results and Summary

We found that the particle internalization
by cells is strongly related to the SPION-
surface coating. Moreover, our studies
demonstrated a cell type-dependent SPION
uptake and toxicity (Fig. 1 and 2). SPI-
ON"* are relatively non-toxic to breast
cancer cells and could easily be functional-
ized to target these cells, but they are harm-
ful to HUVECSs and possibly also to other
healthy cells. Due to this fact, there is a
risk of enhanced toxicity, which excludes
their clinical use. SPIONP®, shows high

Cellular iron content (pg/cell)

w

Cellular iron content (pg/cell)

O

Cellular iron content (pg/cell)

O

Cellular iron content (pg/cell)

Cellular iron content (pg/cell)
w

e el g
o u o

e
S o

3.0
25

25

N
o

-
S O

o = -
S v o u

25 50 75125

——dk . 524h m4sh

_MW*
Xk X%k X
*
i * « *
* *
x *
25 50 75|25 50 75125 50 75 B
SPION "~ SPION™ SPION control

SPION concentration (pg/ml cell medium)

. TR ek ——&——— @24h w4sh

control
SPION concentration (pg/ml cell medium)

MEFt ok —— ik g24hm4sh
Kkk
Kok Fekk Jekk
*
¥ . T * X
* ¥ ¥
*

25 50 75025 50 75[25 50 75 "
spioN” I splon"" I splONT control

SPION concentration (ug/ml cell medium)

MDA-MB-231 sk Losnmash

Fedek k3 *

*%

25

50 L75 25 50 HZ§ 25 50[ 75 5
SPION SPION™ SPION control
SPION concentration (pg/ml cell medium)

HUVECs
Jodek

m24h m48h

50 75|25

A-HSA

i 50 5 75 -

/ ex
SPION SPION SPION control
SPION concentration {(pg/mi cell medium)

98 16th German Ferrofluidworkshop



stability, extremely low toxicity and barely
detectable cell uptake. SPIONMAHSA dis-
played good magnetic properties, adequate
stability and low toxicity. Future experi-
ments addressing the underlying biological
and chemical reasons for this heterogenic
response might reveal essential principles
for the interaction between cells and SPI-
ON:s.

Figure 1 Quantification of the cellular na-
noparticle load via MP-AES.

Cells were incubated for 24 and 48 h with
0-75 pgFe/mL SPIONY, SPIONMAHSA
and SPIONP® and cell lysates were inves-
tigated by MP-AES. The cellular iron con-
tent (pg/cell) is shown for (A) BT-474, (B)
T-47D, (C) MCF7, (D) MDA-MB-231 and
(E) HUVECs. n=4 with technical tripli-
cates. *P,0.05, **P,0.001 and ***P,0.0001.
Asterisks on bars indicate dose-dependent
significance to the next lower SPION con-
centration. Asterisks over the lines indicate
dose-dependent significance between low-
est and highest SPION concentrations and
between the highest SPION concentrations
of different SPIONS.

Figure 2 Viability of different cells after
SPION treatment.

Cells were incubated for 48 h with increas-
ing amounts of SPION“A, SPIONAHSA
and SPIONP®. Cell viability was deter-
mined by annexin A5-FITC/PI staining and
analyzed by flow cytometry. The amount
of viable (Ax-PI-), apoptotic (Ax+PI-) and
necrotic (PI+) cells are shown for (A) BT-
474, (B) T-47D, (C) MCF7, (D) MDA-
MB-231 and (E) HUVEC cells. Positive
controls contain 2% DMSO. n=4 with
technical triplicates. *P,0.05, **P,0.001
and ***P,0.0001. Asterisks indicate dose-
dependent significance between lowest and
highest SPION concentrations on necrosis
(light grey asterisks), apoptosis (white as-
terisks) and viability (dark grey asterisks).
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Introduction

Superparamagnetic iron oxide nanoparti-
cles (SPIONSs) are highly promising in the
field of biomedicine due to their outstand-
ing physiochemical and magnetic proper-
ties [1]. Entering a biological system, espe-
cially blood circulation, nanoparticles in-
teract with the environment and are often
provided with a protein corona consisting
of an adsorptive layer formed by soluble
proteins on the particle surface. The for-
mation of this corona does not only depend
on the nanoparticle properties, but also on
parameters like temperature, incubation
conditions and time [2]. Thus, the nanopar-
ticle is provided with a new biological
identity, which might affect its interaction
with cellular structures [3] or passage
through biological barriers, respectively.
The aim of our project is to investigate the
influence of such a protein corona of
SPIONs on established cell culture-based
barrier models (blood-brain barrier (BBB)
and blood-placenta barrier). This includes
the analysis of the interaction of SPIONs
with barrier-forming cells in a short- and
long-term observation, as well as the pas-
sage through cell layers and subsequent
characterization of the protein corona.

Materials and Methods

Lauric acid-coated SEON particles, addi-
tionally covered with bovine serum albu-
min (BSA) or human serum albumin
(HSA) respectively, were used as nanopar-
ticle systems [4, 5]. To investigate interac-
tion with biological barriers, BBB repre-
senting human microvascular endothelial
cells (HBMEC, 5 days cultivation in RPMI

+10 % FCS) were used. For short-term
observance of cell viability, cells were ex-
posed to 5 to 100 pg/cm? of SPIONs and
analyzed by the PrestoBlue Assay. Long-
term investigations were performed using
the XCELLigence-based real time cell
analysis (RTCA). Therefore, cells were in-
cubated with 100 pg/cm? SPIONs under
serum-reduced conditions (i.e. cell culture
medium supplemented with 2 % fetal calf
serum (FCS)). Additionally, the interaction
of these SPIONs with the aforementioned
cells was investigated using Prussian Blue
staining. Cell barrier integrity was verified
by trans-endothelial electrical resistance
(TEER) measurements and molecular per-
meability assays using sodium fluorescein
as small molecular dye. To simulate the
formation of a protein corona the SEON
particles were incubated in human serum
for 12 min at 37 °C, magnetically washed
and resuspended in aqua bidest. All fol-
lowing cellular experiments were per-
formed under serum-reduced conditions
(2 % human serum). SEON particles were
added to the HBMEC-based BBB model
and incubated for 24h [6]. Subsequently,
iron content of upper and lower compart-
ment as well as their separating mem-
brane/cell layer were quantified using
atomic absorption spectroscopy (AAS).

Results and Discussion

For the native SEON particles it was
demonstrated that SEON BSA show a
time-dependent cytotoxic effect, whereas
SEON HSA particles do not affect the cell
viability during long-term observation for
up to 72h (Figure 1). Prussian Blue stain-

100 16th German Ferrofluidworkshop


mailto:christine.graefe@med.uni-jena.de

ing revealed a higher interaction with cells
for SEON BSA than for SEON HSA parti-
cles.
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timein h

relative normalized baseline cell index

Figure 1: Cell viability measured by RTCA. HBMEC
cells were incubated with 100 pg/cm? of either SEON
BSA or HSA in 2 % FCS.

In order to analyze the corona-associated
effects on the cellular particle interaction,
SEON particles were additionally equipped
with a protein corona by incubation in hu-
man plasma. Since the formed protein co-
rona needed to be preserved and a corona
formation on the surface of reference parti-
cles is not intended, the presence of serum
as cell culture medium supplement is criti-
cal. In order to compromise this require-
ment for cell culture experiments, the ef-
fect of different serum media supplements
on both cell viability and barrier integrity
were tested.
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Figure 2: Iron content quantification by AAS.
HBMEC cells were incubated with 100 pg/cm? of serum-
incubated HSA, native HSA particles or reference parti-
cles (fluid MAG-D).

Both, TEER measurements and molecular
permeability assays confirmed that medi-
um supplemented with 2 % human serum
is sufficient for following tests. Thus, cell
barrier integrity appears reasonable and the
protein corona on the particle surface most-

ly unaffected. Determination of iron quan-
tification by AAS revealed that passage of
coated SEON particles through cell layers
is facilitated compared to neutral starch-
coated reference particles (fluid MAG-D),
as indicated by the relative iron amount in
the lower compartment. Furthermore, the
presence of a protein corona favors this
passage even more (Figure 2).

Conclusion

The presented work emphasizes the im-
portance of a protein corona affecting the
interactions of SPIONs with cells or cell
layer models. Hence, the study account for
the understanding of nanoparticle passage
through biological barriers highlighting the
role of the protein corona on the particle
surface.

Future parts of this study will focus on the
blood-placenta barrier and the composition
of the protein corona in detail.
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Introduction

Biological barriers such as the blood-brain
barrier constitute highly specialized and
selective semipermeable membrane tissues.
On the one hand its integrity should not
accidentally be affected. On the other hand
they act as obstacle for numerous drugs
making sufficient and targeted drug deliv-
ery a mayor challenge. Thus, dedicated
strategies and drug delivery systems spe-
cially designed for the definite application
are developed. Based on their huge diversi-
ty and functionalization capacity superpar-
amagnetic iron oxide nanoparticles (SPI-
ONs) are highly attractive candidates for
accomplishing not only drug delivery but
also utilizing them as contrast-enhancing
agents in magnet-based imaging techniques
and in hyperthermia cancer therapy [1].
However, for a successful implementation,
a detailed knowledge concerning their in-
teraction with cellular interfaces and their
effect on barrier integrity are of essential
importance. In order to study these aspects
we establish a standardized in vitro test
system to investigate and understand the
passage of coated SPIONs through cell
layers driven by magnetic forces.

Methods

Previously, we have demonstrated that
dependent on the particle type SPIONs can
penetrate into three-dimensional cellular
structures such as spheroids [2]. In order to

analyze the ability of SPIONs to passage
distinct cellular layers, we now generated
an in vitro cell culture model representing
the human blood-brain barrier [3]. Human
brain  microvascular endothelial cells
(HBMEC) were seeded on PET transwell
membranes (3um pore size) and cultivated
for five days. As reporter cells the breast
cancer cell line MCF-7 was seeded on the
bottom of the lower compartment. Neutral
starch-coated or anionic bovine serum al-
bumin (BSA)-coated SPIONs were added
and incubated on top of a block magnet for
30 min before further particle incubation
was carried out without the application of
the magnetic field. First, we studied the
SPION passage through the cellular barrier
by quantifying nanoparticle amounts found
in the basolateral compartment. This was
done by means of highly sensitive meas-
urements via magnetic particle spectrosco-
py and atomic absorption spectroscopy.
Additionally, we analyzed the SPION-
induced effect on barrier integrity by per-
forming transendothelial electrical re-
sistance measurements, molecular permea-
bility assays, fluorescence microscopy, and
histological cross-sections.

Results and Discussion

We show that both neutral starch-coated
and anionic BSA-coated SPIONSs can clear-
ly pass our mono-layered blood-brain bar-
rier model. The accumulation of BSA-
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coated SPIONs in the barrier cell layer
after 3 h as well as after 24 h incubation
was approximately 10- and 3-fold higher
than that of neutral SPIONS, respectively.
Interestingly the content of both SPION
types in the lower compartment as well as
in the reporter cell layer was nearly the
same. However, we found that the SPION
type crucially determines the route of SPI-
ON passage through the cellular barrier. As
the time- and concentration dependent pas-
sage of neutral starch-coated SPIONSs is
accompanied by the maintenance of barrier
integrity, the passaging process points to-
wards distinct transcellular routes through
the barrier-forming cells. In contrast, ani-
onic BSA-coated SPIONSs disrupt the cellu-
lar barrier in a time-dependent manner in-
dicating that they overcome the cellular
barrier by their barrier-interfering nature

(Fig. 1).
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Figure 1: Histological cross section of blood-brain bar-

rier-representing transwell layers. Cell barriers were

incubated with 100pug/cm? neutral fluidMAG-D or ani-

onic SEONC72LAZBSA particles for indicated durations.

Cells and particles of 12pum cross sections were stained
using Nuclear Fast Red and Prussian blue, respectively.

Conclusion

Based on the presented in vitro system and
the highly sensitive SPION detection
methods we could establish a valuable tool
for the detailed analysis of particle interac-
tion and penetration through such cellular
barriers. Thus, our approach considerably
contributes to the understanding of tissue
penetration mechanism and, in conse-
quence, delivers valuable information for

the development of tailored SPION config-
urations to successfully realize intended
biomedical applications.
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Introduction

Novel cancer therapies based on magnetic
nanoparticles (MNP) share the need for a
quantitative MNP imaging operating with-
in tolerable measurement times.
Magnetorelaxometry tomography (MRXT)
has proven its feasibility for quantitative
MNP imaging in phantom studies [1]. In
MRXT, different regions of a spatial MNP
distribution are consecutively magnetized
and their magnetization decay is recorded
by a sensor array. These magnetizing fields
are generated by a number of small excita-
tion coils placed around the body. In con-
ventional MRXT (cMRXT), each coil is
used one by one to magnetize the MNP
distribution. Hence, the total measurement
duration is determined by the total number
of coils used. Here, we present experi-
mental results of a simultaneous excitation
approach “sMRXT” where multiple excita-
tion coils are simultaneously applied for
regional magnetization with the aim to
reduce the total measurement duration
while preserving reconstruction quality.

Methods

In our MRXT setup [1], MRX signals were
recorded by the PTB 304 vector magne-
tometer system. Inside a sample support 15
MNP filled cubes (I=12 mm, Xmnp=6.4 mg,
each) are assembled to form the letter “P”.
A total of 30 excitation coils (d=36 mm)
with 15 coils above and 15 coils below the
support were used to generate the magnet-
izing fields for cMRXT and sMRXT. An
excitation current of Imag=800 MA was
used either for magnetizing with one
(CMRXT) or multiple coils simultaneously
(SMRXT). In each MRX measurement of a

MRXT scan the MNP distribution was
magnetized for tmag=1s and MRX signals
were recorded for tmess=2s at a 250 Hz
sampling frequency. A settling time be-
tween two MRX measurements needed for
the multiplexer was set to 500 ms. Hence,
the total measurement duration for the
Nmrx=30 individual MRX measurements
in cMRXI summed up to 105 s.

Figure 1: Sketch of a
MRXT setup with a sensor
array above and excitation
coils around a body con-
taining MNP. In this case
the distribution forms the
letter “P”. In CcMRXT,
each excitation coil is used
sequentially for magnetiz-
ing. In SMRXT, the mag-
netizing field is simultane-
ously generated by Nsp
coils (here Ngp=3).

Figure 1 visualizes options of excitation
sequences. In this example the magnetizing
field is generated by superposition of the
field contributions of Nsp=3 excitation
coils. Compared to cMRXT, the total
measurement duration needed to complete
the SMRXT scan is reduced by factor 3. In
SMRXT, there are P over Nsp possible
switch combinations for the P=30 excita-
tion coils. Baumgarten et al. [2] suggests a
random generator to choose switch combi-
nations with a minimum of correlation be-
tween them. We generated excitation se-
quences for Nsp=[2, 3, 4, 5] coils using the
Mersenne Twister algorithm [3]. The num-
ber Nsp was fixed within each sSMRXT
scan. Hence, Nwmrx=[15, 10, 8, 6] MRX
measurements were needed to switch each
coil once in a complete scan, respectively.
For each Nsp, excitation sequences for 50
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individual SMRXT scans were generated
and applied to the “P” shaped MNP distri-
bution. This distribution was reconstructed
using minimum-norm estimation within a
FOV of about 600 cm® and a voxel grid of
k=(10Nxx10Nyx5N;) with V=1.72 cm?® in-
dividual voxel volume.

Results and Discussion

For a visual comparison between cMRXT
and sSMRXT the reconstruction results ob-
tained for one of the 50 SMRXT scans for
each Nsp are depicted in figure 2.

Figure 2: Reconstructed MNP distributions form-
ing the letter “P” for cMRXI (rowl) and sSMRXI
(row2-5). The row number (1-5) indicates the num-
ber of excitation coils Nsp simultaneously used for
magnetizing. The respective total measurement
duration is given in the bottom line.

The correlation coefficient R and the total
MNP mass deviation Xqitt between nominal
and reconstructed MNP distribution are
listed in table 1.

Table 1: Correlation coefficient R and deviation in
total MNP amount Xgis between reconstruction and
nominal MNP distribution for Ngp,=1-5.

N, 1 2 3 4 5

R 092 08 083 080 0.77
Xadiff 44% -20% 34% 7.9% 8.6%

A slight decrease in reconstruction quality
is visible with increasing Nsp. However,
even for Nsp=4 with a total measurement
duration of only 28 s the “P” is clearly vis-
ible and Xaitr is below 10%. For Nsp=5 with
a total measurement duration of 21 s Xaiff
remains below 10%, but a slight smearing
of the “P” is observed. Figure 3 shows a
boxplot of the R distribution over the 50
individual SMRXT scans to evaluate the
dependence of the choice of switch combi-
nations on the imaging quality. As before,
also the average value of R decreases with
increasing Nsp.
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Figure 3: Boxplot of the distribution of the correla-
tion coefficient R in dependence on the number of
excitation coils Nsp simultaneously used for mag-
netizing estimated over 50 individual SMRXI scans.

Using Nsp=4 on average a well imaging
quality with R above 0.8 was obtained. The
R distribution for Nsp=5 shows large out-
liners in positive and negative direction,
indicating that with increasing Nsp the
choice of switch combinations has a
stronger impact on the imaging quality.

Conclusion

We demonstrated that by simultaneous
excitation with multiple excitation coils the
total measurement duration of quantitative
MRXT can be reduced. For Nsp=4 a time
reduction from 105 s to 28 s was achieved
without visibly deteriorating of the recon-
struction quality. Even for Nsp=5 (105 s to
21s) a quantification of the total MNP
amount was still possible. Hence, SMRXT
enables fast and flexible imaging of large
FOVs, what is particularly required for in-
vivo imaging. Future work will focus on
sensitivity based switch combinations to
find optimal excitation sequences for a
given MRXT setup.
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Introduction

Aim of the Section of Experimental On-
cology and Nanomedicine (SEON) is to
utilize SPIONSs for the treatment of cancer
and arteriosclerosis by MDT. Therefore,
over a period of several years we devel-
oped SPIONSs optimized for the purpose of
magnetic drug delivery. These particles
show a very good biocompatibility, are
very stable in human and animal blood and
can carry a sufficient drug load. Due to
their magnetic properties, these particles
can be accumulated in a target area by
magnetic fields and first results show they
can be heated with alternating magnetic
fields. These SPIONs were also suitable for
MRI-imaging but from the theoretical point
of view not optimal for Magnetic Particle
Imaging (MPI), because they are clusters
of a size between 60 nm and 70 nm with a
single core diameter of approximately 7,6
nm. The aim of this study was to show, that
multifunctional nanoclusters, which are
suitable for magnetic drug targeting, hyper-
thermia, MR-imaging can also show a sig-
nal in MPI.

SEONUABSA - In vitro efficiency

The nanoparticle system SEON-ABSA has
been developed as a platform for delivery
of drugs. At the beginning, the chemother-
apeutic agent mitoxantrone (MTO) was
chosen for cancer treatment.

In various experiments, SEQNMA-BSA*™MTO
showed an effectiveness comparable to the

free drug after 24 h and 48 h in killing can-
cer cell lines [1]. In 3D-cellculture, sphe-
roids of the tumor cell line HT-29 fluores-
cence microcopy showed that both free and
nanoparticle-loaded MTO infiltrated effi-
ciently into the tumor spheroids. Subse-
quently, the treated spheroids showed a
highly reduced proliferation rate and higher
rates of apoptosis and necrosis [2].

SEONABSA - Biocompatibility

Since, common colorimetry based toxicity
assays, show interference of the black iron
oxide nanoparticles [3], we used different
methods to assess possible toxic effects in
vitro. SEONABSA did not show induction
of apoptosis or necrosis in Jurkat cells at
doses of up to 100 pg/ml after 24 hours or
48 hours measured in flow cytometry [3].
Additionally, SEONYABSA  nanoparticles
revealed a tremendously improved colloi-
dal stability in blood compared to the pre-
cursor particle system SEONY*, which
only coated with lauric acid for stabiliza-
tion [1].

SEONLA-BSA . Heating properties

One option for using SPIONs for the
treatment of tumors is magnetic hyper-
thermia [4]. Therefore, we were interested,
if combination of chemotherapeutic treat-
ment with hyperthermia can enhance the
outcome of the treatment. Hence, we inves-
tigated the heating properties of the
SEONLMABSA system with alternating mag-
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netic fields. It could be shown that these-
nanoparticles can be magnetically heated
and that this is depended on the iron con-
tent, as could be expected [5].

SEONABSA - MPI-Imaging

Magnetic particle imaging (MPI) is a new
imaging technique utilizing iron oxide na-
noparticles imaging agents. The big ad-
vantage of MPI is that it not only generates
images but it can also deliver quantitative
data about the tracer content in a given
volume. Therefore, we were interested, if it
is possible to image the SEON"ABSA nano-
particles with a currently available preclin-
ical MPI-device (Bruker/Philips) at Uni-
versitéatsklinikum Hamburg-Eppendorf.

COR (xy) MIP

TRA (2y) MIP

Figure 2: A) Comparison of the MPS signal of
SEON"*BSA-nanoparticles and Resovist® at
different frequencies. B) — D) MPI-signal of a
point sample of SEON“*BSA-nanoparticles.

First, we measured a dilution series of
these particles Magnetic Particle Spectros-
copy (MPS). In comparison to the MPS-
signal of Resovist® the signal of the
SEON""BSA-nanoparticles was weaker at
higher frequencies but comparable at fre-
quencies below 100 kHz (Figure 2A).
Next, a sample of 20 pl (2 mm * 2 mm *
1 mm) was measured with MPI. Figure 2B
to D show that it was possible to get an
image of this point sample by MPI.

Conclusion

During the last years SEON developed a
multifunctional ~ nanoparticle  platform
SEONMBSA which is capable of carrying
a variety of drugs. We showed that this
nanosystem is very biocompatible in vitro
and has excellent blood compatibility. In

vitro, mitoxantrone-loaded SEON-ABSA are
very effective in treating cancer cells in 2d,
suspension- and 3d-cell-culture, which was
similar to the free, unbound drug. Further-
more, it is possible to use alternating mag-
netic fields for heating this particle system
in a concentration depended manner up to
ca. 65°C. Additionally and as could be ex-
pected, the SEON"BSA particles are caus-
ing a signal extinction in MRI and is show-
ing a signal in the new imaging modality
MPI. Taken this together, the nanoparticle
system SEON"ABSA could be a promising
candidate for an effective theranostic ap-
proach of cancer and arteriosclerotic dis-
eases.

This preliminary study shows that in prin-
cipal it is possible to image SEON-ABSA
using MPI. Further experiments will
demonstrate how effective and quantitative
this imaging is and if modifications on the
particle platform or the technical equip-
ment will be able to improve the imaging
properties of this system. If this can be
realized without impairing therapeutic effi-
ciency, the combination of MDT and MPI
could open new doors in the field of
theranostics.
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Introduction

Biodegradable implants such as vascular
grafts are new promising therapeutic bio-
medical substitutes to restore the functions
of diseased organs [1]. In order to monitor
the location as well as the postoperative
degradation state using magnetic resonance
imaging (MRI), magnetic nanoparticles
(MNP) are incorporated in the material of
the implants and used as contrast agents.
The visualization of the degradation pro-
cess is linked to the question of how the
immobilized MNP in the implant change
the MRI signal. For the assessment of the
MNP-induced changes of the MRI signal,
the behavior of MNP incorporated in pol-
ylactic-co-glycolic acid (PLGA) fibers as
well as of MNP dispersed in different aga-
rose phantoms are analyzed.

Materials and Methods

The fiber was produced by melt spinning
of PLGA pellets mixed with 0.5 wt%
freeze-dried MNP. After fabrication, the
fibers were stored in physiological cell
medium at 37 °C. The mechanical proper-
ties were assessed using a DYNA-MESS
testing device with and without the appli-
cation of a 250 mT magnetic field.

In order to mimic the immobilization of
MNP in the PLGA implants during the
degradation process, various MNP phan-
toms with up to 2 wt% agarose content
were prepared. The MNP had a core diam-
eter of (8.5 = 2.1) nm and a saturation
magnetization of (68.0 + 1.1) emu/g.

The T2- and T2*- relaxation times of fibers
as well as agarose phantoms were investi-

gated with a Philips Achieva 3.0 T MRI
scanner.

Results and Discussion

The light microscope image of a PLGA
fiber with incorporated MNP shown in
Figure 1 implies a homogenous distribu-
tion of MNP and bigger agglomerates can-
not be identified.

Figure 1. Light microscope image of a
PLGA fiber with incorporated MNP (20
fold magnification).

The Young’s modulus of the fiber was
(7.7 £1.5) MPa. First results of stress-
strain-tests with and without magnetic field
indicate an effect of the field on the elasto-
plastic behavior of the fibers. For the veri-
fication of this effect, more detailed inves-
tigations must be performed using a higher
number of fibers with optimized character-
istics such as MNP concentration and
magnetization.

For the fiber, a r, relaxivity value of
(0.4£0.1) 1/ mMs was calculated.The
relaxation times in each pixel in the cross
section of the fiber are shown in Figure 2.
This relaxation time mapping illustrates the
induced susceptibility differences by the
MNP in the fiber demonstrating the feasi-
bility of quantitative determination of the
degradation state of the fiber. However,
new data acquisition methods such as sus-
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ceptibility gradient mapping must be de-
veloped [2, 3].

R2* [1/ms]
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Figure 2: Relaxation time (R2*) map of
the cross section of a PLGA fiber loaded
with 0.5 wt% MNP.

The increase of the relaxivity with increas-
ing content of agarose in the MNP phan-
toms shows a clear dependency on the state
of immobilization (Figure 3). However,
the relaxivity values are much higher than
those measured for the fiber. This might be
due to the low state of MNP immobiliza-
tion inside agarose compared to that in the
fiber. In case of higher immobilization, a
drop of the relaxivity value is expected for
the agarose phantom.

300 &

01,0 OI,S II.O 1I.5 2I.0
Agarose [wt%]

Figure 3: Relaxivity values for different

agarose phantoms incorporated with MNP

and with an agarose loading of up to

2.0 wt% (ro denotes the relaxivity value of

the agarose phantom without MNP).

Conclusions

To conclude, the relaxation times of both
phantoms and fibers showed a clear de-

pendency on MNP state of immobilization.
These results demonstrate the feasibility of
quantitative imaging of the degradation
state of implants with MRI. Further inves-
tigations on PLGA fibers with incorporated
MNP and on phantoms must be performed
in order to understand the mechanisms
responsible for the induced changes of the
MR signal and develop new analytical al-
gorithms.
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Introduction

Research activities concerning the applica-
tion of nanomaterials in medicine have
rapidly increased in the last years. Espe-
cially superparamagnetic iron oxide nano-
particles (SPIONs) are of great interest for
example as drug delivery agents or contrast
agents in MRI scans due to their unique
physiochemical properties and functionali-
zation. A prerequisite for any application
of SPIONs is the knowledge about the im-
pact of these nanoparticles onto the human
body, whereby the interaction with biolog-
ical tissues and cells plays a decisive role.
[1, 2]

In pregnant women, the blood-placenta
barrier (BPB) segregates the maternal and
the foetal blood supply and is important for
the bidirectional transfer of important sub-
stances such as oxygen, nutrients and hor-
mones. On one hand SPIONs applied to
pregnant women might penetrate the BPB
or disrupt its barrier integrity as off-target
effect. On the other hand, nanomaterials,
like SPIONSs, might offer the opportunity to
selectively target the pregnant woman, the
foetus or the placenta for the treatment of
various complications and diseases during
pregnancy. For all of these situations, the
behavior of the particles in the BPB con-
cerning interaction and passage through the
interface and possible teratogenic effects
should be investigated in more detail. [3, 4]
In this study, an in vitro model of the BPB
was established and optimized to study the
interaction and passage of three differently
charged SPIONSs through this interface.

Methods

For the establishment of a co-culture
in vitro BPB model, the human choriocar-
cinoma trophoblastic cell line BeWo as
well as primary placental pericytes (hPC-
pl) were used, that were seeded on the api-
cal and the basolateral site of PET
transwell membranes (pore size 3 um),
respectively. Optimization of the seeding
density and incubation time was confirmed
by investigation of the barrier integrity
using different methods: histologic cross
sections, measurement of the transepitheli-
al electrical resistance (TEER) and the mo-
lecular permeability as well as immuno-
histochemical staining of adherence mole-
cules zonula occludens-1 (ZO-1) and B-
catenin.

The in vitro model was incubated with dif-
ferently charged SPIONSs: neutral starch-
coated (D), cationic polyethylenimine-
coated (PEI) and anionic carboxymethyl-
dextran-coated (CMX) particles. The inter-
action and the cytotoxicity of the SPIONs
with the two cell types was investigated
independently for both cell types with the
PrestoBlue® assay, real time cell analysis
(RTCA) using the xCELLigence system,
flow cytometry and microscopic analyses.
The particles’ impact on the cellular barrier
integrity of the in vitro BPB model was
investigated by afore mentioned methods.
The passage of the SPIONs through the
BPB model was quantified by two highly
sensitive methods: magnetic particle spec-
troscopy and atomic absorption spectros-

copy.
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Results and Discussion

For the establishment of an in vitro BPB
model, the co-culture of BeWo cells with
pericytes was compared to a BeWo mono-
culture regarding the formation of a cellu-
lar barrier. For different BeWo seeding
densities, histologic cross sections showed
the formation of a tighter and thinner cell
layer for the co-culture (Fig.1). TEER
measurements and molecular permeability
assays confirm this observation by showing
a 2- and 3-fold increase compared to the
mono-culture. Additionally, the visualiza-
tion of the cell-cell-contact proteins ZO-1
and B-catenin by immunological staining
show an enhanced expression again sup-
porting the barrier-enhancing effect of co-
cultured BPB towards mono-culture sys-
tems.
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Figure 1: Histologic cross sections (15 um) of the
BPB transwell model (day 5 PS). The co-culture
model (BeWo + pericytes) was compared to the
BeWo mono-culture regarding different BeWo
seeding densities. The basolateral pericyte cell layer
is indicated by arrows. Cells were stained using
Nuclear Fast Red.
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Investigations of the cellular interaction
and cytotoxicity of SPIONs with the two
cell types revealed the influence of the par-
ticle charge and concentration, the incuba-
tion time as well as the cell type on these
parameters. Especially cationic PEI-coated
particles showed pronounced cytotoxicity
and interaction capability especially in the
pericytic cells.

The incubation of the transwell-based BPB
model with the three different SPION types
did not reveal major disruption of the bar-
rier integrity, while a particle charge- and
incubation time-dependent incorporation
into the barrier’s cell layers could be
shown (Fig. 2). The quantification of the
SPION distribution within the distinct

compartments of the transwell BPB model
showed that the BPB prevents the free pas-
sage of particles from the upper donor
compartment into the lower acceptor com-
partment again confirming the high barrier
integrity. However, minor amounts of par-
ticles in the range of 1 ng were detected in
the lower compartment. Detection of SPI-
ONs in the basolateral pericyte cell layer in
the range of 4 ng indicates a transcellular
passage of these particles through the BPB.

fluidMAG-PEI

fluidMAG-D ﬂuidMAG-CNLX

24h

A - ’ - 2 X
Figure 2: Histologic cross sections (15 um) of the
BPB transwell model (day 4/5 PS). Transwell mo-
dels were incubated with 100 pg/cm? fluidMAG-
D/PEI/ICMX particles for 3 h or 24 h. Cells and
SPIONSs were stained using Nuclear Fast Red and
Prussian Blue, respectively.

Conclusion

In conclusion, the established in vitro BPB
model based on the co-culture of BeWo
cells and pericytes on transwell inserts was
shown to be a suitable model for the inves-
tigation of behavior and passage of
SPIONs in this biological interface. To-
gether with the possibility to sensitively
quantify amounts of SPIONSs in this model,
a first prediction of the in vivo behavior of
these particles is possible.
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Introduction

The principles of biology and engineering
are combined in tissue engineering to gener-
ate functional replacement for damaged tis-
sue. Growing interest and new approaches
in tissue engineering are promising solutions
for overcoming the rejection of transplanted
organs. Tissue engineering comprises the
isolation of autologous cells from healthy
tissue or stem cells, cultivation and prolifer-
ation of these cells and finally generation of
3D structures resembling natural tissue
structures. Even though expertise of these
methods in tissue engineering has been es-
tablished, still there is scope for enhance-
ment. In vivo tissue has complex cellular
organization and defined arrangements of
cells need to be established. Therefore,
techniques to manipulate and remotely con-
trol cellular behavior can deliver a powerful
tool for tissue engineering. Such a tool bar-
gains Magnetic Tissue Engineering (MTE).
[3,4] As the voice is the most important in-
strument of oral communication [1], tissue
defects in this region lead to serious aggra-
vation in quality of life. Hitherto, no satis-
factory possibilities for vocal fold (VF)
transplantation exist. [2] We aim for estab-
lishment of a functional VF transplant in a
rabbit model by MTE using superparamag-
netic iron oxide nanoparticles (SPION).

Methods

Rabbit vocal fold fibroblasts (VFF) were
incubated for 24 h with different concentra-
tions of SPIONSs (20, 40 or 80 pg/cm?). Vo-
cal fold cell behavior under SPION treat-
ment was tested extensively for adhesion,

spreading and migration, which are im-
portant for formation of 3D structures. The
possibility of magnetic guidance of SPION-
loaded cells was tested in 2D. 1 x 10°
SPION loaded VFFs were seeded in 6 well
plates were a 24-well magnet plate was po-
sitioned below. Cells were allowed to ad-
hesre for 24 h. To generate 3D VFF cell-
constructs, 1 x 10° cells loaded with 20
pg/cm? SPIONs were placed in a 24- well
plate with a magnet above to induce MTE.

Results

The effects of SPIONSs on cell behavior were
dose-dependent for adhesion, with good tol-
erability observed up to the nanoparticle
concentration of 20 pg/cm?, migration and
spreading were not significantly influenced
by SPION uptake up to 80 pg/cm?. [6]
Magnetically guidance of cells loaded with
SPIONs was demonstrated in 2D with 20
and 40 pg/cm? with cells only growing in
areas where a magnet is present. [5,6]
(Fig.1) To establish a 3D structure of VFFs
a magnet (0.7 T) was placed above the cell
culture plate and cells loaded with 20
pg/cm? were able to form 3D cell construct
after 24h. (Fig. 2)

Discussion

Here, we present first results of magnetic
tissue engineering for voice rehabilitation.
To develop 3D structures cell behavior must
not be affected by SPION uptake. Therefore,
cell features including adhesion, spreading
and migration were proven to be intact after
SPION treatment. As a proof of principle for
magnetic cell guidance SPION loaded vocal
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fold cells were allowed to “choose” either to
grow on the side were a magnet or none was
placed. Interestingly, 5 to 20 pg/cm? are suf-
ficient to induce cell growth solitary at site
of the magnet in 2D. Furthermore, magnetic
cell guidance as only initiator for 3D cell
formation was proven to work with very low
amount of SPIONs. Next steps include the
isolation of epithelial cell and establishment
of 3D co-cultures, as well as the proof of
functionality in a flow channel model of the
rabbit larynx. Our results will constitute a
solid basis for a successful transfer of this
technique into humans, in order to provide
an individual and personalized vocal fold
implant. This is particularly important for
patients, who suffer from dysphonia or even
aphonia as a consequence of a vocal fold
tissue defect, and will help to improve their
quality of life.

Control 20 pg]ch

40 pglecm?

Crystal Violet

Magnet

cVv
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0 1 2
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Fig. 1: 2D cell-control: A: Magnetic field
induced VFF cell-growth ,control cells are
not loaded with SPIONs, VFFs (SPION
concentrations as indicated) only grow in
magnetic zones. B: 24- well magnetplate. C
und D: magnification of A (rectangle) with
cells stained with Crystal Violet (C) and
Prussian Blue (iron) (D). F: Cell concentra-

tions of magnetisized VFFs in distance to
magnet.

Fig. 2: 3D VFF cell
construct (arrow) in
48 well plate after
24h. Magnet on top
(outside of lid) re-
tains magnet in well.
Cells were incubated
for 24 h with 20
ug/cm? SPION, be-
fore 1 x 10° cells
were used for con-
struct formation.
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Introduction

Iron oxide based magnetic nanoparticles
(MNPs) for medical and pharmaceutical ap-
plications are usually coated with natural
polymers such as starch or dextran. Besides
possible biocompatibility concerns, the use
of these MINPs is often limited due to their
poor degradation behavior. Therefore, it is
crucial to consider the whole life cycle of
the MNP application.

Objectives

Consequently, MNPs with different natural,
synthetic, and inorganic shell materials
were tested throughout their entire life cy-
cle, simulating the application as a MRI
contrast agent (Fig. 1). The simulation
started with the MNPs as they were synthe-
sized, was continued with their storage and
the injection process into the body associ-
ated with the formation of a biomolecule co-
rona, and was completed with the aging and
degradation of the MNPs.

Materials and Methods

The MNPs were characterized physico-
chemically regarding their hydrodynamic
diameter, polydispersity index (PDI), sur-
face charge and morphology using photon
correlation spectroscopy, laser Doppler an-
emometry and electron microscopy. The
storage stability was tested for up to 3
months in water, evaluating changes of
these parameters. Moreover, the colloidal

stability of the MNPs was tested in relevant
test media (artificial lysosomal fluid, simu-
lated body fluid, 5% glucose). The hemo-
toxicity was tested in vitro, using isolated
sheep erythrocytes and ex ovo in a hen’s egg
model (HET-CAV) [1]. The MNPs were
aged and degraded in artificial lysosomal
fluid (ALF, pH 4.5), simulating the condi-
tions in lysosomes as well as in simulated
body fluid (SBF, pH 7.4), representing the
plasma compartment, over a period of up to
28 days. MNP degradation was analyzed by
iron quantification and infrared spectros-

copy.
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| in relevant test media
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Fig. 1: The life cycle of magnetic nanopar-
ticles (MNPs) for pharmaceutical and med-
ical applications.
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Results

All MNPs showed comparable hydrody-
namic diameters of 150-200 nm with vary-
ing surface charges depending on the shell
material. The aqueous MNP dispersions
were stable over 3 months. The MNPs dis-
played a controllable colloidal stability in
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relevant test media. Neutral MNPs were sta-
ble in all media, whereas charged MNPs
tended to agglomerate in the presence of
ions. MNP hemotoxicity was dependent on
the surface characteristics of the MNPs with
cationic MNPs being more toxic than oth-
ers. A modification with a model protein co-
rona (serum albumin) decreased the hemo-
toxic effects. To assess the biodegradation
behavior of MNPs ALF and SBF were used,
since they exhibit advantages compared to
usually used citric acid buffers as they have
a similar salt composition and pH value as
in the in vivo situation. In SBF, all MNPs
stayed stable over 28 days without iron mo-
bilization from the core. No changes in the
core/shell composition could be detected by
electron microscopy and infrared spectros-
copy. In contrast, in ALF all MNPs de-
graded in dependence on the biodegradabil-
ity (natural > inorganic), water permeabil-
ity, as well as acid/base character (basic >
neutral > negative) of the shell material as it
was shown by iron quantification. All or-
ganic coated MNPs fully degraded after 28
days, in contrast to the inorganic coated (sil-

ica) MNPs. Moreover, infrared spectros-
copy indicated that MNP degradation was
linked to a loss or degradation of the surface
coating.

Conclusion

In conclusion, the surface characteristics of
MNPs play an important role in the stability,
hemotoxicity and biodegradation behavior
of MNPs. This confirms the importance of a
complete life cycle testing of MNPs.
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Introduction

Iron oxide nanoparticles attracting high
interest in medical applications as contrast
agents, hyperthermia or magnetic drug
targeting. Since the degradation of iron
oxide particles is slow, the cytotoxicity of
these particles is an intensively investigat-
ed parameter preferentially tested in cell
cultures. Only limited information is avail-
able in 3D settings, especially under dy-
namic flow conditions in the blood stream.
To mimic the complex in vivo situation, the
hen’s egg test offers a dynamic planar vas-
cular network system, accessible by optical
microscopy, for investigations after sys-
temic particle injection.

Methods

Different magnetic fluorescent iron oxide
particles or magnetic silica beads with var-
ying surface characteristics were investi-
gated regarding their flow characteristics
and optical properties. Hemocompatibility
was tested in a red blood cell assay. Optical
investigations were performed using hen’s
egg chick area vasculosa (CAV) in vivo.
Briefly, fertilized eggs were incubated for
72 h and transferred into petri dishes to
obtain the planar vascular network. After
systemic injection of the particles into the
vitelline vein, the screening of the particle
flow was performed under an optical mi-
croscope connected to a camera (Axiolm-
ager Z1.m, Carl Zeiss, Jena), operated in
the dark field scattering or the fluorescence
mode. A magnetic field was induced by a

cylindrical NdFeB magnet or a Helmholtz
coil setting next to the objective. Data
analysis was realized with the image pro-
cessing package Fiji and the SPT plugin
TrackMate.

Results

Due to its planar surface, the hen’s egg
chick area vasculosa allowed the optical
inspection of the whole blood vessel sys-
tem. Fluorescent particles with emission
wavelengths of the dye >500 nm and a
particle size of 1 um (in combination with
a 10x objective) were optimal for optical
detection due to the background fluores-
cence of the embryonic tissue. The hemo-
compatibility testing of these particles in-
dicated their suitability for systemic admin-
istration. Despite different surface charac-
teristics none of the particles showed dis-
turbance of the erythrocyte membrane nor
erythrocyte aggregation in vitro, whereas
in vivo particle agglomeration in the ves-
sels of the CAV was observed for particles
without additional surface coatings. Track-
ing analysis in the presence of a magnetic
field showed an increased hydrodynamic
resistance that led to a decreased velocity
and an increased particle size, indicating
particle agglomeration. After removal of
the magnetic field a partial disintegration
could be observed. As in vitro in microflu-
idic channels these effects were not detect-
able they were suggested as surface inter-
actions of particles with the complex blood
environment. In conclusion, the shell less
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hen’s egg test offers an entire optical ac-
cessible vascular network for dynamic ob-
servations of the particle flow in complex
biological media and to study the effect of
the particle behavior in the presence of a
magnetic field.
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Introduction

For a potential application of protein coated
magnetic nanoparticles (MNP) in animals
or humans, one has to guarantee that the par-
ticles are free from biological pathogens or
any biological contamination. Additionally,
after this sterilisation, it is important to
bring the particles into a condition, which
makes them storable for several weeks. For
these purposes, several procedures like
freezing, lyophilisation, autoclaving, and
UV sterilisation were evaluated with regard
to their effect on the composition of the pro-
tein coating.

Methods

The iron oxide MNP were prepared as de-
scribed before [1]. To produce the protein
coating, the particles were incubated at
37°C for 10 min in fetal calf serum (FCS)
serving as natural protein source. After-
wards they have been magnetically washed
with distilled water and possible aggregates
have been dispersed by ultrasonication [2].
The prepared protein-coated MNP have
been applied to the following preservation
and sterilisation methods:

e freezing at -15°C

e deep freezing at -80°C

e lyophilisation (with and without
PEG or TMAH as additives)

e autoclaving (121°C for 20 min)

e UV-sterilisation (A ~ 200 - 280 nm
for 150 to 240 min).

Possible effects on the particles and protein
coating like degradation, agglomeration or
cross-linking have been investigated by size
measurement via dynamic light scattering
(DLS). Additionally, the zeta potential was
used as an indicator for surface protein
amount and composition [3]. To determine

the composition of the protein coating, a so-
dium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and a grey
value intensity analysis by means of ImageJ
[4] was performed.

Results

After freezing at -15°C and thawing the
sample after two, four and six weeks, DLS
shows a significant agglomeration for all
storing times. Results of SDS-PAGE reveal
an increase in smaller sized proteins, which
may be due to the degradation of high-mo-
lecular weight proteins. The zeta potential is
stable at -30 mV. For deep freezing at -80°C
the agglomeration does not appear, but sim-
ilar degradation effects can be observed.
Therefore, both methods are rated as im-
proper for a long-term storage of protein
coated MNP.

The lyophilisation of protein coated MNP
with PEG as additive and re-dispersion after
one, three and six weeks leads for all respec-
tive times to a similar particle size and par-
ticle size distribution compared to the origi-
nal sample, whereas the plain particles show
slight agglomeration. The TMAH-added
samples show instability and big agglomer-
ates as well as a fraction of very small pro-
tein fragments. This behaviour was con-
firmed by zeta potential measurements and
SDS-PAGE. A protein degradation of the
protein coating on the surface of the MNP
could be concluded for these samples.
During autoclaving, the results for DLS and
the zeta potential of the samples did not
change significantly, but SDS-PAGE re-
veals damages of the entire integrity of the
proteins. All typical peaks are vanished and
only one large agglomeration in the region
of 55 kDa can be observed, what is a clear
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indication for the denaturation and exten-
sive degradation of the proteins in the coat-
ing. Resulting from these findings it can be
stated that, the standard autoclaving proto-
col is not suitable for the sterilisation of pro-
tein coated magnetic nanoparticles since a
degradation of the corona proteins occurs.
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Figure 1. SDS-PAGE of original sample (UV-0) as
well as samples exposed to UV radiation for 150
minutes (UV-150) or 240 minutes (UV-240).

After UV sterilisation for 150 and 240 min
a stable zeta potential of -30 mV as well as
very similar results for SDS-PAGE show,
that there are no major changes in composi-
tion and amount of the protein coating (see
Fig. 1). Resulting from all these findings it
can be concluded, that the exposure to UV
radiation of 200-280 nm for up to 240
minutes, causes no relevant change of pro-
tein content and composition. Thus, the UV
sterilisation is a suitable procedure for the
sterilisation of protein coated magnetic na-
noparticles.

Conclusion

We could show that freezing and deep freez-
ing lead to the degradation of large proteins
and agglomeration. Thus, they are only suit-
able for short term storage. Autoclaving is
not suitable at all, as it damages the integrity
of the proteins of the protein corona.

In conclusion, only UV sterilisation and ly-
ophilisation were suitable for sterilisation

and conservation of the protein coated
MNP.
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Introduction

Since the first description of the MPI prin-
ciple in 2005 [1], a variety of laboratory
MPI scanners have been reported at loca-
tions all over the world [2]. In 2014 the first
commercial scanners were brought onto the
market by Bruker Biospin. These scanners
enable the reconstruction of the spatial dis-
tribution of magnetic nanoparticles (MNP)
within tissue, which is of major importance
for many applications of MNP in biomedi-
cine.

To enable researchers to explore the poten-
tial of this promising novel imaging modal-
ity, the detection limits and image resolu-
tions of the present MPI scanners have to be
assessed as major performance determining
parameters. For this, well-defined and com-
parable magnetic structures are needed to
perform comparison studies between the
MPI setups of different laboratores. Up to
now, each laboratory uses its own measure-
ment phantoms [3, 4]. Mostly, these phan-
toms consist of MNP at a certain concentra-
tion filled into containers of different vol-
ume. Such phantoms often exhibit no long-
term stability, and thus do not allow ring test
studies between different labs and scanners.
In this study, we developed dedicated phan-
toms to monitor and assess relevant imaging
properties of an MPI scanner. In particular,
the spatial resolution, the capability for
MNP quantification of and furthermore, the
long-term behavior of the used MNP-matrix
combinations are addressed.

Methods

First, we aimed to establish combinations of
MNPs and matrix materials suitable for the
preparation of such phantoms. The main re-
quirements for these combinations are good
imaging properties of the tracer particles
used, and a homogenous and agglomera-
tion-free distribution of these particles
within the selected matrix. Ideally, this ma-
trix is long-term stable and guarantees a
constant image quality of the designed
phantoms over a long time period. For these
studies, the following MNP types were used

e FeraSpin-R, nanoPET-Pharma Berlin

e fluidMag-D50, chemicell Berlin

e Ferucarbotran, Meito Sangyo. Co.
Nagoya, Japan

e Perimag, micromod Partikeltechnolo-
gie Rostock

e SEON"A SEON Erlangen

and the synthetic polymer Elastosil (RT
604, Wacker Chemie AG) was tested for its
suitability in the preparation of dedicated
measurement phantoms. The obtained com-
binations were checked for their mechanical
stability by means of mechanical load tests
(shore-A). The homogeneity of MNP distri-
bution within the matrix was determined by
optical investigation of the samples with a
microscope. The influence of embedding
the MNP in a polymer matrix on the MPI
performance of the particles was tested by
means of MPS. The most promising MNP-
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matrix combination was used to manufac-
ture measurement objects of different shape
(cylinders, cubes) and different size embed-
ded in a phantom matrix with an overall ge-
ometry of a cylinder with D = 50 mm and H
= 60 mm. The resulting test phantoms were
evaluated for their suitability to simulate
MNP loaded areas within a nonmagnetic
matrix by means and MPI at PTB (Bruker
BioSpin preclinical MPI-scanner) and
University of Wurzburg (Traveling-Wave
MPI) [5].

Results

The transfer of MNP from aqueous suspen-
sions into organic silicones was a challeng-
ing and critical part of the phantom prepara-
tion. We established a procedure by using
ethanol or isopropy! for this transfer, result-
ing in no alteration of the mechanical prop-
erties (shore-A) of the Elastosil.
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Figure 1: MPS measurements of Perimag embedded
into different materials.

The MPS measurements revealed a de-
crease of the higher harmonics after embed-
ding the MNP into the polymer (see figure
1). This is explained by an immobilization
of the particles in the matrix, which inhibits
the Brown rotation of the particles. For
smaller particles (SEON, fluidMag-D50)
which show a smaller proportion of Brown-
lan contribution, this decrease is less pro-
nounced. In repeated MPS measurements,
no changes of the magnetic properties were
found for all particle types immobilized in
Elastosil, and thus they show a long-term
stable behavior for up to now six months.

From all tested materials, the combination
Perimag/Ethanol/Elastosil was the most
promising one regarding long-term stability
and signal performance and was used for the
preparation of the phantoms. The imaging
of the prepared phantoms was successful
down to a Fe-concentration of 10
mmol(Fe)/l, and reconstruction quality in-
creased with increasing concentration,
which will be demonstrated in the presenta-
tion.

Conclusions

In summary, we have developed suitable
combinations of MNP and Elastosil for the
manufacture of long-term stable MPI phan-
toms. The prepared phantoms show con-
stant magnetic and mechanical properties
for the duration of the study and can be im-
aged by MPI. Ongoing work is focused on
more structured measurement phantoms.

Acknowledgments

The authors thank M.Sc. Mathias Fritz (TU
IiImenau) for assistance during microscopy.
This work was supported by Deutsche For-
schungsgemeinschaft (FKZ: DU 1293/6-1
and TR408/9-1).

References

[1] B. Gleich, and R. Weizenecker, Nature,
vol. 435, no. 7046, pp. 1214-1217, Jun
30, 2005.

[2] N. Panagiotopoulos, R. L. Duschka, M.
Ahlborg et al., International journal of
nanomedicine, vol. 10, pp. 3097-114,
2015.

[3] T.Knopp, and T. Buzug, Magnetic Par-
ticle Imaging: An Introduction to Imag-
ing Principles and Scanner Instrumen-
tation, Berlin Heidelberg Springer-Ver-
lag, 2012.

[4] J. J. Konkle, P. W. Goodwill, O. M.
Carrasco-Zevallos et al., IEEE Transac-
tions on Medical Imaging, vol. 32, no.
2, pp. 338-347, Feb, 2013.

[5] Vogel et al. Traveling wave Magnetic
Particle Imaging, IEEE TMI, 33(2),
400-7, 2014.

16th German Ferrofluidworkshop 121



Meltable magnetic biocomposites for controlled release

Mengbo Zhou!, Robert Miiller?, Andrea Dellith?, Thomas Heinze!

1 Institute of Organic Chemistry and Macromolecular Chemistry, Friedrich Schiller University of Jena,

HumboldtstraRe 10, D-07743 Jena, , Germany.

2 Leibniz-Institute of Photonic Technology. (IPHT), P.O.B. 100239, D-07702 Jena, Germany.

This work proofs the principle of using
meltable polysaccharide based biopolymer
as a magnetically remote controlled matrix
for drug release. A biocompatible compo-
site from a meltable polysaccharide ester
and functional nanoparticles is developed,
which can be softened under an induced
alternating magnetic field (AMF). Thus, it
allows a release of active pharmaceutical
ingredients. These systems could be suita-
ble alternative path compared to hydrogel
composites embedded with magnetic parti-
cles as remote controlled biomaterials [1].
A new approach towards the fabrication of
biocompatible composites suitable for re-
mote melting is presented. For that pur-
pose, fatty acid esters of dextran with ad-
justable melting points in the range of 30 to
140 °C were synthesized. Esterification of
the polysaccharide by activation of the
fatty acids with iminium chloride guaran-
teed mild reaction conditions leading to
high quality products as confirmed by
FTIR- and NMR spectroscopy as well as
by gel permeation chromatography [2]. A
method for the preparation of magnetically
responsive bionanocomposites was devel-
oped consisting of combined dissolu-
tion/suspension of the dextran ester and
oleic acid hydrophobized magnetite nano-
particles (MNPs) in an organic solvent
followed by homogenization with ultrason-
ication, casting of the solution, drying, and
melting of the composite for a defined
shaping. This process leads to a uniform
distribution of MNPs in nanocomposite as
revealed by scanning electron- and optical
microscopy [3].

Green fluorescent protein (GFP) and Rho-
damine B (RhB) were loaded separately as
model drugs in the composite disks (Fig.
1). The thermoplastic property of magnetic

composite makes the fabrication to desired
geometry like casting method possible. The
application of an AMF heated the magnetic
particles and resulted in a temperature in-
crease above the melting range that leads to
an increased diffusion of model drugs

(Fig.2).
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Fig. 1. A: Scheme of magnetic biocompo-
site from magnetite nanoparticle and dex-
tran myristic acid ester containing green
fluorescence protein or Rhodamine B, B:
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Fig. 2. Temperature increase (measured
with a fiber optical sensor) in the biocom-
posite disk (1 wt.% MNP) surrounded by
0.5 mL water and subjected to continuous
alternating magnetic field (20 kA/m, 400
kHZz).

It is shown that the application of an AMF
can accelerate continuously the diffusion of
RhB from the composite. A steady increase
of released RhB was found by treatment at
42°C. In comparison to the external heat-
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ing in water bath, AMF generates heating
inside of magnetic composite. Three cycles
of AMF heating has doubled the amount of
released RhB compared to control samples
(Fig. 3). The GFP composite design is dif-
ferent from the RhB composite (Fig. 2).
The GFP can be blocked in the composite,
when no external stimulus was applied.
The release started after the sample was
heated in the water bath at 45°C. The rea-
son is that the GFP cannot penetrate the
polymer layer (approx. 1 mm thickness)
when the polymer is in solid state [4]. The
application of AMF can lead to a continu-
ous release of GFP from the composite and
induces a release of a stepwise accelerating
behavior (Fig. 4).
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Fig.3. Cumulative released mass of Rho-
damine B from composites in 6 hours;
squares, 1 wt.% MNP under exposure to
alternating magnetic field for 12 min dura-
tion; triangles, 1 wt.% MNP, heated exter-
nally at 42°C and circles, 1 wt.% MNP,
control sample at 25°C in phosphate buff-
ered saline. M; represents the cumulative
mass released at time t. Msym represents the
total mass loaded.
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Fig.4. Cumulative released mass of green
fluorescent protein (1 wt.% MNP under
exposure to alternating magnetic field for
12 min interval) in phosphate buffered sa-
line. M represents the cumulative mass
released at time t. Msum represents the total
mass loaded.

Conclusion

The release behavior of meltable and bio-
compatible nanocomposites loaded with
model drugs under alternating magnetic
field was studied. The novel composite can
be potentially applied as drug carrier in the
field of controlled release applications.
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