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Homogeneous breast cancer biomarker detection by optically
measuring the rotational dynamics of magnetic nanorods

J. Schotter’, S. Schrittwieser*, F. Ludwig?, J. Dieckhoff?, Katerina Soulantika®,
Sergio Lentijo Mozo®, Beatriz Pelaz*, Wolfgang Parak’

! Molecular Diagnostics, AIT Austrian Institute of Technology, Vienna, Austria
? Institute of Electrical Measurement and Fundamental Electrical Engineering, TU Braunschweig, Braun-

schweig, Germany

3 Université de T oulouse, INSA, UPS, LPCNO, and CNRS, LPCNO, Toulouse, France

* Philipps-Universitit Marburg, Germany

We recently introduced a novel homogene-
ous biosensor concept that is based on op-
tically observing the rotational dynamics of
noble metal coated magnetic nanorods [1,
2]. These nanorods are functionalized by
antibodies that specifically bind biomarker
molecules present in the sample solution.
Due to the small size of the nanorods, such
binding events significantly alter their hy-
drodynamic volumes. Consequently, when
the orientation of the nanorods in the solu-
tion is continuously altered by applying a
rotating magnetic field (RMF), nanorods
with bound biomarkers experience a higher
hydrodynamic drag and follow the applied
rotating magnetic field at a larger phase lag
angle. This angle o is measured optically
by picking up the nanorod-orientation-
dependent transmission of a polarized laser
beam shining through the sample disper-
sion (Fig. 1). Here, we report on the detec-
tion of the soluble domain of the breast
cancer biomarker (SHER2) by our method
using an advanced diagnostic prototype
instrument.

polarization axis momentary orientation
of incoming light of rotating magnetic
=y ; field

momentary nanorod \ ¥
orientation delayed by

phase lag angle ¢ 5

photodetector

incoming laser light
(linearly polarized)

Fig. 1: Concept sketch of nanorod rotation and detection

Nanoprobe synthesis

As base particles, we employ magnetic
nanorods synthesized by an organometallic
approach which produces single crystalline
(hcp) Co-nanorods with a uniform diameter
of 6 nm and adjustable length between 40
and 200 nm with narrow size distribution
[3]. Next, a noble metal shell is synthesized
around the Co-core in order to protect the
core from oxidation and to provide ampli-
fication of the optical signal. This is ac-
complished via a thin interlayer and se-
quential deposition of platinum (Pt) and
gold (Au), which provides the best protec-
tion of the core against oxidation, resulting
in stability periods of aqueous nanorod
dispersions of more than ten weeks.
Following synthesis, the nanorods are sta-
bilized with hydrophobic surfactants in or-
ganic solvents such as toluene. For transfer
into and stabilization in aqueous solutions,
we coat the nanorods by an amphiphilic
polymer, i.e. a polymer comprising hydro-
phobic side chains for the linkage to the
nanorod surface and a hydrophilic back-
bone that provides water solubility through
charged groups [4]. After water stabiliza-
tion, the nanorods are functionalized by
monoclonal Herceptin® antibodies as
recognition agents for HER2 assays by
EDC / Sulfo-NHS carboxy! activation.

Diagnostic prototype instrument

The goal for realizing an advanced diag-
nostic prototype instrument is to improve



on the following properties with regard to

the earlier laboratory instrument:

e Compact device that is easily transport-
able to laboratories at other locations

e Reduction of complexity and costs as
compared to the laboratory instrument

e Automated operation (i.e. load sample
and press button to measure)

e Improved optical sensitivity (i.e. lower
nanoprobe limit of detection, LoD)

Fig. 2: Overview of the realized diagnostic prototype
instrument (+ power supply box, not shown)

We have been able to meet those goals by a
design comprising a desktop measurement
box containing the coil system to generate
the rotating magnetic field (RMF) and the
optics to measure the dynamic reaction of
the nanoprobe dispersions on the RMF
(Fig. 2). The entire system is controlled by
a laptop computer, and the power supplies
and capacitor switches for driving the ro-
tating magnetic field (RMF) are situated in
a separate power supply box that can be
placed underneath the table. These two
boxes and the Laptop computer comprise
the entire system, so it can easily be trans-
ported to other laboratory locations for
preclinical testing. The nanorod LoD of the
diagnostic prototype instrument could be
improved to about 2 pM.

HER?2 assay results

Fig. 3 shows measured phase lag differ-
ences in a RMF between Herceptin-
functionalized nanorods without added
analyte (reference value) and Herceptin-
functionalized nanorods with different
concentrations of added HER2 along with

a logistic fit. The logistic fit indicates a
maximum saturation phase lag change of
about 11° and a HER2 LoD of about 1 nM.
The analyte LoD is substantially better
than reported before (20 nM, see FFWS
2013), which is due to the higher RMF
magnitude that’s applicable by the diagnos-
tic prototype instrument (10 mT vs. 5 mT)
as well as its improved nanoprobe LoD. In
addition, we also refined the nanorod anti-
body functionalization procedure by using
the smaller blocking molecule ethanola-
mine (as compared to BSA), which reduces
to reference phase lag of functionalized
nanorods. These results demonstrate that
there is still a lot of room for improvement
regarding the analyte LoD for our biosen-
sor concept, and we will continue to en-
hance its performance.

Logistic fit function A=0°

_ A-B B=115°
M_m")ﬁﬂ 5> =330M
- a=1.18

0

phase difference (%)

T T T T T T T T T T T
[+] 20 40 B0 B0 100 120 140 160 180 200
HERZ concentration (nM)

Fig. 3: HER2 assay results using the diagnostic prototype
instrument (RMF: 10mT, 1kHz; nanoprobe conc. 48pM)
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Cytotoxicity and uptake levels of methotrexate coupled magnetic
nanoparticles in different breast cancer cell lines for multimodal
treatment

N. Pémpner?!, M. Stapf?, I. Hilger!

! Jena University Hospital, Institute of Diagnostic and Interventional Radiology, Department of Experimental

Radiology

Introduction

Superparamagnetic nanoparticles are a
favored tool for anti tumor therapy,
particularly in inducing localized magnetic
hyperthermia in an alterniering magnetic
field and/or a contolled release of
chemotherapeutic agents like methotrexate
(MTX). Furthermore, MTX functionalized
iron oxid nanoparticles can be used for
drug and magnetic targeting. MTX is
known to be a folic acid analogon.
Antifolates like MTX have been
recognized to enter tumor cells by three
different mechanisms: the reduced folate
carrier (RFC), the folate receptor alpha
(FRa) and the proton coupled folate
transporter (PCFT). It is unclear if the
uptake of MTX via these transport
mechanism correlates to cytotoxicity. In
this work the expression level of FRo and
RFC mRNA was analyzed concerning
MTX cytotoxicity.

Materials and Methods

Used cell lines

Different breast cancer cell lines, including
T47D, BT-474, MDA-MB-231, MCF-7,
MX1, AU-565, SK-BR-3 as well as the
bladder cancer cell line T24 and the non-
tumor cell line HMEC-1 were used.

Coupling of MTX to magnetic material
Amine-groups of the superparamagnetic,
polyethylene glycol (PEG) iron oxide
nanoparticles were covalently coupled by
carbodiimde to the carboxylate groups of
Methotrexate (MTX-MNP).

Cytotoxicity of MTX-MNP to breast cancer
cells

Various breast cancer cell lines were
seeded onto 96-well plates and treated with
MTX-MNP in concentrations ranging from
25 to 100 pg MTX-MNP/ml medium. At
defined time points, the cells were heated
to 44 °C for 1-2 h. Afterwards cell viability
was determined by AlamarBlue assay
(cellular NADH levels) 48 h and 72 h after
MTX exposure and correlated to non-
treated controls.

Determination of FRo protein and RCF
mRNA level

For protein expression of FRa

RFC mRNA levels whole cell lysates were
used and determined by Western blot and
gRT-PCR, respectively.  For  ACp
calculation after gRT-PCR, B-2
microglobulin was used as reference gene.
The Cp (Crossing Point) describes the
PCR cycle where the fluorescence exceeds
significantly the background fluorescence
and is indirect proportional to the realtive
amount of the amplified gene.

Results

Independent from incubation duration and
MTX-MNP dosage, a medium to strong
decrease of cell viability after hyperthermia
was observed in all tested cell lines. T47D,
BT-474, MCF-7 and MX1 cells exhibited
only a slight decrease of cell viability after
48h and 72h of MTX-MNP treatment (Fig.
1). Cell viability decreased to 46 % of
controls cells after MTX-MNP addition to
MDA-MB-231 with a recovery thereafter
(data not shown). In AU-565 and SK-BR-
3, cell viability was reduced with



increasing incubation time from 48 h to 72
h (in AU-565 46% vs. 9% and in SK-BR-3
73% vs. 45 %).

g0 , BT47D OMDA-MB-231 OMX-1 BSK-BR-3 OAU-565
80 - % T T
'§ 70 A E T
2 \E \
EAN\= L
251 NE \=
10 \\E N E ES
° 37°C 44 °C

Fig. 1: Cellular viability (relative NADH level)
after MTX-MNP exposure. Different breast cancer
cell lines were treated with 100 pg/ml of MTX-
MNP and subsequently heated to 44 °C for 1 h and
normalized to untreated 37 °C control. NADH level
was determined 72 h after MTX-MNP addition.

Interestingly, there was a comparatively
high and nearly equal mRNA level of RFC
transcripts in all tested breast cancer cell
lines (4,1-5,2 Cp) except for MDA-MB-
231(14,6 Cp). mRNA levels of RFC
transcripts in tested breast cancer cell lines
were similar to bladder cancer (T24) and
non-tumor cell line HMEC-1 (Fig. 2).
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Fig. 2: SLC19A1 expression of different tumor-
(filled) and non-tumor (shaded) cell lines. B-2
microglobulin was used as reference gene for ACp
calculation.

On the other hand, the FRa protein
expression was strongly variable in all
tested cell lines and independent from cell
viability during the MTX-MNP exposure.

Discussion

As reported in literature, RFC is considered
as the major transport route for antifolates
like MTX rather than FRa[2]. Furthermore,
a significantly higher RFC expression in
urothelial carcinomas in comparison to

non-urothelial carcinomas was mentioned
[1], indicating different expression levels
in various cell lines. As our results have
shown, there was an almost similar
expression of RFC between most tested
cell lines including urothelial T24 cells and
non-tumor HMEC-1 cells. In contrast
MDA-MB-231 cells showed a lower RFC
expression (equivalent to larger ACp
values), supposing a lower MTX toxicity
due to reduced MTX uptake. As observed
by AlamarBlue assay cytotoxicity of MTX
does not correlate with MTX uptake. Our
results indicate that, at least in part, other
mechanisms seem to be responsible for
MTX cytotoxicity.

Conclusion

A bimodal treatment of hyperthermia and
MTX can effectively inactivate certain
types cancer cells. In our investigations
there was no correlation of the expression
level of FRa protein and the RFC mRNA
to cytotoxic effects of MTX functionalized
iron oxid nanoparticles in all analyzed cell
lines. Other mechanism to be discovered
are responsible, at least in parts, for MTX
related cytotoxicity as free molecule or
after functionalization to MNP.
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Magnetically controlled cell seeding for vascular tissue engineer-
ing using endothelial cells loaded with iron oxide nanoparticles
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J. Nowak?, S. Odenbach?, S. Lyer!, C. Alexiou?
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medicine (SEON), Else Kroner-Fresenius-Stiftung-Professorship, University Hospital Erlangen, Germany.
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Germany.

Introduction

Progress in tissue engineering is mandatory
for the development of modern therapy in
the field of regenerative medicine. Nano-
technology offers the potential of circum-
venting the shortage of available organs
and the likelihood of complications caused
by chronic immunosuppression as it allows
the 3-dimensional growth of autologous
tissues by magnetic cell seeding.

We could demonstrate the possibility to
colonize a pipe scaffold with primary en-
dothelial cells loaded with in house pro-
duced superparamagnetic iron oxid nano-
particles for tissue engineering (SEON-
TEPs). Furthermore the experimental re-
sults confirm that proliferation and the cy-
toskeleton of the respective cells were not
altered by SEON-TEPs and magnetic seed-
ing. Additionally we could monitor a mag-
netic seeding of cells already at very low
cellular SEON-TEPs concentrations per
cell. Finally our results reveal a dramatic
reduction of the cellular SEON-TEPs con-
tent within seven days upon cultivation,
indicating a beneficial dissolution of the
particles before a possible transplantation
of the tissue.

Results

We could verify that the cellular uptake of
SPIONSs is depending on the particle coat-
ing and the solvent which in turn influence
the average size of the SPION agglomer-
ates and the zeta potential in the cell cul-
ture media.

To quantify the cellular SEON-TEPs load,
we modified a recently published, photo-
metric technique [1] and found a reproduc-

ible direct correlation between the absorp-
tion at 370 nm and the cellular SEON-TEP
amount. We then investigated the cellular
uptake of SEON-TEPs and confirmed a
direct correlation between SEON-TEPS
concentration and incubation time.

Since a prerequisite for magnetic cell seed-
ing and tissue engineering is a low SPION
toxicity we monitored the viability of
SEON-TEP-loaded cells by measuring cell
proliferation and detected a measurable
reduction only at very high SEON-TEP
concentrations. Additionally there was no
observable influence on actin cytoskeleton
architecture as shown by immunocyto-
chemistry. We then modified the 3-
dimensional cell seeding model [2] with
HUVEC cells pre-loaded with SEON-
TEPs. As a proof of principle for the pro-
duction of tubular endothelialized scaffolds
we colonized plastic tubes using the Vas-
cucell Endothelizer, which allows magneti-
cally controlled interactions between cells
and scaffold matrix. Cells loaded with
SEON-TEPs show stable adhesion and
colonization of cells to the three dimen-
sional scaffolds and increased cultivation
periods caused a more dense coverage of
the tubes inner surface and proved the pro-
liferation potential of magnetically seeded
cells.

Moreover, cellular SEON-TEPs colocalize
with lysosomal markers, suggesting a lyso-
somal degradation of the nanoparticles,
explaining the intracellular decrease of
SEON-TEPs upon increased cultivation
time.



Conclusion

Magnetic arrangement of autologous, SPI-
ON-loaded cells is a valuable tool for the
engineering of functional tissues. Our re-
sults for three-dimensional colonization of
tubes with HUVEC provide encouraging
arguments for applying this method on
vascular graft fabrication. Even though a
tube is a rather simple three-dimensional
structure, the data presented here show,
that magnetic cell arrangement is very use-
ful new technique. Future advancements,
like modulation of the magnetic field and
combination with scaffolds or stepwise
seeding of different cell layers, could one
day enable the engineering of complex
structured organs from autologous, differ-
entiated cells.
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Tailored Magnetic Dispersions for Spectacular Applications

N. Buske

Magneticfluids, Kopenicker Landstr. 203, 12437 Berlin

Many tailor-made magnetic dispersions
were prepared and characterized in our
magnetic fluid laboratory, including Mag-
netic Fluids (MF) and Magnetic Rheologi-
cal Fluids (MRF). Most of them were used
in technical constructions, and nowadays
as biocompatible fluids for diagnostics and
therapy.

One of the first of our activities was to es-
tablish a method of separating the non-
ferrous metals from electronic scrap.
The method is based on the float/sink-
separation of in the MF suspended non-
magnetic materials in presence of a mag-
netic field gradient, cf. Fig. 1.

For this application, water based magnet-
ite-MF were developed with saturation
polarizations up to 40 mT with the benefit
to recover the MF adhered on the material:
The particles were magnetically separated
by changing the pH, washed and redis-
persed by changing the pH-value once
again. Alternatively, very stable MF were
prepared, the low concentrated particles in
wash solution could be concentrated by
evaporation of the water carrier.

Fig. 1 a suspended golden ring is floating
on the surface of a water-based 30mT MF
in presence of a Ba-Ferrit permanent mag-
net.

One of next visions was the construction of
an artificial heart pump using magnetic
fluids of very high saturation polarization
and small bulk viscosity. Hydrocarbon
based Co-MF up to polarizations of 230

mT, and magnetite petroleum based MF up
to 120 mT (close to the theoretical limit) at
bulk viscosities < 1 Pa s were used to in-
crease efficiency of the engine model, cf.
Fig. 2.

Finally, other constructions without MF
were applied.

Fig. 2 Picture of a drive engine model: a
couple of electro magnets were filled with
magnetic fluids to increase the permeabil-
ity between the pole shoes.

MF and MRF are used in machinery (as
MF-seals, MF-lubricants, MF-dampers).
Our MF and MRF are composed in the
outstanding carrier PerFluorinated Poly-
Ether (PFPE), chemically inert with a very
low vapor pressure, not soluble in other
fluids, stable against aggressive acids and
bases used as lubricant and vacuum pump
oil. As an example, 50 mT-magnetite PFPE
diffusion pump oil based MF with about 12
vol.% magnetite/maghemite and bulk vis-
cosities < 2 Pa s were prepared and used as
functional fluids in ultrahigh vacuum
seals at GAT-mbH.com in Germany.

Lower viscous carriers, like silicon oils or
ionic fluids, are alternatives for PFPE.

MRF compositions containing 1-5 pm Fe-
carbonyl particles dispersed in PFPE were
tested as functional fluid for an artificial
knee joint. The bulk viscosity of the MRF
could be reversibly increased by switching
an external magnetic field on or off, up to
four orders. Generally, MRF-particles tend
to sediment over the course of time. There-



fore, the reversibility of the MR-effect has
to be improved.

In the last years, biocompatible MF were
prepared for in-vivo use in our lab. as well.
magnetite/maghemite cores ranged from 5
up to 10 nm diameter and hydrodynamic
diameters from 20 nm, 50 nm, up to some
100 nm. Biocompatible and/or biofunc-
tional shells covered the particles. Those
polyaspartic shells have as well as —-NH>
and —COOH groups which can be separate-
ly chemically modified. Bilayer shells of
dimercapto-succinic acids can be modified
chemically through complexation of radio-
nuclides, and carboxylated cyclodextrin
shells can be modified as well as by chem-
ical reaction with -COOH-groups and by
inclusion of hydrophobic agents into the
holes.

An outlook for further development of
cores and shells will be given at the
presentation.

The most important property of the disper-
sions is the high colloidal stability of the
dispersed particles. The Derjaguin-Landau-
Verwey-Overbeek-theory can be used as
estimation for the stability of particles in
hydrosols, but in organic carriers it is open
to explain the particles repulsion.
Therefore, up to today trial and error meth-
ods are used to prevent particle’s agglom-
eration.
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Finite-element simulation of ferrogels:
Magneto-mechanical coupling and stress-strain behaviour

P. Cremer, A. M. Menzel, H. Lowen
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Introduction

Ferrogels are magnetic hybrid materials
composed of ferro- or superparamagnetic
particles in an elastic polymer matrix [1].
Due to the coupling of elastic and magnetic
interactions, the material properties can be
dynamically tuned using external magnetic
fields. Such magnetoresponsive materials
have a wide range of applications including
novel damping devices, soft actuators and
sensors. Additionally, ferrogels combine
the properties of ferrofluids with the con-
venience of the cross-linked polymer matrix
because no container is required to maintain
them.

The various realisations of ferrogels differ
in the degree of orientational coupling be-
tween the magnetic moments of the particles
and the surrounding polymer matrix. Sys-
tems in which the particles are covalently
bound into the matrix so that rotations are
hindered by restoring torques show a strong
coupling [2]. In other systems the particles
are located in mesh pockets that typically
only restrict translational motion. Also the
particle size plays a role. The magnetic mo-
ments of small particles can easily flip with
respect to the particle axes while such a re-
laxation 1s suppressed for larger particles.
The details of the interaction between mag-
netic particles and the elastic matrix are of
crucial importance for the macroscopic ma-
terial properties. However, theoretical de-
scriptions for ferrogels relating the structure
on the mesoscale to the macroscopic be-
haviour are rare. Theoretical models are re-
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Figure 1: The elastic polymer matrix is sim-
plified to a mesh of finite elements.

quired which provide a unified description
spanning the various length scales of the
material ranging from the molecular scale of
the polymer network to the mesoscopic par-
ticle size and up to the macroscopic size of
the sample.

Model

We model the system by regarding the in-
terconnecting polymer matrix as an elastic
block material and considering embedded
particles with magnetic dipole moments.
The elastic block material is then discretised
into a mesh of triangular (two-dimensions)
or tetrahedral (three-dimensions) finite ele-
ments. Deformation of a finite element im-
plies an elastic energy cost leading to restor-
ing forces. Not only linear elasticity but also
nonlinear, hyperelastic models that are more
suitable for cross-linked polymer networks
can be implemented.

Ferrogels without orientational coupling can
simply be considered by placing freely ro-
tating dipoles at the vertices of the mesh,
see Fig. 2 for a sketch. Additionally,
we can model systems with strong orien-
tational coupling where particles are cova-
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Figure 2: Model sketch for ferrogels with-
out orientational coupling to the elastic ma-
trix.

lently bound into the polymer matrix. For
this purpose, particles of finite size are in-
serted explicitly into the mesh and the finite
mesh elements are connected to the parti-
cle surfaces as shown in Fig. 3. When the
particles rotate, they deform the surround-
ing elastic finite elements leading to restor-
ing torques.

In the future, we also aim to explicitly
implement pockets in the polymer matrix
where the particles are embedded. This al-
lows to describe systems with partial orien-
tational memory that irreversibly rearrange
when an external magnetic field is applied.

Simulation

Using our numerical implementation, we
can perform stress-strain measurements to
investigate the influence of various param-
eters on the behaviour of the material. First
results for a ferrogel with strong orienta-
tional coupling show, that the magnitude
of the magnetic moment has a large influ-
ence on the elastic modulus of the mate-
rial. Whether the modulus drops or rises as
a function of the magnitude of the magnetic
moments depends on the initial distribution
of particle positions and orientations.

As a next step, we will use particle configu-
rations provided by experimental groups as
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Figure 3: Covalently bound ellipsoidal par-
ticle. The particle is orientationally coupled
to the polymer matrix since it cannot rotate
without deforming the finite elements con-
nected to its surface.

an input for our simulations. Using our nu-
merical approach, we can compare the re-
sulting stress-strain behaviour to the experi-
mental data und simultaneously observe the
mesoscopic reaction of the samples to the
imposed stress. This will help to explain the
macroscopic material behaviour on the basis
of a mesoscopic particle picture.
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A contribution to the modeling of ferrogels
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Ferrogels consist of a soft polymer matrix
usually made up of chemically cross-linked
polymer networks and a pore ferrofluid [1].
The pore fluid usually carries magnetic par-
ticles of a typical size of 10 nm [2]. In the
course of preparation, part of the magnetic
particles are adhered to the polymer network.
Hence, in the realization of the components
in the system the magnetic particles are clas-
sified either as fixed to the polymer or mo-
bile.

Based on the preparation method, ferrogels
can turn into either isotropic or anisotropic
gels [3]. In the case of an isotropic ferro-
gel, the magnetic particles are randomly dis-
persed throughout the polymer matrix mak-
ing them only sensitive to the gradient of
a magnetic field [4]. The anisotropic fer-
rogels, in contrast, have a preferred direc-
tion [3] and are, thus, responsive to a homo-
geneous magnetic field as well.

In the current work a systematic develop-
ment of the field equations of a ferrogel as
a multiphasic, multicomponent medium is
presented based on the continuum mechan-
ics of mixtures. As is customary in the con-
tinuum mechanics, the development of the
model begins by the introduction of the kine-
matic relations and the balance laws. The
balance laws, however, must fulfill the “Tru-
esdell's metaphysical principles” [5]. The
balance laws include the balance of mass,
momentum, angular momentum, energy and
entropy. Additionally, the Maxwell relations
have to be considered.

In the process of modeling, thermodynam-
ically consistent constitutive laws are next
postulated. The field equations of the ferro-
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gel are obtained by plugging the constitutive
relations back into the balance laws. The de-
rived set of field equations complemented by
appropriate initial, boundary and transition
conditions define an Initial Boundary Value
Problem (IBVP).

Owing to its versatility, the finite element
method (FEM) is further planned to be used
to solve the aforementioned IBVP. This en-
ables one to investigate (1) the influence of
the magnetic field on the magnetic particles
in the polymer gel, (2) the interaction of the
particles with the polymer network, and (3)
the resulting mechanical deformation of the
gel. Thus, depending on the applied mag-
netic field, the resulting deformation of the
gel, and the attainable restoring forces for
example of a ferrogel actuator can be deter-
mined.
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With their outstanding biocompatibility
and superparamagnetic properties magnetic
nanoparticles are used in a brought spec-
trum of diagnostic and therapeutic applica-
tions. Due to their potential to label im-
mune cells in vivo, nanoparticles are in-
tensely investigated to study various infec-
tive-, inflammatory- and autoimmune dis-
eases [1]. Electrostatically stabilized cit-
rate-coated very small superparamagnetic
iron oxide particles (VSOPs) are a promis-
ing class of nanoparticles suitable for cell
labeling. VSOPs are supposed to bind to
negatively charged glycosaminoglycans on
the cell surface before being internalized
by the cells [2].

Magnetic Particle Spectroscopy (MPS) has
been proven a powerful tool for the sensi-
tive and specific detection of magnetic
nanoparticles in biological environment,
especially in cells [3]. MPS is based on the
nonlinear magnetic susceptibility response
of magnetic nanoparticles induced by an
oscillating magnetic field and permits the
quantification of the magnetic nanoparticle
iron content without being affected by tis-
sue or non-particular body iron. Further-
more, the MPS spectra provide information
about the magnetic state of the analyzed
nanoparticles, especially changes due to
the environment can be visualized.

We employed MPS to quantify the cellular
VSOP uptake in THP-1 monocytes (THP-
Mo) and macrophages (THP-M®) cell
lines. Additionally our attention was di-
rected to the detection of changes of the
magnetic properties of VSOP during the
cellular uptake. To assess feasibility and
accuracy of VSOP quantification by MPS,
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we additional used the photometric phe-
nanthroline method (Phen) as an independ-
ent analytic gold standard.

Materials and Methods

Citric acid coated VSOP were manufac-
tured following the recipe given by Pil-
grimm. The VSOP consist of magnetite
single cores with about dc:=6 nm diameter
as determined by M(H) measurements (hy-
drodynamic diameter dhyar=8 nm). The iron
concentration of the stock suspension was
0.5mol/L, but for cell treatments the
VSOP were diluted in 1% FCS to avoid
interaction with serum proteins down to an
iron concentration of 0.75 mmol/L (41
pg/ml) and offered to 10° cells for uptake.
THP-1 cells (ATCC, Wesel) were cultured
in RPMI medium 1640 (Invitrogen, Karls-
ruhe) supplemented with 10% fetal calf
serum, 100 U/mL penicillin, 100 pg/mL
streptomycin. For differentiation into mac-
rophages, THP-1 monocytic cells (THP-
Mo) were treated for 72 h with 20 ng/mL
phorbol myristate acetate, and washed
three times with medium afterwards. After
24 h of rest the resulting macrophages
(THP-M®) were used for experiments.
Cell samples were incubated with VSOP
for 30 min, 1 h, 3 h, 6 h, and 24 h duration,
respectively.

MPS was used to determine the absolute
iron amount in the cell samples. At an exci-
tation magnetic field of 25 mT and fre-
quency fo = 25 kHz the MNP generate a
characteristic signal spectrum in the Fouri-
er transform of the detected time-
dependent signal. Only higher odd harmon-
ics of the excitation frequency fo were con-



sidered, because fo contains the strong fun-
damental excitation as well as diamagnetic
and paramagnetic contributions of the sus-
pension. The VSOP quantification is ob-
tained by the third harmonic A3 divided
with  the specific third harmonic
A3*=1.0(1)-10° Am?/(gFe) (43 normalized
to iron amount) of a corresponding refer-
ence sample with known VSOP amount.
As a second parameter we used the ratio of
fifth and third harmonics A4s/A3 to assess
changes in the dynamic magnetic behavior
of the VSOP due to their environment.
Additionally we employed the phenanthro-
line based iron assay (Phen) to inde-
pendently quantify the VSOP uptake in
reference and cell samples.

Samples were dissolved in 20 pL (35%)
HCI, afterwards filled up with 1 mL dis-
tilled water and then (the cell samples
were) centrifuged to remove cellular de-
bris. Aliquots of 50 pL of the supernatant
were mixed with 50 pL (1.5 mol/L) hy-
droxylamine hydrochloride and 150 pL (4
mol/L 1,10-phenanthroline hydrochloride,
200 mmol/L acetic acid, and 160 mmol/L
sodium acetate). Absorbance of samples
was measured using an Anthoslll (Bio-
chrom) microplate reader at 492 nm. Iron
concentrations were determined using in-
ternal of iron standard absorption curves
(all chemicals by Merck, Darmstadt).

Results

We found a match with deviations less than
2% between VSOP iron amounts quanti-
fied by MPS (m(Fe)wes) and Phen
(m(Fe)rhen) in a dilution series of (refer-
ence) samples without cells. In the lower
range of iron amounts below 300 ng the
deviations strongly increased, as Phen is
approaching the detection limit (about 200
ng), whereas by MPS iron amounts less
than 100 ng could be safely detected.

Quantifying the VSOP uptake in cells led
to systematic overestimation of the iron
amount as determined from the third har-
monic Az of the MPS signal compared to
the corresponding Phen value (up to 50%).
However, for both cell types the ratio
m(Fe)mps/m(Fe)pnen describing the of this
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was linearly related to the 4s/A43 ratio of the
MPS spectra as shown in Fig. 1. Interest-
ingly, this behavior was dependent on the
incubation time (inset Fig. 1), it was found
to be strongest for the shortest time of
VSOP incubation (30 min).We attribute
this behavior to the interaction of the
VSOP with the cells during their uptake.

18 19 20 21 22 23 24 25
AJA, (%)

Fig. 1. Correlation between As/A; ratio and MPS

overestimation of cellular VSOP uptake. The star in

the upper left marks the 4s/A45 ratio of fluid stock

VSOP. Inset: Incubation dependent As/As ratio

found for VSOP uptake in THP-Mo cells.

Conclusions

MPS in combination with Phen is a power-
ful tool to analyze cellular uptake of VSOP
and allows for detecting changes in mag-
netic behavior due to interactions of nano-
particles with their biological environment.
Using a previously recorded calibration
curve the concentration independent As/A43
ratio can be used to reduce uncertainties in
further quantification experiments.
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Field-induced reorientation of shape anisotropic magnetic nanoparticles
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The response of magnetic nanoparticles to
applied static and dynamic magnetic fields
is the subject of intense research in view of

its fundamental technological importance, e.g.

for medical applications such as imaging and
magnetic hyperthermia [1], or sensor appli-
cations [2]. The field-assisted self-assembly
of shape-anisotropic nanoparticles in disper-
sions is further desired for liquid crystalline
or optically anisotropic materials [3] and as
a prerequisite for self-organization into long
range ordered arrangements [4]. Our long-
term objective is to gain microscopic insight
into the orientation dynamics of elongated
nanoparticles in order to advance both the
self-organization of shape anisotropic nano-
particles and their use as nanoprobes in bio-
medical applications [5] or to detect the vis-
coelastic properties of the surrounding ma-
trices [6]. In this contribution, we demon-
strate the capability of time-resolved small-
angle X-ray scattering (SAXS) techniques
for studying the reorientation of elongated
magnetic nanoparticles in a dynamic mag-
netic field.

The weakly ferromagnetic hematite nanopar-

ticles under study are elliptic or spindle-shaped

and are known to orient with their principal
axis perpendicular to an applied magnetic
field [7, 8], leaving two degrees of freedom
for particle orientation. In addition to the
particle orientation obtained by static SAXS,
the time-resolution of our stroboscopic SAXS
experiment provides information on the dy-
namic particle orientation for a given state
of an applied alternating or rotating mag-
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Figure 1: a) TEM of elongated hematite
nanoparticles [7] b) schematic of the time-
resolved SAXS setup using an alternating
magnetic field.

netic field (Fig. 1).

Time-resolved SAXS measurements were car-
ried out using an alternating magnetic field
of 10 mT with frequencies between 25 and
300 Hz. In order to enhance the weak aniso-
tropy of the measured SAXS pattern, we sub-
tract the isotropic SAXS measured without
magnetic field from each pattern presented
in Figure 2. For low frequencies, we clearly
observe the time-resolved interplay of iso-
tropic particle orientation and planar parti-
cle orientation perpendicular to the inducing
field direction in vanishing and maximum
applied field, respectively (Fig. 2, left side).
With increasing frequency the particle re-
orientation in the inducing field is delayed,
resulting in a quasi-static orientation of the
anisotropic particle orientation throughout the
entire period, shown exemplarily for 200 Hz
in Fig. 2 (right side). The characteristic
frequency of particle rotation observed us-



time

Figure 2: Time-resolved SAXS in alternat-
ing magnetic fields. SAXS pattern mea-
sured at different states of the applied mag-
netic field are shown for frequencies of 25
and 200 Hz along with schematics of the
nanoparticle orientation.

ing time-resolved SAXS corresponds well
to measurements of the rotational diffusion
constants using dynamic light scattering and
is in good agreement with theoretical esti-

mates [9].

In addition to the planar orientation achieved
using alternating magnetic fields, applica-

tion of rotating fields promises a significantly
higher degree of orientation. For frequen-

cies between the characteristic rotational fre-
quencies of the principal and equatorial axes,
parallel alignment of the elongated hematite
nanoparticles with their principal axis per-
pendicular to the rotation plane is expected.

In our contribution, we give a detailed ac-
count of the experimentally observed nano-
particle reorientation behavior in alternating
and rotating magnetic fields, with particular
emphasis on the varying degree of order ob-
tained with increasing frequencies. Our ob-
servations are correlated with complimen-
tary optical transmission measurements.
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Concept for a 10MHz ac susceptometer with adjustable sample
temperature
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I ntroduction

AC susceptibility measurements are widely
used to determine the magnetic properties
of samples. Especially for the investigation

of magnetic nanoparticles, they have a wide
range of applications [1, 2]. As parameters
often depend on temperature, many com-
mercial systems feature temperature control
options. While these systems provide very
accurate results, they are also very costly.
Additionally, few commercial systems pro-

vide a frequency range above 100kHz.
In order to obtain temperature dependent
measurements in the frequency range up
to 10MHz, a concept for a home-built ac

susceptometer with these specifications is
presented.

Electrical concept

In order to obtain acceptable field strengths
at high frequencies, the inductance of the
excitation system should be minimized.
Unfortunately, this requirement is in con-
tradiction with a high homogeneity of the
excitation field. Another aspect that should
be respected for the design of the excitation
coil are electrical losses. Due to the skin
effect, the resistance of the excitation coil
and therefore the thermal losses rise with
the square root of frequency. Litz wire
should be used to keep these losses minimal.
Although theoretical considerations for the
optimal number of Litzwire strands exist [3],
they do not incorporate single layer coils
or homogeneity requirements. Therefore,
a magnetic FEM simulation was used to
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determine the optimal coil geometry and

the strand number. Fig.1 depicts the coil
layout and the field distribution after the op-

timization process. The simulation showed
a field inhomogeneity (based on the extrema
values within the sample volume) of below
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Fig. 1. Magnetic simulation of the excitation
and detection coil system. The left bordettod

figure is the radial symmetry line.

Electrical coil losses at 10 MHz with the
nominal excitation current of 266 mA are
0.08 W.

The detection of the MNP signal is achieved
with a detection coil and a pair of com-
pensation coils that form a symmetric
gradiometer.

Thermal concept

Measuring the sample response while a
heating system is used to maintain the de-
sired sample temperature requires that the
heating does not interfere with the magnetic
measurement. For this reason, an electrical



heater cannot be placed in close vicinity
to the sample. Due to size constraints, a
heat transferby liquids is not an alterna-
tive. Our concept therefore uses an AIN
ceramic to transfer the heat to the sample.
The ceramic component also acts as a coil
former for the detection coils. In order to
achieve the desired sample temperature in
the presence of an unknown convective heat
flux to the environment, two temperature
sensors are used to measure the temperature
gradient from the heater to the top of the
sample enclosure. Assuming a homoge-
nous thermal resistance over the length
of the sample enclosure, the temperature
at the sample position can be accurately
determined. The heater as well as the
temperature sensors are positioned outside
the active area of the gradiometer so that
they do not interfere with the measurement.
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Fig. 2. Thermal simulation of the heated sample
enclosure after 30 minutes of warmup timenfr
room temperature.

Thermal isolation of the sample enclosure is
achieved by Macd™ ceramic parts which

also act as the coil former for the excitation
coil. The simulation showed that the inho-
mogeneity of the temperature distribution
within the sample area should be below
0.4°C with 30 minutes of warmup time.

The design has a nominal maximum sample
temperature of 100C. In order to suppress

magnetic interference from the environ-
ment, the coil system will be shielded by a
mu-metal enclosure. This has the additional
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benefit of reducing temperature variation
due to convection.

Signal generation and processing

The generation of the excitation waveform
as well as the phase and amplitude measure-
ment of the sample signal is performed
by a commercially available lockin ampli-
fier eLockin 205/2 (Anfatec GmbH) with
10 MHz bandwidth. The signal is going
to be amplified before being fed into the
excitation coil by a homebuilt wideband
power amplifier. Temperature control is
achieved with a custom built control unit.

Conclusion

We have presented a concept for a ac sus-
ceptometer with 10 MHz bandwidth and
temperature control for the sample volume
up to 100°C. Necessary compromises and
considerations during the design process
of electrical and thermal parts have been
discussed. Simulations have been used to
refine the initial design.
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Bifunctional catalysts consisting of metal
cores and highly porous shells have recent-
ly attracted a lot of interest due to their
synergetic abilities in consecutive reactions
[1]. After chemical reaction at the metallic
core, a second reaction takes place directly
at neighboring active sites in the shell be-
fore the products of the first reaction can
leave the particle, thus providing enhanced
selectivity for the overall reaction (Figure

).
A = Educts

metallic core catalyses reaction 1
B = Product 1

porous shell catalyses reaction 2

C = final Product in high selctivity

Figure 1: Reaction scheme for a consecu-
tive reaction using core@shell-type parti-
cles.

We have developed a novel strategy for the
synthesis of bifunctional core@shell-type
hybrid nanoparticles combining thermal
and chemical stability with catalytic and
magnetic  properties.  Initially, PVP-
stabilized Co3;04 nanoparticles were pre-
pared via microwave-assisted synthesis.
The as-prepared particles were individually
coated with an amorphous SiO, layer by a
modified Stober synthesis [2]. By this, nar-
row particle size distributions and adjusta-
ble hull thicknesses were achieved (Figure
2).
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REM

Flgure 2 CO3O4@SIOz partlcles
(left) and REM-STEM (right) image.

Finally, the amorphous SiO, layer was
transformed into a crystalline zeolite
(ZSM-5) using our recently developed hy-
drothermal synthesis procedure. As a re-
sult, monodisperse core@shell-type
Co304@ZSM-5 particles with diameters
tunable between 70 nm and 100 nm were
obtained (Figure 3).

Flgu re3 C03O4@ZSM 5 partlcles REM
(left) and TEM (right) image.

The Co0304 cores of the Co304@Si0, and
Co304@ZSM-5 hybrid particles, respec-
tively, were completely reduced to metallic
cobalt in a 10 % H, in argon stream at 750
°C. The morphology and core@shell struc-
ture of the reduced particles was main-
tained despite the harsh conditions of
thermal treatment (Figure 4). They exhibit-
ed magnetic properties for several months
after exposure to air.



Magnetic Co@H-ZSM-S parti-
cles: REM (left) and TEM (right) image.

The particles were characterized by TEM,
REM/EDX, XRD, H,-TPR, OES-ICP,
BET and VSM. Catalytic properties of the
Co@H-ZSM-5 nanoparticles were success-
fully tested for Fischer-Tropsch synthesis.
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Outlook

The long-term stability of the reduced par-
ticles in different solutions has to be veri-
fied and magnetic applications beyond ca-
talysis will be evaluated.
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Introduction

Iron oxide (FexOy) nanoparticles (NP) are
conveniently synthesized by wet chemical
reactions [1] using additives to control size,
shape, and superficial properties. Alterna-
tives are gas phase syntheses including
flame spray pyrolysis [2] and plasma syn-
thesis [3]. Here, CO: laser vaporization
(LAVA) with subsequent gas phase con-
densation at normal pressure was used for
the preparation of FexOy nanopowders.
LAVA stands out because no especially
designed precursors are required. Starting
materials are coarse powders with the same
chemical composition as that of the target-
ed nanopowders. Basic investigations re-
vealed a close connection between the ox-
ygen (O2) content of the condensation at-
mosphere in the LAVA process and the
phase composition of the FexOy nanopow-
ders [4]. In our present work [5] this im-
pact of the Oy partial pressure on the LA-
VA prepared FexOy nanopowders and thus
on their physical properties is studied sys-
tematically. In depth, morphological, struc-
tural, chemical, and magnetic analyses of
the obtained FexOy nanopowders are con-
ducted. Based on the results and on density
functional theory (DFT) calculations a
model which describes the formation of the
initial nucleation stages of iron and oxygen
in the vapor phase is proposed. This model
elucidates the dependence of the crystal
phase composition of the resulting FexOy
nanopowders on the O content of the con-
densation atmosphere.

Methods

FexOy nanopowders were prepared from a
coarse hematite (o-Fe203) powder. A con-
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tinuous high power CO2 laser beam (wave-
length 10.59 pm, radiation power 2 kW)
was focused (focus intensity 175 kW cm?)
onto the surface of the raw powder. Ab-
sorbing the intense laser radiation the o-
Fe>O3 powder heated up and vaporized into
its atomic components. Expanded and
quenched in the flowing process gas clus-
ters formed by homogeneous nucleation.
Supersaturation led to the condensation of
melt droplets. With further cooling the size
of the primary NPs was set by the so-
lidification of the droplets. The O content
of the condensation atmosphere was varied
(Table 1) applying different combinations
of argon, air, and oxygen as the process
gas. The FexOy nanopowders were charac-
terized using X-ray diffraction combined
with Rietveld refinement and transmission
electron microscopy (TEM). The contents
of Fe?* ions were determined by quantita-
tive cerimetric redox titration. Vibrating
sample magnetometry was used to deter-
mine the magnetic properties of the FexOy
nanopowders. Furthermore, the presence of
ozone (Oz3) in the zone of condensation was
checked using an ultraviolet absorption
ozone analyzer.

Results and Discussion

Independent of the process gas com-
position the LAVA process yielded FexOy
nanopowders with a production rate of 9 g
hl. The obtained NPs are nearly-spherical,
faceted and crystalline (Figure 1). Remnant
magnetization of the NPs leads to the for-
mation of chain-like agglomerates. The
mean diameter of the NPs is 22 nm + 2 nm
independent of the O partial pressure in
the condensation atmosphere.



oxide NPs: a) typical chain-like agglomerate and b)
high resolution micrograph of a y-Fe-O3; NP.

In O depleted condensation atmospheres
(Table 1) maghemite (y-Fe;Os) forms as
the dominant crystal phase. Increasing the
O partial pressure leads to an increasing
formation of the Fe,Oz polymorph &-Fe2Os.
This also results in a change of the mag-
netic properties of the FexOy nanopowders
since e-Fe;0O3 has a small saturation mag-
netization (Ms=~ 15 m? kg™ — 15 m? kg?) in
combination with a high coercive field (Hc
= 1600 kA m™?) [6].

Table 1: O, content of the supplied process gas as

well as e-Fe,O3 content and  saturation
magnetization Ms of the obtained FexOy
nanopowders.
O, content of &-Fe,03 M
the process gas [Wt%] [Am? kg]
[vol%]
0 0.5+0.1 72.242.2
14 2.5+0.8 71.242.1
21 10.2+1.9 56.9+1.7
47 36.2+2.1 38.5+1.2
100 43.0+4.3 37.8+1.1

In Oz enriched process gases Oz was de-
tected in the vicinity of the laser plasma.
DFT calculations reveal that in the pre-
sence of Os within the zone of condensa-
tion a 6-fold coordination of iron with oxy-
gen is facilitated. The crystal structure of ¢-
Fe203 differs from the structure of y-Fe.O3
by a higher mean coordination number of
iron. Thus, the coordination of iron in the
vapor phase predetermines the structure of
the crystallizing FexOy NPs.

Conclusions

Crystaline magnetic iron oxide nanopow-
ders were prepared by the LAVA method.
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The O partial pressure and thus the Os
content in the condensation atmosphere of
the LAVA process strongly impacts struc-
tural and accordingly magnetic character-
istics of the prepared FexOy NPs. Hence,
their saturation magnetization and coercive
field can be adjusted within certain limits
by controlling the O partial pressure dur-
ing the gas phase condensation of the NPs.
The proposed nucleation model for the
FexOy NPs also sheds light on general gas
phase nucleation phenomena and facilitates
the predetermination of crystal lattice for-
mation by the metal coordination in the
vapor phase.
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Titanium ion substitution in the barium
hexaferrite is of great interest for use as
electromagnetic energy dissipation materi-
als in GHz range. Some currently applica-
tions for this powder are electromagnetical-
ly absorbing shielding, to reduce radiation
exposure to humans or to reduce noise lev-
els of electronic devices [1] and fast bond-
ing/ debonding systems by selective mi-
crowave heating [2]..

With the melt substitution and the anneal-
ing process it is possible to optimize the
electromagnetic absorption of the titanium
substituted barium hexaferrite [3]. In this
work differential thermal analysis (DSC),
X-ray diffraction (XRD) and scanning
electron microscopy (SEM) were used to
study the crystallization behavior of the
rapid cooled melt compositions (mole-%):
40 BaO + 33 B20s3 + (27-x) Fe203 + x TiO:
with x = 0, 1.8, 3.6, 4.6 and 6.4 mole-%
TiO> for the production of electromagnetic
absorber powders in the microwave range.
After annealing of these cooled melts the
crystalline phases BaB20Os, BaFe12.xTixO19
and from melt substitutions of x > 4.6
mole-% TiO, a dielectric phase BaTisO13
were determined by XRD [3]. The Netzsch
Thermokinetics® program was used in or-
der to understand the phase transformations
through the analysis of the kinetic parame-
ters. Thereby the influence of temperature
and heating rate was investigated. Overall
activation energy of 311.74 + 3 kJ mol*
was obtained for the crystallization of bari-
um hexaferrite with the ASTM E698®
method [4]. A slightly decreasing tendency
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in this energy was observed when the TiO>
content was increased, but it is not a signif-
icant variation despite the substitution. In
addition, the Friedmann method was used
to calculate the activation energy, because
it is not constant throughout the crystalliza-
tion process [4].
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Particles are attracting increasing im-
portance in diagnosis and therapy. Most of
the in vitro experiments do not mimic the
dynamic conditions of the in vivo situation.
Hence several chicken-based test systems
using eggs were employed for research [1].
Blood flow has exceptional rheological
properties, especially due to the behaviour
of red blood cells. Existing velocimetry
studies on chick embryo were performed
on candled eggs by means of pPIV (micro
particle imaging velocimetry) by [2, 3].
The in-vivo transport of magnetic particles
(MP) in rats was observed and transport
modes considered assuming a constant size
(no agglomerates) [4].

Aim of our work was a first in-vivo obser-
vation of MP transport in chicken egg ves-
sels in presence of a magnetic field by sin-
gle particle tracking. For that we demon-
strate the spatial resolution of our observa-
tions on a cross section of a vein and a
temporal resolution by observation of the
cardiac cycle in an artery.

Fertilized chicken eggs were incubated at
37°C and 80% relative humidity for 72 h,
were poured into a Petri dish and incubated
for further 24 h. Particles (1 pul suspension)
were injected intravenously with a glass
capillary using a micromanipulator MM33-
R (Mérzhé&user Wetzlar GmbH, Germany)
and a XenoWorks microinjector (BRI217;
Sutter Instr. Co., USA). The initial MP
concentration was 25 mg/ml. The planar
surface of the egg model made the whole
blood circuit accessible for investigation
and insured the evaluation of toxic effects.
Carboxylate-modified polystyrene latex
beads (L4530 by Sigma-Aldrich, Germany)
with a size of 2 um and fluorescent-labeled
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superparamagnetic iron oxide with starch
coating with a size of 150nm according to
the supplier (nano-screenMAG/R-D by
chemicell GmbH, Germany) were used.
Microscopical images were recorded with a
Axiolmager Z1.m (Carl Zeiss, Jena, Ger-
many) and a PCO Sensicam camera in dark
field reflection and fluorescence mode, re-
spectively, with a 5x objective. The picture
size is 688/520 pixel. One pixel of the vid-
eo corresponds with 2.58 pum. Single parti-
cle tracking and track analysis is realized
with TrackMate, a plugin for the image
processing package Fiji [8].

Erythrocyte aggregation by microscopy
and UV-Vis spectroscopy and hemolysis
(ASTM F756-08) was investigated in order
to see possible effects what could alter the
transport properties. No aggregation of red
blood cells was induced by particles up to
10-fold higher concentration than reached
in the embryo model (not shown).

Experiments without a magnetic field were
done with the latex beads. In Fig.1 a dark
field image (width =1.6mm) with a ,,big*
vein, smaller vessels and red blood cells
(top) and a fluorescence image is shown.
The data of the inserted frame were used to
measure the velocity profile across the vein
(inset). Our data (one datapoint = five pixel
in y-direction) are an z-average (perpen-
dicular to image plane) over a certain range
of the cross section of the vessel what al-
ters the measured velocity profile.

Fig.2 (top) reveals the temporal resolution
of the fluorescence images of an artery
with tracked objects during systole, i.e.
minimum and maximum particle velocity,
what is illustrated by the length (20 frames)
of the “tails”. The diagramm shows the ve-



locity distribution of the objects inside the
dashed frame over a few cardiac cycles.
The data during the systole suggest a high-
er velocity in bigger vessels as expected.

Fig. 1: Dark field (top) and fluorescence image
of a vein and velocity profile of particles.
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Fig. 2: Fluorescence image of an artery during
systole and temporal velocity distribution.
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Experiments in presence of a field (by a
NdFeB magnet) were done with the mag-
netic beads. The field parameters at the re-
gion of interest were simulated: B ~ 40 mT
and gradB = 5 T/m. In a magnetic field the
superparamagnetic beads tend to agglom-
erate reversilby, i.e. after removing the
field the agglomerates should dissolve into
single beads again by Brownian motion. A
gradient of the field causes a magnetic
force, i.e. a movement of particles in direc-
tion of the higher field strength. Fig. 3
shows fluorescence images of a vein before
applying a field (a), after about 4s (b) and
10s (c) applying a field, respectively, and
8s after removing the field (d). Since the
magnetic force doesn’t affect parallel to the
flow direction (in Fig. 3 slanted to the top)
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it causes a hydrodynamic resistance what
leads to a decreasing velocity or even stop-
ping of the particles near the vascular wall.
The images reveal a strong agglomeration
caused by the field. After removing the
field agglomerates move again or move
faster. However they dissolve only partly.
The number of tracked objects (inside the
dashed frame) stays almost constant (Fig.
4d). One single particle is too small for an
observation so that a merging and splitting
of objects can’t be detected properly. Nev-
ertheless, if we assume superparamagnetic
behaviour, the keeping of agglomerates
after removing the field could be caused by
surface interaction with blood components
depending on the coating of the particles.
So a testing of the applicability of different
particles by our method seems possible.

Fig. 3: Formation of agglomerates in a vein
under a magnetic field.
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Introduction

Core-shell coated Superparamagnetic Iron
Oxide Nanoparticle (SPION) systems have
demonstrated very promising properties for
biomedical applications [1,2]. However,
there are not many approved systems
available for clinicians as of yet. The re-
quirements for those systems are high: The
ideal core-shell Ferrofluid for biomedical
applications is colloidally stable, even in
complex media like whole blood, while it
retains a sufficient magnetic susceptibility,
as well as non-toxic [3]. For drug delivery,
the therapeutic efficiency is also a neces-
sary condition. Our workgroup has already
demonstrated the great potential of Lauric-
acid coated ferrofluids for drug delivery
[4,5]. In this present work we developed a
system with a surfactant/protein coating
and investigated if it fulfils all the basic
requirements for drug delivery. We proved
the core-shell structure and the pH-
dependent surface charge. We demonstrat-
ed colloidal stability in blood, magnetic
susceptibility and biocompatibility. We
coupled the cytotoxic drug Mitoxantrone
(MTQO) to the particles and demonstrated
the therapeutic efficiency of the MTO-
particle complex on tumour cells in vitro.

Methods

Lauric acid coated magnetite particles were
synthetized in one step by a slightly modi-
fied method adapted from Bica et al. [6]
The solution was purified by dialysis, the
pH was adapted and the solution was
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mixed with an excess of Bovine Serum Al-
bumin (BSA) solution. After Ultrafiltration
the resulting Ferrofluids were sterilized
either by filtration or autoclaving. The Iron
concentrations were determined with an
established UV-VIS method and adjusted
accordingly. The magnetic properties were
characterized with Vibrating Sample Mag-
netometry (VSM). We used TEM (Philips
CM 300 UT) to visualize the magnetite
cores and clusters. DLS (Malvern Zetasizer
ZS Nano, NICOMP 380 ZLS) was used to
characterize surface charge and aggregate
sizes. We also investigated the structure of
the surface by Fourier-transform infrared
spectroscopy (FTIR) and pH - dependent
zeta potential measurements. We loaded
MTO to the particles and checked the drug
content of the colloid with an established
HPLC-UV method. The cytotoxicity of the
particle systems on Jurkat T-lymphoma
cells was analysed with flow cytometry
using 4-colour staining and PIT staining.
Finally, the stability in EDTA-stabilized
whole blood was investigated both macro-
and microscopically.

Results

Upon BSA addition to the particles, we
first observed a destabilisation of the parti-
cles, but at higher protein concentrations
the colloid became remarkably stable, with
zeta potentials lying below -40 mV. The
average diameter of the aggregates was
about 80 nm.



TEM images showed particles with a core
size of 7,64 + 1,68 nm. After addition of
BSA, we both observe a brittle layer of
protein on particle clusters as well as an
organic matrix in which all the clusters are
located. A pH-dependent eta potential
analysis showed that the Point of zero
charge (PZC) of the particle system lies
around 4,5-5, which is quite consistent
with the isoelectric point of BSA. FTIR
measurements showed the presence of
BSA and iron oxides in the matrix, where-
as the lauric acid is only visible after par-
tial removal of the protein corona. At phys-
iological pH, the particles are colloidally
stable even in whole blood containing
EDTA.

As expected, the samples show superpara-
magnetic behaviour due to the size of the
iron oxide nanoparticles used. The investi-
gations also proved that the addition of the
BSA has no major influence on the mag-
netic properties of the system.

The toxicity of the surfactant-stabilized
system is also drastically decreased by the
protein coating. The Jurkat cells stay meta-
bolically active, their DNA and their cell
membrane stays intact at concentrations up
to 100 pg/ml, where surfactant-stabilized
particles already show significant toxic ef-
fects. When loaded with 300 pg/ml MTO,
the protein-coated nanoparticles exhibit
excellent cytotoxic effectivity, similar to
the one of pure MTO.

Conclusions

Core-shell Lauric acid/BSA coated parti-
cles were synthetized by a surface adsorp-
tion reaction. The excess BSA forms a ma-
trix in which the agglomerates are located.
The synthetized particles exhibit excellent
stability, even in complex biorelevant me-
dia like whole blood. The magnetic proper-
ties are not significantly affected by the
artificial protein corona. The BSA coating
greatly increases the biotolerability and —
compatibility. The loading capacity of the
colloid for MTO is very promising, the col-
loid stays stable even at payloads of
300 pg/ml of drug. The so-prepared system
shows excellent toxicity when loaded with
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MTO, the potency of the drug is not affect-
ed by its coupling to the nanoparticles.
Thus, we conclude that the prepared core-
shell SPIONs exhibit optimal properties for
drug delivery purposes and because of its
simplicity and reproducibility, is ideal for
GMP production.
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Introduction

The transfer of elastic wave energy from
the source to the object of influence is
a general challenge in applied acoustics.
Magnetic fluid (MF) can be used for the
creation of an acoustic duct in the slot
gap between the surfaces of these objects
[1]. Under an applied alternating mag-
netic field, the instability of the MF vol-
ume can occur, which leads to stepwise
changes and hysteresis of the MF surface
shape. In [2], the static surface shape of
an MF volume between horizontal plates
is investigated theoretically. In [3], the
MF surface shape between horizontal pla-
tes in the field of an electromagnetic coil
is calculated numerically.

Formulation of the Problem

In this work, the surface shape of a finite
volume of an incompressible MF between
horizontal plates is studied both theoreti-
cally and experimentally. The MF' is sur-
rounded by a nonmagnetic fluid with a
smaller density. The magnetic field is gen-
erated by a coil with inserted ferrite core,
which is positioned above the top plate
[3]. The MF magnetization is described
by the Langevin’s law. The perturbation
of the applied magnetic field is neglected.
Thus, the MF volume is under the influ-
ence of gravitational, magnetic, and cap-
illary forces. The theoretical investiga-
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tion of the problem was done based on the
principle of minimum energy of the sys-
tem under the condition of the MF vol-
ume conservation. Sufficient conditions
to determine the surface shapes, on which
the energy has a local minimum, were ob-
tained.
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Figure 1: Experimental (1) and numer-
ical (2) results of the surface shape of
a MF volume of 2 em?®, when the cur-
rent I increases (a,b) and decreases (c¢,d)
quasistatically with a stepsize of = 0.01 A



Experimental and Numerical Results

The applied current range in the experi-
mental setup designed to observe the pro-
cess of transformation of the MF volume
in the field of an electromagnetic coil, is
0-2.6 A. The maximum magnitude of the
magnetic field between horizontal plates
is up to 655 Oe. The water-based MF
(pyp = 1.1 g/em?®, Mg = 12 G) sur-
rounded by the polymethylsilicone liquid
(p=0.913 g/cm®) was used in the exper-
iments. It was shown that qualitatively
different forms of the MF can exist for the
same applied current (Fig. 1, 2). There
are several different ways of creating the
MF bridge between plates. Abrupt and
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Figure 2: Dependence of the charac-

teristic coordinates hg (a) and 7o (b)
on I obtained experimentally (markers)
and numerically (solid lines) for an MF
volume of 2 cm?®, when the current in-
creases (white markers) and decreases
(grey markers) quasistatically: 0O - the
drop on the lower plate; A — the drop on
the upper plate; O — the MF bridge be-
tween plates. hg is the distance from the
top of the drop to the upper plate; rq is
the radius of the contact spot of the MF
bridge with the upper plate

29

hysteretic behaviours were observed, when
the applied magnetic field changed qua-
sistatically (Fig. 2). Additionally the con-
tact angle hysteresis was found in the ex-
periments, which had been taken into ac-
count in the numerical calculations (Fig. 1,
b,c). The numerical calculations of the
static MF surface shape for the given pa-
rameters of the problem agree with the
experimental data (Fig. 1, 2).

Conclusions

The obtained results of the transforma-
tion of the MF volume in non-uniform
magnetic field can be used to design sys-
tems based on MF (acoustic ducts, seals,
valves) in which the alternating magnetic
field is used and stepwise changes and hys-
teresis of the surface shape are possible.

Acknowledgments

This work is supported by the Russian
Foundation for Basic Research in the frame-
work of projects Nos. 14-01-31146, 14-01-
90003, and 14-01-91330.

References

1] A.R. Baev, G.E. Konovalov, and
A.L. Maiorov. Magnetic Fluids
in Technical Acoustics and Non-
Destructing Control (Tekhnalogiya,
Minsk, 1999) [in Russian].

2] T.I. Volkova and V.A. Naletova: In-
stability of the Magnetic Fluid Shape
in the Field of a Line Conductor with
Current. Fluid Dynamics, Vol. 49,

No. 1, 2014, pp. 3-10.

T.I. Volkova, V.A. Naletova and
V.A. Turkov: Magnetic Fluid Vol-
ume between Horizontal Plates in
the Field of an Electromagnetic Coil.
Magnetohydrodynamics, Vol. 49,
No. 3-4, 2013, pp. 386-390.



Supramolecular magnetic filaments: fundamental physics and potential
applications

Pedro A. Sanchez!, Joan J. Cerda2, Tomads Sintes?, Sofia S. Kantorovich!?

LCompute=rgestiitze Physik, Universitiit Wien, Sensengasse 8/9 1090 Wien, Austria
2IFISC (CSIC-UIB), Campus Universitat de les Illes Balears E-07122 Palma de Mallorca, Spain
3Ural Federal University, Lenin av. 51, Ekaterinburg, 620000, Russia

Artificial magnetic filaments can be ob-
tained by mutually linking magnetic col-
loids with polymers or other molecules to
form a permanent chain. These magnetic
chains represent an equivalent of molecular
magnetic polymers but at a supramolecular
scale. In difference to molecular magnetic
polymers, which only manifest their mag-
netic properties at very low temperatures,
supramolecular magnetic filaments retain
their magnetic properties at room tempera-
ture and zero field. Even though magnetic
filaments are closely related to normal fer-
rofluids, the presence of the permanent links
leads to specific characteristics that give to
these systems a broad potential for many ap-
plications. For instance, they can be thought
as improved substitutes of current ferroflu-
ids, or as elements for magnetic data-storage
devices, chemical and pressure nanosen-
sors, nano-propellers and nano-pumps, wa-
termark systems, non-permanent photonic
crystals, or magnetoresponsive coatings, to
just mention a few possible applications [1].
In this contribution we will present our re-
cent results on the fundamental physics of
magnetic filaments, obtained by means of
extensive computer simulations and the ap-
plication of advanced analytical theories. In
particular, we will discuss the equilibrium
structural behavior of single magnetic fila-
ments in a quiescent carrier fluid, either in
bulk and near attractive flat surfaces [2, 3].
We will also present the structural phase di-
agram for magnetic filaments whose mag-
netic colloids exhibit short-range LJ at-
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tractive interactions (supramolecular Stock-
mayer polymers) in the limit of strong dilu-
tion [4].
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Motivation

The self-assembly of magnetic nano-
particles into a simple cubic lattice [1,2]
triggers questions like:

e What is the overall magnetization
of those clusters?

e How susceptible are they to exter-
nal magnetic fields?

e What is the arrangement of the in-
dividual magnets within those
clusters?

The minimal model to attack these prob-
lems consists of 8 dipoles arranged in the
corners of a cube as shown below.

2
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Figure 1: Stereoscopic image of one (out
of many) minimal energy arrangement of 8
dipoles in simple cubic arrangement.
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Method

We consider the dipole-dipole interaction
of point dipoles with magnetic mo-
mentsm, = m,e, of equal strength m, ori-
ented along the individual unit vectore,.
The interaction energy is then

_ éj-ék—s(éj-éjk)(ék-éjk)
U UOZ (rjk /d)3

i~k

2
withU, :2‘0—”;%,
T

d being the edge length,
7 1s the distance between the two dipoles,
andeé,, is the unit vector along the line join-

ing two point dipoles labelled with j and k
[3].

The magnetic configuration is discussed in
a 16-dimensional configuration space
formed by the polar and azimuthal angles
of the 8 dipole orientations. Using sym-
metry constraints, the dimensionality of the
problem can further be reduced.



Results

Figure 2 shows the binding energy per par-
ticle as a function of the azimuthal and po-
lar angles of one of the dipoles. The blue
valley denotes the configuration of lowest
energy, given by a binding energy per par-
ticle of

Fig. 1 corresponds to one of these states
within this valley.

Figure 2: The field energy of 8 dipoles in a
cubic arrangement is color coded as a func-
tion of the azimuthal (horizontal axis, 0° —
360°) and polar angle (vertical axis, 0°-
180°) of one of the dipoles. Blue corre-
sponds to energy minima, red to maxima.
The black and white lines are guides to the
eye.

Does this valley consist of a finite number
of local minima, or is it a continuous line
of frustrated states?
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Introduction

Owing to advancements in measurement
automation and data processing first-order
reversal curve measurements (FORC) have
become a feasible technique for the charac-
terisation of magnetic materials. Standard
hysteresis loops present bulk averages; by
contrast, the FORC method is based on a
set of minor partial hysteresis loops. They
provide information of the switching field
distribution and local interaction fields be-
tween particles or grains, which allows a
more profound exploration of the magnetic
interactions in complex hybrid materials.

Magneto-active Elastomers (MAEs)

MAESs consist of magnetic particles em-
bedded in a non-magnetic elastomeric ma-
trix. The samples were prepared from mix-
tures of spherical carbonyl iron (~5 pum
size) and FeNdB-alloy particles (MQP-S,
~50 um) in 18 mass% of silicon methyl-
vinyl rubber with cross-linking agent SIEL
[1]. The mixtures were degassed before
curing at 70-80°C for 3 hours. The final
samples were characterised in a Lakeshore
7400 vibrating sample magnetometer.

First-order reversal curve method

Prior to measuring each FORC the sample
is saturated in a positive field, then the
magnetisation is decreased to the reversal
field H;. Starting from this reversal field
the FORC is recorded as the magnetisation
M when the applied magnetic field H, is
increased back to saturation. The reversal
field H; is changed for each FORC, cover-
ing a field range from positive to negative
saturation as illustrated in figure 1b. The
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FORC:s are fitted with a second-order poly-
nomial function using FORCinel [2] to de-
rive the FORC distribution:

1 &°M(H_.H
u(H, H,) = 1 E 00T

2 OH,0H,

This distribution is plotted with an axis
transformation so that the horizontal axis
relates to the coercive field H¢ and the ver-
tical axis to the interaction field Hy:
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Fig. 1:a) FORC measurement
b) Set of FORCs, ¢) FORC diagram
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Results and Discussion

Samples which contain only FeNdB parti-
cles exhibit FORC distributions symmet-
rical to zero interaction field because they
represent dipole-dipole interactions be-
tween particles of the same species. When
the FeNdB particles are dispersed in a ma-
trix, the inter-particle distance is larger
compared to particles in a dense powder.
The increase in the inter-particle distance
reduces the dipole-dipole interactions and



the FORC distribution appears narrower
because the high interaction field contribu-
tions are missing, as shown in figure 2.
Hence the FORC distribution is a good
monitoring tool for the quality of a sample.
Sedimentation during the preparation pro-
cess would reduce the inter-particle dis-
tance compared to a sample with a homo-
geneous particle distribution.
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Fig. 2: Average FORC distribution (lines) with
Gaussian fits vs. interaction field for dense
FeNdB powder (circles)) MAE with FeNdB
(squares) and MAE with Fe:FeNdB
45:55 vol% (triangles)

When magnetically soft iron is introduced
into the system, the FORC distribution be-
comes asymmetric to zero interaction field.
For certain negative reversal and applied
fields the magnetically hard NdFeB parti-
cles are still positively magnetised and
their stray field pins the magnetically soft
iron moments. This biasing effect displaces
the FORC distribution of the soft phase
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Fig. 3: FORC distribution diagram of a MAE
with Fe:FeNdB 45:55 vol%
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towards more negative interaction fields
[3], as shown in figure 2.

For positive applied fields the FORC dia-
gram presented in figure 3 reveals two dif-
ferent reversal mechanisms. The first re-
versal at H;~ 740 kA/m and Hc~ 400 kA/m
is due to the switching of FeNdB particles
or clusters by domain wall motion [4]. The
second reversal occurs at a lower reversal
and coercive field, H;=160kA/m,
Hc= 128 kA/m, for those FeNdB particles
which experience an additional positive
magnetisation by vicinal Fe particles which
have already reversed their magnetisation.

The existence of two reversal mechanisms
can also be confirmed from the initial
magnetisation curves and their derivatives
dMini/dHa for the unmagnetised MAEs pre-
sented in figure 4.
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Fig. 4: Initial magnetisation curves and their
derivatives by the applied magnetic field for
MAEs with different Fe to FeNdB ratios

Our future work will focus on understand-
ing the role of the elastomeric matrix dur-
ing the magnetisation process in MAEs.

We gratefully acknowledge the funding by
the DFG (0Od18/18-3).

References

[1] D. Borin et al., J. Phys.: Conf. Ser.
412, 012040, 2013.

[2] R. J. Harrison et al., Geochem. Geo-
phys. Geosys. 9 (5), Q05016, 2008.

[3] L Panagiotopoulos: J. Mag. Mag. Mat.
323 (16),2148-2153, 2011.

[4] Y. Zhang et al., J. Phys. D: Appl.
Phys. 47, 015002, 2014.



Measurement of microviscosity in crosslinked polyacrylamide fer-
rohydrogels by Mdssbauer spectroscopy

J. Landers?, L. Roeder?, A. Schmidt?, H. Wende!

! Faculty of Physics and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-Essen
2 Department Chemie, Institut fiir Physikalische Chemie, Universitdt zu Koln

Introduction

While the rheology of polymer systems has
been extensively studied in the past dec-
ades, the effect of direct constraint of parti-
cle movement by polymer networks in na-
noparticle-hydrogel hybrids has not yet
been completely understood. The use of
magnetic nanoparticles as probes allows
examining dynamic properties of liquid
samples by °’Fe-Mdssbauer spectroscopy
on an atomic scale. The motion of the iron
ions contained in the nanoparticles is re-
flected in a considerable line broadening of
the associated Madssbauer spectrum, so
even slow translatory or rotational motion
and very low relaxation times can be
measured and quantified by this method.

Preparation

Several polyacrylamide (PAAm) hydrogels
with different amounts of methylene-
bisacrylamide (MBA) as crosslinker were
prepared, containing acicular hematite (o.-
Fe>O3) nanoparticles with an average
length of 390 nm and an average diameter
of 85 nm [1].

The hydrogel samples were mounted on a
self-constructed sample holder with an in-
tegrated Peltier cooling-element. This setup
allowed us to perform Mdssbauer spectros-
copy measurements in the ‘liquid’ as well
as the ‘solid’ hydrogel state at tunable tem-
peratures down to 245K. Mdssbauer spec-
tra were recorded up to velocities of about
200 mm/s by the combination of a laser
interferometer used for calibration and a
high-velocity =~ Mdssbauer  driving-unit,
which is essential to measure spectra with
distinct line broadening.
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Results

We observed static and sharp sextet spectra
at temperatures up to 265K, corresponding
to the frozen state without nanoparticular
motion. A moderate increase of the lin-
ewidth T" indicated beginning movement at
about 270K before reaching the liquid
state, while linewidths up to 30 mm/s were
measured above the water melting point.
This reveals that, contrary to expectations,
embedded nanoparticles are not completely
immobilized even in strong crosslinked
hydrogel networks. We can quantify those
effects of Brownian motion by Mdssbauer
spectroscopy.

ob—1 . —1

relative absorption (%)
4
2
45
relative absorption (%)

Figure 1: Hydrogel networks with different
degrees of cross-linkage. Associated Mdoss-
bauer spectra (simulated, same tempera-
ture) illustrate the effect of reduced parti-
cle motion.

Theoretical calculations result in a temper-
ature dependent effective microviscosity
Nn(T) estimated from I'(T) [2], which ex-
ceeds nn20 by far and is correlated to the
amount of MBA crosslinker.
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Motivation

Static and dynamic rheology is an estab-
lished method for the investigation of the
flow and deformation properties of com-
plex fluids.

Recently, a variety of different particle-
based passive and active microrheological
approaches are followed, with the ad-
vantages of small sample volume and the
possibility to extract local information, e.
g. in microstructured systems and in bio-
logical environments.[1] In the context of
nanostructured materials and composites, it
opens the pathway to experience the inter-
action between the particles and the sur-
rounding matrix. Special interest is paid to
the relative size of the tracer particles and
the structural length scale of the material
under investigation.

Fig. 1. Magnetic Particle Nanorheology

In this respect, different tracer particle-
based microrheological methods are devel-
oped. An additional advantage is the small
sample volume, enabling the exploration of
the viscoelastic properties of soft matter
which cannot be produced in bulk quanti-
ties like biological polymers or living
cells.[1] A tracer-free method is based on
dielectric spectroscopy, relating the dielec-
tric function to the complex dynamic vis-
cosity according to the DiMarzio-Bishop
model.[2]

Method

In the present work, we introduce a novel
approach to investigate the nanorheological
properties of soft materials by analyzing
the (complex) susceptibility of magnetic
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nanoprobes exposed to an oscillating mag-
netic field (AC susceptometry, Fig. 2).

12

T T T
increasing PEG-concentration
-

1.0}

IS4
©

o
»
T

volume susceptibility
o
[e2]

o
N}

0.0

10 100

1000 10000 100000
frequency [Hz]
Fig. 2. AC  susceptometry of  aqueous

PEG1000 mixtures

The resulting frequency-dependent com-
plex susceptibility data is treated using dif-
ferent theoretical approaches. We demon-
strate the feasibility of the approach as well
as its limits on model systems based on
aqueous polyethylene glycol (PEG) solu-
tions, and ferromagnetic CoFe2.O4 nanopar-
ticles as tracer particles.

Results and Discussion

By adapting different methods including an
extended Debye relaxation model, a model
adapted to the DiMarzio-Bishop approach
for the magnetic case, and on the Cole-
Cole formalism and Havriliak-Negami
equation, the experimental data can be fit-
ted to deliver the frequency-dependent rhe-
ological properties including viscosity and
loss moduli.

All applied methods are verified experi-
mentally by using Newton fluids of various
composition and viscosity based on eth-
ylene glycol (EG) and triethylene glycol
(TEG). The nanorheological results of
these methods are in close correspondence
with results from strain-sweep and oszilla-
ting rheology.
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The findings are subsequently applied to
aqueous PEG solutions with systematic
variation of the concentration and the mo-
lecular weight of the polymer. By compar-
ing the results with outcomes of conven-
tional rheology, the validity and the limits
of the nanorheological method are demon-
strated.
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Introduction

Magnetoelastic foams are a new kind of
magnetic field-responsive smart materials
developed in the last years. Due to their high
elasticity, soft foams loaded with magnetic
particles show a great potential for an usage
as magnetorheological material [1].

An investigation on the mechanical proper-
ties is essential to gain a fundamental under-
standing of the complex behaviour of this
new material.

In the frame of this work, compressive tests
with polyurethane foam samples loaded
with magnetic microparticles were per-
formed. The results were compared with
those of solid, bubble free elastomer sam-
ples and a theoretic model of the mechanical
behaviour of particle loaded elastomer
foams, based on the Gibson-Ashby model.

Materials and Methods

All investigated foam samples were pre-
pared using components provided by the
company Elantas Beck GmbH. BASF Car-
bonyl iron powder CIP CC (d50 = 3.8-
5.3 um) was used as magnetic particles in
concentrations up to 50 wt%. Besides the
foam samples bubble free elastomer sam-
ples were prepared with slightly altered
components.

For all samples stress-strain curves were
captured with a DYNA-MESS universal
testing machine. For the initial linear part of
the curve, Young’s modulus was evaluated.

Pore Size Distribution

In an earlier investigation utilizing the same
foam material and particles the effect of the
particles on the foam structure was exam-
ined. It was shown, that the frequency dis-
tribution of pore sizes could be described
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with the Weibull function and that the
Weibull distribution parameters are signifi-
cantly affected by the particle concentra-
tion. For an increase of concentration, this is
apparent as a general shift of the pore sizes
towards smaller pores, but also as an in-
crease of the amount of scarce, very large
pores. At high particle concentration these
large pores are visible to the eye.

Stress-strain curves and the Gibson-
Ashby model

60

— 0 wt%

S09| ----10wt%
------ 20 wt%

40+ 30 wt%
40 wi%

304 50 wi%

Stress [kPa]

204

104

0 10 20 30 40 50

Strain [%]
Figure 1: Stress-strain curves of the foam sam-
ples with up to 50 wt% particles.

Figure 1 shows the averaged stress-strain
curves for the examined particle concentra-
tions. The foam-typical shape of the curves,
consisting of three regions is apparent.
These stages of compression were ex-
plained by Gibson et al. [2]: The initial lin-
ear elastic behaviour is caused by the bend-
ing of the cell walls, the following plateau
area is caused by the buckling of these,
whereas high strains lead to a touching of
the cell walls, which creates the final densi-
fication region.

Based on geometric considerations on a
simplified foam structure model shown in
Figure 2, the Gibson-Ashby model allows a
prediction of Young’s modulus of the foam.



Based on the works of Goods et al. [3] the
Gibson-Ashby model was enhanced taking
into account the effect of the particles on the
matrix material.

Figure 2: Monodisperse cubic cells used in the
Gibson-Ashby model: no compressive load, lin-
ear elastic bending, buckling [2]

Results

As visible in Figure 3, Young’s modulus of
the foams decreases with increasing particle
concentrations. With the results of the refer-
ence samples it can be concluded, that the
behaviour of the matrix material alone
shows an increase of Young’s modulus with
increasing particle concentrations. Thus it
can be concluded, that the mechanical be-
haviour of the foams is dominated by the ef-
fect of the particles on the pore structure,
which is, as sad, significant. The appearing
larger pores lead to a weakening of the pore
structure and thus of the compressive
strength.

The calculation of theoretic Young’s modu-
lus with the enhanced Gibson-Ashby model
by Goods et al. shows also a slight increase
of Young’s modulus as a result of reinforce-
ment of the matrix by the particles.

The main reason for the large deviation of
the calculated values is the simplification of
the pore geometry of the Gibson-Ashby
model. In contrast to the model, the ana-
lysed real foam shows pores that are
rounded with sturdy non equal diameter
beams. Their size follows the broad Weibull
distribution.

Last but not least, the model does not regard
the effect of the particles on the pore sizes,
which has the most dominant effect on the
mechanical properties of the foam.
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Figure 3: Comparison of the measured Young's
modulus of the foam samples and those, calcu-
lated from the enhanced Gibson-Ashby model
for various particle concentrations of the foam.
Also pictured are Young's modulus for the bub-
ble free reference samples.

Conclusion

Through the comparison of Young’s modu-
lus of the foams with theoretical calcula-
tions and measurements with solid refer-
ence samples it could be shown, that the ad-
dition of particles leads to a weakening of
the compression properties. This is caused
by a major effect of the particles on the foam
structure. The expected mechanical en-
hancement of the foam by addition of parti-
cles could not be confirmed with the ob-
served material, reason being the compara-
tively small effect of the particles on the
stiffness of the matrix material.
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Ground State Clusters of Magnetic Cubes.
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Traditionally ferrofluids are composed
of spherical ferro (or ferri) -magnetic par-
ticles suspended in a carrier liquid. How-
ever, with the increasing sophistication of
colloidal synthesis techniques, deviations
from spherical particle geometry are now

possible. Numerous examples of these mag-

netic particles exist such as spheroids and
rods, as well as more unusual shapes [1].
We are particularly interested in the cube,
or cube-like structures, which nowadays
form an active area of experimental re-
search. In contrast to spheres, these al-
ternative geometries are anisotropic; their

interactions with each other is characterised

by directionality. Given the fact that mag-

netic interactions are inherently anisotropic

as well, an interesting interplay between
the two is expected. This scenario allows
one to study the consequences of the in-
ternal and external anisotropy on cluster
formation.

In order to describe the macroscopic
properties of this system we first consider
its behaviour on the microscopic scale at
low temperatures. We have performed
molecular dynamics computer simulations
in order to determine ground state struc-
tures [2|. For simulation purposes our

model consists of constituent spheres which

form the cubic particle’s surface. The
magnetic behaviour is approximated as a
point dipole positioned centrally within
the cube. To date we have considered
two different orientations for the dipole:
one in which the direction is along the
[100] crystallographic axis and the sec-
ond, along the [111] axis. The particles

are confided to quasi-two dimensions (Q2D)
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, whereby the particle centres are limited
to two dimensions but the dipole is al-
lowed to rotate in three dimensions [3].

Predictions of the more favourable con-
figurations have been made by analyti-
cal calculations of the magnetic energy of
idealised Q2D structures, such as chains,
rings and combinations of each. It has
been shown that for the [100] orientation,
chain formation is dominant at low T and,
depending on system confinement, antipar-
allel agglomeration of these chains occurs.
For the [111] orientation the situation is
more difficult to rationalise, however clus-
ters tend to form planar structures, within
which dipoles form rings typically consist-
ing of four dipoles. Knowledge of cluster
formation at these low temperatures will
allow us to extrapolate and understand
those appearing at higher temperatures.
In time this will enable predictions to be
made about the macroscopic regime, such
as thermodynamic and magnetic proper-
ties.
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Introduction

Based on their unique and versatile fea-
tures nanomaterials attract widespread in-
terest in both research and industry. While
several iron oxide-based nanoparticles
(NP) are already clinically approved for
human application as contrast agents their
actual biological effect on the distinct tis-
sues or individual cell is still unclear. As
the human blood-brain barrier is a critical
and sensitive interface necessarily exposed
to systemically applied NP we investigated
the NP-induced effect on the central Akt
signalling pathway in human blood-brain
barrier-forming cells.

Methods

Human brain microvascular endothelial
cells (HBMEC) representing an important
component of the blood-brain barrier, were
cultured in RPMI1640 + 10% fetal calf se-
rum. Long-term real-time cell viability
analysis was performed with the xCELLI-
gence system (Roche Applied Bioscience).
Subconfluent cell layers were exposed to
25ug/cm? NPs comprising coatings of dif-
ferent polymers, i.e. carboxymethyldextran
(anionic), starch (neutral), and polyethyl-
enimine (PEI-750kDa, cationic).The Akt
signalling pathway was studied via im-
munoblotting using phospho-Akt(Ser473)
and pan-Akt antibodies. Transcription lev-
els of Akt target genes BIRCS5 and FOXO3
were analysed by quantitative PCR. Immu-
nofluorescent staining using AF647-
labeled anti-Foxo3 antibodies revealed
subcellular distribution of Akt-target pro-
tein.
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Results

Real time cell analysis via impedance
measurements reveal that HBMEC tolerate
both neutral and anionic NP at concentra-
tions up to 100pg/cm?, whereas cationic
NP reduce cellular viability at concentra-
tions exceeding 25pg/cm?. Signaling cas-
cade analyses reveal a two-fold increase of
phospho-AKT after incubation with cation-
ic particles potentially triggering survival
cascades. PEI polymers alone show similar
but less pronounced effects. Anionic NP
formulations slightly but persistently in-
crease Akt phosphorylation by 40%. Tran-
scription levels of Akt-activated BIRCS are
increased by all NP and free polymer for-
mulations, whereby cationic ones show the
most pronounced effects. The Akt target
protein Foxo3 appears to be regulated in
treated HBMEC, too. Thus, immunofluo-
rescent staining show pronounced Foxo3
nuclear translocation upon exposure to cat-
ionic NP.

Conclusion

We show that neutral, anionic and cationic
iron-oxide nanoparticles affect blood-brain
barrier forming HBMECs in central cellu-
lar signalling. Especially cationic PEI-
coated but also anionic CMX-coated NP
increase the essential survival-associated
pathways. Nevertheless the consequences
for the individual cell and the integrity of
the tissue remain to be investigated.
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Peristaltic material transport of a magne-
tizable fluid can be affected by a period-
ically traveling, inhomogeneous magnetic
field. [1] accounted on this effect due to
experiments. The analytical problem was
presented by [2] for a thin layer of a vis-
cous, magnetizable fluid in an periodical,
inhomogeneous magnetic fields, in search
for a causative magnetic field, while the
surface deformation was known.

The present paper describes the inverse
problem, [3]. The evidence of the peri-
staltic transport of a magnetizable fluid
caused by a inhomogeneous magnetic field
is provided.

Setting of the Problem

Considered is a plane flow v* = (u*, 0, w*)
of a magnetizable fluid with the magnetic
permeability u, the kinematic viscosity v,
the density o, and the coefficient of sur-
face tension 7 set on a horizontal, rigid
and impermeable wall, within the influ-
ence of gravitation, see the configuration
in figure (1). A periodically, alternating
magnetic field H*? is applied to the fluid,
which is defined

H? = B + A%(z")sin(), (1)

with ¢ = k*z* — w*t*. Here, Hy is the
unperturbed magnetic field strength, A*2
the amplitude of the perturbation, z* and
z* are coordinates, t* the time, k* the

wave number, and w* the angular frequency,

o
Pa = const & g
z5 = h*(x",t%)

.
-~ /
o,V = const 7
p—1<1 7

G

Figure 1: Sketch of the considered system

asterisks mark dimensions. Under the in-
fluence of the magnetic field the free sur-
face is periodically deformed and assumes
the shape z* = h*(z*, t*).

Approach

Working non-dimensionalized, the occur-
ing Reynolds number is assumed to be
small. With this, the Stokes approxima-
tion, the two-dimentional continuity equa-
tion and the introduction of the stream
function W(z, () are applied to create the
harmonic differential equation

0=AAY(z,2,1). (2)

The kinematic boundary conditions are
v = 0 at the motionless wall (z = 0) and
0=hy+h,u—wat z=h(z,t). The un-
dulating free surface provides a dynamic
condition, which is subjected to the non-
inductive approximation

B v (p-1)H§
Pt PR & DS
X (1 + esin(())]n + Tijni€; = 0. (3)
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Figure 2: Experimental setup.

with p the fluid and P, the characteris-
tic pressure, R the radius of surface cur-
vature, 7 the viscous stress tensor. The

structures of the magnetic field, which forms

a power series with regard to the small pa-
rameter ¢ = HZ/A?(hy) < 1 and also a
periodic character, are applied in the ap-
proach on the stream function ¥ and the
perturbed surface contour h(z,t).

The averaged flow rate adopts the same
structure of a power series with regard to
€, whereas for its first non-zero member
must be solved

kx
~ k
@=y [ MO0 )
kx—2m
Solution

The redimensionalized average flow rate
states the analytical non-zero solution of
the peristaltic material transport.

o = AV k2 hiw* (sinh(A\) — \)
— A ,

where A = 2k*hg and

(6)

A = (09 + k%) (sinh () — A)? +
+4k* 0?1 2w* (1 + cosh(\) — A2/2)2.
The experimental validation, the setup

in figure (2), confirmed the positive peri-
staltic material transport qualitatively, see
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Figure 3: Experimental (diagonal cross)
and analytical (solid line) results.

figure (3). A quantitative aberration is
stated by exceeding experimental values
owing to the compromises in favor to the
feasibility of the monitoring a small effect.
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Introduction

A lot of conventional terrestrial locomotion
systems have disadvantages like a restrict-
ed mobility and a complex assembly, be-
cause they are using conventional actuation
principles [1]. The resulting problems are
that they have a limited field of application
and that they are difficult to miniaturize.
Therefore, a biologically inspired locomo-
tion system was developed in [2]. This sys-
tem uses a compliant elastomeric structure
with embedded permanent magnets in
combination with a magnetic actuation for
locomotion. Inspired by [3], the system
introduced in [2] was advanced and simpli-
fied by using magneto-sensitive elasto-
mers. This paper describes the advanced
locomotion system. In contrast to the
known locomotion systems of this kind, the
current system enables locomotion in the
plane with only a single actuator.

Modelling aspects

The goal was the realization of a planar
compliant locomotion system with a simple
assembly. Therefore, a compliant magneto-
sensitive elastomeric structure with a ge-
ometry based on an equilateral triangle was
considered (Fig. 1).

Fig. 1. Abstraction of the simulation model.

The idea for the realization of a simple ac-
tuation is based on permanent magnets
which are attached to the shaft of a rotary
drive, inside of the structure. Due to the
rotation of the drive, a periodic defor-
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mation of the structure occurs because of
the attractive forces between the magnets
and the magneto-sensitive elastomeric
structure, since the structure only passively
reacts to a magnetic field and not actively
operates as an actuator (Fig. 1).

To be able to move in the plane the system
uses an asymmetric geometry of the com-
pliant magneto-sensitive elastomeric struc-
ture.

Due to the mechanical compliance of the
planned prototype and the used asymmetry
the modes of vibration are complex and the
locomotion performance of the system is
highly dependent on the driving frequency.
To analyze this specific behavior we focus
on the description of the mechanical point
of view. According to the specific task, ge-
ometric nonlinear transient structural finite
element analyses were carried out. A de-
tailed description of the fundamental meth-
od is given in [2].

For a first specification of the dynamic sys-
tem performance, modal analyses, using
the Block Lanczos solver, were performed
and evaluated. Two characteristic types of
eigenmodes were found: longitudinal oscil-
lations along the symmetry axis and rota-
tional oscillations around the vertical axis.
To describe the movement of the system
dependent on the driving frequency, transi-
ent dynamic geometric nonlinear analyses,
including all contact conditions and Cou-
lomb-Friction between the elastomeric
structure and ground, were carried out.
Therefore, the magnetic field and the actu-
ating forces were determined by magneto-
static simulations in dependence of the po-
sition of the permanent magnets (Fig. 2).
The numerical simulations prove the loco-
motion of the system. In accordance to the
results of the modal analysis, the locomo-



tion direction and velocity can be changed
by varying the driving frequency.

max

min
Fig. 2. Simulation of the magnetic flux density.
(Initial position of the magnets, 1=4.5 mm, lI=111=5

mm).

Experimental evaluation

Based on the theoretical considerations a
prototype was developed and built (Fig. 3;
diameter: 67.5 mm, height: 23 mm, total
mass: 21.6 g).

, connection
fl| element

rotor with permanent magnets

magneto sensitive
elastomeric structure

Fig. 3. Basic configuration of the locomotion sys-
tem.

The periodic deformation is magnetically
induced only by one central rotary drive
(DC-Gear-motor). Attached to the shaft of
the motor are six permanent magnets (ma-
terial: NdFeB, dimensions: 5x5x2 mms,
residual induction 1.37 T) in pairs of two.
The magneto-sensitive elastomer body has
a mass of 12.7 g and is made of addition-
curing silicone elastomer (shore hardness:
A8). The mass ratio of the silicone elasto-
mer and carbonyl iron particles (particle
size 6 um) is 3:1. The particles were added
to the silicone elastomer during the manu-
facturing process and the composite was
vulcanized in absence of a magnetic field.

The experiments have shown that the pro-
totype is able to move in the plane and, in
accordance to the theoretical analyses, the
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velocity as well as the locomotion direction
of the system depends on the output speed
of the motor (Fig. 4). A maximum average
speed of 6.54 mm/s (at 150 rpm) was de-
termined.

20t 7 VI

€

£ \Y]

> L

-20¢+

1 1 1 1 III 1 I 1
-80 -60 -40 -20 0 20
X (mm)

Fig. 4. Planar motion of the prototype at different
output speeds of the motor. I: 100 rpm,

I1: 117 rpm, 111: 133 rpm, 1V: 150 rpm, V: 167 rpm.
Time interval for all speeds: 13 s.

Future work is addressed to increase shape
variability of the system, determine opti-
mal control strategies, and investigations
on the behavior of the robots at
loose/compliant ground and in liquid me-
dia.
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Introduction

Since a lot of applications of ferrofluids on

the one hand depend on the amount of mag-

netic nanoparticles dispersed and on the other
of the temperature applied, transport process-
es driven by concentration or temperature

gradients have to be investigated theoreti-

cally as well as experimentally. Molecular

diffusion in ferrofluids is often regarded the-

oretically while thermal diffusion is mostly

investigated experimentally. In the follow-

ing an experimental approach to the molec-

ular diffusion coefficient D is as well pre-

sented as a theoretical ansatz for the thermal

diffusion coefficient Dr. Both values then

lead to the Soret coefficient S = Dr/D as

characteristic of thermal diffusion.

Theoretical Thermal Diffusion

Diffusion due to a gradient in concentration
(c) and temperature (7') is described by the
phenomenological mass flux j [1]

f:—m(Dﬁc+L&dl—dﬁT> (1)

with the fluid’s density p. A thermodynamic
approach for the particle density flux

i = —DyNn— D, VT (2)
leads to the mass flux (j = ‘/pppjpd)

j=—p (Dtﬁc + VP%DTNT) ., (3)

where Dy, and Dr,, denote the theoretical
molecular and thermal diffusion coefficient.

V, and p, stand for one particle’s volume
and density. Based on an ansatz of Batch-
elor [2] and Buyevich [3], the general mo-
bility term /3 of the ferrofluid is

_ —e)”
3mner(d + 2s)

“4)

with 7o, being the carrier liquid’s viscosity,
and (d+ 2s) the particles” hydrodynamic di-
ameter. 3 enters the description of D, [6]

4 — oy
1- w} ©)

as well as the one for the Dr,, [6]

Dth = 5]{BT |:1 + 2(,0h

Dr,, = By

1+ pn+ @2 — ¢}
Vi

(1 —n)?

which will be used to determine the theoret-
ical Soret coefficient by

} (6)

DTth V;?pp

St, = —————
Tn ™ pe(1 — ¢) Dy,

(7N
which can be directly compared with the phe-
nomenological value of S7.

Experimental Thermal Diffusion

For the experimental investigation 5 differ-
ently concentrated magnetic fluids composed
of magnetite particles and a kerosene-based
carrier liquid provided by Ferrotec Corp. are
used. The magnetic concentration ranges
from 2 vol.% to 10 vol.%. Two different
experiments with the horizontal thermodif-
fusion cell [4,5] are carried out. The separa-



tion of the fluids due to a temperature gradi-
ent of 900 K/m is followed by a homogeni-
sation process for which the temperature ap-
plied to the fluids is set back to the initial ho-
mogeneous temperature of 298 K. The Soret
coefficient is derived from the experimen-
tal separation curves via a numerical inves-
tigation [5]. The theoretical diffusion coef-
ficient is used for its determination, see Fig.
1 (e). It is compared with the theoretical co-
efficient (w) and the one being experimen-
tally determined () using the experimental
diffusion coefficient, which is presented in
Fig. 2. The different approaches including

0.1 e
X
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X
= b W
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Figure 1: Comparison of experimental (e)
and theoretical (m) Soret coefficient using
Dy, both showing a weakening of the Soret
effect for concentrated fluids. Experimental
Soret coefficient (<) using experimental D.

6
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Figure 2: Comparison of D,;, (w) and D ().

a theoretical diffusion coefficient lead to an
agreement on the general dependence of the
Soret coefficient on the hydrodynamic con-
centration: the higher the concentration, the
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weaker is thermodiffusion. The order of mag-
nitude of the theoretical and experimental
Soret coefficient is quite different which can
be drawn back to unknown influences on the
thermally driven transport process due to the
amount of particles in the fluid.

Conclusion

The experimental and theoretical investiga-
tions of 5 differently concentrated ferroflu-
ids point out that thermodiffusion charac-
terised by the Soret coefficient depends on
the definition of the molecular diffusion co-
efficient. By the assumptions made here for
the molecular and with the new theoretical
model for the thermal diffusion coefficient
the Soret effect is weaker in highly concen-
trated ferrofluids.
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Thermoreversible ferrohydrogels, where mag-

netic nanoparticles (NP) are incorporated in

a self-assembled temperature-responsive net-
work, are studied by time-resolved small an-

gle neutron scattering (SANS), in order to

elucidate the interplay between NP and the

network and enable the control of the macro-

scopic rheology and magnetic response.

Background

Usually, ferrogels are obtained by adding large

amounts of polymer to a ferrofluid. [2] The
high amount of gelator required results in
a dilution of the magnetic properties of the
material, and the gel obtained is a polymer
matrix encompassing blobs of the original
ferrofluid without synergism. In this project,
low molecular weight hydrogelators are used
that self-organize into crystalline fibers and
have a gelation temperature near ambient.
NP are functionalized, offering nucleation
sites. We employ single-domain spherical
ferro/ferrimagnetic NP coated with silica, of-
fering protection against oxidation, biocom-
patibility, pH-tunable charge, as well as a
large palette of surface chemistry for func-
tionalization.

Nanoparticles synthesis

Spherical particles with uniform size distri-
bution, with different diameter (from 12 to
20 nm) are produced by thermal decomposi-
tion. [3] Fe3O4 (with variable v-Fe,O3 con-
tent), CoFe,O, and Fe3C [4] have been syn-
thesized. The silica shell, which must have a
uniform thickness and low porosity, is formed
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in a reverse microemulsion. [S] The original
TEOS reducing agent is ammonia, and oth-
ers are being tested, in particular L-Lysine
and L-Arginate.

Matrix

In general for such a network/nodes coupled
system, parameters to be systematically var-
ied are the stiffness of the fibrils; the ad-
hesion strength at junctions; the mesh size,
density of nodes and number of junctions.
We are currently investigating surfactants form-
ing wormlike micelles than can rigidified into
nanofibrils [6] when lowering the tempera-
ture to form a stiff gel.

Particles dynamics

Different results are expected based on the
strength and number of junctions relative to
the field type (AC, DC, AC+DC), strength
and frequency, with rotation and locomotion
of individual particles [8] and collective dy-
namics [9] being allowed, hindered or fully
inhibited. [7]

Memory effect and material recycling

Under zero field, temperature cycles should
allow the full recovery of the initial proper-
ties. Oppositely, gelation under field should
prevent a relaxation into the original state,
leading to reversible memory features.

Investigation techniques

The main investigative tool of the final sys-
tem will be small angle neutron scattering



(SANS), with AC and/or DC magnetic field.

SANS is unique for such complex compos-

ite materials in that it probes the nanoscale

(fibrils, core/shell NP, locus of particles), also
dynamically up to several 10 kHz (transient

structures, Néel and Brownian relaxations),

can extract individual components by selec-

tive nuclear contrast matching, and distin-

guishes nuclear and magnetic domains us-

ing polarized neutrons. [10-12]
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Soft magnetic materials that consist of
magnetic particles in liquid crystalline mat-
rices [1] are promising candidates e.g. as
stimuli-responsive materials.

Herein, we attempt to elucidate the basic
aspects that dictate the molecular self or-
ganization both in ordered and disordered
phases in this class of systems. To this end,
we have performed monte carlo simula-
tions to study the phase behavior of binary
mixtures that consist of liquid crystalline
rod-like Gay-Berne particles and soft re-
pulsive spherical ferro- particles with an
embedded permanent dipole. The interac-
tions between unlike particles are modeled
via the potential introduced in ref. [2]. A
rich variety of phase structures is obtained,
including fully miscible isotropic, nematic
and smectic phases, as a function of tem-
perature and concentration ratio at zero or
low dipolar coupling of the spherical parti-
cles (see Fig. 1a). By increasing the dipolar
coupling ordered chains of spherical parti-
cles (wires or threads) are formed within
the nematic phase (see Fig. 1b). Interest-
ingly, the system becomes anti-
ferromagnetic in the absence of external
magnetic field. Hence, this intriguing fluid
possesses two main orientational order pa-
rameters. The dependence on thermody-
namic conditions of the size of the chains
of spherical particles is also examined. An
enhancement of the orientational order of
these chains occurs at lower temperature
nematic and smectic phases.
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(@)

Fig. 1. Representative snapshots of: a) a
fully miscible nematic phase with zero di-
polar coupling of the spherical particles
and b) a nematic in which dipolar coupling
of spheres enhances the formation of or-
dered chains (threads) of spherical parti-
cles. Right: the rod component is removed.
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Introduction

Magnetic Nanoparticles (MNP) are used in
biomedical applications, such as magnetic
drug targeting (MDT) or magnetic hyper-
thermia dedicated for cancer treatment [1].
For MDT the MNP are injected into the
blood system and shall be accumulated by
an external magnetic field (gradient) at the
region of interest. To assess the choice of
suitable MNP for a preclinical combined
MDT and hyperthermia study in a tumor
mouse model we established a simple flow
phantom. With this flow phantom the mag-
netic targeting (MT) efficiency of different
MNP types can be quantified. Furthermore,
physical parameters of the experimental
set-up like magnetic field gradient
strength/distance and physiological param-
eters like flow rate can be adjusted in a
controlled way.

For the quantification of the MNP concen-
tration we employed Magnetic Particle
Spectroscopy (MPS) [2]. MPS is a sensi-
tive and specific method to quantify MNP
amounts that is based on the detection of
the non-linear part of the magnetic AC-
susceptibility.

Furthermore, a variation of the harmonic
ratio A5/A3 in the Fourier transform of the
MPS signal indicates changes in the mag-
netic behavior of the MNP [3].

So far our targeting procedure was stopped
after time interval #v, then the setup was
disassembled to harvest sample aliquots of
the MNP suspension which finally were
quantified by MPS.
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Here we present as proof-of-principle an
elaborated refinement of our set-up inte-
grating the MPS into the existing flow sys-
tem for continuous nearly real-time quanti-
fication of the MNP retention during mag-
netic targeting.

We tested our system with MNP diluted in
BSA and MNP diluted in blood.

Materials and Methods

Magnet

Pump
oy [
Retention Area
- Reservorr

MPS

Fig. 1: Set-up of the MT flow system with integrat-
ed Magnetic Particle Spectrometer for real-time
MNP quantification.

As shown in Fig. 1, the MT flow phantom
incorporates a reservoir to be filled with up
to 2 ml MNP suspension, and a peristaltic
pump (Ismatec IPC 4), which pumps the
suspension at a fixed flow rate of
350 pul/min through a tube of 1.4 mm di-
ameter, first passing the retention area of a
strong cube-shaped neodymium magnet
(edge length 9 mm, remnant magnetization



1.2 T) and then through the detection coil
system of the MPS. By winding the tube on
a spool the effective volume inside the de-
tection coil of the MPS was enlarged to
about 7 pl.

We used hydroxyethyl starch coated MNP
(chemicell, Berlin) of mean hydrodynamic
diameter dhyar = 200 nm. We investigated
the targeting of these MNP diluted in dis-
tilled water (containing 0.1 % bovine se-
rum albumin) down to an iron concentra-
tion of 7.5 mmol/l (corresponding to
300 umol/kg body weight dosage typically
used in preclinical drug targeting experi-
ments). Additionally, the targeting of the
MNP diluted in EDTA stabilized human
blood (same concentration) was analyzed.
First the suspension was pumped through
the system without magnetic field for a few
minutes and every 10s repetitive MPS
measurements at a drive field
Bdrive =25 mT were performed. Then the
magnet was moved into the retention area
(distance to tube of d=1.2 mm) defining
the start point of the MT.

From the MPS spectra (Fourier transform
of the magnetization response of the MNP
exposed to the oscillatory 25 kHz drive
field) we used the third harmonic moment
Az to monitor changes of the MNP concen-
tration due to MT. By relating 43(t) to the
moment prior to MT the retention was de-
termined as the ratio (1-43(¢)/A43(0))-100%.

100

retention / %

100 1000

t,/ min
Fig 2: MNP retention as a function of magnetic
targeting time for MNP suspended in distilled water
(squares) and in blood (circles).

Results

Already after 1 min of targeting a decrease
of MPS moment 43 was detectable. The
retention behavior of MNP in water and in
blood as a function of targeting time is
shown in Fig. 2. After about 10 min the
retention of MNP in water was higher
(35 %) than for MNP suspended in blood
(10 %) most probably due to the higher
viscosity of blood. After about 500 min the
retention shows saturation behavior with
MNP accumulation of about 90 % for wa-
ter and 85 % for blood.

Accompanied with the increase of retention
a change in the MPS spectra shape was
observed. This can be interpreted as a size
selective targeting by the magnet which
attracts larger particles more efficiently.

Conclusions

The integration of MPS into our existing
flow phantom permits a continuous nearly
real-time quantification of the MNP reten-
tion during MT. Due to the high sensitivity
of MPS our set-up allows the analysis of
targeting behavior of MNP at clinical rele-
vant concentrations. After this proof-of-
principle, this setup will be used to assess
the targeting behavior of a dedicated tar-
geting magnet developed for tumor studies
in a mouse tumor model. While our simpli-
fied MT model may not reflect the compli-
cated physiologic situation, it enables the
observation of the targeting behavior of
MNP under defined physical conditions.
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Introduction

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

»

A PC
\
Signal
Generator
Amplifier

Figurel: Sketch of the experimental setup.

Experimental setup

Steel spheres with a diameter of 3mm are
permanently magnetized in a homogeneous
field of 1.15T. Consecutively they are
filled together with glass spheres (diameter
of 4mm) in a rectangular vessel which is
vibrated by an electromagnetic shaker. As
sketched in Fig.1, a long rod takes care that
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the alternating magnetic field generated in
the shaker has no significant influence on
the steel spheres. A personal computer con-
trols the sinusoidal output of a signal gen-
erator, connected via an amplifier to the
shaker. The beads are illuminated from be-
low utilizing an electroluminescent display,
as sketched in Fig.2. The dynamics of the
beads is recorded from above using a
charge coupled device camera connected to
the computer.

~steel spheres

glas beads

aluminium- electro-

honeycomb- luminescent
film

- sandwich

Figure2: The vessel and its illumination.
Experimental observations

For large shaker amplitudes we observe a
gas-like state of single steel and glass
spheres, as shown in Fig.3. After a quench
of the shaker amplitude to a lower value
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Figure3: Gas-like state of shaken steel
spheres (black) and glas spheres (grey).



sults in more compact aggregates.

we record the assembly of steel spheres to
chains, networks, see Fig. 4. Eventually
compact clusters emerge, as shown in Fig.
5. A movie of this transition can be ac-
cessed at [4].

We are investigating the evolution of order
parameters like chain length, or Euler char-
acteristics during the transitions.

Moreover we discuss our observations in
the context of a recently proposed model of
viscoelastic phase separation [5]. In this
model the dynamic asymmetry between the
glass spheres and the magnetized steel
spheres, with their enhanced shear viscosi-
ty, leads to phase separation and the for-
mation of transient networks.
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Introduction

Magnetosensitive materials are novel com-
posites with interesting and adjustable prop-
erties. These materials are in great demand
from science, medicine and technology with
a special interest on the macroscopic ma-
terial behavior. Since this effective mate-
rial behavior is essentially determined by
the constitutive properties of the individual
components and their geometrical arrange-
ment in the composite, this contribution
will apply multi-scale modeling strategies
to magnetosensitive materials, exemplarily
focusing on magnetorheological elastomers.
Starting from the properties of the mag-
netizable particles and the polymeric ma-
trix, numerical homogenization techniques
are used to predict the effective mechani-
cal, magnetic and magneto-mechanical be-
havior. In this context, the availability of
micro- and mesoscopic numerical models
is a crucial requirement for the application
of the proposed computational homogeniza-
tion methods. Therefore, efficient proce-
dures which automatically convert micro-
and mesostructural images into a numeri-
cal model of the local material structure are
to be developed. By combining image seg-
mentation algorithms with the extended fi-
nite element method (XFEM), advantageous
features of voxel-based approaches such as
the non-conforming, structured mesh are
joint by a smooth representation of material
interfaces which results in an improved ac-
curacy of the local field quantities compared
to a voxel discretization. In order to provide
acceptable computational costs, we benefit
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from a parallelization of image segmenta-
tion, computation of the element matrices as
well as the solution procedures. To this end,
graphics processing unit (GPU) computing
is applied.

Image-based XFEM modeling

The XFEM (see [1] for a detailed review)
uses a structured, non-conforming mesh
which is essentially independent of, e.g.,
material interfaces. The location of inter-
faces is represented implicitly by a level-set
based computed as the signed distance to the
interface. Using the level-set information,
the physical behavior at such an interface is
modeled by an enrichment of the finite ele-
ment approximation. The level-set function
therefore provides a direct link of the image
information obtained from, e.g., computed
tomography (CT) scan (Fig. 1 (a)) to a nu-
merical XFEM model:

(1) In the first approach which has recently
been proposed by Legrain et al. [2,3], level-
set-based algorithms for image segmenta-
tion are applied to obtain a level-set rep-
resentation of different material phases and
the corresponding interfaces which directly
serves as input for XFEM.

(i1) Here, a new method based on march-
ing square (2D) or marching cube (3D) al-
gorithms for the reconstruction of surfaces
is used for the computation of nodal level-
set values which implicitly represent the in-
terface. In this approach, several pixels are
combined into a quadrilateral domain, the
marching square. Based on the grey scale
values of the pixels forming such a square
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Figure 1: 2D image-based modeling: (a) Image [4], (b) Marching cube algorithm to compute
the nodal level-set values, (c) Improved interface representation using higher-order approxi-
mations and geometric subgrids, (d) Structured, non-conforming XFEM mesh with adaptive

quadtree refinement.

and a threshold value, it can be detected if a
material interface intersects the square and
the points of intersection with the edges of
the square and the corresponding level-set
values can be computed (Fig. 1 (b)). It is
expected that marching cube segmentation
will improve the robustness and efficiency
of the approach compared to level-set-based
image segmentation.

It is then straightforward to convert each
square or cube into an element domain of
the subsequent FE discretization which will,
however, result in very fine meshes and a
high computational effort comparable to a
simple voxel discretization. In order to ex-
ploit the potential of the XFEM formulation,
coarse analysis meshes are used in com-
bination with higher-order approximations
and a refined geometric discretization (Fig.
1 (c)). Both linear and higher-order ele-
ments can be applied in conjunction with an
adaptive quadtree refinement in the vicin-
ity of a material interphase to further im-
prove the numerical efficiency of the ap-
proach (Fig. 1 (d)).

Formulation and solution of the problem

Eventually the image-based microstructural
models are used to predict the effective
magneto-mechanical behavior of magne-
tosensitive materials using the approaches
developed in [5-7]. Based on continuum
theories all considered length scales are
modeled in a phenomenological way and
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homogenization techniques are applied to
predict the effective macroscopic material
behavior. It is anticipated that the applica-
tion of the developed multiscale modeling
techniques and the comparison to analyti-
cal and experimental results will promote
the understanding of structure-property rela-
tionships for magnetosensitive materials in
the future.

Acknowledgements

The present study is funded by the German
Research Foundation (DFG), Priority Pro-
gram (SPP) 1681, grant KA 3309/2-1.

References

[1] T.P. Fries and T. Belytschko, Int. J.
Numer. Meth. Engng. 84, 2010.

[2] G. Legrain et al., Int. J. Numer. Meth.
Engng. 86, 2011.

[3] W. Lian et al., Comput. Mech. 51,
2013.

[4] D. Giinther et al., Smart Mater. Struct.
21,2012.

[5] C. Spieler et al., Tech. Mech., accepted
manuscript.

[6] M. Kistner et al., Int. J. Numer. Meth.
Engng. 93, 2013.

[7] C. Spieler et al., Acta Mech. 224,
2013.



The effects of superparamagnetic iron oxide nanoparticles on
three-dimensional cell culture systems

Anja Theumer?, Christine Gréfe!, Franziska Bahring®, Christian Bergemann?,

Andreas Hochhaus!, Joachim H. Clement!

!Abt. Himatologie/Internistische Onkologie, Universitiitsklinikum Jena, Erlanger Allee 101, 07745 Jena,

Deutschland, Anja. Theumer@med.uni-jena.de

2chemicell GmbH, Eresburgstrafle 22-23, 12103 Berlin, Deutschland

Introduction

Due to their versatility iron oxide magnetic
nanoparticles have been used in many
medical applications as drug delivery sys-
tems or contrast agents in magnetic reso-
nance imaging (MRT) as well as in hyper-
thermal anti-cancer therapy successfully.
The effect of such nanoparticles on biolog-
ical systems is affected by different param-
eters including particle size, shape, surface
coating and interactions with biological
borders. Particularly the blood-brain barrier
is a critical and sensitive interface. Three-
dimensional cell culture systems consisting
of barrier-forming cells represent a suitable
model to reflect the particles™ actions in the
body, e.g. toxic effects, as they exhibit fea-
tures of real tissues.

Methods

Human brain microvascular endothelial
cells (HBMEC), a representative of the
human blood brain barrier, were cultured in
RPMI1640 + 10% fetal calf serum. Viabil-
ity assays were performed on HBMECs
with the CellTiter-Glo® Luminescent Cell
Viability Assay (Promega, Mannheim) af-
ter incubation with various concentrations
of nanoparticles or the corresponding shell-
building substances for three hours. Nano-
particles with different types of shells
(starch, anionic carboxymethyldextran
(CMD) and cationic polyethylenimine
(PEI)) were provided by chemicell GmbH.
HBMEC spheroids were created by the
hanging-drop method. Formation and
growth properties of spheroids were ana-
lysed with light microscopy repeatedly for
several days after initiation. Spheroids
were incubated with nanoparticles to eval-
uate their viability with the LIVE/DEAD®
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Viability/Cytotoxicity Kit (life technolo-
gies, Karlsruhe) and confocal laser scan-
ning microscopy. Both the intracellular
Akt- and GSK-3p- signalling pathways and
MAP kinase activity were analysed after
incubation with various nanoparticles in
different concentrations using immunoblot-
ting.

Results

Viability assays demonstrated that PEI-
coated nanoparticles or PEI alone exhibit
concentration-dependant cytotoxic effects
on HBMEC:s starting at a concentration of
25 g/ cm2. Spheroid staining confirmed
these results by indicating an increased
amount of dead cells when incubating
spheroids with PEl-particles. Starch and
CMD-covered particles did not affect the
viability of cells at any concentration test-
ed. By analysing the growth properties dif-
ferences in spheroidal shape could be ob-
served over time. Immunoblotting focus-
sing on the phosphorylation status of sev-
eral proteins could show that especially
PEl-particles influence intracellular signal-
ling pathways, e.g. by strengthening pro-
proliferative signalling via MAPK p44/42.

Conclusion

We show that neutral, anionic and cationic
iron oxide nanoparticles interact with
HBMECs which are capable of forming
multicellular spheroids. Three-dimensional
cultures offer more highly predictive data
for designing nanoparticle-based therapeu-
tics for in vivo applications as they provide
a better insight into the situation of real
tissues compared to two-dimensional sys-
tems.
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It is commonly known that, in classical flu-
ids, turbulence [1] typically occurs at high
Reynolds numbers. But can turbulence oc-
cur at low Reynolds numbers? Here we show
that in ferrofluids |2|, manufactured fluids
with magnetized nanoparticles embedded in
liquid carriers, in the presence of a magnetic
field, turbulence can occur at Reynolds num-
bers that are at least one order of magni-
tude smaller than those required in classical
fluids [3]. This is established by extensive
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Figure 1: Bifurcations with Niklas param-
eter s, [6]: (a) time-averaged modal kinetic
energy E, (b) its m = 2 contribution, and (c)
spatiotemporally averaged axial flow field at
mid-gap for § = 0 and § = 7/2. Open and
filled symbols are for steady-state and time-
dependent solutions, respectively.

computational ferrohydrodynamics through
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a detailed bifurcation analysis and character-
ization of various physical quantities such as
the energy, the wave number, and the angu-
lar momentum. A striking finding is that, as
the magnetic field is increased, the onset of
turbulence can be determined accurately and
reliably. Our results imply that experimental
investigation of turbulence can be greatly fa-
cilitated by using ferrofluids, and this opens
up a new avenue to probe into the fundamen-
tals of turbulence.

Our extensive computations of the governing
equation [4, 7, 5, 6]

(0 +u- V)u—V?u+ Vpy = s {Vu-
4[V-(SH)|—H x [V x ((V xu) x H)
—H x V?u) + 2V x (SH)] }

reveals a sequence of bifurcations (Fig. 1)
leading to time-dependent flow solutions such
as standing waves with periodic or quasiperi-
odic oscillations, and turbulence (see Figs.
2 and 3). Surprisingly, we find that turbu-
lence can occur for Reynolds numbers at least
one order of magnitude smaller than those
required for turbulence to arise in classical
fluids. The occurrence of turbulence is as-
certained by a bifurcation analysis and by
examining characteristics of physical quanti-
ties such as the energy, the wave number, and
the angular momentum. We also find that
the onset of turbulence can be determined
accurately, in contrast to classical fluid tur-
bulence where such a determination is typi-
cally qualitative and involves a high degree
of uncertainty [1]. Our findings have the fol-
lowing implications:



(1) ferrofluids under magnetic field is a new
paradigm for investigating turbulence,

especially experimentally where the study

can be greatly facilitated due to the
dramatic relaxation in the Reynolds-
number requirement,

(2) the critical magnetic-field strength for
the onset of turbulence can be pinned

down precisely, possibly leading to deeper

insights into the physical and dynami-
cal origins of the transition, and

(3) turbulence can be controlled externally,
e.g., by an external magnetic field.

fa) WVFI2J (B} WYF2), (cp SW (d) turbulence
s= 05 s=0.7 5= 0.8 s= 00

Figure 2: (a-d) For four values of s, corre-
sponding to WVF,, WVF,;, SWO,,, and tur-
bulence regimes, respectively, isosurfaces of n
and contours of the radial velocity u(6, z) on
an unrolled cylindrical surface in the annu-
lus at mid-gap. Red (dark gray) and yellow
(light gray) denote n = £100 for isosurfaces,
and inflow and outflow for contour plots, re-
spectively. The patterns in (c,d) are snap-
shots due to time dependence of the corre-
sponding flow.
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Spatial-sensitivity based optimization of inhomogeneous excitation fields
for magnetorelaxometry imaging of magnetic nanoparticles

D. Baumgarten®, J. Haueisen!
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Introduction

Magnetic nanoparticles (MNP) offer promis-
ing novel applications in biomedicine. These
applications require the quantitative knowl-
edge of the in-vivo particle distribution. Mag-
netorelaxometry (MRX) non-invasively ob-
tains the characteristic relaxation behaviour
of the MNP after being exposed to sudden
changes of an external excitation field. From
multichannel MRX measurements, the MNP
distribution can be quantitatively determined
by minimum norm estimation techniques [1].
It could be shown that sequential activation
of inhomogeneous excitation fields consid-
erably enhances the imaging quality com-
pared to homogeneous activation of the par-
ticles [2,3]. In first studies, single coils were
consecutively activated. We aim at further
advancing this imaging technology by find-
ing suitable activation patterns involving mul-
tiple excitation coils. Here, approaches for
defining these patterns based on the spatial
sensitivity in the source space are presented
and compared in simulation studies.

Methods

Dividing the source space into K voxels, the
forward problem explaining the magnetic flux
density in one sensor resulting from the re-
laxation of the particles is formulated as:

po [3AT(FT) AT

By = — - -H
ST AR AR
(1)

Here, 77 is the normal vector of the sensor,
7 18 the position of the k-th voxel contain-
ing an amount of ¢ particles with the mag-
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netic susceptibility . H is the magnetiza-
tion field in this voxel. Combining these
equations for all voxels and sensors leads to

B=L-¢ ()

with the relaxation amplitude vector B, the
concentration vector ¢ and the system ma-
trix L. The amount of particles in the vox-
els can be estimated by minimizing the dif-
ference between this forward model and the
measured relaxation amplitudes B?meas:

Cost = min ||L-¢ — émeasH 3)

This problem can be solved using the Moore-
Penrose pseudoinverse and Truncated Sin-
gular Value Decomposition. The system ma-
trix LL is influenced by the positions of vox-
els and sensors and by the excitation field.
Whereas the first are fixed in the given setup,
the latter can be controlled by the currents /..
in the excitation coils. The impact of the k-
th voxel on the sensor system is given by the
spatial sensitivity Sy [3]:

N
Sk =Y IILjxll (4)
7=1

The relation between the sensitivities S and
the currents can be described by an interac-
tion matrix A. By defining a sensitivity dis-
tribution S* and solving an inverse problem
using the algorithms mentioned above, the
respective currents can be determined:

I =At.§ (5)

In this paper, different paradigms for the pro-
vided spatial sensitivity are investigated. The
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Figure 1: Vertical slice of simulated MNP
distribution emulating a Shepp-Logan phan-
tom.
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Figure 2: Vertical slice of reconstructed dis-
tribution employing the third paradigm.

first approach consecutively moves a plane
of voxels with sensitivity S; = 1 through
the source space. Secondly, an inverse para-
digm is employed where all voxels except
for one plane are sensitive. In the third para-
digm, one sample seeking homogeneous sen-
sitivity is appended. The approaches are in-
vestigated in simulation studies involving sur-
rogate sensor and coil setups and particle
distribution phantoms (cf. figure 1).

Results

Two-dimensional and three-dimensional par-
ticle distributions could be reconstructed us-
ing all approaches (cf. figure 2). Visual in-
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spection yields similar imaging results for
all three paradigms. Correlation coefficients
between simulated source and reconstructions
reveal values above 0.95. However, the con-
dition number that has crucial importance
for the stability of the inverse solution is con-
siderably lower for the combined approach.

Conclusions

Our results demonstrate the principal appli-

cability of our approaches for defining in-

homogeneous activation patterns for magne-

torelaxometry imaging of magnetic nanopar-
ticles. The obtained activation patterns al-

low for a better imaging quality using a lower
number of activation sequences compared to

the conventional single coil activation.
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High frequency relaxation dynamics of Ni nanorod colloids studied by
Small Angle Neutron Scattering
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With diameters below 42 nm, Ni nanorods

are ferromagnetic single-domain particles mag

netized along the long rod axis [1]. Dis-

persed in viscoelastic matrices the orienta-
tion distribution of such rod ensembles can
be manipulated by applying either static or

time-modulated external magnetic fields. Any

physical quantity which reflects the mechan-
ical response could then be used to infer the

(a) parallel

(b) perpendicular

viscoelastic properties, such as the static shear,:igure 1: Scattering pattern of an ensemble

modulusG [1-3] or viscosityn [4].

Subjected to an oscillating field of magni-

tude o Hy the relaxation frequency, of a

rod with magnetic moment: is
myig Ho

. = 1+ K,G
w Ko (1+ )

(1)

with

w3

Ko = St + kijay)

(2)

Here,k(l/d) is acorrection term for a cylin-
der with lengthl and diameted [5]. Analy-

sis of the relaxation dynamics of the rods in
oscillating magnetic fields thus enables the
characterization of the viscoelastic proper-
ties of a wide range of complex fluids on
the nanoscale. However, the response of the
rods has to be detected in the microsecond
range. Regarding for example a rod with
[ = 170 nm andd ~ 24 nm dispersed in
water (as for the rods in this study) the relax-
ation frequency in a field withg Hy = 6 mT
amounts tav, ~ 50000 1/s.

To study the relaxation dynamics of mag-
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of Ni nanorods aligned parallel and perpen-
dicular to the neutron beam.

netic particles stroboscopic Small Angle Neu-
tron Scattering (SANS) can be applied, which
gives both a nuclear as well as magnetic scat-
tering intensity. The time-resolution in con-
ventional stroboscopic SANS experiments how-
ever is restricted te- 200 Hz due to the wave-
length distribution of the neutron beam. To
increase the maximal detectable sample os-
cillation tow ~ 60000 Hz the so-called TISANE-
mode has to be applied [6]. This technique
was recently implemented at the instrument
D 22 at the ILL in Grenobile.

In the present study the relaxation dynam-
ics of a water-based colloidal dispersion of
Ni nanorods (I= 170 nm,d = 24 nm) sub-
jected to oscillating fields withy Hy = 6 mT
was monitored at the D 22 applying the TI-
SANE mode. Due to the shape anisotropy
of the rods their field and time-dependent
orientation could be extracted from the cor-
responding scattering patterns (Figurel) en-
abling the detection of their field-driven os-
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Figure 2: Imaginary part of the response
function of the rods determined from opti-
caltransmission measurements.

cillation as a function of frequency. To test
the validity of the results corresponding op-
tical transmission-(OT)-measurements were
performed with identical field parameters.

Results

By analyzing the OT-measurements the imag-

inary partXl of the response function of the
rods — orientation of the rods with respect to
the field vector — could be determined from
the oscillating light intensity (Fig.2X!l =
Asin®), where A is the amplitude andb

the phase shift with respect to the field vec-
tor. Assuming a Log-Normal distribution
of the relaxation frequency the mean value
of w, according to the OT-measurements is
weo = 18500Hz, which is by a factor of

~ 2.7 below the theoretical value. This dis-
crepancy can be attributed to the surfactant
and/or counter ion layer surrounding the rods

[4].

To determine the response function from SANS

at first the intensity in the vertical sector of
the time-dependent scattering patterns was
integrated. As shown in Figure 3, at =
157 Hz the oscillation of the rods is basically
in phase whereas with increasing frequency
a phase shift and damping of the oscillation
is detected. Both observations are in good
agreement with OT and in this presentation
it will be shown that by evaluating the scat-
tering data the response function of the rods
can be calculated equivalently to OT.

65

max

= 0.7

T T
0 T/4 T/2 3T/4

Figure 3: Integrated intensity in the vertical
sector of the scattering patterns foe= 157
(black) and6283 Hz (white) as function of
time. The straight line indicates the angle
O between the field vector and the neutron
beam.
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Magnetic targeting of superparamagnetic iron oxide nanoparticles
(SPIONS) in the flow model of arterial bifurcations
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Background

Development of novel diagnostic and ther-
apeutic nanoparticles is one of the most
urgent tasks in cardiovascular medicine.
Magnetic targeting is considered a promis-
ing method to accumulate the nanoparticles
at the sites of atherosclerotic lesions. How-
ever, little is known about the biological
effects of magnetic nanoparticles on the
vascular wall. The aim of this study was to
analyse the endothelial accumulation of
circulating SPIONs (superparamagnetic
iron oxide nanoparticles) in an in vitro
model of arterial bifurcations, without and
with external magnetic force. Moreover,
the effects of SPION uptake on cell mor-
phology, activation by TNF-a, and re-
sistance to physiologic levels of shear
stress were investigated.

Methods

Human umbilical vein endothelial cells
(ECs) were grown in the bifurcating flow-
through slides (Ibidi, Munich) until 90%
confluence. Subsequently, the cells were
perfused at 10 dyne/cm? for 18 h with me-
dium containing SPIONs at a concentration
of 30 pg/mL (without magnet), or 3 pg/mL
(with magnet). The iron content of ECs
was estimated using Prussian blue stain. In
some experiments, the effects of SPION
uptake on monocytic cell recruitment in
response to TNF-a were analysed. EC
morphology and resistance to physiologic
levels of shear stress were investigated by
extending the exposure to shear stress in
the absence of SPIONSs for up to 96 h, fol-
lowing the initial 18 h perfusion with SPI-
ON-containing media.
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Results

Our results showed a uniform distribution
of endothelial SPION uptake independent
of channel geometry or hemodynamic con-
ditions: In the absence of magnetic force,
no increase in accumulation of SPIONs at
non-uniform shear stress region at the outer
walls of bifurcation was observed. Appli-
cation of external magnet allowed en-
hanced accumulation of SPIONSs at the re-
gions of non-uniform shear stress even at
10-fold decreased nanoparticle concentra-
tions, accompanied by a reduced endothe-
lial uptake in laminar shear stress regions.
Increased uptake of SPIONs at non-
uniform shear stress region was well toler-
ated by ECs and did not affect endothelial
cell viability or resistance to prolonged
shear stress exposure. At the tested concen-
trations, SPIONs were metabolized within
3 days post-application. Importantly, no
significant increase in TNF-a-induced
monocytic cell recruitment was detected
upon SPION treatment.

Conclusions

Magnetic targeting allows localized accu-
mulation of increased amounts of SPION
at the region of interest under physiologic-
like flow conditions, thus enabling a sub-
stantial reduction of the applied dose.
These findings indicate that magnetic tar-
geting can constitute a suitable technique
for the delivery of imaging and therapeutic
nanoparticles to atherosclerotic lesions.
Further preclinical studies ex vivo and in
animal models will be necessary to stand-
ardize the magnetic field and nanoparticle
parameters for cardiovascular applications.
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Magneto-optical properties of colloidal mixtures of anisometric
non-magnetic pigment particles and ferrofluids
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Colloidal suspensions of anisometric parti-
cles have become attractive materials for
their ability to form structured phases (such
as nematics and smectics) and their com-
plex behaviour in electric fields. Such re-
sponsive anisotropic colloids have a great
potential for the development of smart
functional materials.

In our research, we study rod-shaped ani-
sometric colloidal pigment particles dis-
persed in dodecane. The sub-micrometre
size particles have a slenderness ratio of
approx. 4:1 (Fig. 1). These dispersions be-
long to nonpolar colloids and they are dis-
tinguished by a formation of orientationally
ordered states at a volume fractions as low
as 0.17 (Fig. 2). At lower volume fractions,
the dispersions behave optically isotropic,
but show a strong shear-induced and elec-
tric field-induced birefringence as well as
non-linear rheological behaviour.

ig

e of the investigated

Figure 1. SEM iag
pigment particles.

The pure dispersions of the pigment parti-
cles are diamagnetic. They show a very

.....

.....

weak magneto-optical response, which was
observed in very strong magnetic field up
to 25T.

Figure 2. Schlieren texture around two
trapped air bubbles (35 wt/% suspension
between crossed polarisers, image width
1.4 mm). The dark brushes show the direc-
tions where the local optical axis is aligned
parallel to one of the polarisers (here, ver-
tical and horizontal)
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Figure 3. Birefringence vs. magnetic field
strength of a 15wt% sample in 30 um thick
sandwich cell.



Yet in contrast to the experiments in an
electric field, anisotropic dispersions with
high volume fractions exhibited magneto-
optical switching.

In 1984, Lekkerkerker et al developed a
theory which showed that two-component
hard rod dispersions with one magnetic and
one non-magnetic component exhibit a
stabilised anisotropic phase even at a small
concentration of the magnetic particles.
Such materials demonstrated in Refs. [3,
4], have an enhanced magneto-optical re-
sponse. In this presentation, we show an
enhancement of the magneto-optical re-
sponse in the colloidal pigment suspen-
sions mixed with commercially available
ferrofluid APG935. The mixture shows
good stability and a field-induced birefrin-
gence already in fields as low as few hun-
dred Tesla (Fig. 3).
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Figure 3. Magnetic-field induced birefrin-
gence in a mixture of 6.6 vol% of pigment
particles and 0.96 vol% of APG935

Field-induced birefringence has been stud-
ied in mixtures of various concentrations of
ferrofluid dopant and volume fractions of
pigment particles. The results are com-
pared with the predictions of the Onsager-
Lekkerkerker theory. This opens door for a
development of dichroic electro- and mag-
neto-optic devices based on anisometric
pigment particles.
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The relation between microstructure and mechanical properties
of anisotropic magnetoactive composites
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Introduction

The combination of soft materials like elas-
tomers or foams and magnetically influ-
enceable particles with a size from a few
nanometers up to several micrometers
leads to the development of a new kind of
hybrid materials. Due to the magnetic re-
sponse of the particles, the mechanical,
chemical and electrical properties of such
materials can be changed active and re-
versible by applying a magnetic field. An
essential reason for these property changes
are internal magnetodipolar forces. This
leads to applications e.g. as dampers, ac-
tuators, and sensors in measurement tech-
nology. The production process of these
materials enables various arrangements of
the particles. By applying a magnetic field
during the polymerization process, the par-
ticles align in chain like structures parallel
to the magnetic field (fig.1) Due to the re-
storing force of the polymer network, these
chains remain in their position after the
polymerization.

Fig.1: structure formation of particles in-
side a magnetoactive composite during the
polymerization under a magnetic field
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Setup

In previous studies it was found that the
formation of different structures depends
on the particle content [1]. Samples with a
particle content of 10 — 30 wt.% were test-
ed and the formation of chain- to cylindri-
cal- up to canyon structures could be ob-
served [1].

The results of [1] have been taken as a ba-
sis for investigations with a magnetic field
depending stress/strain test (fig.2). Also
different materials have been used.

Fig.2: magnetic field dependent stress test

Cylindrical stress test samples based on
carbonyl iron particles with a mean size of
d = 5 pm have been investigated. The par-
ticles have been dispersed in a soft poly-
meric matrix supplied by Wacker Corp.
Germany. The basic matrix components
were mixed with a softener to adjust the
elastic modules of the samples. The parti-
cle content was varied from 10, 15, 20, 25
to 30 wt.%



Microstructural investigations

By using micro-computed tomography (u-
CT) it could be shown, that the morpholo-
gy of samples represents the same behavior
like in [1]. Fig.3 shows cross sections of
the samples. With increasing the particle
concentration, the chains change into cyl-
inders (fig.3b) up to canyon structures
(fig.3d). With further increasing of the con-
tent these structures disappear again to
chain like structures (fig.3e).

Fig.3:
of samples with
particle  content

and e: 30 wt.%

Mechanical investigations

The stress-strain tests for each sample
where performed without the influence of a
magnetic field and also within a magnetic
flux density of B =150 mT. This allows a
comparison of the measured stress within
the magnetic field with respect to the stress
without magnetic influence. Fig.4 shows
the relative change of the stress for the dif-
ferent mass fractions. Obviously, the stress
increases by applying a magnetic field. Al-
so due to the increasing particle mass con-
tent, therefore more chains are formed and
the resistance to an applied stress increases.

microstructure

a

of
a: 10 wt.%, b: 15 wt.%,
c: 20 wt.%, d: 25 wt.%
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Independent of the particle concentration
the stress increases up to a strain of about
7%. For higher elongations the stress re-
mains in a constant level regardless to the
strain. As well it can be seen, that there is
barley no difference between the sample
with ® =20 wt.% and ® =25 wt.%. The
only slight increase can be explained by the
change of microstructure. By using the re-
sults of the tomography measurements it
could be seen, that starting at approximate-
ly @ > 20 wt.% particle free canyons occur.
This leads to a separation of areas and a
decreasing influence of the magnetic forc-
es. This can result in a decreasing re-
sistance to an external stress.

25 T T T T

2+ “1+ 10wWt%
=15 L - 15wt%
= + 20Wt%
o 1
= 25wt%

0.5 30Wt%

0

0 5 10 15 20 25

strain [%]

Fig.4: relative change of stress relating
strain for magnetoactive elastomers with
different mass fractions
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3D, real-time investigation of magneto-mechanical properties of
magnetic hybrid materials
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The mechanical properties of a magnetic
hybrid material can be controlled by using
a magnetic field. It is widely accepted that
this magneto-mechanical behavior is relat-
ed to the magnetic dipolar interactions,
which is sensitive to the microscopic struc-
ture, e.g., spatial arrangement of the mag-
netic particles in the hybrid material. How-
ever, the microscopic structure is still not
easy to be detected especially in a 3D real-
time form. This fact leads to the limited
understanding of the magneto-mechanical
property at a microscopic level.

In this project, we aim at studying the in-
fluence of 3D microstructure on the mag-
neto-mechanical properties of magnetic
hybrid materials. The local deformation of
the magnetic hybrid materials under mag-
netic field and mechanical load will also be
investigated.

Laser scanning confocal microscope
(LSCM) is used to image the 3D micro-
structure of the magnetic hybrid materials.
As LSCM can be combined with mechani-
cal testing devices such as nanoindenter
and piezorheometer, the microstructure and
mechanical property can be detected at the
same time [1]. A combination of two Hal-
bach magnetic arrays is used to generate a
tunable homogeneous magnetic field. In
our study the magnetic particles are fluo-
rescent-labeled in order to be visible under
LSCM. The cross-linked polydime-
thylsiloxane (PDMS) is used as the matrix
material. Some fluorescent-labeled tracer
particles (non-magnetic, small size) are
also used to track the deformation of the
matrix material. Image analysis of the 3D
confocal images allows us to determine the
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positions and trajectories of the magnetic
particles and the tracers. From these data
the internal deformation of the sample shall
be deduced.

(@)
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Figure 1: LSCM images (100*100 pm?)
and the 3D reconstructions of two samples

with isolated magnetic particles (a) and
particle chains (b).
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Figure 2: Experimental setup. Nanoinden-
tion is used to apply a mechanical load and
measure the elastic modulus of the sample,
whose internal structure can be observed at
the same time through LSCM. A combina-
tion of two Halbach magnetic arrays is
used to provide a tunable, homogeneous
magnetic field [2].
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Small Angle X-Ray Scattering (S-SAXS)

F. Krimer!, P. Bender!, S. Disch?, M. Kundt?, D. Honecker?, A. Tschope!, R. Birringer!

LExperimentalphysik, Universitiit des Saarlandes, Saarbriicken, Germany

2Department Chemie, Universitdt zu Koln, Germany

3Laboratory for the Physics of Advanced Materials, University of Luxembourg, Luxembourg

Ni nanorods are ferromagnetic single domain
particles with distinct anisotropy. Using a
polyvinylpyrrolidone (PVP) surface layer,

added to prevent agglomeration, the nano-
rods can be dispersed in water [1]. Align-
ment of the rods in external magnetic fields
can be detected by magnetization and opti-
cal transmission measurements [2]. Analy-
sis of the rotation dynamics allows to extract
information regarding viscoelastic properties
of the surrounding matrix and hydrodynamic
parameters of the nanorods [2]. As a new
approach, we encapsulated the Ni nanorods
with an inorganic silica shell to benefit from

e well defined particle-matrix-interface,

e increased stability in colloidal suspen-
sions.

Due to these properties, silica-coated Ni nano-

rods serve as model particles for novel S-
SAXS experiments. During the measure-
ments, the rods are exposed to a rotating mag-
netic field. In the S-SAXS modus, a se-
ries of SAXS patterns, each with a recording
time of 2 ms, was collected. These snap-
shots can be associated with different rod
orientations. To obtain appropriate parame-
ters for the field settings, the rotation friction
coefficient of the rods was estimated by in-
dependent AC magnetization measurements.

The rods were synthesized by current-pulsed
electrochemical deposition of Ni into porous
alumina templates [3, 4]. During the disso-
lution of the alumina matrix, PVP adsorbed
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Figure 1: TEM micrograph of silica coated
nanorods. The inset shows rods in higher
magnification.

at the rod surfaces and served as steric sta-
bilizer in the resulting colloidal dispersion.
The Stober process was used to encapsulate
the rods with silica [5].

Fig.1 shows a transmission electron micros-
copy (TEM) image of the silica encapsulated
Ni nanorods. Analysis of several micrographs
revealed an average core-diameter of 22 nm,
a core-length of 243 nm and a thickness of
the silica shell of 49 nm.

The relaxation behavior of the rods in aque-
ous dispersions was characterized by AC-
magnetization measurements (Fig. 2). The
solid line shows a regression of the frequency
dependent imaginary part of the magnetic
moment m” (w) with a superposition of a De-
bye and a Cole-Cole relaxation, represent-
ing the dynamics of individual nanorods and
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Figure 2: AC-magnetization measurements
(field amplitude 1.42mT) of an aqueous
colloidal dispersion of silica-encapsulated
nanorods.

agglomerates, respectively. The Brownian
relaxation frequency of the rods could be
extracted to wp = 55.5rad/s, which corre-
sponds to a rotational friction coefficient of
£=1.5-10"227s.

Considering this result, we chose a field am-
plitude of pgH = 10mT (Langevin param-
eter ¢ = 148) and a frequency of 25 Hz for
the applied rotating field to ensure a suffi-
ciently small phase lag of 2.2° during the
S-SAXS measurements. The left column of
Fig.3 shows two scattering patterns obtained
in S-SAXS mode. While the top pattern was
recorded, the external field rotated from 0°
to 18° relative to the incident X-ray beam.
This pattern exhibits rotational symmetry.
The bottom patterns shows uniaxial symme-
try and was grabbed while the external field
rotated from 90° to 108°. The right column
in Fig.3 represents SAXS pattern simulations
using a cylindrical core-shell model in SAS-
View. The simulation was based on the given
geometric parameters obtained by TEM anal-
ysis. For rods parallel to the incident X-rays

(top) a rotational symmetric pattern was found

while for the perpendicular case (bottom) uni-
axial symmetry was obtained in agreement
with the experimental observation.

The distinct differences between the snap-
shots recorded in the S-SAXS mode and their
correlation to the calculated diffraction pat-
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Figure 3: Measured S-SAXS (left) and sim-
ulated SAXS (right) patterns for rods paral-
lel (top) and perpendicular (bottom) to the
incident X-rays.

terns for different rod orientations, show the
viability of the S-SAXS method to capture
the orientation of silica encapsulated Ni nano-
rods in a continously rotating magnetic field.
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Magnetically active hybrid materials of an-
isotropic magnetic particles in an elastic ma-
trix are of high scientific and technological
interest. Within the framework of SPP 1681,
we extend this approach by inserting porous
structures, such as channels, as a third com-
ponent. For the intended flow control, the
channels’ geometry can be changed by a tilt
of the shape anisotropic particles when an
external field is applied under different an-
gles. The interaction between the different
components is a key issue and their mechan-
ical and magnetic properties have to be ad-
justed carefully. As a model system we chose
Ni;MnGa fibres prepared by melt-extraction
[1] and a two-component polymer matrix.
Kauffmann-Weiss et al. already showed on
a combination of polycrystalline, martensitic
Ni.MnGa fibres and a polymer matrix that a
remanent strain o& 10% can be induced by

a moderate magnetic field of 1T [2]. In our
study NbMnGa fibres and the polymer were
mixed with a ratio of 0.7g 2.0g. After pre-
curing, space holders were infused into the
mixture. During curing under ambient con-
ditions a magnetic field of about, H/ = 0.5

T was applied to align the fibres along the
field direction. After completion the poly-
merisation the space holders were extracted.
In Fig. 1 the subvolume of such a porous
composite with austentic BinGa fibres is
shown. The field was applied perpendicu-
lar to the space holders. For simplicity the
polymer matrix is kept transparent and only
fibres (grey) and channels (black) are shown.
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Figure 1. X-ray tomograph of a porous
composite with NiMnGa fibres (grey) ira

polymer matrix (tranparent). The channels
(black) are perpendicular to the fibre chains.

The fibres are well aligned along the field di-
rection and form chains with regular widths.
We will present preliminary results of differ-
ent materials combinations as well as differ-
ent techniques to insert the channels.

Acknowledgments

The authors greatfully acknowledge SPP 1681.

References

[1] Jian Liu et al., Adv. Eng. Mater. (2012)
14, 653-667.

[2] Kauffmann-Weiss et al., Adv. Eng.
Mater. (2012) 14, 20-27.



Investigation of the influence of Kelvin forces on aqueous solu-

tions with paramagnetic ions
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Nonmetallic Materials, Ilmenau/Germany

Important physical properties of fluids,
such as aqueous solutions or glass melts,
depend on the distribution of their ionic
components. This ion distribution can be
influenced by the action of magnetic gradi-
ent (Kelvin-) forces [1,2,3]. These forces
generated in an inhomogeneous magnetic
field - unlike other forces are used to modi-
fy the distribution of the components - of-
fer the advantage of acting on fluids with-
out being in direct contact with them.

In these experiments the effect of Kelvin
forces on the mass transport of paramag-
netic ions in homogeneous aqueous solu-
tions of Dy*® is evaluated. The paramag-
netic species used are Dy ions due to
their ~ high  magnetic  susceptibility
(%sy =11886-10"*for a 0.1 molar aqueous

solution).

In the experiments a cell with two com-
partments divided by a PVDF membrane is
used. Both compartments contain Dy*® so-
lutions and/or water and one of the com-
partments additionally contains platinum
electrodes for the measurement of the con-
ductivity. The required magnetic field is
provided by a cryogen - free high magnetic
system. The variables to be considered in
these experiments are the direction and
magnitude of the Kelvin force and the con-
centration of the paramagnetic ions. The
influence of the magnetic forces on the
ions transport is researched through in situ
conductometric measurements in one of the
compartments. Due to the experimental
setup the influence of thermal convection
and Lorentz forces on the mass transport
will be negligible. The mass transport will
be determined in dependence of the con-
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centration difference of the Dy** ions in
both compartments without a magnetic
field and then removed from the measure-
ment results with magnetic field.
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Influence of the viscosity on the MPS performance of magnetic
nanoparticles
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Introduction

An elegant method for the determination of
the local viscosity of magnetic nanoparticle
(MNP) suspensions is to study their dy-
namics. Proposed that the magnetic mo-
ments are blocked, they follow a time-
varying magnetic field via the Brownian
mechanism with a time constant given by

_ mndj

 2kgT’

Here 7 is the viscosity, ks the Boltzmann
constant, 7 the temperature and d; the hy-
drodynamic diameter.

Generally, MNP dynamics are investigated
applying ac susceptibility (ACS) and mag-
netorelaxometry (MRX). For example, Fig.
1 depicts relaxation curves measured with
a fluxgate MRX setup on FeraSpin™ R
MNP in different water-glycerol mixtures.
Similarly, ACS measurements show a mo-
notonous shift of the maximum in the im-
aginary part x’’ with increasing viscosity
towards lower frequencies.

B

The relaxation curves were fitted with the
cluster moment superposition model
(CMSM) [1,2]. To restrict the number of
free parameters, the core parameters were
determined by fitting the MRX curve
measured on the immobilized reference
sample. The parameters of the hydrody-
namic size distribution were determined
from the MRX curve measured on the pure
aqueous sample with known viscosity. Fit-
ting the remaining MRX curves, the vis-
cosity was left as only free parameter. The
obtained viscosities are depicted in Fig. 2.
The line shows the nominal viscosities cal-
culated using the formula by Cheng [3]. As
can be seen, the viscosities determined
from MRX measurements agree excellent-
ly with the expected values. For compari-
son, the viscosities estimated from rheo-
metric (plate-plate rheometer) and ACS
measurements (from maximum in y’’) are
also shown.
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Fig. 1: MRX curves of FeraSpin R MNP in
water-glycerol mixtures. For comparison,
MRX curve measured on freeze-dried ref-
erence sample is also shown.
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Fig. 2: Viscosities of FeraSpin R MNP in
different water-glycerol mixtures.

Influence of the viscosity on the MPS
spectrum

Magnetic Particle Spectroscopy (MPS) has
turned out to be a powerful technique for



testing the Magnetic Particle Imaging
(MPI) performance of MNP. The MNP
sample is exposed to a sinusoidal excita-
tion field with amplitude of typically
25 mT. Since the amplitude exceeds the
linear range of the Langevin function, the
signal induced in the gradiometric detec-
tion coil also contains higher harmonics.
This harmonic spectrum directly reflects
the distribution of magnetic moments in
the sample and — if performed at various
excitation frequencies — the MNP dynam-
ics.
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Fig. 3: Measured spectral amplitude of real

and imaginary part of 3", 5" and 7" har-
monics as a function of viscosity.
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Fig. 4: Simulated viscosity dependence of
spectral amplitudes of real and imaginary
parts of harmonics.

Performing MPS measurements on the wa-
ter-glycerol mixture series of FeraSpin R
MNP, we found, however, a non-
monotonic variation of the harmonic spec-
trum when increasing the viscosity. Naive-
ly, one would expect a gradual change of

79

the spectrum between that of the aqueous
suspension and the immobilized reference
sample when increasing the viscosity. In
Fig. 3, the spectral amplitudes of real and
imaginary parts of the 3, 5" and 7" har-
monics are shown. Clearly, real and imagi-
nary parts of the various odd harmonics
depend very differently on viscosity.

To explain this very complex response, we
developed a refined Debye-based magneti-
zation model [4] which - at least qualita-
tively — explains the experimentally ob-
served behavior. Fig. 4 depicts the calcu-
lated normalized spectral amplitudes of
real and imaginary parts for the 3", 5" and
7" harmonics. The differences between the
measured (Fig. 3) and simulated results
(Fig. 4) can be attributed to the fact that the
model accounts either for the Brownian or
the Néel process whereas in the FeraSpin R
sample both relaxation mechanisms are
present [5].
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A size-selective Synthesis of Cobalt Nanoparticles with Thin
Shell of Silica
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Cobalt nanoparticles are well known for their performance in the magnetic fluidic and
other magnetic related applications. However the utilization of this type of nano
materials in biomedical related applications has not been widely studied; mostly due
to the toxicity of the cobalt particles. One strategy to overcome this limitation is by
building a completely non-toxic layer on the outer surface of cobalt nanoparticles.
And since size of the particles is very important for this application, herein we report
the synthesis route to produce well-controlled different size of cobalt nanoparticles
covered by thin layer of silica shell.

A size selective preparation route of cobalt nanoparticles is done via the thermal
decomposition of Co2(CO)s in the presence of aluminum alkyls [1]. This technique
leads to air stable colloidal cobalt nanoparticles. By varying the Al-alkyl chain length
and the Co : Al ratio, we could adjust the particles size between 3 and 10 nm. The
particle size distribution of particles was examined by TEM technique.

AlR3 Co : Al d [nm]
Al(CH3)3 10:1 345
Al(C2Hs)3 10:1 6.5-8.5
Al(CsH17)3 5:1 8.5-10.5
Al(CsHa7)3 1:2 5+1.1

Table 1. Correlation of the Co-particles size with AIR;3 - chain length and the molar Co: AlIR3

The silica shell was created through ligand-like interaction of sililated mercapto
functional group and followed by condensation of silica in basic media.

In other cases, the cobalt nanoparticles also can be dried in vacuo giving a long term
air stable magnetic Co-powder which can be handled under ambient conditions and
remain they magnetic properties a long time. The isolated from suspension the Cobalt
particles also may be peptized in different carrier liquid with the suitable surfactants
which combine the strong adsorption properties on the particle surface, good
protecting abilities to prevent the particles from oxidation and a good solubility in
carrier-liquids to give remarkably stable magnetic fluids applicable for a many
practical purposes [2].

References:

1. H. Bonnemann, W. Brijoux, R. Brinkmann, N. Matoussevitch, N. Waldofner,
DE10227779.6 (WO 2004/001776; PCT/EP 2003/003814)

2. N. Matousevitch, A. Gorschinski, W.Habicht, et.al.”Surface modification of
metallic Co nanoparticles”, J. Magnetism and Magnetic Materials, 308, (2007)

80



The influence of hydrodynamic diameter and core composition on
the magnetoviscous effect of biocompatible ferrofluids.
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Regarding the biomedical application
ferrofluids receive a growing importance as
they show the potential to e.g. aid in the
treatment of cancer by targeting of the
employed chemotherapeutics or by a
destruction of the cancerous tissue using
magnetic heating treatment.

To enable an effective and safe application
of the fluids a detailed knowledge of the
flow behaviour is essential. As strong
magnetic fields are required for most of the
applications especially the rheological
behaviour, if a magnetic field is applied, has
to be investigated as a rise of viscosity is
well known from ferrofluids used in the
engineering context [1].

This behaviour is denoted as the
magnetoviscous effect (MVE) R and can be
calculated using the viscosity without the
influence of a magnetic field n@-0 as well
as the viscosity if a magnetic field of certain
strength is applied ne) [1] :

R = Man~MH=0)

(M

It has been shown in previous work that a
strong MVE can be measured for
biocompatible ferrofluids [2]. To gain a
more detailed understanding of the
parameters influencing this effect for
ferrofluids used in the biomedical context
this experimental study compares three
different fluids obtained from the Chemicell
GmbH (Berlin). Detailed parameters are

N(H=0)
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Figure 1: Particle size distribution obtained by DLS
including the respective log-normal fits.

given in table 1. All fluids use starch as
surfactant, feature a concentration of
suspended material of 25 mg/ml and are
denoted as fluidMAG-D.

The microscopic structure of the magnetic
nanoparticles used in the suspensions is
investigated using dynamic light scattering
(DLS), magnetorelaxometry (MRX) and
transmission electron microscopy (TEM).
Figure 1 shows the results measured with
DLS while table 2 compares the results of
log-normal fits used to describe the particle
size distribution obtained from DLS and
MRX.

The results show slight deviations and
closely confirm the mean sizes of the
hydrodynamic diameter given by the
manufacturer. The differing cores regarding
single- and multicore composition were
proved using the aforementioned TEM
images.

Ferrofluid core du Ms Ferrofluid | dupLs | oupLs | do,MRX | GHMRX
composition | [nm] | [KA/m] [nm] [nm] [nm] [nm]
FF1 singlecore 50 0,771 FF1 55,6 0,39 55 0,36
FF2 multicore 100 0,978 FF2 | 114,1 0,35 80 0,45
FF3 multicore 200 1,319 FF3 178 0,29 181 0,49

Table 1: Parameters of the ferrofluids under
investigation. The parameter dy refers to the
hydrodynamic diameter given by the manufacturer
and Ms to the saturation magnetization measured
with a vibrating sample magnetometer.
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Table 2: Parameters obtained from log-normal fits
to the particle size distributions measured with
dynamic light scattering (duprs and oprs) as well as
Magnetorelaxometry (duyrx and ourx).
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Figure 2: Flow curves of the ferrofluid FF3 for
several magnetic field strengths.

The  measurements  regarding  the
rheological characteristics were realised
using a specially designed rheometer [3].
For the ferrofluid FF1 no MVE could be
detected. This is connected to a very small
modified interaction parameter [4] L'<<I.
An interaction of the particles and therefore
a change in viscosity can only be expected
for A" >1.

In contrast the results show a strong
influence of the magnetic field on the flow
curves for the ferrofluids having a multicore
composition (e.g. for FF3 in figure 2). For
the mathematical description of the flow
curves the Herschel-Bulkley model can be
used. The MVE calculated with equation
(1) 1s shown in figure 3. Therefore the
higher hydrodynamic diameter of FF3 has a
major influence on the MVE of the
ferrofluid, as this fluid has an effect being
approximately three times greater.
Regarding the interaction parameter for
those multicore ferrofluids the
abovementioned  modified interaction
parameter can not be used due to the
multiple magnetic moments in the cores.
Previous studies showed good results using
a modified interaction parameter originally
introduced for magnetorheological fluids

[5]:

1 :ﬂuoupﬁz(d/2)3H3( d )3
MC 2kgT d+2s)

2

The calculation of this parameter results in
values significantly greater than one for
both multicore ferrofluids.

Therefore the hydrodynamic diameter as
well as the interaction parameter calculated
for the respective fluids are appropriate
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Figure 3: The MVE of the multicore ferrofluids for
a magnetic field strength of 35 kA/m.

parameters for an estimation of the
magnetoviscous effect which has to be
expected from the respective fluid. This
leads to the possibility to adapt
manufacturing as well as application of the
fluids to the expected changes in viscosity
under the influence of an external magnetic
field.
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The magnetic snail
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Positioning a drop of ferrofluid next to a
small permanent magnet can be used to
demonstrate the superparamagnetic nature
of ferrofluid on the slide of an overhead
projector: Drop and magnet are instantly
attracted by each other and eventually the
magnet floats on a thin layer of ferrofluid.
Similarly a ferrofluidic film is carrying
load in magnetic bearings [1] and position-
ing systems [2]. Here we report for the first
time how a magnet autonomously travels
on a ferrofluidic film. The photo in Fig. 1
displays a trace (the text “Ep5”) together
with the magnet. The latter moves on this
trace, up to the end, like an inverse snail
absorbing its own slime. In thisway itisan
autonomous mobile robot [2].

1

Figure 1 The magnetic snail (see arrow) is
traveling on atrace forming the text “Ep5”.

For a quantitative investigation we use the
setup sketched in Fig.2. An inclined plane
made from perspex® is positioned in-
between an electro luminescent film and a
camera. The angle of inclination o is
measured by means of an electronic goni-
ometer connected to a computer. On top of
the ramp a magnet with a mass of 2g and a
diameter of 8 mm is positioned on a vol-
ume of 32 £ 3 pl ferrofluid and kept in
place by a trigger. Activating the trigger,
the magnet slides down the plane with the
constant velocity v, leaving a straight trace

of ferrofluid. Reaching the end of the plane

g CCD-camera

ol magnet
G
e \ trigger }

electro luminescent film

Figure 2 Scheme of the experimental set-
up.

the inclination is switched to 0°. Now the
magnet is traveling back on its own trace,
as displayed in Fig. 3a. Figure 3b indicates
that the ferrofluidic film ahead of the mag-
net is thicker than the one behind it. Ap-
parently this asymmetry results in an effec-
tive Kelvin force, which is driving the
magnet. The thickness of the filmin Fig.3b
is measured by means of light absorption.
For calibration we use a ferrofluidic ramp
as shown in Fig. 4. The solid line stems
from the multi-exponential fit of Eq.(1),
which istaking into account the polychro-
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Figure 3 The trace of the snail (a) and its
measured thickness (b).
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Figure 4 Absorption curve for aferrofluid-
ic ramp, enclosed by two microscope slides
(see inset) with a distance of Oum at the
|.h.s and a distance of 100um at ther.h.s.

matic nature of the radiation emitted by the
light source [4]

L0 = fexp(5x) + T,exp(Bx) +
lo D,
(1_ f1 - fz) exp(ﬁsx)

where £ is the extinction coefficient. In our
contribution we investigate the motion of
the inverse snail in dependence of the in-
clination o of the plane it was sliding down
before. Our preliminary results, as shown
in Fig. 5, indicate an accelerated motion in
the plane, following

X(t) = X, + V() - t +%a(a)-t2 2.

In Fig. 5 we find that films generated at
larger o result in a larger acceleration a of
the inverse snail.
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Figure 5 Propagation of the inverse snail

on traces generated with an inclination of

a =5° (triangles), 10° (circles) and 20°

(squares).

Moreover the difference in film thickness
ahead and behind the snail and its impact
on awill be studied.

To conclude, a permanent magnet is dliding
on a previously well prepared homogene-
ous film of ferrofluid. Its apparently auton-
omous motion is guided by the trace and
driven by a reduction of the over-all mag-
netic field energy: the ferrofluid is collect-
ed at the magnet. Our magnetic snail may
be used to transport small cargo, like drugs,
on complex path ways. It can easily be
miniaturized and may also be useful for
microfluidic applications.
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Introduction

In the last years, Magnetic Particle Spec-
troscopy (MPS) has become one of the
most powerful tools to characterize mag-
netic nanoparticles (MNP) for Magnetic
Particle Imaging (MPI). For a detailed un-
derstanding of MNP dynamics a consistent
simulation of the MPS signal is of consid-
erable interest.

Traditionally, the Gilbert-Landau-Lifschitz
equation is solved for distributions of ani-
sotropy constant and effective magnetic
diameter. The results are integrated in or-
der to represent a realistic MNP ensemble,
e.g. in [1]. However, realistic distribution
parameters are not easy to obtain. Here, we
investigate a simple phenomenological
model for the whole MNP ensemble that
incorporates the quasistatic magnetization
curve and a field dependent time lag of the
MNP in dynamic excitation fields.

Simulation method

We describe the total magnetic moment of
an ensemble of MNP via a first order linear
differential equation, which is based on the
work of Shliomis [2], using only physical
quantities directly accessible by measure-
ments. This leads to the differential equa-
tion

dm(t)

)= yVH —
m(t) =y T

(1)

based on the magnetic moment m, the sus-
ceptibility y, the sample volume V, the
magnetic field strength H, the time ¢ and
relaxation time 7. From the literature it is
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known [3] that the relaxation time is field
dependent and that #o(H) decreases with
increasing field strength H. However, there
exists no generally accepted formula for
the calculation of #(H). Here, we parame-
terize 7(H) as a simple decreasing function

o(H =0)

) = l+aH" "’

2)

employing the zero field relaxation time
7(H=0), the magnetic field strength H and
two unknown parameters a and b.
It has to be noted that our parameterization
might lead to inconsistencies regarding the
units, but as it is the first approach to show
that this method is applicable it should be
taken as a purely empirical relation.
With a time-varying MPI drive field H(?),
eq. (1) 1s now modified yielding the cou-
pled differential equation

dm(t)

m(t) = xOVH@O) - r(HO)— = Q)

Eq. (3) can be solved using small time in-
tervals At where 7(H), H and y are assumed
to be constant. The solution for small steps
in H is given by

mn = mnfl + (mn,eq (Hn) - mnl)[l —CXp [_ NJJ (4)

z,(H,)

with m,¢q as the equilibrium moment de-
rived from the M(H) measurement. Note
that (4) i1s solely based on the magnetic
moment m and the relaxation time #(#). In
order to prove the existence of a consistent
solution for this model, we estimated a and



b by fitting the model output to measured
MPS data and minimizing the difference
by a correlation analysis.

Materials and measurements

Different MNP systems (FeraSpin'™ R and
two experimental formulations, synthe-
sized by nanoPET Pharma GmbH), exhib-
iting good MPS performance, were inves-
tigated. For these particle systems M(H),
magnetorelaxometry (MRX) and MPS
measurements were performed.

The magnetic moment in equilibrium
state was obtained from the M(H) meas-
urements. MRX was used to measure an
effective relaxation time at H =0, while
MPS was necessary for the correlation
analysis. Using the measured M(H) and
7(H=0) in (4), we calculated MPS spectra
for a large number of possible combina-
tions of a and b. For each combination
[a,b], a time series m™*(¢) was reconstructed
by an inverse Fourier transform using only
As and higher harmonics. The time series
m*(t) was compared to the reconstructed
time series mp,*(¢f) of the measured data
and the coefficient of determination R* was
used as a measure of similarity. This pro-
cedure was performed for H =10 mT/p
and H =25 mT/yy. The parameter combi-
nation of a and b that yielded the maxi-
mum averaged R? for both field strengths
was chosen as the result.

Results and discussion

Fig. 1 shows the calculated spectrum ac-
cording to (4) of one of the particle sys-
tems compared to its measured spectrum
for H=25 mT/uy. The absolute values of
simulation and measurement coincide well
up to the 15™ harmonic and stay very close
until the 31" harmonic. The phase of the
simulated harmonics were close to the ones
of the measured spectrum (deviation < 5°)
up to the 13™ harmonic and the deviation
was always less than 30°. This comparison
resulted in a coefficient of determination
R?=0.997. The same [a,b] combination ap-
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plied for H=10 mT/py yielded a coeftfi-
cient of determination R*=0.993 with coin-
ciding harmonics up to the 9™ harmonic.
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Fig. 1. Comparison of measured and simulated
MPS spectrum for H=25 mT/p.

For all three MNP formulations and all
drive fields the coefficient of determination
was R*>0.99 (Fig. 1). Note that for each
MNP formulation only one pair [a,b] was
used to simulate the spectra for
H=10 mT/y and H =25 mT/py.

We have proven that a phenomenological
model based on M(H) and MRX data with
only two free parameters of 7(H) is able to
predict the dynamic behavior of MNP sus-
pensions in drive fields up to 25 mT.
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Nickel nanorods of sufficiently small diam-
eter (< 40nm) are uniaxial ferromagnetic
single-domain particles and exhibit optical
anistropy and colloidal stability. Such parti-
cles have been employed as local probes for
active microrheology using different types
of magnetic stimulation. Magneto-optical
transmission (MOT) measurements in rotat-
ing magnetic fields allowed to monitor
changes in the viscosity of Newtonian flu-
ids [1] as well as of the hydrodynamic size
of the nanorods upon adsorption of proteins
[2]. By contrast, transveral dc magnetic
fields were applied to pre-oriented nanorods
in soft elastic hydrogels to estimated their
shear modulus. Obviously, both approaches
are restricted to measurements of either vis-
cous or elastic matrices, respectively. The
present study is aiming at a magneto-optical
method that enables microrheological char-
acterization of general viscoelastic media.
The magnetic nanorods in disperion are stim-
ulated by a magnetic field of constant mag-
nitude and oscillating orientation.

The viscoelastic sample with dispersed
nickel nanorods is centered between two
crossed Helmholtz coilsets. A constant field
H is superimposed with a perpendicular ac
field H, = H) sin (wt) with H) < H), re-
sulting in a total field of nearly constant am-
plitude and direction oscillating within an
angular range of =0, = arcsin (H,)/Hy).
The magnetic field H(t) generates a time-
dependent magnetic torque

T(t) = mpoHosin[B(t) — 0(t)] (1)

on the magnetic moment m of the particle
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and results in an oscillation of the nanorods
0(t) which is detected by measuring the trans-
mission of laser light linearly polarized at
45° with respect to the dc field direction.
Mechanical interaction between the
nanorods and the matrix is described by
T,(w) = K nw associated with the viscosity
n of the matrix and 7;(0) = K, G0 deter-
mined by the elastic shear modulus GG. The
geometry factor K is a function of the size
and aspect ratio of the nanorods [3].
Assuming sufficiently high magnetic fields
(x = muoHy/kgT > 1) the equations of
motion for a viscoelastic matrix represented
by either the Voigt-Kelvin or Maxwell model,
can be solved analytically. For the former,
the magneto-optical response function is

o 6(w) gl

K@) === = @
with v = 1/(1 + KG), K = K/muoHy
and 7, = K. For vanishing elastic mod-
ulus, G — 0, the factor v approaches unity,
which provides the solution for a pure New-
tonian fluid as matrix.
This model was applied to analyze oscillating-
field magneto-optical transmission
(OF-MOT) measurements of the sol-gel tran-
sistion of a 2 wt.% gelatin solution at 21.6°C),
Fig.1. The most striking result is a large
delay of the elasticity increase observed by
nanoscale rheometry as compared to the
macroscopic measurement. Apparently, the
nanorod probe particles do not detect elas-
ticity until the mesh size of the elastically
active polymer network ¢ =~ (kpT/G)'/3
falls below ~ 70nm. With continuing net-
work formation, the difference between the
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Figure 1: Temporal evolution of the shear
modulus and viscosity during sol-gel tran-
sition of 2wt.% gelatin solution at 21.6°C
as measured by macroscopic (SAOS, open
symbols) and nanoscale rheometry (OF-
MOT, closed symbols).

nano- and macroscale elasticity decreases.

The solution for the OF-MOT response func-
tion in a viscoelastic matrix, that can be
represented by the Maxwell model, is

A 1+ wr
X S s S 3
M (w) 1+ ZCUTM/’}/7 ( )
with relaxation time 7,, = 7/G and v as

defined above. The results of the OF-MOT

measurements can be translated into the more
familiar coordinates of frequency-dependent

complex shear modulus allowing direct com-
parison, Fig.2. We found Maxwell-type re-

laxation in CTAC/NaSal wormlike micellar

solution in the macroscopic rheometry as

well as on the nanoscale. However, the latter

provided a much higher plateau value of the

elastic modulus and a much shorter terminal

relaxation time.

The two examples demonstrate that magneto-
optical measurements of nanorod rotation dy-
namics in an oscillating field reveal the sig-

natures expected for Voigt-Kelvin or

Maxwell-type viscoelastic response. How-

ever, bearing in mind that the size of the

nanorods is comparable to characteristic
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Figure 2: Complex shear modulus of

100mM CTAC/120mM NaSal wormlike
micellar solution at 40°C' as determined
by macroscopic (SAOS, open symbols)
and nanoscale rheometry (OF-MOT, closed
symbols) as function of angular frequency.

length scales (correlation length, Debye
length...), the particle-matrix interaction is
determined by local mechanical response
including steric obstruction, hydrodynamic
interaction and local stress relaxation.
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Ferrogels, i.e., hydrogels that ad-
ditionally contain magnetic single-
domain particles, are interesting
materials, because their properties
arise from an interplay of magnetic
and elastic forces. As they can be
controlled by tayloring the poly-
mer network forming the gel and
by using external magnetic fields
to change the interaction of mag-
netic particles, magnetic gels are
considered for applications, e.g., as
artificial muscles and drug delivery
systems.

A magnetic gel can deform in a
magnetic field for several reasons.
In a field gradient, the magnetic
particles tend to move to regions
with a higher field. When one
fixes one end of the gel in a plane
perpendicular to the gradient, the
material will shrink or expand, as
the magnetic nanopartticles strain
the polymer matrix. Gels can also
deform in a homogeneous mag-
netic field, which can happen in
two ways. First, in the case of
highly concentrated and strongly
interacting magnetic particles, a
deformation can occur, because the
magnetic field changes the average
interaction between the magnetic
particles. When no field is applied,
the magnetic moments in the gel
are randomly oriented. As a result,
there is on average no interaction
between them. This changes, once

89

a field is applied and the dipole
moments are aligned parallel to
it. Then, net forces occur on the
magnetic nanopartticles, which in
turn strain the polymer matrix.
For this mechanism, no coupling
is required between the rotational
degree of freedom of the magnetic
particles and the polymer matrix.
The second way, by which a fer-
rogel placed into a homogeneous
field can deform, depends on just
such a coupling between the ori-
entation of the magnetic particles
and the polymers. This can be
achieved by chemically binding the
polymers to specific spots on the
surface of the magnetic nanopart-
ticles. When the external magnetic
field turns the magnetic particles,
the polymers are rolled up around
them. This causes a stress on the
polymers, which in turn deforms
the gel. For this mechanism to
work, magnetically hard particles
have to be used, i.e., a rotation of
the magnetic moment has to imply
a rotation of the entire particle.
A strong interaction between dif-
ferent magnetic moments in the
system, on the other hand, is not
required.

In order to better understand these
two deformation mechanisms for
gels in homogeneous magnetic fields,
two simulation models have been
introduced and studied, focusing



on each of the mechanisms, re-
spectively. The first model deals
with a gel which deforms through
the change in interaction between
the magnetic nanopartticles in
the system. It consists of a two-
dimensional network of polymers
represented as a bead-spring model.
Some of the beads in the chains
are assigned a magnetic moment.
Each magnetic moment interacts
with other magnetic moments in
the system, but its orientation is
not coupled to the polymer chain.
When the gel is placed into a mag-
netic field, we observe the bend-
ing of the polymer chains into the
field direction due to the embedded
magnetic particles. As a result, the
network elongates in field direction
and shrinks in the perpendicular
direction. Overall, the area occu-
pied by the gel is found to decrease
in a magnetic field.

The second model magnetic gel is
concerned with a gel’s deformation
due to the coupling between the
orientation of the magnetic mo-
ments and the polymer matrix.
To this end, magnetic particles are
placed at the nodes of the network.
These nodes are then connected
by attaching polymers, again rep-
resented as a bead-spring model,
onto specific spots on their sur-
face. The model has been studied
in both, two and three dimensions.
In the two- dimensional case, an
isotropic shrinking of the gel in a
magnetic field was observed: all
magnetic particles rotate around
an axis perpendicular to the model
plane, in order to align their mo-
ments to the magnetic field. This
creates an equal amount of stress
on all polymer chains attached
to their surface. In the three-
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dimensional case, the deformation
is non-isotropic. =~ The magnetic
particles can rotate around three
axes to align to the external field.
Once the magnetic moments are
aligned, however, a further rota-
tion around the axis parallel to the
external field is possible without
paying an energy penalty for rotat-
ing the dipole moment out of the
magnetic field. Hence, stresses at-
tached on the chains perpendicular
to the field can be reduced to some
degree without deforming the net-
work. As a result, the gel contracts
more in the direction parallel to
the field than in the perpendicular
direction. Two different network
geometries, one with four chains
attached to a node and a diamond
cubic unit cell, and one with six
chains attached to the node and a
simple cubic unit cell, have been
considered. The network geome-
try influences the shape and total
amount of the deformation in a
magnetic field as well as the elastic
properties of the system.
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Introduction

SPIO (superparamagnetic iron oxides) can
be used for therapeutic applications in
magnetic drug targeting. Magnetic drug
targeting describes the selective targeting
of therapeutics in a tissue or a region in the
body, e. g. in a tumor, by an external mag-
netic field in order to allow a controlled
drug release.

A new concept of placing an array of per-
manent magnets (magnetic implant) inside
hollow organs of the body was tested in
vivo in pig experiments. The target site was
the bile duct were Klatskin tumors can oc-
cur. These are endoluminal tumors which
allow the minimally invasive endoscopic
insertion of permanent magnets and coils
very close to the target site (Figurel).
Hence, a stronger magnetic field and a
higher magnetic field gradient in the tumor
are achieved.

Magnet setup

Figure 1: Targeting model of the Klatskin tumor in
the bile duct [modified picture from www.hopkins-

gi.org].

SPIO were injected into two pigs: a refer-
ence pig without the application of the
magnet setup and a pig with a magnet set-
up placed in the bile duct (cf. Figure 1). In
order to estimate the influence of the mag-
netic field on the distribution of the SPIO
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at the target site, magnetization measure-
ments of different kind of tissues from both
pigs were performed and the results were
compared.

Materials and methods

An amount of 45 ml of SPIO with an iron
concentration of 28 mg/ml was injected
intravenously into a pig. Further physico-
chemical characteristics of the injected
SPIO are listed in Table 1.

Table 1: Physico-chemical characteristics of the
SPIO used for magnetic targeting experiments in

igs.

Crystalline structure Fes304

Crystal diameter (8.6 +£1.8) nm

Hydrodynamic radius (22 £ 1) nm

Saturation magnetization | (84.0 + 0.5) emu/g

Susceptibility (0.124 £ 0.002)
emu/(g - Oe)

Coating Lauric acid

One self-assembled array of permanent
magnets with magnetic field strength 0.1 T
at their surface and magnetic field gradient
of 9T/m (for simulation results see
Figure 2) was inserted in the bile duct. Af-
ter a SPIO circulation time of 60 minutes,
the pig was euthanized and the array was
removed. In this way, further particle
transport due to blood circulation or mag-
netic field attraction could be avoided in
order not to falsify the results of the subse-
guent investigations. Tissue samples were
extracted and cryopreserved for the record-
ing of the magnetization curve M(H) using
a SQUID. The experiments with the refer-
ence pig were performed in the same way
only without the application of the mag-
nets.
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Figure 2: Simulation of the permanent magnet with
the software COMSOL Multiphysics® (frontal view
(A) and transversal view (B)) used for Klatskin tu-
mor targeting.

S

Magnetic flux density [T]

As an alternative way to quantify the ac-
cumulated amount of SPIO at the target
site, Magnetic Particle Spectroscopy
(MPS), which is a sensitive quantification
method for the specific detection of SPIO
in biological systems, was used. MPS is
based on the nonlinear part of the magnetic
susceptibility response of magnetic nano-
particles induced by an oscillating magnet-
ic field. MPS enables the quantification of
the magnetic nanoparticle iron content
without being affected by tissue or non-
particular body iron. The MPS signal be-
havior of the SPIO was examined by
means of a dilution series of the SPIO in
distilled water.

Results and discussion

SQUID measurements confirmed the ac-
cumulation of SPIO at the target site,
where only the tissues in close vicinity to
the magnets changed their magnetic behav-
ior from diamagnetic to paramagnetic
(Figure 3). A superparamagnetic behavior
was also identified for the liver where the
SPIO were filtered out of the circulatory
system. This is indication that the used
SPIO agglomerated, as liver clearance oc-
curs only for particles bigger than 200 nm.
However, a quantification of the accumu-
lated SPIO amount with M(H) measure-
ments was not possible.

The MPS measurements revealed a linear
dependency of the MPS signal amplitude
with iron content and estimate an MPS de-
tection limit of the used SPIO type of a few
nanograms (Figure 4). These results evi-
dence MPS as appropriate method to char-
acterize the SPIO amount in tissues for
therapeutic applications in magnetic drug
targeting.
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Figure 3: Magnetization measurements on tissues
with and without previous targeting. The diamag-
netic behavior (negative slope) of the sample
changes to a paramagnetic behavior (positive slope)
after targeting procedures.
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Figure 4. MPS calibration curve obtained from a
dilution series of the SPIO in distilled water. The
inset shows the MPS spectrum (odd harmonics) for
the original suspension normalized to iron amount.

Conclusions

The study demonstrates the efficacy of the
magnetic implant supported magnetic drug
targeting. To this end, two magnetic meas-
urement techniques were utilized: while
M(H) reflects all kinds of magnetism (dia-,
para, and superparamagnetism), MPS is
sensitive to superparamagnetism of the
SPIO alone.
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Composites of spindle shaped hematite par-
ticles embedded in a hydrogel network are
prepared with different volume fractions
and aspect ratios of the colloidal particles.
Due to a coil to globuli transition of the
thermosensitve poly-N-isopropylacrylamid
(pNIPAM) [1] close to ambient temperature
the free volume available for the hematite
particles can be tuned by the temperature as
an external parameter. The orientational dis-
tribution function of the elongated hematite
particles with an aspect ratio up to v =
5 can be influenced via external magnetic
fields. The mobility of the hematite spindles
is governed both, by the free volume avail-
able for the particles and their rotational de-
grees of freedom, which depend on the flux
density of an external field. The noner-
godic dynamic behavior of the nearly trans-
parent matrix in dependence on the tem-
perature is characterized by means of pho-
ton correlation spectroscopy using visible
light. The viscosity as well as the com-
plex shear moduli of these composites are
investigated in dependence on both, temper-
ature and magnetic flux density. First re-
sults show that the restricted rotational mo-
bility of hematite spindles results in a rising
viscosity of the composites with increasing
flux density of the external field applied par-
allel to the shear gradient. Nonlinear vis-
coelastic properties of these materials inves-
tigated by means of Large Amplitude Oscil-
latory Shear experiments [2] are at moderate
volume fractions of hematite particles not
significantly influenced by external fields.
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Introduction

While the rheology of polymer systems has
been extensively studied in the past dec-
ades, the effect of direct constraint of parti-
cle movement by polymer networks in na-
noparticle-hydrogel hybrids has not yet
been completely understood. The use of
magnetic nanoparticles as probes allows
examining dynamic properties of liquid
samples by °’Fe-Mdssbauer spectroscopy
on an atomic scale. The motion of the iron
ions contained in the nanoparticles is re-
flected in a considerable line broadening of
the associated Madssbauer spectrum, so
even slow translatory or rotational motion
and very low relaxation times can be
measured and quantified by this method.

Preparation

Several polyacrylamide (PAAm) hydrogels
with different amounts of methylene-
bisacrylamide (MBA) as crosslinker were
prepared, containing acicular hematite (o.-
Fe>O3) nanoparticles with an average
length of 390 nm and an average diameter
of 85 nm [1].

The hydrogel samples were mounted on a
self-constructed sample holder with an in-
tegrated Peltier cooling-element. This setup
allowed us to perform Mdssbauer spectros-
copy measurements in the ‘liquid’ as well
as the ‘solid’ hydrogel state at tunable tem-
peratures down to 245K. Mdssbauer spec-
tra were recorded up to velocities of about
200 mm/s by the combination of a laser
interferometer used for calibration and a
high-velocity =~ Mdssbauer  driving-unit,
which is essential to measure spectra with
distinct line broadening.
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Results

We observed static and sharp sextet spectra
at temperatures up to 265K, corresponding
to the frozen state without nanoparticular
motion. A moderate increase of the lin-
ewidth T" indicated beginning movement at
about 270K before reaching the liquid
state, while linewidths up to 30 mm/s were
measured above the water melting point.
This reveals that, contrary to expectations,
embedded nanoparticles are not completely
immobilized even in strong crosslinked
hydrogel networks. We can quantify those
effects of Brownian motion by Mdssbauer
spectroscopy.

ob—1 . —1

relative absorption (%)
4
2
45
relative absorption (%)

Figure 1: Hydrogel networks with different
degrees of cross-linkage. Associated Mdoss-
bauer spectra (simulated, same tempera-
ture) illustrate the effect of reduced parti-
cle motion.

Theoretical calculations result in a temper-
ature dependent effective microviscosity
Nn(T) estimated from I'(T) [2], which ex-
ceeds nn20 by far and is correlated to the
amount of MBA crosslinker.
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	References


	12_Quiroz
	P. Quiroz, B. Halbedel
	References


	13_Müller, R.
	R. Müller1, O. Stranik1, F. Schlenk2, S. Werner2, D. Malsch1, D. Fischer2,
	W. Fritzsche1
	References


	14_Zaloga
	References
	[1] A K Gupta, R R Naregalkar, V D Vaidya, M      Gupta.: Recent advances on surface engineering       of magnetic iron oxide nanoparticles and their       biomedical applications; Nanomedicine (Lond).       2007 Feb;2(1):23-39

	16_Sanchez
	17_Rehberg
	S. Förster1, T. Friedrich2, S. Mehdizadeh Taheri1,
	I. Rehberg2, and S. Rosenfeldt1
	References


	18_Linke
	19_Landers
	J. Landers1, L. Roeder2, A. Schmidt2, H. Wende1
	References


	20_Schmidt, A.
	E. Roeben, S. Teusch, M. Dörfer, M. Effertz, L. Kibkalo, A. M. Schmidt*
	References


	21_Schümann
	M. Schümann and S. Odenbach

	Unbenannt

	4_S.41
	5_Poster
	2_Gräfe_RESERVE
	Christine Gräfe1, Franziska Bähring1, Christian Bergemann2, Florian Schlenk3, Dagmar Fischer3, Andreas Hochhaus1, Joachim H. Clement1

	3_Popp_RESERVE
	4_Kaufhold
	T. Kaufhold1, V. Böhm1, I. Zeidis1, K. Zimmermann1
	References


	5_Odenbach
	6_Prévost
	7_Proukidis
	8_Radon
	P. Radon1, M. Liebl1, N. Löwa1, N. Pömpner2, M. Stapf2, F. Wiekhorst1,
	K. Gitter3, I. Hilger2, S. Odenbach3, L. Trahms1
	Materials and Methods
	References


	9_Richter
	Robin Maretzki1 and Reinhard Richter1
	References


	10_Spieler
	11_Theumer
	Anja Theumer1, Christine Gräfe1, Franziska Bähring1, Christian Bergemann2, Andreas Hochhaus1, Joachim H. Clement1

	13_Baumgarten
	14_Bender
	15_Cicha
	J Matuszak, J Zaloga, C Alexiou and I Cicha
	Background
	Development of novel diagnostic and therapeutic nanoparticles is one of the most urgent tasks in cardiovascular medicine.  Magnetic targeting is considered a promising method to accumulate the nanoparticles at the sites of atherosclerotic lesions. Ho...
	Methods


	16_Eremin
	A. Eremin1, K. May1, R. Stannarius1, P. K. Challa2, J. Gleeson2, A. Jákli2, S. Klein3
	References


	17_Gundermann
	18_Huang
	Shilin Huang,  Günter K. Auernhammer*
	Figure 1: LSCM images (100*100 µm2) and the 3D reconstructions of two samples with isolated magnetic particles (a) and particle chains (b).
	Figure 2: Experimental setup. Nanoindention is used to apply a mechanical load and measure the elastic modulus of the sample, whose internal structure can be observed at the same time through LSCM. A combination of two Halbach magnetic arrays is used ...
	References


	19_Krämer
	20_Krautz
	21_Lucero
	G. Lucero, U. Shadewald, B. Halbedel
	References


	22_Ludwig
	F. Ludwig, C. Kuhlmann, H. Remmer and T. Wawrzik
	References


	23_Matoussevitch
	1:Karlsruhe Institut fuer Technologie (KIT), Karlsruhe, Germany

	24_Nowak
	25_Richter (Snail)
	Stefan Hartung1, Ingo Rehberg1, Reinhard Richter1
	References


	26_Schmidt, D.
	27_Tschöpe
	29_Wiekhorst
	I. Slabu1,2, A. Roeth3, T. Schmitz-Rode2, M. Baumann2, F. Wiekhorst1,  L. Trahms1
	Materials and methods


	19_Landers.pdf
	J. Landers1, L. Roeder2, A. Schmidt2, H. Wende1
	References



	S. LoP
	LoP_2
	7_Notiz-Seiten
	8_Tetra
	Leere Seite
	Leere Seite
	Leere Seite
	Leere Seite
	Leere Seite



