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Synthesis and Characterisation of
Polymer-Cobalt-Microspheres

J.Bolle!, N.Matoussevitch®®, H.Boenemann®, M.Franzreb!, R.Koster*

! Forschungszentrum Karlsruhe, ITC - WGT, Post Box 3640, D-76021 Karlsruhe, Germany,

ZUniversity of Heidelberg, D-69117 Heidelberg, Germany

® Forschungszentrum Karlsruhe, ITC - CPV, Post Box 3640, D-76021 Karlsruhe, Germany
*Max-Planck-Institut fiir Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470 Miilheim an der Ruhr, Germany

An effective tool to achieve rapid, simple, and
specific biological separation such as cell isola-
tion, protein purification and immunoassays
are magnetic polymer microspheres. Once
functionalised, the magnetic microspheres can
be linked to biomolecules and can be collected
easily with the application of a magnetic field.
Metallic (Co, Fe, FePt) particles are very
promising to obtain microspheres with specific
and improved magnetic properties as compared
to magnetite (FesO,) microspheres.

For preparation of Cobalt-microspheres we
have used the oil-in-water (o/w) emulsion —
solvent evaporation method.

Therefore an oil phase (containing the mono-
mer, homogeneously dispersed metallic parti-
cles, a radical starter and a cross-linker) and a
water phase (consisting of an aqueous solution
of surfactant and stabiliser) were mixed to-
gether at a suitable mixing speed and heating.
During the following polymerisation the metal-
lic particles (~10 nm) were integrated into the
cross-linked particles (0.5 pum to 10 um), con-
verting them into magnetic ones.

This process of forming microspheres depends
on many parameters. We have tried to find the
optimal conditions of polymerisation by inves-
tigating the role and influence of some of them,
such as:

- type and concentration of monomers

- surfactants and carrier-liquid of Cobalt-

magnetic fluid (MF)

- temperature and time of polymerisation

- speed of mixing

- initial concentration of MF

Our resulting Cobalt-microspheres which were
produced via the co-polymerisation of me-
thylmethacrylate and divinylbenzene as well as

vinylacetate and divinylbenzene show high
saturation magnetisation (33 Amz2/kg, see
Fig.1), improving functionalisation (functional
groups 865 pumol/g) and good stability.

We investigated our Cobalt-microspheres by
ESEM, SEM, measured magnetic properties by
Alternating Gradient Magnetometer (AGM),
determinated the size distribution and func-
tionalisation. The data will be presented.

Saturation magrstisation

Fig.1. Magnetization of Cobalt-microspheres
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Entwicklungstrends von Dispersionen mit magnetischen Nano
und Mikro-Teilchen

N. Buske

www.magneticfluids.de, Berlin

Dispersionen mit magnetischen Nano und
Mikroteilchen haben wegen ihrer multi-
funktionalen Eigenschaften ein sich erfolg-
reich entwickelnden Anwendungspotential.
Die vorteilhafte Kombination physikali-
scher, kolloidaler und (bio)chemischer
Eigenschaften der Dispersionen ist das Ziel
vieler gegenwartiger Entwicklungen.

Dabei kann man auf eine Vielzahl stoffli-
cher Zusammensetzungen zurtickgreifen,
die  aber  hinsichtlich  der  che-
misch/physikalisch Eigenschaften zueinan-
der passen missen. Die Kernteilchen-
zusammensetzung, -gréRe und -
konzentration, aber auch die chemische
Zusammensetzung der Hillen, sind beson-
ders wichtige Parameter. Solche designten
Dispersionen aus Kern/Hull-Teilchen wer-
den auch heute noch zeitaufwendig durch
Trial und Error-Methoden entwickelt.
Hinsichtlich der Kernteilchengrofie kann
man aus physikalischer Sicht folgende Ein-
teilung vornehmen:

a) Durchmesser: 2-15nm (fir Magnetit).
Die korrespondierenden Dispersionen ha-
ben superparamagnetisches Verhalten (kei-
ne Hysterese in der Magnetisierungskurve),
die Langevin Theorie ist anwendbar und
werden als  magnetische Flissigkeiten
bzw. Ferrofluide bezeichnet. Zwar ist die
magnetische Wechselwirkungskraft eines
Teilchens zum &uBeren Magnetfeld sehr
gering, doch wird diese durch die hohe
Teilchenkonzentration mit bis zu 10" Na-
noteilchen/ml wesentlich gesteigert.

Das kolloidale Verhalten der Dispersionen
kann mit der DLVO-Theorie beurteilt
werden. Die Dispersionen auf Wasser oder
organischer Basis kdnnen kolloidal stabil
hergestellt werden.

b) Durchmesser: ca. 16-100nm (flr
Magnetit). Diese Teilchen besitzen eine
relative Magnetisierung und Koerzitiv-

feldstarke. Die kolloidale Stabilitat ist ein-
geschrénkt, konnte aber durch dickere Ad-
sorptionsschichten verbessert werden.
Diese Dispersionen haben ein ferromagne-
tisches Verhalten, man findet eine Hystere-
se in der Magnetisierungskurve. Man kann
sie somit als ferromagnetische Flissigkei-
ten bezeichnen, ihr Anwendungspotential
wir als bedeutend eingeschétzt. Es wird
erwartet, dass Herstellverfahren von funk-
tionalen Kern/Hillteilchen mit enger Teil-
chengroReverteilung entwickelt werden,
wobei die Sicherung der kolloidalen Stabi-
litdt der Dispersionen eine Herausforde-
rung ist. Die physikalischen Eigenschaften
dieser Dispersionen sind noch weitgehend
unbekannt.

Diese Dispersionen haben auch einen
deutlichen magnetorheologischen (MR)
Effekt, sie werden darum auch als Nano-
MR-Flissigkeiten (nano-MRF) bezeichnet.

¢) Teilchengrél3e im pum-Bereich.

Typisch werden als disperse Phase ,,Eisen-
carbonylteilchen“  verwendet, die aus
weichmagnetischen Eisenkernen mit einer
Oxidschutzhaut bestehen.

Die korrespondierenden Dispersionen wer-
den auch als MRF bezeichnet. Noch nicht
optimal geldste technische Anforderungen
sind die niedrige Grundviskositat bei hohen
Teilchenkonzentrationen, eine geringe
Teilchensedimentation und  die leichte
Redispergierbarkeit des Sediments bei ge-
ringen Schubspannungen.

In diesem Beitrag werden die gegenwarti-
gen Machbarkeitsgrenzen und das Opti-
mierungspotenzial der magnetischen Dis-
persionen anhand einzelner Anwendungen
erlautert. Die Probleme bei der Herstel-
lung/Charakterisierung  der unter b) ge-
nannten Dispersionen werden vorrangig
diskutiert werden.



Magnetic Polymer Hybrids for Thermosensitive Magnetic Fluids
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The combination of magnetic nanoparticles
with stimuli-sensitive polymers is an
interesting approach for the preparation of
magnetic  fluids  with  tailor-made
properties.

Our work combines magnetic nanoparticles
with thermosensitive polymeric shells to
obtain magnetic fluids with
thermoreversible dispersion properties [1-
3]. The polymer chains are covalently end-
grafted on the surface of the inorganic
magnetic material. The resulting brush-like
architecture is most suitable to sterically
stabilize the hybrid particles in proper

Fig. 1: Schematic behavior of the polymer brush
shell in thermoreversible magnetic fluids and
photographs of Fe;0,@PMEMA43 in MeOH

organic solvents and in water without
additional surfactants.

The polymers are selected to show a
critical solution behaviour in the carrier
medium. At a critical temperature T the
solubility of the polymer arms instantly
changes leading to a collapsing or swelling
of the shell (figure 1). Consequently, the
hybrid particles precipitate or become well
dispersible. The thermal transition is
detectable in a shift of the hydrodynamic
diameter (DLS) and in turbidity
experiments (figure 2) [1]. The heat energy
that is necessary to reach T. can be
provided by induction heating of the
magnetic cores [4].

In order to obtain magnetic fluids for many
different applications, we prepared hybrid
materials consisting of Fe;O4- or Co-cores
and a shell composed of polystyrene (PS)
[3], poly(e-caprolactone) (PCL) [2], and
different methacrylates [1].

The synthetic route is based on a
grafting-from approach using a surface
initiated ring opening polymerization and
atom transfer radical polymerization
(ATRP) [1-2]. These controlled
mechanisms allow us to tailore the
polymeric arm length via the molecular
weight by the ratio of initiator to monomer
[3]. We obtained hybrid particles
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Fig. 2: Relative transmittance vs. temperature T of
Fe;04,@PMEMA suspensions in methanol in cloud
point photometry experiments

with different shell thicknesses which have
direct influence on the dispersion
properties of the particles [1].
Thermoreversible  behaviour of  the
prepared magnetic fluids was found in
cyclohexene (PS), methanol and DMSO
(PCL). Also first results of water-based
magnetic fluids with thermal tailorable
stability are received [5].

Depending on the nature of the core and
the polymeric shell, the obtained magnetic



fluids are of high interest for many
applications.

On the one hand they are of use as model
systems for the investigation of
stabilization and relaxation processes and
on the other hand the swelling and
collapsing of the polymer shell is useful for
biomedical applications like drug delivery
or targeting. Separation methods based on
thermosensitive magnetic fluids would
combine the advantage of small single
cored particles with magnetic microspheres
leading to an effective separation of bio-
molecules like DNA or proteins.

[1] T. Gelbrich, M. Feyen, A. M. Schmidt,
Macromolecules (2006) 39: 3460-3472

[2] A. M. Schmidt Macromol. Rapid.
Commun. (2005) 26: 93-97

[3] A. Kaiser, A. M. Schmidt, J. Phys.
Cond. Matter, accepted (2006)

[4] A. M. Schmidt J. Magnetism Magn.
Mater. (2006) 299C: 5-8

[5] T. Gelbrich, A. M. Schmidt,
Magnetism Magn. Mater., submitted
(2006)



Synthesis and biomedical applications of fluorescent function-
alized magnetic nanoparticles as obtained in the miniemulsion
process

V. Holzapfel*, M. Lorenz?, V. Mailander?,
Hubert Schrezenmeier?®, K. Landfester*

! University of UIm, Department of Organic Chemistry 111 - Macromolecular Chemistry and Organic Materials,

Albert-Einstein-Allee 11, 89081 Ulm, Germany

Znstitute of Clinical Transfusion Medicine, Helmholtzstr. 10, 89081 Ulm, Germany

Purpose: As superparamagnetic nanoparticles
are increasingly applied in the biomedical
field, the route of interaction of nanoparticles
with cells and tissues and the uptake of
nanoparticles into cells is getting into focus.
Some variables for this uptake are studied.

Materials and Methods: We therefore synthe-
sized a series of magnetic polystyrene particles
encapsulating magnetite nanoparticles (10 — 12
nm) in a hydrophobic poly(styrene-co-acrylic
acid) shell by a three-step miniemulsion proc-
ess. As a second reporter, a fluorescent dye
(PMI) was integrated. By co-polymerization of
hydrophilic acrylic acid, the amount of car-
boxyl groups on the surface was varied. The
characterization of the latexes included dy-
namic light scattering, TEM, surface charge
and SQUID measurements. For biomedical
evaluation, the nanoparticles were incubated
with different cell types. Further modification
was introduced to the surface of our nanoparti-
cles by covalently coupling lysine to carboxyl
groups

Results: Finally polymerization of the mono-
mer styrene yielded nanoparticles in the range
of 45 to 70 nm. By the miniemulsion process a
high amount of iron oxide was incorporated
(typically 30-40% (w/w)). As hydrophilic
magnetite particles are encapsulated in the
composite particles, there are two interfaces
between the polymer and the hydrophilic mate-
rial, i.e. magnetite particles or the water phase.
Therefore the carboxylic groups do not only
tend to be arranged on the polymer/water-
interface, but also inside the particle on the
polymer/magnetite interface. This explains
why about 30% less carboxylic groups are
found on the surface of the particles compared
to poly(styrene-co-acrylic acid) particles with-
out magnetite (data also shown in Figure 1).
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Figure 1. Surface charge density versus concentra-
tion of acrylic acid for the magnetic particles (the
lines are guides to the eye). The comparison with
the fluorescent particles without encapsulated mag-
netite(10) shows that in the case of the magnetite
containing latexes the carboxylic group on the sur-
face is reduced by about 30%.

Carboxyl groups enabled the uptake of
nanoparticles into different cell lines as dem-
onstrated by the detection of the fluorescent
signal by FACS (see Figure 2) and laser scan-
ning microscopy (Figure 3).

<0 Hela .
- m-- MSC ) TR i)
- Jurkat

O KGla e
e I

Cell uptake (nFL1)

0 2 4 6 8 10 12 14 16
Amount of acrylic acid used in synthesis (%)

Figure 2. Uptake of VHMPM particles in different
cell lines. Different cell lines show similar results
for the uptake of particles with different acrylic acid
contents by FACS. Lines are given as guides for the
eye.



Figure 3. Laser scanning microscopy of HelLa cells.
Cell membranes are stained with RH414 in red and
the particles in green. A) untreated control, B)
particles with 2% of acrylic acid, C) particles with
5% of acrylic acid), D) particles with 10% of
acrylic acid.

The quantity of iron that is required for most
biomedical applications (typically in the range
of 5 to 30 pg/cell) is higher as can be achieved
by functionalization of the nanoparticles with
carboxyl groups. Further increase of uptake
can be accomplished by transfection agents
like poly-L-lysine or other positively charged
polymers which are physically adsorbed on the
particle surface.

The transfection functionality can also be
grafted (and therefore covalently bond) onto
the surface of the nanoparticles. Here, lysine
was bound by the EDC coupling, using sulfo-
NHS as catalyst. C-potential measurements of
the latexes before and after coupling of lysine
show that the coupling was successful: the ¢-
potential after the coupling was more positive
(before coupling: -47.5 mV; after coupling: -
10.9 mV). In addition, the hydrodynamic di-
ameter of the particles was more than doubled
(before coupling: 68 nm; after coupling: 151
nm). Lysine functionalized nanoparticles show
the same dependency of concentration with an
even higher amount of measurable iron content
in these cell cultures (up to 11 pg/cell, Figure
4). This means that the particles with coupled
lysine are best suited for cell uptake.
Furthermore we demonstrate the subcellular
localization of these nanoparticles as they are
clustered in endosomal compartments (see
Figure 5).

pg Felcell

Figure 4. Iron uptake of lysine functionalized parti-
cles (VH3kaLys) and carboxyl functionalized parti-
cles with poly-L-lysine as transfection agent
(VH3ka+PLL). Uptake depends on concentration of
nanoparticles (0.1x equals 7.5 pg nanoparticles/ml,
1x equals 75 pg nanoparticles/ml).
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Figure 5. TEM studies of VH3ka (A and B) and
VH3kaLys (C and D) in MSC. A and B were not
counterstained with lead citrate. The dark spots in A
(arrows) correspond to VH3kaLys in endosomes. C
and D are counterstained with lead citrate and
therefore cell organelles appear darker (white
arrowheads), but still the iron containing VH3ka
(black arrows) can be distinguished. D is a
magnification of C.
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Hydrocarbon-based Thermoresponsive Magnetic Fluids
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Motivation

We present results on the synthesis and
characterization of novel thermoreversible
magnetic fluids based on magnetite (Fe3O4)
coated with a covalently anchored,
polymeric shell of polystyrene (PS). The
core shell-particles referred to as
FesO,@PS form stable dispersions in
toluene and benzene while in cyclohexane
the shell shows a reversible volume
transition at the ®—temperature (~ 34°C).
This behaviour is of interest for the
investigation of basic nanomagnetic
properties as well as for applications in
responsive catalytic or separation systems.

Results

The synthesis is carried out by alkaline
precipitation of Fe3O,4 [1] with a following
functionalization of the surface with
2-bromo-2,2-dimethylpropionic acid as
initiator and a grafting-from atom transfer
radical polymerization (ATRP) of styrene
[2,3]. Dynamic light scattering (DLYS)
results combined with Gel Permeation
Chromatography (GPC) experiments on
the molecular weight of detached
polymeric arms indicate a well defined
architecture with adjustable shell thickness
(s. fig. 1).

While by dispersion of the obtained
magnetic polymer brush particles in
toluene stable superparamagnetic fluids
with magnetite contents up to 3 wt-%
(according to VSM) are obtained,
transferring the core-shell particles into
cyclohexane leads to a thermoreversible
dispersion. This can be attributed to the

occurance of a intensively investigated ©-
temperature in the system PS/cyclohexane
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Fig. 1: Hydrodynamic diameter dy, (DLS) of
Fe;O,@PS-samples vs. molecular weight M,, in
comparison with the theoretical model of Biver et.
al. [3].

that is associated with a volume transition
of the PS chains. [4]. We have shown that
it is possible to explore the volume
transition in the PS shell of diluted
magnetic dispersions of the hybrid particles
close to the ®-temperature with means of
DLS, and we found a concentration-
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independent transition temperature and a
swelling ratio close to 1.5 (s. fig. 2).

Fig. 2: Fes0,@PS in cyclohexane, hydrodynamic
diameter measured at different concentrations and
temperatures



This reversible shell expansion/collapse
results in a less effective stabilzation of the
dispersion, and consequently may cause
predcipitation of the hybrid particles.
Future experimets will show if the effect is
of interest for the examination of
relaxational processes and magnetic
particle interactions, and applications in
switchable catalytic systems will be
investigated.
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Influence of the Gelator Type on Properties of Thermoreversible
Ferrogels

M. Krekhova, G. Lattermann
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Thermoreversible ferrogels have been
prepared by physical gelation of ferrofluids
[1]. Therefore, ferrofluids (Finavestan
AB80B) with paraffine oil as liquid phase,
containing magnetite nanoparticles,
stabilized with oleic acid as a surfactant
have Dbeen synthesised by the co-
precipitation method. As gelators, triblock
copolymers (poly(styrene-block-
poly(ethylene-stat-butylene)-block-
poly(styrene), SEBS) from the series
KRATON G (1650, M,, = 100000; 1652,
My = 79000) have been used. The results
of phase transition investigations and of
transmission electron micrsocopy (TEM)
and rheological measurements of the
ferrogels have been compared with those
obtained for the pure gels obtained from
paraffine oil and the same gelators.

The gel-sol transitions Tg.s of both the
pure gels and the ferrogels have been
determined by the falling-ball method. So,
a simple phase diagram has been
established (Fig. 1). Below a critical
gelator concentration (4 w% for G-1650
and 3w% for G-1652), two-phase systems
of fluid and gel are formed. For gelator
concentrations 4 W% > Cgyelator < 10W%, the
gel-sol transition temperature Tg.s is the
same for ferrogels and pure gels.
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Fig. 1. Gel-sol transition temperature
depending on gelator concentration.

The gels prepared with gelator G-1652 are
softer and have lower Tgs than those
obtained using G-1650.

The structure of gels has been studied
using TEM. It has been found that the
typical diameters of the polystyrene
micelles formed by aggregated polystyrene
end-blocks were 17+1.4 nm for gels with
the gelator G-1650 and 11.2+1.3 nm with
the gelator G-1652, respectively. TEM
micrographs  demonstrate  that  the
magnetite particles (71 nm in diameter)
are preferably located in the “free” paraffin
phase between larger domains, formed by a
several number of single SEBS micelles of
the gelator (Fig. 2).



Fig. 2. TEM micrographs (cryo-cut) for a)
pure gel, stained with RuO, and b)
ferrogel. 5 w% KRATON G-1650. 22 w%
magnetite concentration.

Therefore the magnetite particles make
visible a “negative” picture of the structure
of the micellar domains of the ferrogel,
which was observed in the pure gel as a
“positive” image. The size of the micellar
domains is smaller for gels with the gelator
G-1652.

Rheological investigations of pure gels
and ferrogels with 4-10 wt% gelator
demonstrate that the transition from gel to
liquid occurred at temperatures 55-85 °C
for gels with gelator G-1650 and 35-55 °C
for G-1652, respectively.
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Synthesis and Properties of Co, Fe, Fe/Co Nanoparticles and
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Surface modification for biomedical Application
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During the last years the focus of our work
was the development of Co, Fe and Fe/Co
particles stabilising them in different car-
rier-liquids to produce stable metal mag-
netic fluids with high saturation magnetiza-
tion.

We prepare Co, Fe and Fe/Co nanoparti-
cles via thermolysis of the metal carbonyls
in the presence of aluminum alkyls. Subse-
quent "smooth" air oxidation protects the
metallic or alloyed particles against further
oxidation. [1, 2].

The particles were fully characterized by
electron microscopy (SEM, TEM, ESI),
electron spectroscopy (MIES, UPS, and
XPS) as well as by X-ray absorption spec-
troscopy (EXAFS).

Magnetic fluids (MFs) were obtained via
peptisation of the metallic or bimetallic
magnetic nanoparticles (Fe, Co, and
Fe/Co) by using suitable surfactants the in
different carrier liquids, such as toluene,
kerosene, mineral, vacuum and silicon oils.
The resulting magnetic fluids show high
saturation magnetisation values at low
metal concentrations.

Each concrete application or system needs
a magnetic fluid with special properties.
For high vacuum seals, bearings, brakes,
dampers and other technical equipment it is
necessary to have long time stable mag-
netic fluids with high saturation magnetisa-
tion and low viscosity. In this respect our
metallic and bimetallic magnetic fluids on
the basis of mineral, vacuum and silicon

oils show very interesting and promising
properties.

Our MFs were successfully tested in vari-
ous technical applications, e.g. for brakes
(W. Patzwaldt, Physiklabor, Reutlingen),
positioning systems (N. Bayat, TU-Berlin),
magnetic pump (R. KrauB3, Uni-Bayreuth)
and others.

In view of potential biomedical applica-
tions of these metallic core particles, sev-
eral procedures for surface modification
and the preparation of water based MFs
will be presented.

Water-based MFs for biomedical applica-
tions may be obtained using bi- or polylay-
ers around the particles with the help of
suitable surfactants or phase transfer
agents.

Alternatively, the particle surface may be
modified by amino- or mercapto- groups.
We succeeded to modify the surface of Co,
Fe and Fe/Co-alloy particles by L-cysteine-
ethyl ester. According to IR- and XANES-
spectra SH is the anchoring group whereas
the NH, —groups remain free for further
coupling reactions in order to attach e.g.
Biotin, Streptavidin, and/or antibodies,
resp. linkers needed for various biomedical
applications.

Surface-functionalisation using 3-
aminopropyltrimethoxysilane (APTS) was
also successfully carried out. Amino-
modified particle surfaces are a good basis
to form dendrimers increasing the amount
of NH; —groups. Further, Amino-
modication allows the metallic nanoparti-



cles to be easily coated by dextrans or sil-
ica. Preliminary tests using dextran coated
Co particles for magnetic cell-separations
already showed encouraging results.
Co-microspheres with improved magnetic
properties as compared to magnetite were
produced via the method of oil-in-water
emulsion - solvent evaporation co-
polymerisation. Oil phase was formed from
mixture of methylmethacrylate (or vi-
nylacetate) and divinylbenzene and con-
centrated Co- magnetic fluid in diclor-
methane which could be easily mixed in
monomers. Water phase contains 2,5 %
polyvinylalcogol (PVA 22000). PVA was
employed as a stabilizer in the aqueous solu-
tion to stabilize the droplets.

Fig. 1 and Fig.2 displays obtained magnetic
microspheres and the magnetisation curve.

Fig. 1. SEM micrograph showing Co/poly(MMA.-
DVB) microspheres.

Magnetic Co particles were encapsulated in
poly(vinylacetate-divinylbenzene) and
poly(methylmetacrylate-divinylbenzene )
microspheres resulting in spheres with a
diameter of about 1-3um and 5-15um.
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Fig.2 Magnetisation curve Co/poly(MMA-DVB)-
microspheres

The saturation magnetisation was found to
be 35 Am2/kg, wich is higher than those
reported in similar work with Fe;04 mag-
netic fluid [3].

We have determinated and compared the
surface-functionalisation for different kind
of modified metallic nanoparticles, e.g., by
functionalisation with L-cysteine ethyl
ester and APTS, dendrimers, dextran coat-
ing, as well as obtained particle-polymer
microspheres. These modifications will
allow the modified particles to be used
directly for future biomedical applications
including the binding of bioactive mole-
cules.
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Response of a ferrofluid to travelling stripe forcing
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Introduction

When a critical value of the vertical mag-
netic induction is surpassed, the surface of a
ferrofluid exhibits an array of liquid crests.
This Rosensweig instability [1] has mostly
been investigated with respect to its static
aspects(see[2], e.g.) or under temporal mod
ulation of the magneticfield (see[3], e.q.) or
the gravitational acceleration [4]. Both exci-
tations are homgeneous in space. Recently
these driving modes have been extented by
a particularly smple mode of spatiotempo-
ral forcing, namely a travelling stripe forc-
ing [5]. We apply it for the first time to
the surface of magnetic liquidsin the advent
of the Rosensweig instability. This kind of
magnetic modulation is of high interest in
the immediate vicinity of the instability, be-
cause there, critical scaling laws of standing
and travelling waves have been measured [6].
We report on the amplitude of travelling
waves as afunction of the lateral driving ve-
locity.
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Figure 1: The experimental setup
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Figure 2: The band under the ferrofluid

Experimental setup

The Ferrofluid container is placed inside a
Helmholtz pair of coilswith aconstant mag-
netic field applied perpendicular to the sur-
face. The modulation of the magnetic field
isrealized witha” conveyor belt”, which har-
bours periodically placed iron rods with the
same wavelength as the surface pattern. It is
driven by aeletromotor which allowsto vary
the velocity. Because of the higher suszepti-
bility of theiron, the magnetic field strength
varies along the driving direction. Figure 2
shows a picture of the experiment, which
unveils that the iron rods attract the fluid.
The ferrofluid we use is mark APG 512A
from Ferrotec Co.
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Figure 3: Amplitude of the stripesversusthe
driving velocity at B = 15.6 mT. The solid
linesdisplaysafit by Eq. (1) with Ay = 1.7,
v.=3.1andd = 0.8

Experimetal results

Currently we observe the dynamics of trav-
elling waves. For this we are measuring the
amplitude of the fluid waves in dependency
of the driving velocity. This is done with
a laser reflected on the surface. The wave-
lengthisfixed, sothere existsanative propa-
gation velocity corresponding to the disper-
sion relation. If driving is done with this
velocity, the system is in resonance and the
amplitudeis maximal. Now we can shift the
propagation velocity by varying bias mag-
netic induction via the Helmholtz coils. At
the critical induction for the Rosensweig in-
stability (B, = 15.8 mT) the velocity is pre-
dictedto bezero[6]. For figure 3 B hasbeen
selected to be dlightly smaller than B...
Theamplitude of thetravelling waves passes
through a maximum and decays for higher
band velocities. The response to the spatio-
temporal driving can well be described by
the behaviour of a damped harmonic oscil-
lator

Av) = < ) 1
) \/(U2 — v2)2 4 0242 @

Here A denotes the amplitude, A, the am-
plitude at zero velocity, v the driving veloc-
ity, v.. the critical driving velocity and 4 the

damping. A fit by Eq. (1) isshownin figure
3 asthe solid line.

Measuring the amplitude for different mag-
netic inductions leads to the dispersion rela-
tion of the ferrofluid for subcritical fields.

Further Issues

In future works we want to investigate a
stripe hexagon transition in atilted magnetic
field triggered by the periodically modula-
tion similar to [5]. Also the the hexagon
square transition under such a driving force
isan interesting subject.
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Introduction

We present a general methodology for nu-
merical simulations of the ferrofluid dyna-
mics analyzing the applicability of various
ferrofluid models. We discuss three types
of models which can be used to study re-
magnetization processes in ferroluids:

(i) the simplest ‘rigid dipoles’ model with
magnetic moments “firmly attached’ to
ferrofluid particles (not allowed to
move with respect to particles them-
selves);

(it) the model with discrete orientations of
particle moments relative to particles;

(iii) the model where magnetic moments
can continuously rotate relative to par-
ticles (‘flexible moments’ model), i.e.,
internal magnetic degrees of freedom
are taken into account rigorously.

Validity of various ferrofluid models

Three models listed above are described by
very different systems of stochastic equa-
tions of motions: (i) the ‘rigid dipoles’ mo-
del uses the equations only for the transla-
tional and rotational particles motion; (ii)
the model with discrete moment orienta-
tions within a particle should (in addition
to the equations mentioned above) contain
the rule to calculate the probability of the
moment to ‘jump’ between these orienta-
tions; (iii) finally, the ‘flexible moments’
model includes the Landau-Lifshitz-Gilbert
equations of motion for magnetic moments
with respect to particles.

To find out, for which physical parameters
of ferrofluid particles and external condi-
tions these models can be applied, we com-
pared thermal energy kT and three charac-
teristic energy scales of a ferrofluid:

e Demagnetizing (self-interaction) parti-
cle energy Egen ~ M3V, ;

e Single-particle uniaxial anisotropy en-

ergy Ean - KVm :ﬁMszvm :gEdem'

(here = 2K/Ms? is the reduced anisot-
ropy constant);

e Maximal magnetodipolar interaction
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Fig.1 ‘Phase diagram’ showing the validity regions
of various ferrofluid models

Basing on the above mentioned compari-
son, we have composed the ‘phase diag-
ram’ in co-ordinates ‘particle size - anisot-
ropy’ where the validity regions of each
model mentioned above and the area of
typical ferrofluid parameters are shown
(Fig. 1). The main result of this analysis is



that for most ferrofluids only the ‘flexible
moments’ model provides adequate physi-
cal results.

Physical applications

Using Langevin dynamics simulations we
have studied remagnetization processes of
various kinds in ferrofluids in frames of the
models listed above.

Equilibrium magnetization. Here we could
show analytically (and confirm our result
by numerical simulations) that equilibrium
magnetization properties of a ferrofluid
(like the field dependence of the magneti-
zation M(H)) are the same for all ferrofluid
models discussed in the previous Section.
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Fig. 2 Magnetization time dependence of a ferro-
fluid after an external fiedl has been switched off
for high (upper panel) and low (lower panel) single
particle anisotropy values.

Magnetization relaxation. In contrast to the
equilibrium (time-independent) properties,
relaxation of a ferrofluid magnetization
after an external magnetizing field is swit-
ched off, occurs very differently for models

with rigid and flexible moments (Fig. 2,
upper panel shows the relaxation of a ferro-
fluid with the high single particle magnetic
anisotropy which is equivalent to the ‘rigid
dipole’ case). We have demonstrated that
the influence of the magnetodipolar inter-
particle interaction is also very different for
various ferrofluid models.

AC-susceptibility. Studying the frequency
dependence of the ac-susceptibility we ha-
ve found that for all models the peak of its
imaginary part shifts towards lower fre-
quency with increasing particle concentra-
tion (dipolar interaction strength), but the
shift amount strongly depends on the mo-
del applied. Again, for most practically
relevant ferrofluids correct results can be
obtained only using the ‘flexible dipoles’
model. Detailed discussion of these results
will be given by the presentation.

Particle aggregation in ferrofluids. Using
our fast methods for calculating magneto-
dipolar interaction field, we have simulated
the formation of particle aggregates in an
external field for systems with up to 2-10*
particles. Within reasonable simulation ti-
mes (corresponding to real physical times
~ 107 sec) we could not achieve the system
equilibration, which would manifest itself
in the saturation of the spatial correlation
function of particle positions. We also
could not observe the formation of aggre-
gates more complex than single chains
(e.g., droplets), predicted by some mean-
field based theories. We conclude that fur-
ther increase of the system size and acces-
sible simulation times are necessary to
study these phenomena.

Hydrodynamic interparticle interaction. In
the last part of our contribution we present
analytical formulae which allow to study
the influence of hydrodynamic interaction
on the magnetization dynamics of ferroflu-
ids (including the coupling between trans-
lational and rotational particle degrees of
freedom) and show some preliminary re-
sults of these studies.
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Ferrogels are chemically cross-linked poly-
mer networks that are generated using a fer-
rofluid as a solvent. Just as ferrofluids [1],
ferrogels undergo an instability from an ini-
tially flat surface to a stationary spike struc-
ture, if an external magnetic field applied
perpendicular to the surface exceeds a cer-
tain critical value. In the case of isotropic
ferrogels this critical magnetic field is en-
hanced by the shear modulus of the network.
The wavelength of the critical mode, how-
ever, does not change with respect to usual
ferrofluids at the onset of the instability [2].
For a nonlinear discussion of this instabil-
ity, we extend the previous discussions for
magnetic fluids of Gailitis [3] and Friedrichs
and Engel [4], who used an energy minimiz-
ing method, to media with elastic degrees of
freedom. In addition to the known surface
energy density of ferrofluids we add the con-
tribution due to elasticity. We discuss the
stability of three regular surface patterns:
stripes, squares and hexagons.

Stripes turn out to be never stable with re-
spect to one of the other two regular pat-
terns. At the linear threshold hexagons are
energetically more favorable than squares.
The transition from the flat surface to the
hexagonal pattern for increasing magnetic
fields takes place at a higher threshold than
the back transformation to the flat surface
in case of decreasing magnetic fields. This
hysteretic region shrinks with increasing
shear modulus. For higher magnetic fields
the hexagonal pattern becomes unstable in
favor of squares. Also this transition shows
a hysteresis for the back transformation to
hexagons. With increasing shear modulus

this hysteretic region shrinks.

€— ji2

The figure shows qualitatively (not to scale)
the behavior of the amplitudes of the surface
spikes arising beyond the linear threshold
€ — ito = 0. The amplitudes of the spike pat-
terns are smaller for ferrogels (solid lines)
than for ferrofluids (dashed lines).
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The ferrofluid microstructure is not only
a tasty morsel for theoreticians, but also
is important for the applications. The
particle size and the optical properties of
carrier liquids make the natural studies of
the aggregation processes in 3D samples
difficult, but it is possible to use cryo-
TEM in 2D (in monolayers) [1]. There
it has been found in that 2D ferrofluid
layers inherit a lot of properties from the
bulk samples. In order to investigate the
peculiarities brought by the 2D geometry
into the aggregation processes in ferroflu-
ids we use here a combination of theoret-
ical density functional and molecular dy-
namic computer simulation approaches.
Long-range dipolar interactions in model
ferrofluid monolayers are computed using
a modified P3M algorithm in combina-
tion with a dipolar layer correction. In
comparison to the traditional Ewald sum
methods, this approach allows to handle
with larger systems. The new theoreti-
cal approach for 2D systems describes the
coexistence of chain- and ring-like struc-
tures.

| Code | d,nm [ Lnm [ ¢ | \ET |
A 16 2 0.05 2
B 20 2 0.05 4
C 9 2 [0-004] 0.1

Table 1: System parameters: d,, — the mag-
netic core diameter, [ — the particle nonmag-
netic layer thickness, ¢ — the surface fraction
of particles, A — the coupling constant.

In figures 1 — 4 typical equilibrium snap-
shots are presented for different mixtures
of systems A — C (Table 1) . First we
study the the behavior of the pure system
A (Fig. 1), and pure system B (Fig. 2).
In the system A the interparticle attrac-
tion is two weak to lead to aggregation,
but in the system B chains and ring-like
structures are visible. The appearance of
rings is the consequence of the entropy in
monolayers. Due to the same reason the
average number of particles per chain (V)
in 2D (N ~ 1.6, system B) is larger than
in 3D (see, Ref. [2]) (N ~ 1.2). To under-
stand the influence of small particles we
add system C to systems A and B increas-
ing the concentration of system C from ¢
= 0 to 0.04. In Fig. 3 one can see aggre-
gates in the A C mixture (surface fraction
of small particles — 0.04). Fig. 4 illus-
trates the equilibrium conformation in B
C mixture (for small particles ¢ = 0.04).
The calculation of the average number of
large particles per chain showed no de-
pendence on the small particle concentra-
tion for the mixtures A C, these systems
remain almost nonaggregated. But NV de-
creases for the B C mixture with the in-
crease of the system C portion in the sys-
tem.

The qualitative behavior obtained in the-
ory and simulations is similar to the one
predicted by experiments in Ref. [1]. An
extensive quantitative comparison of the
experimental results to the theoretical pre-
dictions and computer simulations will be
presented.



Figure 1: Simulation snapshot. System A
(see Table 1).
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Figure 2: Simulation snapshot. System B
(see Table 1).

Figure 3: Simulation snapshot. A C mix-
ture (see Table 1, small particle surface
fraction is 0.04).
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ture (see Table 1, small particle surface
fraction is 0.04).
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Motivation

The possibility to control the flow proper-
ties of ferrofluids by means of a magnetic
field opens numerous possibilities in fluid
mechanics research. Heat and mass transfer
phenomena in fluids in general and con-
vection phenomena in particular have been
a topic in fluid mechanics at all times. Due
to the additional magnetic force in ferroflu-
ids it is possible to control the convection,
especially the critical temperature differ-
ence when the transfer of heat changes
from diffusion to convective flow. This
kind of convection which is dependent on
temperature difference and magnetic force
is called thermomagnetic convection. It can
be described by the magnetic Rayleigh-
Number. First experiments in this field
were made by L. Schwab [1].

Previous investigations have shown [2] that
the critical temperature difference of ther-
mal convection in a horizontal fluid layer
depends on the geometric and thermal
boundary conditions of the systems. For
such thermal convection systems the driv-
ing force is constant in time. However, the
behaviour in such a system changes dra-
matically if the driving force is periodically
modulated in time. Former investigations
predicted that the critical temperature of
thermal convection is dependent on the
frequency of the driving force [3].

In the case of pure thermal convection the
driving force results from density differ-
ences in the fluid forced by the temperature
gradient. The influence of a temporal peri-
odically modulated driving force on ther-
mal convection was theoretical investi-
gated in the end of the 60°s [4, 5, 6]. The
experimental realisation of a situation

where thermal convection is subjected to a
time variable driving force fails due to im-
mense technical problems risen by the fact
that either the temperature gradient or
gravitational acceleration would have to be
modulated with frquencies in the order of
1Hz.

In contrast thermomagnetic convection is
driven by the mentioned magnetic force
which is created by an external magnetic
field. This field can easily be modulated in
time leading to the required time dependent
driving force.

Experimental setup

The experimental set up is designed to
measure the heat flux through a horizontal
ferrofluid layer and to modulate the gener-
ated magnetic field.

An advanced Helmholtz coil arrangement
is used to generate the magnetic field
(fig.1). Two additional coils are fixed to
the common Helmholtz arrangement ex-
tending the area of homogeneous field in
the center of the coils. The area which is
useable for experiments has a diameter of
350 mm and a height of 100 mm. The ho-
mogeneity in this region is in horizontal
direction better than 0.5 % and in vertical
direction on a height of 10 mm better than
0.1 %. In the homogeneous area it is possi-
ble to generate a magnetic field with a
strength of up to 25 kA/m. For the tempo-
ral variation of the field strength a fre-
guency synthesiser is connected to the coil
arrangement. The synthesiser is designed
for frequencies between 0 and 10 Hz.



flg 1. Fanselau arrangement to generate a magnetc
field strength up to 25 kA/m

The measuring cell for detecting the heat
flux in the horizontal layer consists of an
upper and a lower temperature chamber
which applies a global heat flux (fig.2).
The temperature chambers have been
flown through by tempered water. It is pos-
sible to generate a temperature difference
up to 65 K.
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fig. 2: Measuring cell to determine the heat flux by

using thermistors for temperature measuring.

Between the two temperature chambers a
horizontal gap filled with ferrofluid is lo-
cated. The gap is 4 mm high and the di-
ameter is 88 mm, leading to an aspect ratio
of 22. If the aspect ratio is larger than 15
the influence of the vertical gap boundaries
are insignificant. The gap is bounded by
two copper plates. The copper has a heat
conductivity of 378 W/Km.

For the measurement of the temperature
differences between the plates it is impor-
tant to determine their average tempera-
ture. Temperature differences in the fluid

\\L ,' Waterbath

influenced by the convection flow are
equalized in the surface zone of the copper
plates due to the high heat conductivity of
copper. The temperature distribution in the
plates is thus homogenous in the region
where the measuring sites are located.
Thermistors with a temperature resolution
of 0.01 K are used to measure the tempera-
ture in three vertically spaced positions in
the copper plates (fig.2). The temperature
difference of two points is used to calculate
a temperature gradient. By extrapolation
using the gradient and the temperature on
one point one can obtain the surface tem-
perature.

Finally the heat flux through the horizontal
ferrofluid layer influenced by the modu-
lated magnetic field can be calculated by
using the measured temperature difference
and the fluid properties.
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Introduction

Ferrogels are an interesting class of new in-  into an aluminium mould. The ferrogel has
telligent materials that arise as a combina- @ density ofp = 1.006 g/cm? and is super-
tion of soft matter and ferrofluids [1]. In  Paramagnetic (see figure 2). To minimize
contrast to merely combining the proper-
ties of both materials, they also exhibit new
gualitative behaviour: because of the cou-
pling of the magnetic particles to the gel
network, they can convert a magnetic stress
into a mechanical force. Macroscopic defor-
mations have only been observed in gradient
magnetic fields so far [2], because this ef-
fectis much larger than in uniform fields [3].
However, theoretical estimates of the elon-
gation of a magnetizable, elastic sphere in
a homogeneous magnetic field date back to  Figure 2: Magnetization curve of the ther-
1960 [4]. moreversible ferrogel sample.
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the influence of gravity on the shape, the
ferrogel ball is immersed into water and ob-
served laterally by a CCD camera. The con-
tour of the sample is locally fitted with a
circular arc to determine its position. The
sample reveals elastic, anelastic and plas-
tic deformation typical for gels. A pulse
technique is utilized to measure only the
truely elastic contribution to the elongation,
where the ball is given subsequent magnetic
“kicks” of increasing strength. To mea-
sure the Young modulus of this truely elas-
Figure 1. Sphere made of a thermore- tic deformation, a cylinder of ferrogel is de-

versible ferrogel and suspended in water. formed mechanically with different veloci-
_ ties, and the pure elastic contribution is ex-
Experimental Methods trapolated from the force exerted by the gel.

We produce a spherical sample of a ther-
moreversible ferrogel [5] by casting the gel
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Figure 3:Elongation of a ferrogel ball in re-

sponse to a pulse of a spatially uniform mag-
netic field.

Results

The response of the ball to a magnetic kick
is shown in figure 3. The relative elonga-
tion is defined bye = (D(B) — Dy)/ Do,
where D(B) is the diameter of the sample
in the direction of the magnetic field and
D, its undistorted size. The elongation as
a function of the magnetization is then com-
pared to the models by Raikher [6] and Lan-
dau [4]. Both predict the dependence of the
relative elongatiore on the magnetization

M to be A2
R (1)

wherer = {=(2) for Landau’s (Raikher’s)
model, respectively. We find in fact a linear
relation betweerr and M? (see figure 4),
but with a different constar.

In summary, we propose a simple testbed
for the magnetoelastic response of ferrogels.
Preliminary results indicate, that the com-
plex elasticity of this new kind of smart
material has to be taken into account for a
proper theoretical description.
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Introduction

One of the hallmarks of isotropic systems
is the possibility to bifurcate subcritically
to hexagons from an unstructured ground
state, which is due to the interaction of
three degenerate wave numbers [1]. The
situation is structurally unstable, however:
The smallest perturbation of this symmetry
acts as a singular perturbation and will lead
to a qualitatively different instability,
namely, a primary bifurcation to stripe like
pattern. As a specific example, an
asymmetric realisation of the Rosensweig
instability [2] has recently been

investigated in theory [3] and experiment
[4]. Different surface patterns were
observed, comprising regular hexagons
(see Fig.la), anisotropic hexagons and
ridges (b).

Figure 1. Hexagons (a) and ridges (b) on
the surface of a ferrofluid.

Here we investigate transitions between
these patterns under variation of the field
components. The surface topography is
quantitatively characterized via help of a
radioscopic technique. This enables us to
present the proper phase diagram for the
tilted field instability. Moreover, we report
a new effect: the reorientation of the
hexagonal pattern under an increasing
tangential field component.
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Figure 2: Scheme of the experimental setup
with the two Helmholtz pair of coils for B,
and B

Experimental setup

By means of two pairs of orthogonal
Helmholtz coils we are able to apply a
vertical and a horizontal magnetic
induction, denoted by B, and By,
respectively. A rectangular vessel is
brimful filled with magnetic fluid, and is
placed in the centre of the coils. An x-ray
tube is mounted above the center of the
vessel at a distance of 1606 mm, in order
to provide an almost parallel beam. The
radiation transmitted through the fluid
layer and the bottom of the wvessel is
recorded by an x-ray sensitive photo diode
array detector with a resolution of 16 bit.
The full surface relief can then be
reconstructed with a resolution of 1 um
from the calibrated radioscopic images.
For more details of this technique see [5].

Experimental results

Varying B, for certain B, we have mapped
the stability regions of (stretched) hexa-
gons and ridges in the full parameter plane.
The outcome is in agreement with the
theoretical predictions [3]. However,
unpredicted behaviour was found, by
setting B, to an overcritical value and
increasing By from zero. Figure 3 shows a



Figure 3: Series of surface reliefs taken via
radioscopy and the corresponding 2D
Fourier transforms. By increases from 1.3
mT (a) via 3.8 mT (b) to 5.3 mT (c).

sequence of three radioscopic surface
reliefs unveiling a new type of transition.
Starting at regular hexagons (Fig.3 a) the
pattern rearranges under increase of By (b)
until the hexagons are eventually “flipped”
to a new orientation (c), as seen as well in
Fourier space. Figure 4 gives the nomen-
clature of the different modes before and
after the transition.

Figure 4: The hexagonal mode before (B)
and after (A) the transition, and the
transversal (T) and longitudinal (L) modes.

Obviously the primary orientation of the
hexagonal mode (B) is not in accordance
with the finally dominating longitudinal
mode (L), which gives rise to the
transition. The evolution of the amplitudes
of the four different modes is plotted in
Fig. 5. The modes B (dashed) and T
(dashed-dotted) are decaying under
increase of By whereas L (solid) is
increasing. After a sudden collapse of B
and T at B, = 5.5 mT we observe a short
flare of A (dotted), until only the mode L
remains. This final state consists of plain
ridges, as shown in Fig.1b).

0,84
0,6
0,44

0,24

amplitude (mm)

0,0

Figure 5: The evolution of the amplitudes
B (dashed), T (dashed-dotted) L (solid) and
A (dotted) under increase of By.

The competition between the different
pattern can well be characterized by a
weakly nonlinear analysis, based on a
system of four coupled amplitude
equations, describing the evolution of the
modes B, T, L, and A, which will be
presented in detail.
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By doping nematic Liquid Crystals, which
mainly behave diamagnetic, with Ferroflu-
ids the so called Ferronematics will be ob-
tained. Ferronematics showing special
magnetic and optical properties which are
well described.

Paramagnetic Metallomesogens usually
don’t show a nematic phase rather a smec-
tic A phase. By doping such paramagnetic
Metallomesogens with Ferrofluids a rather
strong increase of the magnetic anisotropy
appeared which can be stored below the
liquid crystalline state, e.g. at room tem-
perature. The external magnetic field
strength needed to align the doped system
is rather weak compared to the non doped
system. The strong increase of the mag-
netic anisotropy is a consequence of the
coupling of the magnetic properties of the
host with them of the guest. The coupling
depends on the orientation of the major
axes of the paramagnetic Metallomesogen
with respect to the external magnetic field.
Several examples will be presented both
with the paramagnetic anisotropy parallel
or perpendicular to the long axes of the
paramagnetic Metallomesogen.

To study such effects the magnetic behav-
ior of the used Ferrofluids above room
temperature must be investigated. By doing
so we found an increase of the magnetic
moment with increasing temperature for
the Ferrofluids. This behavior will be ex-
plained.

Furthermore first results on the study of the
Magnetic Circular Dichroism (MCD) of
Ferrofluids will be presented. The experi-
ments were done by using a CD spectrome-

ter in the wavelength range between 250
nm and 800 nm for different Ferrofluids
dispersed in hexane or water. By doing so,
the concentration of the dispersions and
the external field strength has been
changed.
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Ferrofluids are colloidal suspensions of nano-
particals with permanent magnetic moments.
In recent years groups investigated in theory

[1-3] and experiments [4—6] the clustering

and formation in ferrofluid under the influ-

ence of external magnetic fields. In our first

measurements [5,6] we studied the behavior

of a surfacted ferrofluid in magnetic fields

up to 250 mT with Raman spectroscopy.

In our recent experiments we investigated
the aggregation/disaggregation of magnetic
nanoparticals in an ionic ferrofluid, especially
with a volume fraction of 1 vol%. Evidence
for changes in concentration and the size of
the clusters in the fluid we obtained from
the variation of the Raman intensity. The
main Raman signal is obtained from the car-
rier medium water. In a time window from
20 s to 10 min we observed the change of the
Raman signal of the carrier liquid at various
temperatures from 7 to 60 °C and magnetic
fields up to 350 mT.

We observed the static behavior of the fer-
rofluid in external fields. In this case we
measured the Raman signal of the fluid af-
ter 5 min in an increasing magnetic field.
Here we obtained a different behavior for
fluids having been exposed to an external
magnetic field or not having been exposed.
Another effect is the increasing Raman sig-
nal for fields > 50 mT after decreasing for
fields up to 50 mT. The reason for the in-
crease is the building of bigger structures
and the change in scattering volume (Mie
Scattering [7]).

In the second part of our experiment we in-

vestigated the intensity changes in steps of
20 s upon the field turning on or off. Here
we observe a multi exponential dependence,
representing the sum of the individual pro-
cesses in the fluid after changing the field.
The fastest and dominant part is the local
density change in the light focus. The other
parts are the aggregation and disaggregation
of clusters in the ferrofluid. The behavior
of the ferrofluid Raman signal has critical
points at room temperature and an external
field of 50 mT.
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The magnetic properties of polydisperse fer-
rocolloid suspensions determined from ex-
periments [1] have been used to assess crit-
ically the predictions of analytical theories
and computer simulations.

Various analytical theories have been used
to extract the parameters of the particle-size
distribution

_ o oxp (/o)
p(e) = r5 M (o + 1)

from experimental measurements of the mag
netization curve M (H ), where M is the fluid
magnetization and H is the applied magnetic
field. A key requirement of a successful and
consistent theory is that the fitted parame-
ters of p(z) are independent of the ferrofluid
concentration; it is shown that of all the avail-
able theories to date, only the second-order

modified mean-field theory (MMF2) put for-

ward by Ivanov and Kuznetsova [2] satis-

fies that criterion. From data for a kerosene-

dispersed magnetite ferrofluid [1] we find

that o = 1.2266 nm and o = 4.95176.

(D

To confirm the validity of the MMF2 ap-
proach, comparisons are made with new re-
sults from canonical (NV'T) Monte Carlo
simulations [3] of polydisperse hard spheres

and NV'T Langevin molecular dynamics sim-
ulations [4] of polydisperse soft spheres. Care-

ful attention has been paid to the discretiza-
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Figure 1: Discretized particle-diameter dis-
tribution for N = 500 particles (bars), cor-
responding to p(x) with zy = 1.2266 nm
and o = 4.95176 (solid line).

tion of the particle-diameter distribution, so
as to preserve the moments of the ‘exact’
distribution (1) within an error of less than
1%. An example of a discretized distribu-
tion containing N = 500 particles in nine
fractions is shown in Fig. 1.

The simulation results provides a stringent
and direct test of the theory for a well-defined
interaction potential and a specific distribu-
tion of particle sizes, while the comparison
with experiment should emphasize the reli-
ability of the simulation model (dipolar soft
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Figure 2: Magnetization curve — M (H) -
for a kerosene-based magnetite ferrofluid
with saturation magnetization equal to
25.3 kA m~!: experiment [1] (solid points);
Monte Carlo simulation (open points).

spheres or hard spheres). Essentially perfect
agreement between experiment, theory, and
computer simulation is demonstrated, fully
validating the MMF?2 approach and the sim-
ulation models. An example of the agree-
ment between simulation and experiment is
shown in Figure 2.

Theory and simulation can also be used to
investigate the microscopic characteristics of
ferrofluids [3,5], yielding unique insights on
the origins of the bulk properties. A snap-
shot from simulations of a polydisperse fer-
rocolloid is shown in Figure 3.
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Introduction

The Rosensweig or normal-field instability
on the surface of a ferrofluid is well
known. A hexagonal pattern of liquid
spikes emerges in a normal magnetic field
when a certain threshold of the magnetic
induction is surpassed [1]. Recently a sta-
ble solitary spike was found in the hyster-
etic regime of this instability [2]. It can
easily be generated by a local perturbation
of the surface or the magnetic induction.
Due to its solitary nature a lateral observa-
tion of its growth dynamics is not hindered
by surrounding spikes. We perform time
resolved measurements of its amplitude
and compare them with the predictions of
the growth rate of the standard Rosensweig
instability.

Experimental Setup

A circular Teflon dish of diameter of 120
mm and depth of 2 mm is brimful filled
with the magnetic fluid EMG 901 from
Ferrotec. The dish is placed on the com-
mon axis midway between two Helmholtz
coils. For a controllable perturbation of the
magnetic induction, a small air coil with
inner diameter of 6 mm was positioned
under the center of the vessel. This allows
to increase the magnetic induction locally.
At first the magnetic field of the Helmholtz
coils By is switched on to a subcritical in-
duction, which lies inside the hysteretic
regime of the Rosensweig instability, rang-
ing from 8.62 mT to 9.47 mT. Then a local
magnetic pulse B, of the air coil, added at
time t = 0 ms to the uniform field, produces
a single stationary spike of fluid. Its growth
is recorded with a high-speed camera with
a time resolution of 1 ms (see figure 1),
from which time resolved amplitude curves
are extracted. Several series with different

magnitudes of the local perturbation B, for
various fields of the Helmholtz coils By
were performed. Figure 2 shows an exam-
ple of such a series.

e
Adh

Figure 1. Growth of a solitary spike on a
ferrofluid surface. The time interval be-
tween consecutive pictures is 25 ms.
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Figure 2: Temporal evolution of the ampli-

tude of solitary spikes for a magnetic field
of the Helmholtz coils of By = 8.93 mT and



local perturbations from B = 1.06 to 1.40
mT, increasing from right to left curves.
The inflection points of the curves are
marked by filled circles.

Results

For a quantitative description of the growth
behaviour of the spikes we have a look at
the inverse time of the inflection point t *
of their amplitude curves (figure 3a) and
the slope s at that point (b), as extracted
from figure 2.
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Figure 3: a) Inverse time and b) slope of
the inflection points of the amplitude
curves in figure 2. The solid lines are fits to
the data (see text).

The data points for the inverse time in fig-
ure 3a are monotonously increasing and
can well be fitted with

t'=a- /B -B_ +b-(B.-B,) (1)

which leads to the critical magnetic induc-
tion B¢ of the local field for the applied
induction of the Helmholtz coils By. The
parameters a and b give information on the
shift of the inflection point in dependence

of the applied local perturbation B, where
b is nearly zero for all fields of the Helm-
holtz coils By and a is slightly linear de-
creasing for higher fields By. Note that (1)
is in accordance with the scaling law for
the growth rate of the standard Rosensweig
instability [3].

The slope at the inflection point, as shown
in figure 3b, can be described by a linear
function s = s + m-B.. The offset so shows
the maximal slope during the growth of the
spike when no additional field is applied
and therefore the growth is unforced. This
maximal slope raises linear with the mag-
netic induction of the Helmholtz coils By
and is negative for magnetic fields smaller
than the lower threshold of the hysteretic
regime of the Rosensweig instability. That
means that a deformation of the surface is
not growing but decaying. The parameter
m is nearly constant for different magnetic
inductions B.

Moreover we will present a phase diagram
(BL versus By) for the existence of solitary
spikes, which can be obtained from the
fitted parameter By ¢ in (1).

To conclude we have quantitatively de-
scribed the growth dynamics of solitary
spikes. Recently solitary spikes have been
found as well in numerical computations
[4]. It remains to be investigated whether
the scaling law (1) can also be reproduced
there.
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Instabilities in magnetic fluids (MFs) have
had a long history with the most eye-catching
phenomenon being the normal field or Rosen-
sweig instability [1]. When a critical value
B, of the vertical magnetic induction is sur-

passed, static liquid peaks arranged in a hexag-

onal pattern are rising on the free surface of
the fluid.

A linear description of the Rosensweig in-
stability is amenable in theory, but restricted
to small amplitudes. In experiments they
can be observed only for a very short time
during the increase of the pattern of ridges,
which bifurcate supercritically. Thus a new
pulse technique has been developed and ap-
plied [2,3].

The ground state of a pattern forming sys-
tem is subjected to small disturbances in or-
der to study its stability. Generally it is as-
sumed that in the linear stage of the pattern
forming process the wave number with the
largest growth rate will prevail. The growth
rate of that mode is the last remaining quan-
tity which has not been measured and com-
pared to the theoretical results. This work is
devoted to fill this gap and presents theoret-
ical, experimental and numerical results for
the maximal growth rate.

Theory

A horizontally unbounded layer of an incom-
pressible, nonconducting, and viscous mag-
netic fluid of thickness h and constant den-
sity p is considered. It is assumed that the
magnetisation M of the magnetic fluid de-

pends linearly on the applied magnetic field
H, M = (ju, —1)H, where j, is the relative
permeability of the fluid.

All small disturbances from the basic state
are decomposed into normal modes, i.e., into
the form exp[—i(w t—¢'7)], where 7' = (z, y)
and the wave number is the absolute value
of the wave vector, ¢ = |¢]. With w = w; +
iws, the real part of —iw, wy, is called the
growth rate and defines whether the distur-
bances will grow (ws > 0) or decay (w2 <
0). Carrying out the linear stability analysis
leads to the dispersion relation, w = w(q),
whose maximum ws ,,, denotes the maximal
growth rate.

For a more appropriate comparison with the
experiment, the maximal growth rate is also
calculated if a nonlinear law of magnetisa-
tion is taken into account.

Experiment

The experimental setup is shown in figure 1.
A cylindrical vessel with an edge machined
from Teflon is brimful filled with the MF
and situated in the center of a Helmholtz
pair of coils. A camera is positioned above
the vessel for optical observation. For mea-
suring the temporal evolution of the surface
amplitude we take advantage of the local vari-
ation of the magnetic field, which is increased
immediately beneath a magnetic spike and
reduced beneath the inter-spike area. In or-
der to measure these local variations a linear
array of 32 Hall sensors was mounted below
the bottom of the dish. In this way line scans



with a frequency up to 7 kHz are possible.
This time resolution makes the method suit-
able to measure the growth rate of the pat-
tern evolution.

CCD camera E

X

Magnetic
fluid

Helmbholtz coil

Figure 1: Sketch of the experimental setup.

Numerics

The numerical simulations of the Rosensweig
instability is based on the coupled system of
the Maxwell equations, the Navier-Stokes
equation, and the Young-Laplace equation
which describes the force balance at the un-
known free surface. In an extension to ear-
lier calculations a nonlinear magnetisation
curve is taken into account [4]. For the sim-
ulations a bounded domain in the form of a
hexagon is chosen in such a way that it con-
tains just one peak. The bounds in vertical
direction are assumed to be far away from
the free surface.

Primarily Results

The maximal growth rate obtained via the
different approaches is plotted in Fig. 2. The
open squares give the experimental values.
The best fit for those data using the approx-

imation cl\/g + Czé yields ¢ exp = 1.55
and ¢y exp = —1.07 (thick solid line). Using
a linear law of magnetisation and an infinite
thickness of the layer, the dashed line shows
the theoretical result with ¢; ~ 1.35 and
¢y ~ 2.93. The results with a nonlinear law
of magnetisation and a finite thickness of
h = 5 mm are indicated by the long-dashed
line. From numerical simulations the result-

ing growth rate is given by the filled trian-
gles with the thin solid line as guide for the
eye. The reasons for the remaining devia-
tions are discussed.
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Figure 2: Plot of the scaled maximal growth
rate ws , versus the scaled induction B for
the magnetic fluid EMG 909. For details see
text.
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The Rosensweig instability is a well-known
phenomenon shown by ferrofluids in uni-
form magnetic fields. The instability organ-
ises the fluid-air interface into spatially pe-
riodic patterns in the plane, taking the form
of parallel ridges, squares or hexagons. Re-
cently, a new equilibrated surface state in
the form of a solitary pattern was discov-
ered experimentally, [1]. A soliton-like sur-
face configuration was generated on the fer-
rofluid layer in the hysteretic regime of the
Rosensweig instability. This surface config-
uration can be interpreted as an additional
stable state beside the flat surface and the
fully developed pattern.

Modeling

We consider a semi-infinite ferrofluid layer
in a uniform magnetic field of intensity H,
directed perpendicular to the flat surface.

In a uniform magnetic field the ferrofluid
surface develops into a stationarystate of
a finite amplitude which has no sustained
fluid motion. This allows to describe the
Rosensweig phenomenon as a ferrohydro-
static problem with unknown free surfaces,
see [2]. The equilibrium of forces is
given by the coupled system of Maxwell’s
equations and the magnetically-augmented
Young-Laplace equation. The constitutive
law in the Langevin form is applied.

In the case of a fully developed pattern, we
restrict the computational domain to a sin-
gle cell of the hexagonal pattern [3,4] or to a
circular cell approximation [5]. Periodicity
boundary conditions are specified at the cell
boundaries. In our calculations the wave-
length acts as an input parameter which we

fix to its values A, from the onset of the in-
stability, defined by the linear stability anal-
ysis in [2].

To resolve numerically a solitary pattern we
consider an enlarged computational domain
such that it covers a multiple of the pattern
wavelength. Since the domain extends far
from the peak region, boundary conditions
corresponding to a flat surface are used. The
wavelength is no more an input parameter of
the model but can be estimated from numer-
ical results.

Numerical treatment

Different numerical algorithms were elab-
orated to model the Rosensweig instability
both in two-dimensional axisymmetric and
fully three-dimensional cases [3—-6]. The
coupled problem is iteratively splitted into
two subproblems, one for calculating mag-
netic field with a given interface position
and the other for determining the interface
location for a given field configuration. We
combine finite element and finite difference
methods to discretise the governing equa-
tions. Fixed-point iterations for linearisation
are performed while the linearised systems
are solved iteratively. It is worth to mention
that the result of the outer iterations, starting
from a given interface position, calculating
the magnetic field, and determining a new
position of the interface, depends strongly
on the initial surface deformation. As a re-
sult, the coupled problem can have several
solutions.

The initial local field perturbation applied in
the experiment for a soliton generation is re-
placed in numerical simulations by an initial



surface deformation.

Results

Numerical simulations of the fully devel-
oped pattern for the ferrofluid EMG 901
give a hysteretic range 8.6 < Hy < 9.1
kA/m, see figure 1. After getting a soliton as
an equilibrium surface shape for Hy = 9.0
kA/m, we resolve a whole family of solitary
configurations by increasing and decreasing
the strength of the applied field with a step
size of 0.01 kA/m, see figure 1.
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Figure 1: Dependence of the peak height
upon the applied field.
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Figure 2: Soliton shapes for Hy={8.6, 8.8,
9,9.2,9.4,9.6} kA/m, axisymmetric model.

The numerical results shown in figure 1
agree qualitatively with experimental re-
sults, see [1, Fig. 3]. At the same field

strength, a soliton has a higher amplitude
than a peak in the pattern. An increase of
the field strength results in an increasing
height of a soliton, while for the decreas-
ing field the peak amplitude decreases. Fig-
ure 2 displays soliton shapes for different
values of the applied magnetic field. We
see that a stronger intensity of the mag-
netic field results in a higher peak ampli-
tude and a deeper circular hollow around the
soliton. Soliton configurations are experi-
mentally observed within the bistability in-
terval with a sudden transition to the fully
developed Rosensweig pattern for the field
Hy =~ H.+ 0.02 kA/m, slightly stronger
than the critical one. Results of numerical
calculations predict an existence of soliton
configurations in a wider range of field in-
tensities, see figure 1. This numerical find-
ing should be further studied.
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Magnetization of rotating ferrofluids: the effect of
polydispersity
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Institut fiir Theoretische Physik, Universitit des Saarlandes, D-66041 Saarbriicken, Ger-
many

The influence of polydispersity on the magnetization is analyzed in a nonequilibrium sit-
uation where a cylindrical ferrofluid column is enforced to rotate with constant frequency
like a rigid body in a homogeneous magnetic field that is applied perpendicular to the
cylinder axis. Then, the magnetization and the internal magnetic field are not longer
parallel to each other and their directions differ from that of the applied magnetic field.
Experimental results on the transverse magnetization component perpendicular to the ap-
plied field are compared and analyzed as functions of rotation frequency and field strength
with different polydisperse Debye models that take into account the polydispersity in dif-
ferent ways and to a varying degree.



Charakterisierung magnetischer Nanoteilchen durch Analyse der
Magnetisierungs- und Relaxationsdynamik mit Fluxgate-
Magnetometern
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Magnetische Nanopartikel (MNP) finden
eine breite Anwendung in verschiedenen
Bereichen der Medizin und Bioanalytik.
Dabei unterscheiden sich die Anforderun-
gen an die MNPs von Anwendung zu An-
wendung stark: Flr die Kernspintomogra-
fie werden beispielsweise eher kleine Par-
tikel benotigt, wahrend beim ,,magnetic
drug targeting® und der magnetischen Se-
paration groRere Teilchen erforderlich sind.
Bei der magnetischen Hyperthermie und
beim Magnetrelaxations-Immunoassay
(MARIA) sind MNPs mit einer schmalen
GroRenverteilung um einen optimalen
Wert erforderlich.

Wie Eberbeck et al. [1] als auch Ludwig et
al. [2] demonstriert haben, ist die
Magnetrelaxometrie ein Verfahren, das
eine schnelle und zuverl&ssige Charakteri-
sierung von MNPs erlaubt. Dartiber hinaus
ermoglicht die Magnetrelaxometrie auch
eine Quantifizierung des Aggregations-
verhaltens der MNPs [3]. Die Aggregation
kann insbesondere fir in-vivo Anwendun-
gen ein ernsthaftes Problem darstellen.

Die Analyse von Magnetrelaxationskurven
und die Extraktion von Parametern der
MNP-Probe erfolgt dabei im Rahmen des
so genannten Momentensuperpositionsmo-
dells (MSM), das wechselwirkungsfreie
Partikel mit i.a. kugelférmigen Kernen
betrachtet. Flr die GroRenverteilung der
Kerne wird von einer logarithmischen Nor-
malverteilung f(x, o) ausgegangen, wobei u
der geometrische Mittelwert und o die ge-
ometrische Standardabweichung sind.

Die Verwendung von Fluxgates im Ver-
gleich zu SQUIDs als Magnetfeldsensoren
bietet dabei den Vorteil, dass Absolutwerte
des Magnetfeldes und nicht Feldanderun-

gen gemessen werden und dass der gesam-
te Magnetisierungs- und Relaxationszyklus
gemessen und analysiert werden kann.
Es wurden Messungen des Magnetisie-
rungs-Relaxations-Zyklusses an verschie-
denen verdlnnten, gefriergetrockneten
Magnetit-MNP-Proben durchgefiihrt und
im Rahmen des MSM analysiert. Die Mes-
sungen wurden mit einem differentiellen
Fluxgate-Aufbau durchgefiihrt, der auch
Messungen ohne jegliche magnetische
Schirmung zuldsst [4].
Abb. 1 zeigt das zeitliche Verhalten des
Aufmagnetisierungsprozesses flr verschie-
dene Werte der Magnetisierungsfeldstarke.
Um die Unterschiede der einzelnen Kurven
hervorzuheben, wurden die einzelnen Kur-
ven auf den jeweiligen Wert bei 20 s nor-
miert. Das , Auffachern” der einzelnen
Kurven reflektiert die Abhadngigkeit der
Néel-Zeitkonstante zy vom Magnetfeld und
von der Anisotropiekonstante K. In Abb. 2
ist der beste mit dem MSM berechnete Fit
dargestellt.
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Abb. 1: Normierte Zeitabhéngigkeit des
Probensignals flr den Magnetisierungspro-
zess aufgenommen fur verschiedene Mag-
netisierungsfeldstarken.
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Abb. 2: Mit dem MSM berechnete Zeitab-
hangigkeit der normierten Magnetisie-
rungskurven.

In Abb. 3 sind die fir verschiedene Magne-
tisierungsfeldstarken gemessenen, auf den
jeweiligen Wert vor dem Abschalten des
Magnetisierungsfeldes normierten Relaxa-
tionskurven gezeigt. Das beobachtete
Kreuzen der einzelnen normierten Kurven
kann durch das MSM durch geeignete
Wahl der Parameter x4, o und K erklart
werden und ist ein Ergebnis der Abhéngig-
keit der Néel-Relaxationszeiten zy der ein-
zelnen MNPs vom Magnetfeld und vom
Winkel zwischen deren magnetischen
Momenten m und dem angelegten Magnet-
feld H [2]. Es zeigt sich, dass — Uber die
Analyse einer einzelnen Relaxationskurve
hinausgehend - die Abhéngigkeit der
Magnetisierungs- und Relaxationskurven
von der Magnetisierungszeit und der Mag-
netisierungsfeldstarke wertvolle Informati-
on zur eindeutigen Bestimmung der Gro-
Renverteilung der MNP-Kerne als auch der
Anisotropiekonstante enthalt.

Die aus den Magnetisierungs- und Relaxa-
tionskurven erhaltenen Probenparameter
werden mit den aus statischen Magnetisie-
rungs-, ac-Suszeptibilitats-, rasterelektro-
nenmikroskopischen und PCS-Messungen
erhaltenen Werten verglichen. Unterschie-
de der Parameter sollen zur weiteren Ver-
feinerung des MSM, insbesondere der Ab-
hangigkeit der Néel-Zeitkonstante zy vom
Magnetfeld und der Anisotropieenergie
K-V, verwendet werden. Kombiniert mit
einer Verfeinerung des MSM bietet ein
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Abb. 3: Normierte Relaxationskurven auf-
genommen fir verschiedene Magnetisie-

rungsfeldstarken nach 2s Magnetisie-
rungszeit.

fluxgate-basiertes System zur Messung der
Magnetisierungs- und Relaxationsdynamik
von MNPs eine effektive, kostenglnstige
und schnelle Methode zur Charakterisie-
rung von magnetischen Nanoteilchen, ins-
besondere hinsichtlich deren Einsatz fur
biomedizinische Anwendungen.
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Rodlike Magnetic Core Shell Particlesas Model System
for Lyotropic Liquid Crystals

C. Markert, J. Wagner, R. Hempelmann

Physical Chemistry, Saarland University, D-66123 Saadken

Silica coated colloidal particles bearing a
magnetic moment are interesting model sys-
tems for the investigation of the structural
and dynamic response of mesoscale struc
tured colloidal suspensions to weak mag-
netic interactions [1, 2]. Such particles can
be prepared with a polydispersity signifi-
cantly smaller than the one of conventional
ferrofluids. Due to the silica shell with neg-
ative surface groups, in addition, a predom-
inant repelling electrostatic repulsion pre-
vents the formation of agglomerates. Com-
pared to spherical core-shell particles, the
complexity of the system can be increased
by the preparation of rodlike particles with
tunable aspect ratio.

Rodlike particles are accessible by addi-
tion of substances selectively covering one
crystal surface and thus enabling growth
in a different direction. As consequence,
anisotropic crystal growth can only be
achieved with a combination of a crystal
structure with a singular preferred direction
and suitable surface active agents. In pres-
ence of dihydrogenphosphate, nanoscale
rods of rhombohedral maghemiteFe,O;

can be prepared (Fig. 1) with an aspect
ratio depending on the concentration of
NaH, PO, [3] (Fig. 3). The size distribution

of the resulting nanorods is with typical ge-
ometric standard deviations 6f, ~ 1.10 —

1.15 for the diameter and; ~ 1.05 — 1.08

for the length considerably narrow (Fig. 2).
The saturation magnetization of-Fe,O;

is with Mg = 2.11 x 102Am ™! rather low.
Due to the form anisotropy with a large as-
pect ratio, however, even weakly magnetic
particles can be aligned in strong external

fields [4]. Electrostatical stabilization of the
nanorods can be achieved via coating by a
silica shell using a Stoeber process (Fig. 4).

iF

[

Fig. 1 TEMicrograph ofn-Fe, O3 nanorods pre-
pared by precipitation of FeGlin presence of
NaH,PO,. The concentration of NaHPO, con-
trols the aspect ratio of the resulting nanorods.

1.2 | ‘ ‘ ‘1ength‘— 7
diameter ------

1L flt ....... |

0.8 r
Zg 0.6
S .

04 r

st e PRI s
EIITTiREEEIsceen

02 r

0
500

200 300 400
D /L [nm]
Fig. 2 Size distribution of rodlike particles from
TEM. For the length of the rods, a median of
Ly = 397 £ 3nm and a geometric standard
deviation ofo,, = 1.06 & 0.01 are obtained.
For the diameter of the rods, a medianbf =
77+ 1nmwithop = 1.11 +0.01 are obtained.

The aspect ratio of these particlesris= 5 + 1.

0 100



| A

aspect ratio
(98

‘ ‘ ‘ expL‘FeH
00 10 20 30 40 50
c¢(NaH,PO,) [107* mol 1]

Fig. 3 Aspect ratio olv-Fe; O3 rods in depen-
dence on the concentration of NalPlO,. With
increasing concentration of NaiPO,; more
elongated particles are obtained.

200nm

Fig. 4 TEMicrograph of rodlike core-shell par-
ticles consisting of-Fe, O3 rods coated by sil-
ica. Negative charges of the silica shell prevent
agglomeration without contamination by surfac-
tants.

A significant increase of the saturation mag-
netization can be achieved by reduction of
maghemite ¢-Fe,O3) to magnetite (FgO,)

in hydrogen atmosphere at 3%0.

The availability of defined anisotropic core-
shell particles will enable the investigation
of lyotropic liquid crystalline phases [5]
that can be influenced by external magnetic
fields. Due to the large apsect ratio, signifi-
cant effects on the diffusion of aligned rods
can be expected, i.eD; > D,. Due to
an anisotropic polarisation tensor, the rota-
tional diffusion in highly dilute suspensions
is accessible via depolarized light scattering
experiments.
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Faraday instability on a ferrofluid in a vertical magnetic field: non-linear
planform selection

V. Mekhonoshin'2

Y mnstitut fiir Theoretische Physik, Universitdt des Saarlandes, 66123, Saarbriicken
2 Institute of Continuous Media Mechanics, Urals Branch of RAS, 1, Korolev st., 614013, Perm, Russia

The Faraday instability (known since 1831)
is the parametrical generation of standing wa-
ves on the free surface of a liquid by vertical
vibrations. Numerous studies of the Faraday
instability revealed a large variety of the pat-
terns, what makes the instability intersting
as symmetry braking phenomenon. Unique
properties of ferrofluids, namely the combi-
nation of their fluidity with strong interac-
tion with magnetic field provides one more
way to control the stability of the free sur-
face and/or the symmetry of the wave pat-
tern.

In the present work, a horizontally unboun-
ded layer of a incompressible, non-conduc-
tive viscous ferrofluid with a finite depth d
is studied. The layer is subjected to verti-
cal vibrations with the acceleration a cos wt
and the vertical magnetic field. If either the
mechanical vibrations or the magnetic field
is strong enough, each of them can alone
generate the Faraday or the Rosensweig in-
stability respectively. In the present work,
the Faraday instability is studied at the fields
below the critical one for the Rosensweig
instability Bgr. In the fields close to Bg,
the surface waves are governed by a non-
monotonic dispersion relation. The anoma-
lous dispersion was predicted and observed
in the case of a low-viscous ferrofluid [1].
Another consequence of the extremes in the
dispersion relation consist in the significant
deformation of the tongues, representing the
neutral stability curve.

In order to study the pattern formation theo-
retically, weakly non-linear analysis is per-
formed using the standard perturbation the-

ory [2]. Solution of the linear problem at the
first order of the perturbation theory gives
us the critical acceleration amplitude a., the
critical wave number k., and the coefficients
of the Floquet ansatz, for instance, for the
surface deformation one gets

(i(x,y) = sin(kr)e @t Y (el et

n=—oo
ey
where j denotes degenerate modes and «
distinguishes between subharmonic

(o = 1/2) and harmonic (o« = 0) response.
Each spatial harmonic of the surface profile
(reffloquet) is determined at the first order
up to real constant A;. Interaction of the
spatial modes (1) at the higher orders leads
to the amplitude equation, which allows one
to determine the amplitudes A; and to pre-
dict the resulting pattern.

At the second order of the perturbation the-
ory, the problem is simplified, when the pri-
mary response is subharmonic. In this case,
no temporal resonance is possible because
of harmonic type of the quadratic terms. The
solvability condition at the third order gives
the amplitude equation

DA = sA1— go AT = 9(19;'1)145141, )
#1

where s (times subcriticality) is the linear
growth rate and ¢ is the angle between the
Ist and jth modes. The equations for all
other modes are obtained by permutaion of
indexes.
Figure 1 shows two dependencies of g(1)
calculated at different magnetic fields. It is
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Figure 1: Dependencies of the mutual cou-

pling coefficient on the angle between the

interacting modes at B = 0.055, (curve 1)

and B = 0.98Bpg (curve 2) f = w/21 =
100 Hz.

seen that the vertical magnetic field makes
the dependence much more pronounced.
Using the criterion suggested in [2], the num-
ber of the interacting modes /N of the se-
lected regular pattern has to minimize the
quantity

_ N
go + 27]7\71:2 g(ﬁm,l) .

3)

At B = 0.05B,, the predicted pattern is
rolls, and at B = 0.98 By the amplitude equa-
tion predicts hexagons.

Unfortunately, there are large regions of the
parammeters, where the back bifurcation is
predicted. Though there was no hysteresis
detected in the experiment, the latter can be
hindered by the the perturbation caused by
the meniscuses and the field inhomogeneity.
This issue has to be clarified additionally, as
well as some numerical difficulties, which
arise at moderate frequencies, as ¥ tends to
zero.
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Magnetic Field Driven Sedimentation Instability in Ferrofluids
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Introduction

Despite the fact that the concentration
dynamics of the magnetic nanoparticles
in a ferrofluid is extremely slow, it cannot
be neglected when one deals with ther-
mal instabilities [1, 2, 3]. Instead, one
has to consider the ferrofluid as a binary
mixture. Compared to usual molecular
binary mixtures, however, ferrofluids are
atypical, because the two constituents
(magnetic particles and the carrier liquid)
have very different densities and show very
different mobilities due to the large size
of the magnetic particles on the molecular
lengthscale. In earth’s gravity field, the
density difference is responsible for rather
strong sedimentation effects in ferrofluids
which are generally negligible in molecular
binary mixtures. For thermal instabilities,
with a temperature gradient along gravity,
sedimentation is a stabilizing effect on the
system, since the heavier constituent accu-
mulates at the bottom, thus counteracting
thermal buoyancy. In this communication
we will show, however, that even without
a temperature gradient a sedimenting fer-
rofluid can become unstable, if a strong
enough external magnetic field is applied.
This novel type of sedimentation instability
is due to the Kelvin force acting on the
magnetic particles.

Setting up the problem

Let us consider a horizontal layer of fer-
rofluid between two rigid impermeable
plates and subject to a gravitational field § =
g €, along the negative z direction. If one
waits long enough, the concentration distri-

bution of the magnetic particles becomes ex-
ponential in vertical direction [4]

c(z) = coexp (—z/hsg). (1)

In the dilute limit this is essentially a Boltz-
mann distribution with the sedimentation
length hy = kgT/(m,g), where m,, is the
mass of the magnetic particles. If A, is
much larger than the distance between the
two plates, h, which is usually the case in
experiments, we can approximate this expo-
nential distribution by ¢(z) = co(1 — z/hy)
and get a linear concentration profile.

The general system of dynamic equations to
describe ferrofluids with concentration vari-
ations has been derived in [2]. In order to
include sedimentation effects one needs to
add the appropriate mass flux to the concen-
tration dynamics [5]

s = %c(l —¢) &, 2)
S

where D, is the concentration diffusion co-
efficient. After the concentration distribu-
tion is equilibrated, a magnetic field in hor-
izontal direction is switched on. We study
the stability of this steady and flow-free sys-
tem by introducing time- and space-periodic
perturbations from the equilibrium values
for all relevant variables (concentration, ve-
locities, magnetic potentials).
There are two important parameters in the
problem. The first is the Barometric num-
ber [6] describing the relative importance of
gravity and viscosity effects (using the vis-
cous diffusion time as unit time)

Bygcoh*

v2h,

B =

3)



where ¢, is the mean volume fraction of
magnetic particles, 3 = p~'(dp/0c) is the
coefficient of solutal expansion, and v is the
kinematic viscosity.
The second parameter, which we call the
magnetic Barometric number, is due to
the presence of the magnetic field (Kelvin
force) and describes the relative importance
of gravity and magnetic effects
_smre
" po(1+ x)v2h2

where x, = O0x/0c describes the con-
centration dependence of the magnetic
susceptibility x of the ferrofluid. This num-
ber depends quadratically on the strength of
the magnetic field and shows that the mag-
netic field is always destabilizing despite its
orientation with respect to gravity.

Linear stability

The system becomes linearly unstable with
respect to stationary, spatially periodic
disturbances when B,, > B. At the very
onset, B, = B, the most unstable mode
has a very large wave number k (small
wavelength) proportional to the reciprocal
diffusion length of the magnetic particles.
However, as was shown in [1], just above
the threshold the growth rate of the unstable
modes is extremely small, since there the
time scale is set by the slow dynamics of
the concentration field. If one is interested
in a finite growth rate, which can be mea-
sured experimentally, one has to operate
somewhat above the threshold. For very
large B,, the wavenumber asymptotically
reaches k 27 /h.

Nonlinear behavior

To investigate amplitudes and patterns of
the variables in the unstable regime, one
has to use a nonlinear theory. We employ a
numerical method described in detail in [2].
We start from the stationary, flow-free state
(with linear concentration and magnetic

potential profiles) and allow for a finite
velocity. In the case B,, > B, the linear
regime with an exponential growth of the
velocity is seen at the beginning. Then,
the amplitude of the velocity reaches a
maximum and decreases to a very small
value in the final stationary state. This
is due to the (partial) remixing effect of
the convective flow. This state is almost
motionless, since the amplitude of the
velocity is extremely small. On the other
hand, the (lateral) periodic variations of
the concentration and the magnetic field
are not small and it should be possible to
experimentally discriminate this state from
the laterally homogeneous one below the
threshold.
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Effects of Sedimentation in the Thermal Convection of Ferrofluids

A. Ryskin, H. Pleiner
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Introduction

The effects of the concentration dynamics
on the thermal convection in ferrofluids
have been considered in [1, 2, 3]. Despite
the fact that the concentration dynamics of
the magnetic nanoparticles in a ferrofluid is
extremely slow, it leads to very pronounced
effects and cannot be neglected when
dealing with thermal instabilities. Instead,
one has to consider the ferrofluid as a binary
mixture. Compared to usual molecular
binary mixtures, however, ferrofluids are
atypical, because the two constituents
(magnetic particles and the carrier liquid)
have very different densities and show very
different mobilities due to the large size
of the magnetic particles on the molecular
lengthscale. Thus, applying an external
temperature gradient to a slab of ferrofluid
the concentration distribution takes a much
longer time to adjust (Soret effect) than the
temperature (thermal diffusion). Therefore,
thermal instability experiments are done
mostly in a state where the temperature has
reached the linear spatial profile, while the
concentration is still homogeneous (apart
from small boundary layers). Here we
study, how and under what circumstances,
the results obtained earlier are modified,
when we take into account sedimentation of
the magnetic particles. Recent experiments
[6] indicate that there are new effects due to
sedimentation.

The problem

Let us consider a horizontal layer of fer-
rofluid between two rigid impermeable
plates subject to a gravitational field § =

g €, along the negative z direction. There
are two, essentially different ways to per-
form experiments - 1) one can wait long
enough such that the magnetic particle dis-
tribution equilibrates in the gravitational
field, and only then start to heat the lower
plate, or 2) one can start heating immedi-
ately the still homogenous ferrofluid. In the
first case the distribution of the magnetic
particles in the gravitational field becomes
exponential in the vertical direction [4]

c(z) = coexp (—z/hs) , (1)

In the dilute limit this is essentially a Boltz-
mann distribution with the sedimentation
length hy = kgT/(m,g), where m,, is the
mass of the magnetic particles. If h, is
much larger than the distance between the
two plates, h, which is usually the case in
experiments, we can approximate this expo-
nential distribution by ¢(2) = ¢o(1 — z/hy)
and get a linear concentration profile.

In order to include sedimentation effects one
has to add the appropriate mass flux [5] into
the binary-mixture model [2].

Je = %c(l —0)é, 2)
S
where D, is the concentration diffusion co-
efficient. The parameter, which measures
the importance of sedimentation relative to
viscosity and thermal diffusion is the Baro-
metric number [7]

_ Bgcoh!
 kvh,

B (3)
where ¢y is the mean volume fraction of
the magnetic particles, 3 = p~!(9p/dc) is
the coefficient of solutal expansion, A is the



distance between the plates, v is kinematic
viscosity, and x is the thermal diffusion
coefficient. B can vary considerably,
typically from 1 to 10°, due to the strong
h-dependence.

Linear stability

Starting with a homogenous ferrofluid
no effects of sedimentation are expected
to happen within the typical (thermal
diffusion) time scale and the previous
linear descriptions [1, 2, 3] apply. The
situation is different, if we start with a
linear concentration profile. First, in this
situation the ferrofluid is much more stable
due to the additional stabilizing buoyancy
force compared to the homogeneous con-
centration case. That results in a shift of
the threshold to a higher Rayleigh number.
Second, at the onset, the instability is not
stationary but rather oscillatory. This is
due to antagonistic interplay of thermal and
solutal buoyancy. However, if we go to
higher values of the Rayleigh number, the
instability again becomes stationary, i.e. the
frequency vanishes and the linear (positive)
growth rate becomes real, since then the
thermal buoyancy dominates completely.
This behavior is also typical for the case
of a ferrofluid with negative separation
ratio (and heated in the homogeneous
concentration state), while here we get it in
a system with a positive separation ratio.

Nonlinear behavior

We use the same numerical method as in [3]
to investigate the time evolution of the sys-
tem in the non-linear regime. We find that
the system always ends up at long times in a
stationary state regardless, whether the lin-
ear transition to this state contains oscilla-
tions (when starting from a linear concen-
tration profile), or whether the linear tran-
sition is purely exponential (when starting
from a homogeneous ferrofluid). We also
find that there is a certain range of parame-

ters, where there are two quasi-stable possi-
ble stationary solution — one of them is the
fully motionless state (with a linear concen-
tration profile) and the other one is a state
with convection. That means, depending on
the strength of the perturbation, the system
can either return to a quiescent state or, if
the perturbation is strong enough, the con-
vective motion sets in. This is called "hard
excitation of the convection’ and has been
observed in experiments [6].
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Effect of Hydrodynamic Interaction on the
Short-Time Dynamics of Ferrofluids

R. Schmitz*
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The dynamical properties of ferrofluids are
not only controlled by magnetic and possi-
bly other direct interactions between the
ferroparticles, but also by the hydrody-
namic interaction which is mediated by the
carrier liquid. We have analyzed the effect
of this interaction on the structural and
magnetic relaxation.

Starting point of our investigation is a gen-
eralized Smoluchowski equation that gov-
erns the Brownian dynamics of the corre-
lated ferroparticles. Hydrodynamic interac-
tion is taken into account by a diffusion
matrix which depends on the instantaneous
configuration of the many-body system.
Applying the Mori-Zwanzig projection
method one obtains formally exact micro-
scopic expressions for the relaxation ker-
nels which we evaluate in the short-time
limit.

The diffusion tensor has translational and
rotational sectors which are strongly cou-
pled. Its computation is a somewhat intri-
cate mathematical problem which we shall
outline in some detail for particles in an
unbounded fluid and for systems with peri-
odic boundary conditions. Various ap-
proximations are discussed and compared.
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Dynamical studies of nanosized inho-
mogeneities by means of Small Angle
Neutron Scattering (SANS) usually are
limited to slow processes where the system
remains in a quasi-steady state during data
acquisition time. A breakthrough to time
resolution of microsecond range was
achieved by new SANS techniques, allow-
ing the dynamics of fast ordering processes
in Co-ferrofluids to be analysed.

In concentrated surfactant stabilised Cobalt
ferrofluids samples above 1 vol.% Co a
pseudo-crystalline hexagonal ordering of
the core-shell nanoparticles was found to
be induced by an external magnetic field
(H), where magnetic particle moments are
aligned along H [1-8]. The dynamics of the
reversal of magnetic moments of nanopar-
ticles in concentrated Co-ferrofluids corre-
sponding to ordering and relaxation proc-
esses was studied by a new stroboscopic
SANSPOL techniques [9]. In first experi-
ments a Co-FF sample was placed in a ho-
mogenous magnetic field the strength of
which was cycled between zero and 0.5 T.
Time-frame histogram data acquisition has
been performed in time slices between 200
and 500 ms synchronised with the cycles of
the magnetic field. A second type of ex-
periments were performed in an oscillating
magnetic field with a strength of up to 30
mT and oscillation frequencies up to 600
Hz by analysing the time-resoved SANS
response using a continous monochromatic
beam. In a third type of experiments (TI-
SANE) a pulsed polychromatic beam has

been used to monitor the oscillating re-
sponse in an external field with frequencies
up to 3000 Hz.

The analysis of the time-resolved 2D
SANS patterns allowed reliably to extract
magnetic and nuclear correlations. The
overall dynamics of the relaxation proc-
esses in the first experimentis is character-
ised by an exponential decay of the correla-
tion peaks [6] corresponding to a gradual
transformation from local hexagonal order
to segments of particle chains (Fig. 1). In
the experiments with oscillating magnetic
fields a modulation of the magnetic con-
trast has been found as a function of time
with a periode twice that of the applied
field (Fig.2). Time resolution in the ps
range was achieved by using a pulsed beam
technique, TISANE, while in continuous
mode resolution was limited by the wave-
length spread to about 1ms.

The frequency dependence of anisotropic
scattering patterns has been modeled using
Langevin dynamics. The dynamics follws a
two step mechanism (Fig.3): Field induced
ordering is governed by fast Brownian ro-
tation of nanoparticles with a characteristic
time of about 160 us. Magnetic relaxation
of locally ordered domains of about 100
nm in size takes place within a few seconds
by Brownian rotation or by Néel type rota-
tion of magnetic moments.[11]
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fluids in a varying external magnetic field
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Abstract

Magnetorheological (MR) fluids are re-
garded as a class of smart materials that
have the unique ability to undergo rapid
(within a few ps) changes in their viscosity
upon the application of an external mag-
netic field.[1-2]. In this study, a series of a
novel magneto-rheological fluids (MRF)
are prepared with blends of nano sized (20-
30nm) and micro sized (1-8um) iron parti-
cles dispersed in a polymeric matrix.

A systematic rheological characterization
was carried out to evaluate the effect of
particle content on material viscosity under
steady state flow in a custom made Couette
geometry, exposed to varying external
magnetic field. [3]

On increasing intensity of the applied
magnetic field, the apparent viscosity
rheograms shows an up shift decades
higher compared to those obtained in the
absence of magnetic field, also showing
typical shear-thinning behaviour.
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Figure 1. Apparent viscosity rheograms
showing the influence on varying the in-
tensity of the magnetic field (in Tesla).

Scanning electron microscope of a sample
of the MR fluid was taken to relate mate-
rial structure with properties. Pqarticle
alignment is observed forming a chain-like
structure, parallel to the magnetic field due
to magnetic dipole interactions.

Figure 2. Scanning electron micrograph of
aligned particles in MR fluid.

It was found that the mixture of micron and
nano-sized particles provides a synergistic
effect on the magneto rheological response
under low magnetic fields. This has the
potential of enhancing the performance of
MR fluids in applications requiring high
viscosity and may open the scope of their
utilization in new applications such as re-
configurable fixturing systems.
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computer simulations
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I ntroduction

Recent experiments on newly synthesized fer-
rofluids show huge magnetoviscous effects
and significant structural changes under shear
flow [1]. These results challenge our theo-
retical understanding, in particular since the
ferrofluids used in these experiments are rather
well characterized.

The experimental observations can be de-
scribed, at least semi-quantitatively within
recent extensions of the chain model [2]. Within
the chain model, the ferromagnetic particles
are assumed to form rigid, chain-like aggre-
gates that can be distorted in a shear flow.
For sufficiently strong shear flows, a phe-
nomenological rupture criterion is adopted.
Computer simulations provide an alternative
approach that allows to test several assump-
tions underlying the chain model. In the last
years, computer simulations played a major
role in order to improve the understanding
of the equilibrium structure and magnetiza-
tion of ferrofluids [3].

Here, we summarize recent simulation re-
sults for dynamical and viscous properties
of ferrofluids and discuss their relationship
with nonequilibrium structural properties as
found in the simulations. Furthermore, the
simulations are compared to experimental re-
sults on rheological and structural properties
for suitable choices of the model parame-
ters.

Model system

Present day computer simulations study highly
idealized model systems consisting of spher-
ical particles with embedded magnetic point
dipoles. Besides dipolar interactions, steric
interactions due to the stabilizing shell of
the particles are taken into account. Usu-
ally, monodisperse or bidisperse systems are
considered.

The solvent molecules are not resolved ex-
plicitely. Instead, their effect is approximately
accounted for by friction and Brownian forces
as well as hydrodynamic interactions.

The equations of motion are integrated until

a stationary state is reached. Having access
to the positions of every magnetic particles
simulated allows in principle to extract all
desired structural and dynamical quantities.

Anisotropic diffusion

We have studied the short and long time equi-
librium dynamics in terms of the self (or tracer)
diffusion as well as the collective (or mass)
diffusion. In the presence of a magnetic field,
both, self and collective diffusion become
anisotropic. Comparison with a simplified
mean-field model show satisfactory agree-
ment for the self-diffusion coefficients

of monodisperse systems [4].

In more recent simulations, we extended these
studies to investigate the effect of polydis-
persity and hydrodynamic interactions on dif-
fusion coefficients [5]. It is found that hy-
drodynamic interactions modify the values
of the diffusion coefficients. However, poly-
dispersity effects appear to have a much stronger



influence on diffusion coefficients, at least
within the parameter ranges investigated.

M agnetoviscous effect

Building upon earlier work [6], we study the
influence of polydispersity and hydrodynamic
interactions on the magnetoviscous effect in
ferrofluids [5]. Nonequilibrium Brownian
dynamics simulations in the presence of a
magnetic field and planar shear flow were
performed.

Again, the effect of hydrodynamic interac-
tions was found to be relatively weak within
the parameter range studied. Therefore, it
seems reasonable to neglect these interac-
tions in the following, allowing to study much
larger system sizes. Polydispersity effects,
on the other hand, can lead to drastic changes
in the nonequilibrium structure and viscosi-
ties, similar to the findings for equilibrium
properties [7].

Shear thinning

The shear thinning phenomenon, i.e. the de-
crease of the viscosity with increasing shear
rate, is observed experimentally and repro-
duced in the simulations. The simulations
show that strong shear thinning behavior is
intimately related to a reduced cluster size
distribution. These findings therefore sup-
port the phenomenological rupture criterion
assumed in the extended chain model. These
results also help to interpret the strong struc-
tural changes that have been observed in small
angle neutron scattering experiments under
shear flow [1]. Similar results for the nonequi-
librium structure factor are also obtained in
the simulations.
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Figure 1: Shear viscosity as a function of
shear rate for different dipolar interaction
strengths A. The inset shows the corre-
sponding change of the cluster size distribu-
tion for A = 6.
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Rheological properties of magnetic suspensions
with chain-like aggregates

L.Iskakova, A.Zubarev

Ural State Univrsity

The work deals with theoretical study of
rheological properties of magnetic suspen-
sions under the action of external magnetic
field. There are known two approaches for
explanation of the observed strong magne-
torheological effects in these systems. The
first approach is based on the assumption
that linear chain-like aggregates appear in
the suspensions due to the dipole-dipole
interactions between the particles and cre-
ate the macroscopical rheological phenom-
ena (see, for example, [1],[2]). The second
approach uses the hypothesis that these
phenomena are created by the bulk dense
ellipsoidal aggregates (microdropds), con-
sisting of tremendous number of the parti-
cles [3]. Both of these models deal with
identical chains (drops) which size is de-
termined by the balance between the mag-
netic forces, attracting the particles to each
other, and the hydrodynamical shear
forces, tending destroy these aggregates.
Both of the models lead to the power rela-
tion

n(H)/n(0)-1=Mn"" (1)
between the suspension effective viscosity
n and the applied magnetic field H, parallel
to the gradient of the suspension flow.
Here Mn~7/H? is the so-called Mason
number which is equal to the ratio of the
destructive hydrodynamical shear force to
the magnetic attractive force acting be-
tween two particles. In the known models
of chains A=1, in the models of the drops
A=2/3. In the both models the magnitudes
of the exponent A are fixed, this parameter
depends neither on the field H nor on the
particle volume concentration ¢ . The
power dependence of the viscosity n on
the shear rate y has been observed in many

experiments, but the measured magnitudes
of A have never been either 1 or 2/3. They
always have been between these limit
magnitudes (see overview in [4]). More-
over, in experiments [3] and [5], carried
out with quite different suspensions, it was
detected an increase of A with the field H
from (approximately) 2/3 to (approxi-
mately) 1 and its slow increase with the
particle concentration ¢. These dependen-
cies of A on H and ¢ are look curiously
because they qualitatively contradict to the
known theories, where A is fixed. Analysis
shows that the variations of A with H and ¢
frop the “drop” magnitude 2/3 to the
“chain” magnitude 1 can not be explained
by the transformation of the internal het-
erogeneous structures from the drops to the
chains.

Very often in experiments the Mason num-
ber Mn is much less or much greater than
unity. That is why even small errors in the
theoretical determination of the exponent A
lead to large errors in the prediction of the
effective viscosity m. It is more important
that the magnitude of A reflects a type of
the internal structure in the suspension.
Therefore misunderstanding of A magni-
tude and its dependencies on H and o
means lack of even qualitative knowledge
about microscopical physical nature of the
observed macroscopical rheological effects
in these systems.

From our point of view, the field and
concentration dependencies of A can be
explained by polydispersity of ensemble of
the chains in the suspensions. Indeed,
unlike the assumptions of [1,2,5], these
chains, been specific heterogeneous fluc-
tuations of density, can not be identical.
There must be some statistical distribution



over number of particles in the chains. The
relatively short chains react on the shear
flow weaker than the long chains. There-
fore the viscosity of the suspension with
the long chains must stronger depend on
the shear rate than the viscosity of the sus-
pension with the short chains. On the other
hand, when the applied field or/and the
particle concentration increases, the per-
centage of the long chains also increases,
therefore the reaction of the suspension on
the shear flow becomes stronger. Mathe-
matically it leads to increase of the expo-
nent A with H and .
In order to check this hypothesis, we have
considered a system of identical non
Brownian particles, typical for the magne-
torheological fluids and inverse ferrofluids,
submitted into shear flow and magnetic
field parallel to gradient of the flow veloc-
ity. We supposed that magnetic moment of
each particle is proportional to the applied
field H.
Balancing the hydrodynamical and mag-
netic torques, acting on the chain, we have
estimated the angle of each chain deviation
from the field. Balancing the radial com-
ponents of the hydrodynamical destructive
and magnetic attractive forces, we esti-
mated the maximal, for a given field and
shear rate, number of particles in the chain.
Then, by using developed methods of sta-
tistical physics, we determined the distribu-
tion over number of particles in the chains.
Neglecting any interactions between the
chains and using the known results of
hydromechanics of suspensions, we esti-
mated the suspension macroscopical vis-
cosity m and came to the power form (1)
with A dependent on the field H and parti-
cle volume concentration ¢. The depend-
encies of A on H and ¢ as well as the cal-
culated magnitudes of n are quite close to
those observed ones in [3],[5].

Some results of calculations of the ex-
ponent A are shown in Fig. 1.
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Fig.1. The exponent A vs. dimensionless parameter
A= p,m? /[(47d *kT) of magnetic interaction be-
tween particles, where m and d are magnetic mo-
ment and diameter of the particle

Like in the experiments of [3],[5] the ex-
ponent slowly increases with the dipole
moment m of the particle, i.e. with the the
applied field H.

Thus, our analysis shows that the observed
rheological effects in magnetic suspensions
can be produced by polydispersity of en-
semble of the chains. The chain size distri-
bution is a result of competition between
magnetic interaction of the particles, shear
hydrodynamical forces and the thermal
effects. The factor of the chain polydisper-
sity is crucially important for formation of
the macroscopical properties and magne-
torheological effects in magnetic suspen-
sions and must not be ignored in the theo-
retical investigations of these phenomena.
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Optical birefringence in ferrofluids

L.Iskakova, A.Zubarev

Ural State Univrsity

Being subjected into magnetic field, ferro-
fluids become optically anisotropic - light
with electric polarization parallel to the
magnetic field experiences a higher refrac-
tion index (positive birefringence) than the
light polarized perpendicular to the field.
Usually this optical anisotropy is explained
either by the existence of particles with
anisotropic shape (for example, so called
primary agglomerates, which appear on the
stage of the ferrofluid preparation due to
colloidal interaction between fine magnetic
particles) or by appearance of the anisot-
ropic chain-like aggregates due to the
magnetic interaction between the particles .
Both of these mechanisms of the ferrofluid
optical anisotropy undoubtedly can take
place in the real systems. However, one
needs to take into account that appearance
of the primary agglomerates can be consid-
ered as, possibly inevitable, defect of the
ferrofluid preparation. Concentration of
these agglomerate in the well prepared
systems must be very small. The chains
can consist only of the particles which
magnetic interaction is strong, i.e. the par-
ticle volume is large enough. However in
the modern ferrofluids, as a rule, absolute
majority of the particles are relatively
small and energy of magnetic interaction
between them is about KT or less. These
particles can not form any aggregates.
Concentration of the particles large enough
to form the chains usually is very small.
From the point of view of the technological
usage of ferrofluids any heterogeneous
structures, as a rule, are undesirable. That
is why the presence of the large particles,
able to formation of the chains and other
heterogeneous structures, also can be con-
sidered as a defect of the ferrofluid

preparation and the producers often try to

remove the large particles from the ferro-
fluid.

At the same time there is a mechanism of
the optical anisotropy of ferrofluids, which
takes place even in the homogeneous sys-
tems without any heterogeneous structures
and the primary anisotropic agglomerates.
Indeed, if the energy of the magnetodipole
interaction between the particles is about
KT, this interaction can not lead to forma-
tion of any heterogeneous structures, how-
ever it influence on the mutual disposition
of the particles, i.e. on their binary long
range correlations. In the presence of ex-
ternal magnetic field these correlations are
anisotropic with the axis of symmetry par-
allel to the field. This anisotropy of the
binary correlations induces anisotropy of
the effective dielectrical permeability of
the ferrofluid and, therefore, anisotropy of
the optical properties of the fluid. Of
course, the influence of a couple of the
large particles, united into a dense doublet,
on the anisotropy of the effective perme-
ability is stronger than the influence of a
couple of the homogeneously correlated
small particles. However, since the concen-
tration of the small particles in the real
ferrofluids usually is significantly higher
than concentration of the large particles,
the total effect of the weakly correlated
small particles can be stronger than the
effect of the large particles, united into the
chains.

In the presented work we study theoreti-
cally the optical anisotropy of a ferrofluid
created by the long range homogeneous
correlations between the small particles.
We consider the ferrofluid as homogeneous
system of identical spherical magnetic par-
ticles.



For maximal simplification of the calcula-
tions we take into account only the pair
correlations of the particles, neglecting
any interaction of a "third" particle on the
mutual disposition of two particles. In this
case the binary correlation function of the
particles obeys to the Boltsman law. In the
presence of the applied magnetic field this
function depends on the angle between the
field and radius-vector connecting the par-
ticles. We take into account that the wave
length of the visible light is much more
than size of the particles in ferrofluid. Thus
the effective optical properties of the ferro-
fluid are determined by the tensor ¢ of the
stationary effective permeability of the
fluid.

We have estimated the components of this
tensor by using the strict results of the the-
ory of effective properties of composites
taking into account anisotropy of the bi-
nary interparticle correlations. Then we
calculated the birefringence index An by
using the standard formula

An=Jg —&,

Here || and L mark the tensor components
parallel and perpendicular to the field.
Some results of calculations of the index
An in the model of the non spherical pri-
mary agglomerates, in the model of chains
and in the presented model of the homoge-
neous anisotropic correlations of small
particles are shown in Fig.1. We suppose
that all particles and agglomerates are
magnetite, diameter of the small particles is
about 10-12 nm, their magnetic volume
concentration is 5%. Diameter of the large
particle is 17 nm, magnetic volume con-
centration of these particles is 0.7%. The
major axis of the primary agglomerate is
twice as long as the minor axis, volume
concentration of these agglomerates is
about 0.1%. The chosen parameters of the
system correspond to the typical magnetite
ferrofluids.

The results presented in Fig.1show that, for
the considered system, effect of the chains
dominates over the effect of the homoge-
neous long range correlations when the
applied magnetic field is weak. The effect

of these correlations between the small
particles dominates in the region of moder-
ate and strong magnetic field. The calcu-
lated effect of the long range correlations
for all magnitudes of the field is greater
than the effect of the primary agglomer-
ates. Of course, the calculated ratio be-
tween the birefringence indexes depends
strongly on the volume concentrations of
the small particles, primary agglomerates,
large particles, as well on their sizes and
magnetic properties of the particles.
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Fig.1. The birefringence indexes An vs. applied
magnetic field H, calculated in the presented model
of the long range correlations between small parti-
cles (1) , in the model of chains consisting of the
large particles (2) and in the model of anisotropic
primary agglomerates (3); m is magnetic moment of
the small particle. Parameters of the system are
given in the text.

In conclusion we would like to note that
the results of the optical birefringence ex-
periments are used in order to study the
internal structures in ferrofluids; the effect
of the optical anisotropy very often is con-
sidered as a sign of existence of the anisot-
ropic agglomerates and/or heterogeneous
chains. Our results demonstrate that the
optical anisotropy can be produced by the
homogeneous correlations between the
relatively small particles. We think that
this result must be taken into account when
interpreting of the optical experiments.



Kinetics of internal structure formation
IN magnetic suspensions
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Experiments, both numerical and labora-
tory, demonstrate two types of internal
structures in magnetic suspensions — linear
chain-like and bulk dense drop-like (col-
umn-like) aggregates. There are known
many theoretical investigations of equilib-
rium states and properties of suspensions
with these structures. The problem of ki-
netics of the structure formation, important
both from the general scientific point of
view and viewpoint of these suspensions
application, is studied weakly. We present
results of theoretical study of kinetics of
evolution of ensembles of the chains and
the drops (columns). Since study of these
different structures requires quite different
approaches, the chains and drops are con-
sidered here separately.

Chains. The first model of kinetics of the
chain formation has been developed by
M.Doi with collaborator in ref. [1]. In this
model irreversible cluster-cluster aggrega-
tion has been considered, the Brownian
motion of the particles has been ignored.
The rate of the aggregation, following from
this model, is several orders of magnitude
greater than the rate, detected experimen-
tally (see Fig.1).

In our model we take into account that
the numerical concentration of the clusters
(their number in a unit volume of the sys-
tem) usually is significantly less than the
concentration of the single particles; the
hydrodynamical mobility of the cluster is
less than the mobility of the particle. That
is why we consider the cluster-particle type
of aggregation. Then, unlike the Doi
model, we take into account the Brownian
diffusion of the single particles as well as
disintegration of the aggregates due to
evaporation of the particles from them.

Mathematically our model consists of a
chain of the governing equation for the
functions gn(t) — time depended number of
the n-particle chains in a unit volume of
the system. These equations take into ac-
count the joining of the single particle to
the chains and evaporation of the particles
from this clusters. The coefficients of the
particle aggregation and evaporation have
been determined from the detailed analysis
of the particle diffusion and dipole attrac-
tion to the chain.

Some results of our calculations of the
mean number <n> of the particles in the
chain and the results of experiments of
G.Bossis et al. (University Nice —Sophia
Antipolis) are shown in Fig.1. These ex-
periments have been carried out with an
electrorheological fluid, because techni-
cally organization of those experiments
was much easier that experiments with
magnetic suspensions. However, theoreti-
cal description both of these systems is
identical. First of all one can see that the
Doi model predicts the rate of the aggrega-
tion much greater than that in the experi-
ments. Second, our model is in reasonable
agreement with the experiments. It should
be noted that no free fitted parameters have
been used in our calculations.
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Fig.1. Theoretical and experimental results for the
kinetics of the chain growth for water based elec-
trorheological fluid with dielectrical particles
0.4um in diameter, 3% of volume concentration.

Drops. The bulk drop-like structures,
aligned along applied magnetic field, have
been detected in many experiments with
various ferrofluids and other magnetic sus-
pensions. Very often they were observed in
thin layers of the systems placed into nor-
mal magnetic field. In these layers the
drops look like cylindrical domains span-
ning the chamber with the suspension. The
typical diameter of the domains, observed
in ferrofluids, is about several microns.
The bulk domains, spanning the chamber,
are responsible for the quasielastic, yield-
stress and other rheological effects in the
magnetic suspensions. Analysis [2] shows
that the equilibrium structure of these
drops (domains) is determined by the com-
petition between the demagnetizing effects
in the domain bulks and the capillary ef-
fects on the domain boundaries.

In the presented work we have consid-
ered evolution of the domain in a thin
(about 1 mm of thickness) flat gap, filling
by a magnetic suspension. Analysis shows
that the domain evolution starts after
switching on the field and consists of two
stages. The first, fast, stage corresponds to
appearance and formation of the cylindri-
cal domain overlapping the gap. The typi-
cal duration of this stage is about second or
less. On the second, slow, stage the domain
tends to its equilibrium state. In order to
study this slow period of the evolution, we
have written down equations of the single

particle diffusion in the space between the
domains. The distribution of local mag-
netic field around the domain has been
taken into account in these equations. The
equation for the domain diameter growth
includes the terms, corresponding to the
particle flux onto the domain surface and
flux of the particles, evaporated from the
domain. Some results of our calculations
of the ratio of the domain radius R to its
equilibrium (final) magnitude Ry for the
water based suspension with the particles
about 1um in diameter is presented in
Fig.2. The ratio of the energy of the parti-

cle interaction with the applied to KT is 5.
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Fig.2. Dimensionless domain radiu R vs. time.
Explanations are in the text.

The results indicate fast domain growth in
the onset of the process and then its slow
tendency to the equilibrium state. It should
be noted that the micron size of the parti-
cles is typical for magnetorheologocal
suspesnions and inverse ferrofluids. For
ferrofluids with nanoparticles the rate of
the domain growth is much higher. The
long (during houers) evolution of the do-
mains in magnetic suspensions must in-
duce long drift of macroscopical (for ex-
ample, rheological) properties of these
systems, which can be detected in experi-
ments.
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Giant relaxation times in novel type of magneto-rheological fluid
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Introduction

By dispersing non-permeable particles in a
common ferrofluid one obtains a so-called
inverse ferrofluid, as first investigated by
Skjeltorp [1]. These particles create a hole
in the ferrofluid, which appears to posess
a magnetic moment corresponding to the
amount and susceptibility of the displaced
fluid. Due to dipolar interactions chain for-
mation sets in, as shown in Fig. 1.
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Figure 1: Chain formation of PS particles
(diameter 10um) dispersed in a ferrofluid.
The field is oriented horizontally.

In recent studies monodisperse polystyrene
spheres were used to investigate magneto-
rheological phenomena occuring in these in-
verse ferrofluids such as yield stress or vis-
coelasticity [2, 3]. In our contribution we
present the temporal evolution of the com-
plex shear modulus after a jump-like in-
crease of the magnetic induction. We com-
pare the stretched exponential relaxation of
an inverse ferrofluid made from PMMA
spheres with the one of a novel inverse fluid
made from polymer brushes.

Experimental

A Physica MCR301 rheometer (Anton Paar)
with the commercial magnetorheological
cell PP 20/MR was used to measure the
magnetorheological properties of the dif-
ferent samples.The field was oriented per-
pendicular to the plates of the rheometer,
and thus, perpendicular to the direction of
the shear. The distance between the plates
was adjusted to 500 pm. Two different
kinds of inverse ferrofluid have been pre-
pared: The first one by dispersing spherical
PMMA particles with a diameter of 3um in
the commercial ferrofluid APG512A from
Ferrotec, Co. The other one is the first
example of a inverse ferrofluid made from
semi-flexible cylindrical polymer brushes.
To get the novel samples polymeric macro-
molecules were prepared by atom transfer
radical polymerization (ATRP) of monomer
lauryl methacrylate from a macroinitiator.
These brushes are then soluted in paraffin
oil and thus can be easily dispersed in a
ferrofluid that also uses paraffin oil as car-
rier liquid. AFM pictures display a nearly
cylindrical shape of the lauryl methacrylate
brushes and one can estimate the size to
about 150 nm length and 30 nm diameter.

Results

Figure 2 shows the temporal evolution of the
loss and storage modulus of the dispersed
spheres following a jump of the induction
from zero to B = 384mT. The slow increase
of G’ and G” is indicating that the field
induced formation of a network of chains
takes place on a rather large time scale. The
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Figure 2: Time evolution of the loss and
storage modulus of the PMMA-ferrofluid-
suspension.

solid line displays a fit using Eq. (1),
G(t) = G — (Goo+ Go) e (1)

describing a stretched exponential be-
haviour, as first proposed by Kohlrausch [4].
Here G, and G, denote the starting and
saturation values of the shear modulus, 7
the characteristic relaxation time and (3 the
fractional Kohlrausch exponent. For the fit,
where (G, was fixed to the value at zero field,
we obtained = 1.17 and 7 = 18.8 minutes.
Next we investigate the same relaxation pro-
cess for G’ for the magneto-rheological fluid
made from the polymer brushes, as shown in
Fig. 3. The fit according to Eq. (1) marked
by the solid line yields now values of 3 =
0.96 and 7 = 18.3 hours. This giant re-
laxation time originates from the small and
flexible polymer brushes. They experience
much smaller forces in the magnetic field.
Moreover their orientation can be hindered
by mutual entanglements. Similar relax-
ation processes are known from the gel like
networks of clay and quicksand [5, 6].
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The viscous properties of ferrofluids under
the influence of magnetic fields are inves-
tigated by two complementary techniques
of Dynamic Light Scattering (DLS). One
technique, DLS from the bulk phase, pro-
vides information on particle sizes and
geometries of dispersed particles, the sec-
ond, Capillary Wave Spectroscopy (CWS),
yields information on the viscous proper-
ties of a ferrofluid without application of
external shear.

Thermally excited waves on a liquid sur-
face can be represented by a superposition
of different modes of surface waves with
amplitudes Cqand wave vectors g. Depend-
ing on the viscosity n, surface tension o,
and density p of the fluid and the modulus
g of the wave vector via

_op
4n’q

y

a surface mode can propagate (y > 0.145)
or is overdamped (y < 0.145). By choice of
a particular wave vector through the scat-
tering vector of the optical arrangement a
CWS experiment probes a particular sur-
face mode. The characteristics of this mode
are reflected in the autocorrelation function
of the scattered light.

CWS is used to investigate the viscous
properties of magnetite-based ferrofluids
with different concentrations of particles
varying the strength and orientation of an
externally applied magnetic field relative to
the scattering vector g.

For the provision of an homogeneous mag-
netic field two symmetric pairs of coils are
used, which can produce fields up to
250kA/m with an inhomogeneity of about
5% in a region of 1000cm3. Another impor-

tant prerequisite for successful CWS-
experiments on ferrofluids is the reduction
of surface deformations of the fluid that
arise because of the difference in magnetic
susceptibility between the fluid and its con-
tainer. To that end various susceptibility-
matched sample cells of epoxy-raisin con-
taining magnetite particles with volume
concentrations up to 0.1 were produced and
employed.

We have performed a series of CWS-
experiments on a commercial iso-octane
based ferrofluid (Buske, Berlin; Msy=
47.5 kA/m; ¢ = 0.105) at various dilution
steps. At low concentrations propagating
waves are detected, at higher concentra-
tions a change to over-damped waves is
observed. Furthermore, results of experi-
ments are shown in which the strength and
the orientation of the applied magnetic
field were varied.

From DLSmeasurements from the bulk it is
demonstrated that upon application of a
magnetic field larger particles appear in a
ferrofluid that can be interpreted as particle
aggregates.



In situ SANS investigations of microstructure changes of cobalt
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Previous rheological experiments, per-
formed for magnetite as well as for cobalt
based ferrofluids, have evidenced strong
magnetoviscous effects that could be corre-
lated with structural changes within the
fluid samples in shear flow and under the
influence of a magnetic field.

In the last years, a lot of experimental and
theoretical studies have been performed in
order to explain the microscopic mecha-
nisms of the magnetoviscous effect. As a
result of these efforts a model, based on
numerical and experimental data, has been
established, which is able to explain the
observed behavior [1]. Chain formation of
magnetic particles with strong parti-
cle-particle interaction as well as structure
destruction by means of shear influence are
the essential processes for the understand-
ing of the magnetoviscous phenomena.

Experimental setup

Since experimental data proving such a
connection between the structure of ferro-
fluids and their viscous properties were
missing the study of the microstructure of
ferrofluids under shear — for different mag-
netic field strengths and shear rates —and
its consequences on the magnetoviscous
effect is in the focus of recent research.
Using a specially designed rheometer [2],
rheological as well as small angle neutron
scattering investigations have been per-
formed in the same experimental environ-
ment.

For the SANS experiments two configura-
tions, one with the magnetic field oriented
parallel to the neutron beam and the other
with 10 degree between the magnetic field

direction and the neutron beam, have been
used. Both, rheological and SANS investi-
gations have been carried out for magnetic
fields varied between 0 and 160 kA/m,
applied perpendicular to the vorticity of the
flow. The shear rates have been varied
within the range from 0 up to 200 s™.

Experimental results

Scattering as well as rheological experi-
ments were performed for four different
cobalt based ferrofluids, manufactured by
N. Matoussevitch and H. Bénnemann (For-
schungszentrum Karlsruhe) [3]. The con-
centration of the magnetic material was
varied in the range from 0.35 vol.% up to
3.25 vol.% in order to observe its influence
on the magnitude of the magnetoviscous
effect. Additionally, the mean particle di-
ameter as well as the viscosity of the car-
rier liquid have been changed.

Depending on the parameters of the inves-
tigated ferrofluids, strong dependency of
the resulting scattering patterns on the
magnetic field strength and shear rate were
observed in the case of the fluids with large
mean particle diameter (10 nm).

Depending on the applied shear rate and
magnetic field strength an anisotropy of the
scattering patterns could be observed. The
anisotropy as well as its deviation from the
vertical direction — corresponding to the
static casein the 10° setup — indicates
modification of the length and orientation
of the chain-like structures with respect to
the applied stress. In the case of the fluid
with smaller mean particle diameter
(8 nm), i.e. with a low content of particles
which are able to form structures, no



changes of the microstructure due to the
magnetic field influence or shear rate have
been observed.

The obtained results show a strong connec-
tion between structure formation in ferro-
fluids and their rheological behaviour. The
evidence for a formation of chains and
their deviation in a shear flow validates
therefore the model of chain formation as
an explanation for the magnetoviscous ef-
fect. These results are in a good agreement
with the rheological data and with the
chain formation model developed to ex-
plain the mechanism of the magnetovis-
cous effect [1, 4].

Further on, the influence of the concentra-
tion of the cobalt particles on the structure
formation within the ferrofluid samples,
i.e. on the magnitude of the magnetovis-
cous effect, will be discussed. Thus, the
SANS results will be compared with the
rheological data obtained for the investi-
gated ferrofluids. The experimental results
will be compared with two different theo-
retical approaches, the chain formation
theory [5] as well as molecular dynamic
simulations [6]. Further information, con-
cerning the local magnetisation of the sam-
ple in a shear flow relative to the direction
of the chains, obtained from experiments
using polarised neutrons, will be presented.
Additionally, the possibility of combining
X-Ray and neutron experiments will be
discussed.

Establishing a connection between the
changes of the microstructure of ferroflu-
ids, under the influence of a magnetic field,
and their consequences on the macroscopi-
cal behaviour of these systems could allow
an optimisation of the fluids. Based on the
knowledge gained from experimental and
theoretical studies, new applications can be
developed, making ferrofluids an attractive
medium for potential further research.
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Controlled shear stress rheological investigations of ferrofluids
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Motivation

Recent rheological experiments, performed
on ferrofluids, have shown strong magne-
toviscous effects that can be described with
chain and structure formation due to inter-
particle interaction in the presence of a
magnetic field. Furthermore, with increas-
ing shear rate the mechanical torque be-
comes dominant, the chain-like structures
break up and the relative change of viscos-
ity decreases. This effect is called shear
thinning [1].

In the last years, a lot of theoretical studies
for a description of the effects have been
performed, which vary in the basic model-
ling of the ferrofluid and its phenomena.
Some models try to explain the effects on
the basis of microscopic assumptions
[2, 3], some other models base on a
mesoscale and even macroscopic descrip-
tions abstaining from microscopic assump-
tions [4, 5]. The predictions of the models
rely on experimental data concerning ef-
fects; one effect is the question of an ap-
pearance of a magnetic field dependent
yield stress in ferrofluids. In the previous
experiments on the magnetoviscous behav-
iour [1], a shear rate controlled rheometer
has been used. With this rheometer the
question whether a yield stress exists can
not be answered directly. Extrapolating the
measured flow curves to shear rate zero, an
upper border for the yield stress of 0.1 Pa
could be estimated for the fluid APG513A
and a magnetic field strength of 30 kA/m

[1].

Experimental setup

In order to prove the appearance of a mag-
netic field dependent yield stress for ferro-
fluids of different structural make up, a
special shear stress controlled rheometer

has been designed. The magnetic field,
which is perpendicular to the vorticity of
the flow, is produced by a cylindrical coil
(fig.1). The experiments have been carried
out for magnetic fields varied between 0
and 80 kA/m with a homogeneity of
0.05 % in the region of the shear cell. The
measuring cell is a cone-plate arrangement
combined with a Couette region.

fig. 1: The shear stress controlled rheometer for the
investigations of the yield stress in ferrofluids.

The cone is fixed via an air bearing with an
optical encoder. With this device, which
works contactless, the rotation frequency
of the cone is measured with high preci-
sion. The encoder allows the detection of a
minimum rotation frequency of 107 Hz
corresponding to a shear rate resolution of
about 10° s™. To apply shear stresses be-
low the mentioned value of 0.1 Pa [1] a
conventional electric motor is used in
combination with a fluid coupling. The
upper plate of the coupling is fixed to the



electric motor. The torque is transmitted by
the liquid to the second plate, which is
fixed to the cone of the cone-plate cell.
With this system a minimum torque of
10°Nm can be realized, which corre-
sponds to a shear stress of 10 Pa.

Experimental results

In the first experiments with the driving
unit — electric motor combined with the
fluid coupling — a magnetorheological fluid
(MR) has been investigated. For such kind
of fluids the dependence of yield stress on
magnetic field strength is already observed.
Using a MR-fluid will give information
whether a direct measurement of vyield
stress as a function of an applied magnetic
field can be carried out.

yield stress [Pa]
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fig.3: The yield stress of the MR-fluid as a function
of the square of the applied magnetic field

For the MR-fluid a clear dependence of the
yield stress on the magnetic field strength
is observed (fig.3). This effect depends
quadratically on the strength of the applied
magnetic field. These results confirm that
the shear stress controlled rheometer en-
ables a direct measurement of the yield
stress and its dependence on magnetic field
strength.

In order to perform the field dependent
yield stress measurements for ferrofluids,
one magnetite-based (APG513A) and one
cobalt-based (Co91) ferrofluid have been
investigated. For the APG513A and a mag-
netic field strength of 30 kA/m a yield
stress of ty = 0,012 Pa is measured, which
is well below the estimated taken from the
previous extrapolations of the flow curves

with the shear rate controlled rheometer
[1].

The yield stress grows for both ferrofluids
quadratically with the strength of the ap-
plied magnetic field (fig4). Further a sig-
nificant higher value of yield stress for the
fluid Co91 compared to APG513A is ob-
served. The magnetic interparticle interac-
tion has already been proven as the deter-
mining parameter for the appearance of
magnetoviscous effects in ferrofluids. For
cobalt-based fluids with 10 nm particles a
modified interaction parameter of A* =
5.26 is obtained [1], which is about two
times higher than for the 16 nm magnetite
particle fraction in APG513A. It appears
that the yield stress depends also strongly
in the interparticle interaction.

0.08 = Co91
0074 ® APGS513A
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fig.4: The yield stress of the ferrofluid APG513A as
a function of the square of the applied magnetic
field.
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Magnetorhelogical fluids (MRF)
are widely used in technical applications
because of their ability to provide simple,
quiet, rapid-response interfaces between
electronic  controls and mechanical
systems.

For a long time it is proposed to use
MREF as a working medium for semi-active
dampers, fluid clutches etc [1]. Besides,
MR fluids have been offered as a
promising candidate for developing ultra
precise hydraulic actuators for use in
various technical systems, e.g.: X-ray
lithography; tuning, adjusting and control
of optical and laser systems; nanoscale
surface analytical techniques, etc [2]. The
magnetorheology control has advantages of
nanometer scale accuracy of positioning at
long-range travel, millisecond response
time and high loading ability. On the basis
of it, a number of MR actuators have been
developed. Among them the 6-coordinate
table for microlithography, long-range
travel ultra-high vacuum manipulator etc
[3]. The one of the recent project is
developing of positioning actuator with
MR control for the elemental mirrors of
extra-large astronomical telescope AST-25.

The main feature of extra-large
astronomical telescope AST-25 is a
segmented primary mirror, which segments
constitute the whole reflecting system. This
design resolves the problem of the primary
mirror manufacturing however it makes a
problem of mirror segment positioning,
since a mirror elements positions should be
accurately and continuously adjusted
during the telescope operation. The mirror
segment actuators should ensure extremely
high requirements on accuracy of
positioning, on processing speed and
loading ability, that is caused by necessity

of repeated motion and precise positioning
during telescope operation. As a result of
the lead works it is offered and realized
actuator of hydraulic type with MR control
which idea consist in use of the valves
system based on Wheatstone bridge
hydraulic power circuit.

It was demonstrated that this
actuator have excellent features, i.e.: the
error of positioning less than 0.1 pm which
can be reduced potentially to about 10 nm
by optimization of control laws and
actuator design. The time of response of
actuator is less than 50 milliseconds which
depend on MR fluid behavior. The load
capacity of MR actuators can be more than
1000 N.
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Introduction

Semi-active devices have received signifi-
cant attention in recent years because they
offer the adaptability of active control de-
vices without requiring the usually asso-
ciated large power sources. Bearings and
dampers based on magnetically control-
lable fluids are such semi-active devices.
They change fluid properties to control
load capacity and controllable damping
forces respectively.

This paper presents a linear guide based
on ferrofluids and a magnetically control-
lable foam damper. The ferrofluid based
magnetohydrostatic linear guide uses the
magnetic pressure inside a magnetically
controllable fluid that arises from a mag-
netic field. The developed magnetorheo-
logical fluid damper consists of an open
porous foam piston. This piston is di-
rectly placed inside the active volume of
the damper. The fluid is pressed through
the pores when the piston moves. By
changing the magnetic field the fluid vis-
cosity can be influenced and thus the flow
rate can be controlled.

Ferrofluid based Linear Guide

Magnetohydrostatic linear guides get their
load bearing capacity from the magneto-
hydrostatic pressure that is generated by
the gradient of the magnetic field along a
fluid surface [1].

In Fig. 1 the developed linear guide with
a traverse path of 3.5 cm is shown. The

Figure 1:
guide

Magnetohydrostatic linear

device consists of three elements: a mag-
netic flied source, a magnetically control-
lable fluid and a paramagnetic bearing
area. A magnetostatic repulsive force acts
on the bearing area submerged into the
ferrofluid. When this force is stronger as
the normal force on the bearing area, the
set-up begins to float. The magnetic field
can be controlled by change of an air gap.
For the magnetic field generation NdFeB
permanent magnets were used. As a mag-
netically controllable fluid a ferrite-based
ferrofluid (TTR 656, particle size /sim 11
nm, carrier liquid = TR-30 oil) with a
saturation magnetization of 60.3 mT was
used.

Metallic Foam Damper

The basic idea of this new kind of damper
is based on open porous metallic foams.
The main advantage of these foams is a



high stability combined with a low weight.
For magnetorheological applications espe-
cially the open porosity is important: The
metallic foam can be directly placed into
the active volume of the damper. For
system modeling in a first approximation
the foam may be considered as an addi-
tionally rheological resistance. Hence, the
achievable damping forces can be shifted
to higher values. Fig. 2 shows a magne-
torheological fluid foam damper that was
developed and built by the IWF [2]. The

Figure 2: Metallic foam damper

piston consists of an open porous metal-
lic foam and is located inside a magnetic
coil. Moving this foam piston presses the
magnetic fluid through the pores of the
foam. The flow in the pores can be con-
trolled by changing the viscosity of the
fluid by applying a magnetic field. Ad-
ditionally, the damping force can be ad-
justed by the use of different open porous
metallic foams. The used metallic foam
consists of a bronze alloy with an open
porosity of 10 ppi (pores per inch). As a
filling for the damper a magnetorheolog-
ical fluid from the company Lord (MRF-
132AD, particle size =~ 2-20 pm, carrier
liquid = oil) was chosen.

To find basic damper properties repeated
test sequences were carried out. There-
fore currents from 0 A to 3 A were applied
to the coil inside the damper. With a sig-
nal generator a sinusoidal oscillation was
generated. The frequencies of this oscil-
lation were between 3 Hz and 10 Hz. Fig.

3 shows experimental data which was ob-
tained at an excitation frequency of 5 Hz.
In this figure the displacement versus the
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Figure 3: Damping force as a function of
displacement

force is shown for currents between 0 A
and 2.5 A. It can be seen that the area
under the force-displacement curve is in-
creasing with rising current. Further on
the clockwise tilting of the graph is re-
markable. The increase of the enclosed
area at higher currents can be explained
with the increase of the fluid viscosity.
The tilting seems to be caused by the elas-
tic properties of the fluid.

Conclusion

Concepts of a magnetohydrostatic linear
guide and a damper based on open porous
foams were developed. For both, demon-
strators were set up and successfully tested.
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Introduction

The ability of ferrofluids to be controlled
by applied magnetic fields allows their use
as an active medium in positioning sys-
tems. Prototypes of ferrofluidic driven one-
axis and multi-axis positioning systems
have been developed at the Institute for
Machine Tools and Factory Management
(IWF). The load capacity, positioning ac-
curacy and positioning velocity of the posi-
tioning systems were determined by ex-
perimental investigations. Their main dis-
advantages for applications turned out to
be their dependence on the direction of the
motion and their geometrical dimension. In
this case a characteristic active and passive
direction of the actor could be determined.
Therefore, any optimization should aim at
multidimensional positioning and miniatu-
rization. The miniaturized prototype of
multidimensional magnetofluidic positio-
ning system was developed and investiga-
ted in this program.

Development of new prototypes

The new prototypes enable a precise ad-
justment on a plane reference platform.
They are not affected by negative ambient
conditions, the adjustment or the direction
of the positioning. The main idea was to
combine two coils that apply a controlled
magnetic field to an actor which is em-
bedded in a ferrofluid. Due to an existing
gradient between the permeability of the
ferrofluid and of the actor material a force
was generated by the applied magnetic
field. This force could be concentrated and
amplified by field formers on both sides of
the actor surface. A shaft with precise

guidways was used for the transmission of
the motion to the object platform, figure 1.
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Figure 1: Principle (right) and a new prototype
(left) of a multidimensional positioning
system

Generally, each moved mechanical compo-
nent which is embedded in a liquid me-
dium had to be sealed against leakages.
Permanent ring magnets were arranged on
both sides of the moved shaft. A specific
experimental set up was developed to in-
vestigate the sealing effect with magnets at
given restrictions, figure 2.

Principle FE-Mesh

Opened vessel

Figure 2: Principle (right) and prototype (left) of an
experimental set up for magnetic sealing

Especially the sensitivity of miniaturized
apparatus to existing friction coefficients
and the resulting low forces require non-
contact seals with permanent magnets. The



technical challenges had been to manufac-
ture precise shafts with small tolerances re-
garding its diameter and cylindricity.

Experimental investigations

The investigated sealing parameters were
the gap width, the used ferrofluid, the mag-
netic field strength, the shaft material and
the pressure within the vessel. Thereby the
curves of pressure lossed measured with a
sensor represent the sealing ability. In this
context only gap widths lower than 0.1 mm
were suitable to avoid leakages. The exem-
plary clear decrease of the pressure loss for
the used ferrofluid “CO-MF” emphasizes
its low sealing ability, figure 3.
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Figure 3: Curves of pressure loss for the cobalt
ferrofluid “CO-MF” and Cf 35 shaft

Marginal deviations and differences in
quality of the measured curves could not be
determined for different parameters. The
curves with a “negative pressure” characte-
rize states of vacuum, in which the pres-
sure in the ambient medium was lower than
the pressure inside the encapsulated vessel.
This represents a change of direction of the
multidimensional positioning system.

Similar investigations have been carried
out for the oil based ferrofluids “AP201
MF” and the new ferrofluid “Co-MF” with
a relatively high magnetization. These
fluids allowed a low pressure loss and were
better suited for applications in multidi-
mensional systems. This effect is shown
exemplarily for “Co-MF”, figure 4.
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Figure 4: Curves of pressure loss for the cobalt
ferrofluid and Cuzn 39 Pb 3 shaft

Besides the ability of sealing, these fluids
allowed principally a higher load capacity
of the multidimensional system and requi-
red lower electrical power for the motion.
The evaporation of the original kerosene
based ferrofluid with cobalt particles was
avoided by using the oil “AP201” as carrier
liquid. Based on this assumption an addi-
tional parameter and negative influence
could be excluded whereby the comparabi-
lity of ferrofluids was ensured for the bet-
ter. Due to the fact that coils are integrated
into the positioning system to generate the
magnetic field in the multidimensional
system and that permanent magnets were
used for sealing the moving shaft, a contra-
dictory effect regarding acting force and
sealing ability was existing. Thus, an addi-
tional adjustment of the sealing and of the
required acting force for applications de-
pended on the geometrical design of the
actor.
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The realization of a motion using the de-
formation of magnetizable materials (a
magnetic fluid or a magnetizable polymer)
in a magnetic field is an actual problem.
The application mobile robots for industrial
inspections and in the area of medical en-
doscopy is considered in [1] [2].

1. Locomotion using a magnetic fluid

We consider a plane flow of an incom-
pressible viscous magnetic fluid layer
along a horizontal surface in a nonuniform
magnetic field (see figure 1).

zZ
T 1 a ]'].(X,t)
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Figure 1. Magnetic fluid layer

The pressure on the free fluid surface is
constant. In the case of a constant magnetic
permeability the body magnetic force is
absent and the magnetic field manifests
itself in a surface force acting on the free
surface. In this case the system of equa-
tions consists of the continuity and Navier-
Stokes equations:

divVv =0,

a—V+(V V)V :—lgrad p+L.AV.
ot p p

Here, V is the velocity vector (u and w
are the horizontal, and vertical coordi-
nates), p is the fluid pressure, 7 is the

dynamic fluid viscosity coefficient, p is

the fluid density, and t is time. On the
rigid substrate the no-slip condition is sat-
isfied. On the free surface the kinematic
and dynamic conditions should be satisfied
(see [3]). The strength of the magnetic field
creating a travelling sinusoidal finite-
amplitude wave on the surface of the fluid
is found and the average volume flow-rate
is calculated. The magnetic field strength
amplitude is found as a function of the
wavelength and other parameters of the
problem. The existence of the minimum
magnetic field amplitude at a certain length
of the surface wave is shown.

2. Magnetizable bodies in a magnetic field

The motions of a magnetizable body (mag-
netizable worm) in an alternate magnetic
field are studied experimentally for a large
diapason of the electromagnetic system
frequency. The prolate bodies from the
magnetizable composites (an elastic poly-
mer and solid magnetizable particles) and a
capsule with a magnetic fluid are used (see
figure 2). The analytical estimation and
numerical calculation of the deformation of
the bodies in an applied magnetic field and
the velocity of the bodies are done.

| )
|

Figure 2. The magnetizable worm

The initiator of the motion in such a device
is an alternate magnetic field, which forms
to exterior sources (electromagnetic system



or motion permanent magnets). A micro-
robot with individual cells corresponding
to the earthworm’s segment and sealed
with water-based magnetic fluid is devel-
oped in [4]. In [5] the theoretical study of
the behaviour of a locomotion system us-
ing periodic deformation of a magnetizable
polymer is done, when an alternate uniform
magnetic field operates. The average ve-
locity of such locomotion systems is pro-
portional to the difference of the friction
coefficients between the system and the
substrate, which depends on the directions
of motion. It is found that there is an undu-
lation of the magnetizable elastic body in a
periodic traveling magnetic field of special
structure and the body moves along the
channel. It is proved, that the direction of
its motion is opposite to the direction of the
traveling magnetic field. It is shown that

for n<50s™ (n is the number of the

switches of the coils per second ) the theo-
retical results agree with the experiments.
The optimum relation of the geometrical
sizes of the body and the channel, the pa-
rameters of spatial periodicity of a mag-
netic field is explored. In experiments
maximal body velocity has been
6.45cm/s. A calculation of the worm de-

formation using FE-method is shown in

R H YK

Figure 3. Numerical results
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3. Interaction between a controlled mag-
netic field and a magnetic fluid

A moving magnetic field can generate a
travelling wave on the surface of magnetic
fluids. The figure 4 shows a travelling
wave on a free surface of a ferrofluid in a
controllable magnetic field during funda-
mental experiments for developing bio-
logically inspired locomotion systems. This
travelling wave can be useful as a drive for
locomotion systems. Therefore, peristalti-
cally moving active locomotion systems
could be realized with an integrated elec-

tromagnetic drive. Also passive locomotion
systems can be taken into account. Objects,
which are on the surface of the fluid or are
lying in the fluid, could be carried floating
and/or shifting.
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Figure 4. Wave fronts at different times

Acknowledgments

This work is supported by Deutsche For-
schungsgemeinschaft (DFG, Zi 540/7-1)
and the Russian Foundation for Basic Re-
search (project 05-01-04001) and Grant
Sci.Sc. 4474.2006.1.

References

[1] Choi H.R., Ryew S.M., Jung K.M.,
Kim H.M., Jeon JW. Nam J.D,
Maeda R. and Tanie K. Microrobot ac-
tuated by soft actuators based on di-
electric elastomer Proc. of IEEE/RSJ
International Conference on Intelligent
Robots and System 2, 2002, 1730-35

[2] Menciassi A. and Dario P. Bio-inspired
solutions for locomotion in the gastro-
intestinal tract: background and per-
spectives Phil. Trans. R. Soc. London A
361, 2003, 2287-98

[3] Zimmermann K., Zeidis I., Naletova
V.A. and Turkov V.A. Waves on the
surface of a magnetic fluid layer in a
travelling magnetic field J. Magn.
Magn. Mater. 268, 2004, 227-31

[4] Saga N. and Nakamura T. Develop-
ment of a peristaltic crawling robot us-
ing magnetic fluid on the basis of lo-
comotion mechanism of the earthworm
Smart Mater. Struct. 13, 2004, 566-569

[5] Zimmermann K., Zeidis I., Naletova
V.A. and Turkov V.A. Travelling
waves on a free surface of a magnetic
fluid layer J. Magn. Magn. Mater. 272-
276, 2004, 2343-44



Superparamagnetische Nanoteilchen als Sonden fur die Hydrogel-
Charakterisierung mittels Fluxgate-Magnetrelaxometrie

E. Heim®, S. Harling?, A. Schwoerer®, F. Ludwig', H .Menzel?, M. Schilling®

YInstitut fur Elektrische Messtechnik und Grundlagen der Elektrotechnik, TU Braunschweig, Hans-Sommer-Str.

66, D-38106 Braunschweig

?Institut fur Technische Chemie, TU Braunschweig, Hans-Sommer-Str. 10, D-38106 Braunschweig
*Institut fur Biochemie und Biotechnologie, TU Braunschweig, SpielmannstraBe 7, D-38106 Braunschweig

Die Anwendung der Magnetrelaxometrie
(MRX) beruht auf dem unterschiedlichen
Relaxationsverhalten von frei beweglichen
und gebundenen superparamagnetischen
Nanopartikeln (MNPs). Mit Hilfe der
MRX kdnnen magnetische Nanoteilchen
charakterisiert [1,2] sowie Magnetrelaxati-
ons-Immunoassay (MARIA) durchgefiihrt
werden [3]. Eine weitere neue Anwendung
dieses Verfahrens zur Charakterisierung
von Hydrogelen haben wir kirzlich vorge-
stellt [4].

Hydrogele sind in der Lage das Vielfache
ihres eigenen Gewichtes an Wasser oder
Puffer aufzunehmen, wodurch sie eine op-
timale Umgebung flr medizinisch wirksa-
me Proteine und Peptide schaffen. Deren
Speicherung und kontrollierte Freigabe ist
somit Uber einen langeren Zeitraum mdog-
lich. Die Bildung des Hydrogels findet bei
unserem Verfahren in Gegenwart der
Wirkstoffe statt, wodurch sie in dem Netz-
werk eingeschlossen werden. Die Freiset-
zung der Medikamente erfolgt bei Hydro-
gelen durch Diffusion, die wiederum durch
die Degradation des Netzwerkes beein-
flusst wird. Bekannte Methoden, wie z.B.
die Diffusionsmessung, um die Freisetzung
aus Medikamentendepots zu analysieren,
basieren darauf, den freigesetzten Stoff zu
detektieren. Die Vorgange im Inneren des
Depots bleiben verborgen. Mit Hilfe der
MRX ist es moglich, Vorgange innerhalb
des Hydrogels zu analysieren. Einerseits
kann die Bildung des Gels beobachtet wer-
den und zum anderen auch dessen Abbau.
Hierzu werden anstatt Proteinen oder Pep-
tiden magnetische Nanoteilchen in das
Hydrogel eingebaut, die als Sonden dienen
und somit eine Messung der Freisetzung
und der Degradation des Netzwerks ermdg-

Abb. 1. REM-Aufnahme eines gefrierge-
trockneten Hydrogels mit eingebauten Na-
noteilchen.

lichen. Abb. 1 zeigt eine REM-Aufnahme
eines gefriergetrockneten Hydrogels mit
MNPs. In REM-Aufnahmen ist eine Ana-
lyse nur im getrockneten Zustand mdglich.
Es ist nicht erkennbar, ob sichtbare MNPs
frei beweglich sind. Wird jedoch an dem
urspringlichen  Hydrogel das MRX-
Verfahren angewendet, kann man frei be-
wegliche von gebundenen MNPs trennen.
Mit Hilfe der MNPs als Sonden kann man
die Kinetik der Gelierung und des Gelab-
baus beobachten. Bei beiden Prozessen
werden die verschiedenen Relaxationszei-
ten sowie Relaxationsverldaufe von freien
als auch gebundenen MNPs ausgenutzt. In
Abb. 2 sind die Relaxationkurven eines
Vergelungsprozesses und Referenzproben
von rein mobilen und rein immobilisierten
MNPs der gleichen Konzentration und Art
dargestellt. Die Vergelung findet durch
Photopolymerisation einer mit vernetzba-
ren Substituenten variierten Hydroxye-
thylstarke in Losung statt (Abb. 3). Die
Relaxationskurven wurden nach jeweils
finf Minuten UV-Bestrahlung mit einem
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Abb. 2: Relaxationskurven eines Verge-
lungsprozesses und von Referenzproben.

fluxgate-basierten System aufgenommen.
In Abb. 4 sind die relativen normierten
Fitparameter, die man uber eine phanome-
nologische Beschreibungsgleichung erhélt
[4], dargestellt. Man kann aus den Relaxa-
tionskurven und den Fitparametern auf die
Vernetzungkinetik schlielen. Das Einbet-
ten der MNPs in das sich vernetzende
Hydrogel ruft zwischen 15 und 30 min die
starksten Anderungen hervor. Die Diskre-
panz zwischen der Relaxationskurve der
vernetzten Probe und der vollstandig im-
mobilisierten Referenzprobe lasst darauf
schlieBen, dass sich noch freie MNPs im
Hydrogel befinden. Durch das Beobachten
des Vergelungsprozesses erhalt man somit

5 min. 5 min. Schritte 40 min.

Abb. 3: Inversionstest der hergestellten
Hydrogele in Abhéangigkeit der Belich-
tungszeit.
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o
[
ul

0 10 20 30 40 50
UV Belichtungszeit / min

Abb. 4: Relative normierte Fitparameter
der Relaxationskurven.

Informationen Uber das Abschlielen des
Vergelungsvorgangs sowie Uber die Auf-
nahmekapazitaten des Hydrogels. Die An-
wendung der hier untersuchten Hydrogele
als Medikamentendepot soll in Form von
Mikrosphdaren erfolgen. Um das Freiset-
zungsverhalten in dieser Form zu untersu-
chen, werden die MNPs in die bis zu 40pum
grolRen Hydrogel-Mikrosphéren eingebet-
tet. Das hier vorgestellte Verfahren bietet
eine interessante Erganzung zu den bishe-
rigen Methoden, da mit ihm zusétzlich die
Vorgange innerhalb von Hydrogelen er-
fasst werden konnen.

Gefordert durch die DFG Uber SFB 578.
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Introduction
Homogeneous immunoassays re-
quire only the mixing of a sample and sig-
nal generating reagents followed by detec-
tion. Binding between the interacting part-
ners produces a physically detectable sig-
nal that obviates the need to separate bound
from free sample. Measurement of the
magneto-optical relaxation of ferrofluids
(MORFF) is a new principle for the per-
formance of a homogeneous immunoassay
enabling measurements by the use of mag-
netic nanoparticles as signal generators [1].
Various clinical relevant antigens and
their polyclonal as well as monoclonal an-
tibodies were evaluated by this method:
Carcinoembryonic antigen (CEA) is an
oncofetal antigen which is only detectable
on tumors and the luminal surface of the
gut. It is highly expressed in most gastroin-
testinal carcinomas and in a number of
breast, lung and ovarian carcinomas [2].
Eotaxin is a cc-chemokine with diverse
functions in inflammable processes [3]. A
raised blood level of insulin-like growth
factor (IGF) increases the risk of cancer
through its anti-apoptotic activity and
therefore it can act as a cancer indicator

[4]

Methods

Magnetic nanoparticles (DDM128N, Meito
Sangyo; MNP) were functionalized with
the polyclonal or monoclonal antibody.
Antigen was added to the antibody-MNP
suspension in different amounts. Binding
reactions resulting in an increase of the
particles’ diameter were detected by meas-
uring the relaxation of the optical birefrin-
gence signal occurring when a pulsed
magnetic field is applied to the ferrofluid.
Results and discussion

Assuming a simple exponential de-
cay resulting from a monodisperse size
distribution an increasing relaxation time is
found with passing reaction time. For ex-
ample the addition of CEA to monoclonal
anti-CEA conjugated MNP in different
amounts yields an enlargement in the parti-
cles’ hydrodynamic diameter from 65 nm
to 95 nm within 60 min (Fig. 1).
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Figure 1. Mean hydrodynamic diameter obtained
by the exponential fit from the incubation of CEA
and monoclonal anti-CEA-MNP. Control=3 nM
BSA

The effective hydrodynamic diameter ob-
tained by the exponential fit of the relaxa-
tion signal represents the mean of the parti-
cle size distribution, including the MNP
aggregates formed during a coupling reac-
tion. Assuming the formation of linear
chains of MNP which are linked to each
other via antigen molecules, standard
methods for the statistical description of
stepwise polymerization can be utilized.
Within this model, the mean of the size
distribution can be expressed in terms of
the conversion of antigen molecules.

For the conversion parameter o, defined by

o =re_ )

where cag is the concentration of bound
antigen, and c® denotes the total concentra-



tion (bound or free) of the respective spe-
cies, we obtained the expression
a=(D-1)/(D+1). (2)

Here, D=d/d, is the effective diameter
normalized by the value found at the be-
ginning of the reaction. An affinity analysis
of the systems where performed consider-
ing the steady state achieved some minutes
after the addition of a definite amount of
antigen to the functionalized MNP. Under
these conditions, the equilibrium constant
Kp can be expressed by

coca

Ko =42 —(ch +C5) +4/cacsa™  (3)
(24

whereas ¢’ denotes the total amount of

antigen added to the system, and o.°° is the
steady state conversion which can be ob-
tained from measured D values via equa-

tion 2, the total concentration of antibody

cJ is so far unknown. The amount of anti-

bodies coupled on MNP depends on the
efficiency of the functionalization proce-
dure. We assume that only a small fraction
of the antibodies deployed for functionali-
zation are coupled to the MNP. In analogy
to scaled plots usually performed for the
data of immunoassays we looked for a lin-
ear relation between terms containing o>°
and c%, which are the known guantities in

our system. An equation of the form
y = Ax + B can be given with

SS
a> +1
x:cg, y= CE\-—,
S
1 cg +Kp

After calculating x and y from experimen-
tal data, a regression analysis can be per-
formed. The slope of the regression line is
related to the total amount of antibody of
the system, and Kp can be determined from
the intersection with the x-axis.

1,5x10°4

2
5 = IGF
2L B Eotaxin
7 1,0x1071 CEA mAb
g CEA pAb
I
C”EK 5,0x10* /‘/ linear fit IGF
b=1 O ———-- linear fit Eotaxin
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% - linear fit CEA pAb
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Figure 2. Linear plot for steady state conditions for
different antigen/antibody systems. Kp=intersection
of linear fit with x-axis.

The results were compared with
those obtained from surface plasmon reso-
nance biosensor analysis, a standard tool
for biomolecular interaction analysis. For
all investigated antigen/antibody systems
similar Kp-values were determined.

These data may confirm the appli-
cation of MORFF as a novel tool in in-
vitro diagnostic.
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Introduction

Magnetic nanoparticles (MNP) serve as
markers for biomolecules in the Magnetic
Relaxation Immunoassay (MARIA) [1].
MARIA is an homogeneous immunoassay,
in which bound and unbound probes (con-
jugates of detection molecules and MNP)
can be distinguished by their relaxation
behavior. To make MARIA work, the
binding of the probes to the analyte of in-
terest should decrease the Brownian re-
laxation of the probes significantly. This
can be achieved by attaching the analyte to
a solid surface [2]. Alternatively, the mole-
cules of interest can be parts of larger
structures such as bacteria [3]. Further, the
biomolecules can be linked to beads being
large in comparision to the MNP-probes
[4].

Another possibility for detecting compara-
tively small biomolecules in solution by
MARIA is the aggregation assay [5]. Here,
the agglutination of probes by the presence
of the free analytes produces large aggre-
gates and causes the reduction of the
Brownian relaxation of the MNP-probes.
In the present work we elucidate this ag-
glutination phenomenon quantitatively.

Materials and Methods

In the present assay Biotin-BSA (biotyni-
lated bovine serum albumin) is the analyte
and streptavidin-MNP probes serves as the
detection agent. The magnetic relaxation of
the samples is measured by highly sensi-
tive SQUID-based Magnetorelaxometry
(MRX) system, and we use the decay time
tye Of the relaxation curves as a measure of
the size of the aggregates, which are gener-
ated by the agglutination of the MNP.

Two different types of MNP were used,
namely fluidMagBC*SA (chemicell) with

an overall mean diameter of about 20 nm,
and uMACS*SA (Miltenyi Biotec) with a
mean diameter of about 55 nm.

Results and Discussion

First we have checked the binding capacity
of the probes by MRX. The incubation of
uUMACS*SA with an excess of biotin,
which is linked to agarose beads, leads to a
nearly complete immobilisation of the
probes at the beads (figure 1).
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Figure 1: Relaxation curves of pMACS*SA
(c(MNP)=10" mol/l) in aqueous suspension with
and without biotinylated agarose beads (c(Biotin)=
10 mol/l). The incubation time was 5h. The re-
laxation curve of freeze dried MNP is added as a
reference for the fully immobiliesed MNP. The
behavior of MNP, saturated with free biotin before
coupling experiment (control experiment) reveals
that the binding is predominantly specific.

The measurements of the MagBC*SA par-
ticles on the other hand revealed that only
about 40% of the MNP are functionalised
with streptavidin.

Solutions of various concentrations of the
analyte Biotin-BSA were incubated with
the streptavidin  functionalized MNP
MagBC*SA (c(MNP)=8.3-10 mol/l) and
UMACS*SA  (c(MNP)=4.2-10™ mol/l),
respectively. The magnetic relaxation



curves yielded decay times tye that show
pronounced maxima at distinct MNP-to-
analyte concentration ratios of 3.5:1 for
MagBC*SA, and of 1:150 for utMACS*SA
(fig. 2). We attribute the maxima to maxi-
mal aggregate size appearing at well-
defined concentration ratios.

MagBC*SA

. 61  uMACS*sA
= ] \
27 I-D—I/ADI~.—§DO

0_
10° 10° 10* 10° 10% 10" 10° 10" 10° 10° 10°
c(MNP)/c(B-BSA)

Figure 2: Decay times estimated from the relaxa-
tion curves for MagBC*SA (circles) and
uMACS*SA-probes (squares). The incubation time
was 1day. The control experiment (probes satu-
rated with free biotin) reveals the specifity of the
binding (open symbols).

The low binding efficiency (40%) of
MagBC*SA may be the reason why in ag-
gregates where all binding sites are satu-
rated the MNP to Biotin-BSA ratio is
higher than 1.

The MNP concentration of maximal agglu-
tination of uMACS*SA is about 500 times
smaller. This cannot be explained by the
higher binding capacity of the uMACS*SA
alone. Rather, the large size of the probes
themselves may be the deciding factor.
Only a small fraction of the small Biotin-
BSA molecules on the surface of the large
MNP may efficiently contribute to the ag-
glutination by forming a bond between two
MNP, while the majority of Biotin-BSA on
the MNP remains idle.

Conclusion

We employed MRX for quantifying the
agglutination of functionalized magnetic
nanoparticles. The resulting aggregate size
shows a clear maximum at a distinct con-
centration ratio of analytes to probes, ena-
bling the sensitive estimation of the con-
centration of an analyte. We assume the

origin of the dramatic difference in the
location of the agglutination maxima for
the two investigated analyte-probe pairs to
be the different size and binding valence of
the probes.
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Purpose: Magnetic nanoparticles (MNP)
are known to be versatile tools in diagnos-
tic and interventional radiology [1-8]. The
motivation of this study was to assess if
MNP could be used for multiple purposes:
an increased MNP loading of tumour cells
in vitro piloted by an external magnetic
field (magnetic labelling) in combination
with cell inactivation by exposure to an
alternating magnetic field in order to gen-
erate heating (magnetic heating).

Material and Methods: Human adenocar-
cinoma cells were incubated with different
amounts of MNP (10 to 30 mg) while ex-
posed to an external magnetic field gradi-
ent (1 to 24 hrs; max. 56 mT (magnet A)
and max. 83 mT (magnet B) labelling, re-
spectively; control A: cells without MNP
and without magnetic labelling; control B:
cells with MNP, but without magnetic la-
belling). The combined effects of both
magnetic labelling and magnetic heating
(frequency, 400 kHz; amplitude, 24.6
kA/m) were assessed by the determination
of the specific temperature increase of 0.5
to 5 x 10’ BT-474 cells. The amount of
iron within these cells was determined by
atomic absorption spectrometry.

Results: A significantly (P < 0.05) in-
creased MNP cell uptake due to magnetic
labelling with magnet B (e.g. 121.85 £ 7.09

pg Fe/cell; 2.5 x 107 cells, 0.32 mg Fe/ml
culture medium, 24 hrs incubation) could
be observed over time and cell concentra-
tion, as compared to controls (e.g. control
A: 0.0122 + 0.0038 pg Fe/cell; control B:
99.86 £ 10.52 pg Fe/cell), showing a selec-
tive MNP accumulation. For this reason, an
increased temperature during magnetic
heating of labelled tumour cells was ob-
served, for example, a temperature raise of
28.17 £ 0.35 K after magnetic labelling
with magnet B compared to 19.39 £ 1.35 K
of control B (control A: 2.50 + 0.06 K).
Furthermore, our data showed that the
magnetic induction of magnet A was insuf-
ficient to enrich a significantly higher iron
concentration within tumour cells and
therefore to obtain a higher temperature
rise in comparison to control B.

Conclusion: An additive, cytotoxic effect
on tumour cells in vitro in dependence of
incubation time and cell number was ob-
served due to the combination of magnetic
heating and magnetic labelling. Therefore,
MNP are shown to be, in principle, valu-
able tools for the combination of magneti-
cally based therapy modalities, magneti-
cally induced labelling and magnetic heat-
ing, in the long term.
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Introduction

Local hyperthermia using magnetic nano-
particles (MNP) compises a promising
technology for the highly selective therapy
of tumours. In order to enhance the thera-
peutic effect, MNP can be used as multi-
modal tools for both magnetic induced
heating and chemotherapeutic approaches.
Hereby, chemotherapeutics such as cis-
platin are coupled to the shell of the MNP.
The aim of the present study was to inves-
tigate the basic feasibility of the combined
therapeutic modality.

Magnetic Properties

Starch coated MNP prepared by chemicell
GmbH, Berlin were used in the present
study. The first step of our investigations
was the characterization of the magnetic
properties of the original particles. The
magnetization data obtained by VSM
measurements showed superparamagnetic
behaviour. We wused the method of
Chantrell [1] to calculate the mean particle
size D and the distribution width ¢ of the
lognormal distribution and obtained D =
11.5 nm and o = 0.42. From the mean di-
ameter and an anisotropy constant of 10*
Jm> a Néel relaxation time of
=1oexp(KV/kT) =10 s [2] was estimated.
The hydrodynamic diameter of the parti-
cles was determined by laser diffraction
resulting in a mean value of Dy = 71 £+ 3
nm. From this value a Brown relaxation
time rBZm]DH3/kT [3] of 0.27 ms was es-
timated.

In order to determine the behaviour of the
material in ac fields, we used the ac sus-

ceptometry (ACS). Our set-up allows the
measurement of the real (y') and imaginary
(") part for frequencies from 20 Hz - 1
MHz and field amplitudes up to 60 A/m
[4]. The y"(f) obtained with our sample is
nearly constant for frequencies above 10
kHz according to the fact that the Néel
peak is outside of the measured frequency
range. For 400 kHz which is a suitable fre-
quency for medical hyperthermia [5] we
obtained y"=2.8.
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Fig. 1 Specific heating power of the fluid

In addition, we performed calorimetric
measurements of the specific heating
power (SHP) using a set-up as shown in
[4]. An ac field with a frequency of 400
kHz and amplitudes of 11-25 kA/m can be
applied to the sample. From the time de-
pendence of the temperature T(t) we can
calculate the SHP. Fig. 1 shows the meas-
ured data as well as the SHP calculated
from the " according to the linear theory
[6] by SHP=pnfH*y"/p. The data below
20 kA/m are in good accordance with the
model. For higher amplitudes a saturation
appears.



Cisplatin labelled MNP

Iron oxide MNP with different coatings
were functionalized with the temperature-
sensitive chemotherapeutic cisplatin. In
this regard, we used the carbodiimide
method [7] or just ionic binding. Up to
now, we were able to bind a maximum of
27.36 mg cisplatin per g iron. In order to
achieve distinct cytotoxic effects in SK-
BR-3 cells emerging from the chemothera-
peutic agent itself, coupling of higher cis-
platin amounts is necessary.

Stability measurements of cisplatin la-
belled MNP

To evaluate the stability of cisplatin linked
starch coated iron oxide MNP in ddH,O,
they were exposed to 26 °C over altered
time periods (up to 20 weeks). Stability
measurements were done by determining
the mode of hydrodynamic diameters with
laser diffraction and by quantitative deter-
mination of iron and platinum contents
with atomic absorption spectrometry. The
results demonstrated the stability of hydro-
dynamic diameters (71 + 3 nm) up to 20
weeks. Cisplatin labelling was stable up to
two weeks (85 — 100 %). After 20 weeks
51 £5 % of the cisplatin was still found to
be linked with MNP.

Cytotoxic effects of cisplatin and cis-
platin labelled MNP

In order to assess the therapeutic properties
of MNP labelled with chemotherapeutics in
the long term, the cytotoxicity on selected
target cells was determined using the MTS
assay as described previously [8]. Human
cells (BT-474, HMEC-1, SK-BR-3) seeded
in microtiter plates (1500, 4000, 9000
cells/ 0.34 cm®) were incubated with cis-
platin (0.5 puM to 100 puM) and cisplatin
labelled MNP (0.5 uM to 20 uM cisplatin)
at 37 °C for 24, 48 and 72 hrs. The effects
due to hyperthermal temperatures (23, 47,
71 hrs at 37 °C and 1 hr at 42 °C) were also
tested. The results showed that for cisplatin
the ICso (concentration at which cell prolif-
eration was reduced by 50 % as compared
to untreated controls) was reached between

60 and 80 uM for BT-474 and SK-BR-3
(HMEC-1: > 150 uM). If cells were addi-
tionally exposed to heating, ICsy was al-
ready achieved at a concentration of 25 to
35 uM cisplatin in BT-474 cells (HMEC-1:
150 uM).

Further on, incubation of SK-BR-3 cells
with cisplatin labelled MNP (=20 mg cis-
platin per g iron; 24, 48, 72 hrs, 0.2 uM to
20 puM cisplatin, 3 to 350 pg Fe/ml culture
medium) revealed the presence of intact
cells or cells affected due to high MNP
concentration itself (control). Therefore, a
higher degree of functionalization of MNP
with cisplatin should be performed.
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Introduction

The biomineralization of magnetosomes is
one of the most intriguing examples for the
biogenic synthesis of a hierarchical self-
assembled nanostructure. In magnetotactic
bacteria these membrane-enveloped parti-
cles serve as navigational tools for the ori-
entation along geomagnetic field lines. Bac-
terial magnetic nanoparticles are of increas-
ing interest for biotechnological and bio-
medical applications as they represent a
novel class of small (20-45 nm), uniform
particles with defined magnetic and crystal-
line characteristics synthesized under con-
trolled conditions (1).

In this project, the mass production of mag-
netosomes from the magnetic bacterium
Magnetospirillum gryphiswaldense was
established. Isolated suspensions of bio-
genic magnetite particles were thoroughly
characterized with respect to their bio-
chemical, physico-chemical, and magnetic
characteristics. The discovery and charac-
terization of the magnetosome membrane
proteins and the corresponding genes facili-
tated the genetic modification of magneto-
somes. Genetic engineering and in vitro
modification of isolated magnetosomes is
employed for the production of oligofunc-
tional magnetosomes tailored for various
biomedical applications.

Results and discussion

Production and characterization of magne-
tosomes

M. gryphiswaldense was routinely cultured
in @ mass fermentation procedure that was
designed to maintain microaerobic condi-
tions during bacterial growth. Continued
optimization of the method of resulted in a
further increased magnetosome yield (10
mg/l) magnetosomes equivalent to a pro-
ductivity to approx. 9 mg per liter and day.

Beside wildtype cells, magnetosomes were
additionally produced and isolated from
several mutants with aberrant crystal mor-
phologies and altered membrane properties.
Of particular interest turned out to be mag-
netosome particles produced by a mutant
strain (MSR-1K), which displayed not only
a smaller size (25-30 nm), but also a nar-
rower size distribution and thus predomi-
nantly fall into the superparamagnetic size
range. As a consequence, aqueous suspen-
sions of MSR-1K magnetosomes display a
substantially higher stability and a lesser
tendency to agglomerate compared to wild
type magnetosomes.

Biochemical analysis revealed that the
magnetosome membrane of isolated parti-
cles is stable in the presence of various
compounds. The membrane can be com-
pletely solubilized by strong detergents (e.
g. SDS), while treatment with various mild
detergents as well as proteolytic digestion
by trypsin resulted in the selective solubili-
zation of individual magnetosome mem-
brane proteins (2).

Magnetic properties of magnetosomes were
characterized by several techniques includ-
ing DC-susceptometry, magnetorelaxome-
try as well as atomic and magnetic force
microscopy (Collab. D. Eberbeck, L.
Trahms, M. Albrecht, PTB Braunschweig,
Berlin). These studies revealed a high coer-
civity found by M(H) measurements and a
dominance of Néel relaxation of the immo-
bilized mono-domain particles, which was
in accordance with blocked individual par-
ticles visible in MFM (3,4).

Isolated magnetosomes were prepared and
evaluated for their use in magnetic particle
hyperthermia (MPH) treatment of tumors
(Collab. R. Hergt, 1. Hilger, R. Hiergeist,
Jena). A very large specific power loss up
to 960 W/g at 410 kHz and a field ampli-
tude of 10 kA/m was determined, revealing
magnetosomes as very promising candi-



dates for biomedical applications in hyper-
thermia or thermoablation (5).

Functionalization of magnetosomes

The biotechnological potential of magneto-
somes could be greatly extended if the par-
ticles can be functionalized, e. g. by the
coupling with fluorophores, enzymes or
linker molecules such as biotin, which can
be harnessed to couple various bio-
molecules in vitro to the magnetosome sur-
face. The chemical functionalization of
magnetosomes from M. gryphiswaldense
was demonstrated. Employing biotin-
streptavidin chemistry it was possible to
attach oligonucleotides, fluorescent dyes
and gold particles to magnetosomes (6). In
a collaboration with the Hilger group (Univ.
Jena), M. Lisy and coworkers demon-
strated that a fluorescent dye can be cova-
lently attached to magnetosome membrane
proteins in order to combine magnetic reso-
nance and fluorescent imaging (7).

The identification of 18 magnetosome-
specific proteins (collab. R. Reszka) and
their genes provides a mean for genetic
modification via the expression of heterolo-
gous proteins genetically fused to the native
magnetosome proteins. Using green fluo-
rescent protein (GFP) as a model fusion
partner, we have identified magnetosome
membrane proteins which can serve as
membrane anchors. Using this system fluo-
rescent magnetosomes were produced. Af-
ter verification of the magnetosome mem-
brane protein MamC as a functional mem-
brane anchor, a MamC-GFP fusion was
constructed resulting in magnetosome par-
ticles that displayed stable fluorescence
both in vivo and in vitro. In a further genetic
construct, GFP was replaced by the anti-
body-binding domain of staphylococcal
protein A. This resulted in antibody-binding
magnetosomes, which are currently evalu-
ated for the purification of antibodies and
for immunoassays. In addition, an intein
domain was fused to MamC. This protein
tag may facilitate the site-specific attach-
ment of thiolated compounds to the magne-
tosome surface. Among other potential ap-
plications intein modified magnetosomes

could be employed for the attachment of
oligonucleotides for nucleic acid extraction
and detection.

In conclusion, these data show that bacterial
magnetosomes can provide an alternative to
synthetic magnetic nanoparticles for bio-
medical and biotechnological applications.
The properties of magnetosome crystals are
highly interesting for instance for hyper-
thermia applications and magnetic reso-
nance imaging. In addition it has been
shown that genetic engineering of magneto-
some membrane proteins is a powerful tool
to generate oligofunctionalized magneto-
somes for various applications.
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Ferrofluids based on iron oxide particles
(magnetite or maghemite) with enhanced
anisotropy barrier lead to enhanced mag-
netic hysteresis losses in fluids. Losses may
be used for application in magnetic particle
hyperthermia proposed as a tumour therapy
in ac-fields. (see contribution by
M Kettering)

Several types of losses which may appear
(hysteresis losses, Néel- or Brown relaxati-
on) depend strongly on the mean particle
size, the size distribution width and magne-
tic field parameters [1]. To influence the
size distribution of particles approaches in
preparation are promising where nucleation
and growth of particles can be influenced
independently.

In hyperthermia a higher specific loss po-
wer (SLP) at lower fields would allow a
reduction of the tissue load with magnetic
material and improve the reliability of a
therapy.

The preparation of magnetic iron oxide

powder by crystallization from CaO-
Fe,03-B,0s-glass during a two-step tempe-
rature treatment for nucleation and particle
growth and subsequent dissolving of the
matrix was shown in [2]. The separated
powders show magnetization values up to
70 Am?/kg close to literature values of y-
Fe,0s. Investigations by X-ray diffraction
XRD show that there is a mixture of Fe;04
and y-Fe,0;. The mean particle size of the
further investigated powder (powder 1)
was ca. 16énm.
A water based charge stabilized ferrofluid
(fluid 1) was prepared from powder 1 in
connection with the dissolving of the bora-
te by acetic acid [2]. The number of aggre-
gates in the fluid was reduced by centrifu-
gation. The particle concentration of the
obtained fluid is = 1.0 mass-%.

In a second method [3] we prepared our
particles by growing cycle by cycle on ini-
tial particles which were prepared by the
usual wet precipitation method. A NaH-
COs-solution was added to a FeCl,/FeCls
solution up to pH=7 what lead to the for-
mation of a brownish precipitate. Then a
new Fe’'/Fe’"-mixture was added and the
precipitation was carried out again. This
procedure was repeated three times. After
that the solution was boiled for 10 minutes
to form an almost black precipitate. Partic-
les in the size range from 10 to 30nm could
be prepared.

For medical in-vivo applications of iron
oxide nanoparticles a biocompatible coat-
ing is necessary. We used carboxymethyl
dextran (CMD) starting from initial mate-
rial CMD sodium salt (Fluka). Typically,
the nanoparticle dispersion was separated
magnetically and washed with water. After
adjusting the pH with diluted HCI to 3 - 4,
the suspension was warmed to 45 °C and
an aqueous solution of CMD was added.
The mixture was homogenized by ultra-
sonic treatment for 1 min using a Sonopuls
GM200 (Bandelin) device. The suspension
was stirred for further 60 min at 45 °C and
the coated nanoparticles were separated
magnetically and washed once with water.
Ferrofluids with particles < ca.l17nm are
stable concerning sedimentation. Typical
dried fluid samples show a mass loss (at =
220°C) by thermogravimetry (Netzsch
STA409) of 5-7% what can be interpreted
as CMD amount. After about two weeks a
considerable agglomeration could be ob-
served in all samples what probably results
from an aging effect of the CMD layer.
Mean particle sizes by XRD measured on
samples prepared by a three-cycle procedu-
re with bigger iron oxide particles taken



from the sediment as well as from the
stable supernatant after one day are 17.4
and 21nm, respectively. The mean size of
the original sample (fluid 2) was 19.3nm.
The distribution of the hydrodynamic dia-
meter (number weighted) measured by
dynamic light scattering has a mean value
at about 80nm. The coercivity of the im-
mobilised ferrofluid is 4.1kA/m.
Powder 2 was prepared by drying of fluid 2.
The specific hysteresis loss power at the
usual field parameters (410kHz, 11kA/m)
of the dried powder and the fluid is 21 and
43 W/g for sample 1, respectively, and 22
and 48 W/g for powder 2 and fluid 2.
Hysteresis loss investigations on ferrofluid
samples with different mean sizes of 15.8
and 19.3nm (i.e. different sedimentation
stability) revealed an interesting behaviour.
Comparing losses versus applied field
amplitude (Fig.1) from particles in immo-
bilized state (dried powder) and in fluid
state the latter show in some cases (like
fluid 2) anomalous large losses at low
magnetic fields whereas all powder sam-
ples show a similar behaviour as already
found by [4].
In order to investigate whether there is a
field dependent influence of an orientation
of particles in the sample on specific hyste-
resis losses a Brown relaxation after textu-
ring in a magnetic field of 39.8 and 796
kA/m, respectively, was reduced using a
solid gel sample made from fluid 2.
Magnetization loop measurements were
performed in dependence on the direction
of the external magnetic field (parallel or
per-

Fig. 1: Hysteresis losses of powder and fluid
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pendicular) with respect to the texture axis.
Fig.2 shows the ratio of the values of the
specific losses in both directions in depen-
dence on the external magnetic field ampli-
tude. The alignment effect of particle mo-
ments may be clearly seen at lower fields <
ca. 80kA/m. The specific hysteresis losses
vary by a maximum factor of more than
two in case of the high texturing field but
only by a factor of 1.16 for the low textu-
ring field. There is only a weak effect at
high measuring fields close to saturation.
The influence of a texture could be confir-
med by SLP measurements at 400kHz and
24.6kA/m. SLP-values of about 410 W/g
and 345 W/g were measured parallel and
perpendicular, respectively, to the texturing
axis. The texturing field was ca. 400kA/m.
The origin of the high losses of the fluid 2
is not clear up to now but may come from
oriented particles or agglomerates, connec-
ted with interaction effects. Viscous effects
of the fluid can’t be excluded, too.
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Fig. 2: Ratio of hysteresis losses at different
directions with respect to the texture axis (0°)
versus applied field strength
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Introduction

The research activities in the field of
biomedical applications of ferrofluids
increased during the last years. In
particular cancer treatment is in the actual
focus of research. One of the related
applications, the magnetic drug targeting
(MDT) offers a possibility for local cancer
treatment by  directing magnetic
nanoparticles which are enriched with a
chemotherapeutic agent into a tumor region
using a strong magnetic field gradient. In
this case the efficiency and success of the
therapeutic approach depends on the
intratumoral distribution of the magnetic
nanoparticles. The detection of the
adsorption of magnetic nanoparticles
within a tumor is usually done by
histological cuts of the respective tissue
and subsequent microscopic analysis of
these sections [1]. This classical way
provides only very local information about
the distribution of the magnetic material in
the tumor and it is limited to ex-situ
examinations. A useful tool for three-
dimensional, non destructive examination
of intratumoral adsorbed magnetic
nanoparticles is X-ray tomography. The
following report will show the laboratory
X-ray scanner, the image processing
procedure and will discuss the advantages
of synchrotron based tomography.

Physical background

As it was mentioned, X-ray tomography is
a method for non destructive investigation
of different objects. For a tomographic
scan a set of X-ray absorption images of a
sample at different projection angles theta

(®) between 0° and 360° is needed. The
whole absorption is determined by
integration about the course of the linear
attenuation coefficient p as a function from
x (ray direction) and y (sample cross-
section) in ray direction.

The laboratory X-ray scanner

The laboratory setup is made up of a
commercial cone beam X-ray source
(Apogee 5000) with 40 pm focus size and
a maximal acceleration voltage of 50 keV.
In our case the X-ray source and the
detector-system have a defined fixed
position and the sample is mounted on a
rotation stage.

Because of the divergent cone-beam
characteristic of the X-ray tube it is
possible to realize different magnifications
of the sample by variation of the position
between sample and detector and between
source and sample.
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Figure 1: Schematic setup of the laboratory x-
ray scanner.

Results

Until now some tomographic examinations
of tumor samples after treatment with
nanoparticles have been carried out with a
laboratory tomography system as well as



using synchrotron microtomography at
HASYLAB. Both experiments have shown
that is possible to determine the particle
distribution in resected tumor samples [1].
Figure 2 shows as an example a
comparison of the two tomography images
which indicate clearly the advantages of
the synchrotron measurements concerning
spatial resolution and suppression of
artifacts which enhance the difficulties of a
quantitative analysis [2].

Figure 2: Two-dimensional cuts of a tumor treated
with magnetic nanoparticles scanned by synchrotron
tomography (left) and using laboratory equipment
with a X-ray tube (right).

Further, tumour samples obtained using
different preparation methods have been
under examination:

- Sample tissue with intratumoural
particle injection for hyperthermia
(HT) resected from tumour-bearing
mice.

- Sample tissue with intravascular
particle injection for magnetic drug
targeting (MDT) resected from tumour-
bearing rabbits.

In both cases the tumours were resected

from the animals after the respective

therapy was finished. The tissue samples
were fixated in formalin and subsequently
embedded into paraffin.

The influence of the preparation method of

the sample on the distribution of the

particles within the tissue has been
investigated.

Figure 3 shows a rendered 3d representation

of the dataset of a tumour after

intratumoural  particle  injection  (HT
sample). At the centre of the sample, the
channel of the injection needle can be

identified [2].

Injection
Channel-

Figure 3: SRUCT dataset of a tumour extracted
from a mouse enriched with magnetic
nanoparticles applied by means of intratumoural
injection (HT-sample).

The Diffraction/Tomography system

The advantages of  monochromatic
synchrotron ~ tomography lead to
development and construction of a new
tomography system, which will be installed
at the new HARWI-2 beam line at
HASYLAB. Due to the unique
combination of properties of the HARWI-2
beam (energy range of 20 to 200 keV and a
beam cross-section of up to 80x10 mm?)
and the new tomography system (fast read-
out rate of the detector) a wide range of
experiments become possible. Large
biomedical soft tissue samples can be
analyzed. Due to the fast read-out rate, the
scanning time for a whole tomogram can
be reduced to 10 seconds, enabling also in-
vivo experiments [2].
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The magnetic properties of ferrofluids are
strongly influenced by several parameters
of the contained magnetic nanoparticles:
their constituent material, their crystallo-
graphic structure, size, shape, as well as the
particle size distribution. One way to ob-
tain direct information about the distribu-
tion of the energy barrier E in such a com-
plex particle system is through measure-
ments of the Néel relaxation signal. The
investigation of the temperature depend-
ence of the Néel relaxation signal allows us
to determine the particle size distribution
of the investigated sample, assuming that
the sample contains only non-interacting
single domain magnetic nanoparticles [1].

The measurement setup for TMRX consists
of a second-order low-T¢ SQUID gradiom-
eter to measure the magnetic relaxation
signal in unshielded environment, an an-
ticryostat with a heater for the sample and
Helmbholtz coils to magnetize the sample.
The anticryostat was designed to minimize
the distance between the SQUID gradiom-
eter operating at 4.2 K and the sample
holder which is at temperatures between
4.2 K and 315 K. For the measurements all
samples must be lyophilized, thereby im-
mobilizing the particle to avoid Brownian
relaxation in the samples. The temperature
dependence of the Néel relaxation signal
depends for the immobilized nanoparticles
directly on the magnetically active volume
V and the anisotropy constant K of the

investigated nanopaticles. The bandwidth
of our measurement system limits the
measuring range of nanoparticles at differ-
ent temperatures (figure 1).
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Figure 1: Néel relaxation time (calculated)
as a function of the size of the magnetic
nanoparticles

Given the anisotropy constant (for instance
determined through coercitivity measure-
ments at low temperatures), we can deter-
mine the average particle diameter from
the temperature at which we find the
maximum signal.

We have investigated several types of fer-
rofluid samples to test the improved system
for temperature dependent measurements
[2], [3], [4], calibrate the measurement
system for determination of the particle
size distribution [5] and investigate the
possibility of agglomeration [6]. Our
method allows us also to investigate parti-
cle size distributions in more complicated



nanoparticle systems, for instance after
crystallization of magnetic nanoparticles in
a glas matrix (figure 2)

160

TIK]
Figure 2: Energy barrier density distribu-
tion AE of Fe,Os; nanoparticles in a glas
matrix as a function of the temperature T
calculated from TMRX signal.

For comparision we have also carried out
zero-field cooled measurements (ZFC). By
low temperature coercitivity measurements
we determine the magnetic anisotropy and
the magnetization behaviour of the ferro-
fluids. We discuss the results of these in-
vestigations with regard to the possibilities
and limitations of these methods for the
characterization of ferrofluids for its appli-
cations.

All results have been compared to a mean
physical particle size determination by
transmission electron microscopy (TEM)
investigations and the determination of the
hydrodynamic particle size of the magnetic
nanoparticles by magneto-optical relaxa-
tion measurements [7].
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In hematology and oncology magnetic
nanoparticles are used for labeling and
detecting cells. During application the
nanoparticles attach to the cell surface and
could be incorporated into the cell. This
attachment and subsequent incorporation is
used for the separation of the cells in a
magnetic field.

Our aim is the effective separation of
tumor cells from leukocytes. It is known
that most of the cancer patients do not die
from the primary tumor but from distant
metastases. Once the primary tumor is
formed, cells may begin to break off from
this tumor and travel to other parts of the
body via the circulatory or lymph system.
These disseminated tumor cells are able to
form metastases. Our vision is to eliminate
these cells quantitatively from the
peripheral blood from tumor patients by
magnetic separation to prevent metastasis
formation.

The nanoparticles used in biomedical
applications are covered with various
coatings. The most popular is dextran and
it’s derivates. We used magnetic
nanoparticles, which were coated with
dextran (D), carboxy dextran (CD) and
carboxymethyl dextran (CMD) in order to
investigate the interaction of magnetic
nanoparticles with tumor cells and
leukocytes. We found, that nanoparticles
with these shells interact with cells in a cell
type specific manner. The tumor cells from
the breast cancer cell line MCF and from
the CML cell line K562 showed intense
interaction with these particles whereas the
leukocytes showed a lower tendency of
interaction. Interestingly the differential
interaction was intensified with the
insertion of carboxy or carboxymethyl

groups in the dextran shell. These groups
are charged and therefore the substitution
of dextran with these residues alters the
overall charge and in consequence may
influence the interaction of the coated
nanoparticles with cells. The application of
CMD coated magnetic nanoparticles led to
a better discrimination of tumor cells from
leukocytes than D and CD coated particles.
In order to optimize the charge of the
CMD nanoparticles we investigated the
role of the degree of substitution (DS) of
dextran with carboxymethyl groups. We
applied CMD nanoparticles with a DS of
0.8 and 1.6. With both types of CMD
nanoparticles MCF-7 cells could be clearly
discriminated from leukocytes after a 4
minute as well as 8 minute incubation and
there was only a minor difference between
these two preparations. But we found
indices, that the molecular weight of the
dextran and the pattern of functionalisation
of the carboxymethyl groups have an
influence on the interaction of the coated
nanoparticles with the cells.

In conclusion we show that the CMD shell
iS an important prerequisite to separate
tumor cells from leukocytes. We assume
that the differential interaction of the used
nanoparticles with the cells depends
amongst others on the surface charge of
the particles shell.

This work was supported by DFG priority program
1104, grant CL 202/1-2
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Circulating tumor cells are a key challenge
in tumor therapy. Numerous approaches
are on the way to achieve the elimination
of these potential sources of metastasis
formation. Antibody-directed magnetic cell
sorting is supposed to enrich tumor cells
with high selectivity, but low efficiency.
The short term application of carboxy-
methyl dextran (CMD) coated mag-
netit/maghemit nanoparticles allow the
discrimination of tumor cells from leuko-
cytes. In the present work we show, that
the interaction of CMD nanoparticles is
cell-type specific and time-dependent. The
breast cancer cell line MCF-7 and the CML
cell line K-562 are characterized by a rapid
and high interaction rate, whereas leuko-
cytes exhibit a decelerated behavior. The
addition of carboxymethyl dextran or glu-
cose stimulated the magnetic labeling of
leukocytes. The variation of the degree of
substitution of dextran with carboxymethyl
groups did not affect the labeling profile of
leukocytes and MCF-7 cells. In order to
verify the in vitro results whole blood sam-
ples from 13 cancer patients were analyzed
ex vivo (Fig. 1). Incubation of the purified
leukocyte fraction with CMD nanoparticles
in the presence of low amounts of plasma
reduced the overall cell content in the posi-
tive fraction. In contrast, the absolute num-
ber of residual tumor cells in the positive
fraction was 90% of the initial amount.

This work was supported by DFG priority
program 1104, grant CL 202/1-2
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Figure 1: Enrichment of HEA-positive cells from the
peripheral blood of tumor patients.

The leukocyte fraction from the peripheral blood of
tumor patients was incubated with CMD nanoparti-
cles for 8 minutes in the presence of plasma as indi-
cated. The cells were separated by MACS. For
FACS analysis epithelial cells were labelled with
HEA and leukocytes with CD45. a. The total amount
of cells is reduced in the presence of increasing
amounts of plasma. b. The HEA-stained cells are
enriched in the positive fraction with rising concen-
trations of plasma. c. The amount of HEA-positive
cells is reduced in the negative fraction. n = 13
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Cancer is one of the main causes of death.
Most of the cancer patients do not die from
the primary tumor but from distant metas-
tases which develop during the progression
of cancer. Key events are the establishment
of tumor vasculature and the invasion of
tumor cells into the surrounding tissue and
the circulation. These cells are suspected to
be an origin of distant metastases. There-
fore there is a need to eliminate these cells
from the circulation especially from the
peripheral blood.

We could show previously, that magnetic
nanoparticles interact with human cells.
The time-course of the labeling of tumor
cells and leukocytes from peripheral blood
differs dramatically within the first 20
minutes with a maximum discrepancy be-
tween 8 and 12 minutes. The difference
could be further enhanced by addition of
small amounts of human plasma (Schwalbe
et al., 2005).

In order to verify the results obtained with
tumor cell culture cells and isolated leuko-
cytes we analyzed peripheral blood sam-
ples from 31 cancer patients (thereof 24
breast cancer). Leukocytes were prepared
by erythrocyte lysis from whole blood
samples from patients. Cells were inocu-
lated with magnetic core/carboxymethyl-
dextran nanoparticles with an average
magnetite/maghemite core TEM-size vary-
ing between 3 and 15 nm for 8 minutes.
The incubation medium (PBS/EDTA) con-
tained 2.5% human plasma. Magnetically
labeled cells were separated by MACS
using a SuperMACS and MS columns. The
separated cells were analyzed by FACS
and Laser Scanning Cytometry (LSC).
Tumor cells were detected with anti-human
epithelium-antigen (HEA)-FITC.

The analysis of the patient samples showed
that more than 80% of the total cell number
was found in the flow through (negative
fraction): breast cancer 80.3+£9.5%, various
tumors 80.6+7.4%. Next we determined
the number of tumor cells in the flow
through and the retained fraction (positive
fraction) by HEA staining. Almost all tu-
mor cells were hold back in the separation
column: breast cancer 97.1+5.9%, various
tumors 95.6+£6.4%. An important question
is whether the leukocytes especially the
lymphocytes are healthy and intact after
incubation with magnetic nanoparticles and
passage through the separation column. In
a first attempt we studied the distribution
and condition of the main subpopulations
of leukocytes. The vast majority of lym-
phocytes was found in the negative fraction
and was vital: breast cancer 91.9+5.6%,
various tumors 84.0+9.1%.

In conclusion we show that our magnetic
assisted tumor cell depletion procedure
allows the effective labelling and quantita-
tive separation of tumor cells from periph-
eral blood leukocytes.

This work was supported by DFG priority
program 1104, grant CL 202/1-2
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Introduction

Magnetic drug targeting means the mag-
netic guided delivery of therapeutic agents
to a specific body compartment [1,2].
Coated magnetic nanoparticles were used
as carriers for this drug delivery system.
The cytostatic drug mitoxantrone is bound
to the active coating by an electrostatic
binding. After intraarterial application of
the drug loaded nanoparticle suspension
these magnetic particles can be attracted by
an external electromagnet positioned over
the tumor region [3,4]. After a defined time
the drug is released from the particle sur-
face and infiltrates tumor tissue [5,6]. In an
experimental tumor model total tumor re-
missions were achieved using only 20 % of
the regular systemic drug concentration [1-
3].

To avoid clearance of the majority of the
carriers by the Retico-endothlial system the
nanoparticles have to be applied via an
intra-arterial injection in vivo [7-10]. This
way of application is accompanied by a
putative enhanced thrombotic risk. For the
examination of potential thrombotic risk
we evaluated an in vitro circulating vessel
system, consisting of a circuit with blood
like fluids and a intact bovine artery adja-
cent to the magnetic field. We performed
our experiments with two different
nanosized particle formulations. One con-
sists of a magnetite core, covered by a
phosphodextran shell. The second consists
of citric acid as stabilisating agent and as
drug carrier molecule.

Material and Methods

This drug delivery system and its physio-
logical compatibility is dependent on se-
veral physiological and physical parame-
ters like the magnetic field gradient, blood
flow or size, concentration and material of
the particles. To examine these conditions
we established an in vitro circulating sys-
tem.

For his circulating system (figure 1) we
used freshly isolated bovine femoral arter-
ies. Small arteries outlets were ligated and
the artery is mounted in a tempered circuit.
As flow medium we used Krebs-Ringer
buffer pH 7,4 substituted with 0,625 %
Albumine. The arteries were placed near
the tip of the electromagnet in the same
manner as it was mounted for tumors.
Nanoparticle suspension can be applied by
a side inlet under pulsatile flow. Attraction
of the particle on the vessel wall and in the
vessel tissue was performed with a mag-
netic field gradient of 10 T/m.

After the magnetisation procedure the out-
flow was collected. Differences in particle
agglomerate diameter were measured by
Photon correlation spectroscopy. The parti-
cle concentration in different artery sec-
tions was examined by magnetorelaxome-
try and the infiltration of particles in the
tissue was visualised by histological cross
sections.
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Figure 1: Schematic drawing of the in vitro
circulating model

Results

Most of the particles were attracted in the
artery wall segment next the magnetic tip,
with a partial iron infiltration into the endo-
thelium. Nevertheless for both particle
formulation magnetic attraction under
given conditions results in a significant
particle diameter increase, indicating an
adjustment of the applied magnetic field
gradient for in vivo purposes.

Conclusions

This arterial in vitro model is a powerful
tool for the investigation of nanoparticle
suspension for pre-screening of different
nanoparticle formulations and stability
testing over given time period. Negative
side effects are observable by this method
before entering an animal model.
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Quantification of magnetic nanoparticles in tissue demonstrated
by magnetorelaxometry tomography
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Introduction

Magnetic nanoparticles find wide applica-
tion in medical diagnostics and therapy,
examples are magnetic drug targeting, hy-
perthermia, magnetofection, and contrast
agents in magnetic resonance imaging. For
these applications it is of great importance
to monitor and to control the accumulation
of magnetic nanoparticles in the body re-
gions of interest. In particular, quantitative
information is essential for improving the
therapeutic outcome.

Magnetorelaxometry (MRX) [1] is a tech-
nique to investigate with high sensitivity
the properties of magnetic nanoparticle
ensembles [2]. In the present work we de-
scribe a method to quantify the amount of
magnetic nanoparticles in biological tissue
by magnetorelaxometry. We illustrate the
method by an application in magnetic drug
targeting [3], where we determine the
amount of magnetic nanoparticles in a
squamous VX-2 carcinoma of a rabbit
treated by locoregional chemotherapy us-
ing magnetic nanoparticles.

Magnetorelaxometry

In a typical magnetorelaxometry measure-
ment, the sample containing magnetic
nanoparticles is magnetized by a magnetic
field of defined strength and duration. Af-
ter the field is switched off, the decay of
the sample magnetization is measured by a
SQUID magnetic field sensor. The un-
wanted remanent background does not con-
tribute to the relaxation signal. Usually,
both relaxation mechanisms of the nano-

particle magnetization, the Brownian and
the Néel relaxation, are present and the
process with the shortest relaxation time
will dominate the relaxation signal. After
immobilizing the sample (freeze drying)
the Brownian relaxation is suppressed, so
that bound particles can be identified by
their relaxation behavior [4].
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Fig. 1 MRX relaxation curves of liquid, immobi-

lized reference, and tissue sample, respectively.
Note the logarithmic scaling of the axes.

Quantification method

The basic procedure to quantify the amount
of magnetic nanoparticles in tissue starts
with the preparation of a set of reference
samples and the characterization of their
relaxation behavior in liquid and freeze
dried state. Then, the relaxation curve of
the tissue sample is compared to the shape
of the reference curves in order to decide
whether the particles in the tissue sample
are immobilized or in solution. Accord-
ingly, the quantification of the amount of



magnetic nanoparticles in the tissue sample
is carried out by amplitude comparison
with the corresponding reference curve.

In order to illustrate the method, we quan-
tified the amount of magnetic nanoparticles
in a squamous VX-2 carcinoma induced in
a rabbit after magnetic drug targeting [5].
One ml of magnetic nanoparticles (target-
MAG, chemicell, Berlin) in suspension
were intraarterially administered and then
attracted and concentrated by a high mag-
netic field gradient focused at the tumor
region. After sacrificing the animal, the
tumor was extracted and magnetore-
laxometry of the tumor tissue was per-
formed.
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Fig. 2 Relative mass of magnetic nanoparticles
throughout a slice of VX-2 squamous carcinoma.

Results

Figure 1 shows the different relaxation
signals of the liquid and the immobilized
reference sample, and of the tissue sample.
From the shape of the tissue sample curve
we can see that the magnetic nanoparticles
in the tissue are immobilized.

We quantified the distribution of magnetic
nanoparticles within a small slice of the
extracted tumor by dividing the slice into a
number of small pieces and investigating
the magnetic relaxation piece by piece.
According to the procedure described
above, the amount of magnetic nanoparti-
cles in each piece was quantified.

The results were used to reconstruct a map
of the magnetic nanoparticle concentration
across the tumor slice as shown in Fig. 2.
The relative mass of magnetic nanoparti-
cles could be resolved down to 10 ng per
mg tissue.

Conclusion and Outlook

Magnetorelaxometry is a fast and integral
technique for quantification of the relative
mass of magnetic nanoparticles in tissue.
Quantification is reached by relating the
tissue relaxation curves to reference curves
with identical relaxation behavior.

In general, this method is not limited to in-
vitro samples, but suited for in-vivo appli-
cations as well. For this purpose, we pres-
ently develop a dedicated magneto-
relaxometry device for in-vivo measure-
ments in small animals [6]. This device
contains an integrated superconducting
Niobium shield against magnetic distor-
tions and a multichannel SQUID sensor
array for the localization and quantification
of magnetic nanoparticle accumulations.
First magnetorelaxometry  experiments
with this device could successfully be per-
formed in a real laboratory environment.

(P i

Fig. 3 Dedicated magnetorelaxometry device for
in-vivo measurements in small animals.
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Temperature limited heating by magnetic nanoparticles
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Introduction

The effect of heating of magnetic nanoparti-
cles in an ac magnetic field can be used for
medical and technical applications, e. g. hy-
perthermia for cancer treatment or harden-
ing of glue. In all applications a well defined
and homogneous temperature distribution is
required. However, with particles of con-
stant specific heating power (SHP) this re-
quirement is hard to fulfill if the particle dis-
tribution is not homogeneous or the object to
be heated has a complicated geometry rather
than a spherical volume frac tion. A possible
solution to this problem is to use particles
having a Curie temperature 7¢ close to the
operation temperature [1], e. g. substituted
La-manganese, which provides a limitiation
of the heating process to 7" < T¢.
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Figure 1: Heat up curve of the fluid

Preparation and Measurements

The preparation of Lag 7Sty 3sMnO3-powder

was carried out by crystallization from LayO3-
SrO-MnQO,4-B503-glass during a temperature
treatment and subsequent dissolving of the
matrix [2]. The separated powders show mag-
netization values up to 49 Am?/kg. The mean
particle size of the used powder (powder 1)
was about 45 nm calculated from the spe-
cific surface value assuming spheres. The
Curie temperature is about 93°C.
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Figure 2: Normalized hystereses losses vs.
temperature of the particles

An ethylen glycol based ferrofluid was pre-
pared from powder 1 to avoid influences of
an evaporation on the heating near the Curie
temperature by dispersing a freeze dried pow-
der in the carrier liquid by ultrasonic treat-
ment. The ferrofluid was stable over a pe-
riod of some hours. In order to investigate
the heating effect the fluid was placed into a
coil generating an ac field of 400 kHz and
24.5 kA/m and the temperature was mea-
sured using a thermocouple. The measured



data are shown in Fig. 1. The SHP obtained
from these data is 21 W/g.
Investigations of hysteresis losses at differ-

ent temperatures and different maximum fields

were done on Laj 7(Sr,Ba)y sMnO3 powder
prepared by conventional solid state reac-
tion method from La;0O5; and Sr-, Ba- and
Mn-carbonates. The data are shown in Fig.
2. A Curie temperatur of about 82°C can be
estimated from these data.

Simulation of the temperature distribu-
tion

In order to get information about the required
SHP and particle concentrations for 7 lim-
ited heating we use a model similiar to that
presented in [3], but we will use a temper-
ature dependent heating power here. In a
medium with homogeneous heat conductiv-
ity \, a certain mass per volume C,,, of mag-
netic particles with the SHP P,,(7) being
homogeneously distributed inside a sherical
volume of radius Ry. The stationary equa-
tion of heat transport for this system is

10 (0T _ [ =Pu(T)/X i R <R,
R2OR\"" OR 0 it R > Ry

ey
where 7' is the absolute temperature and
Py = P,C,, the heating power per vol-
ume. For the temperature dependence of the
SHP we assume a linear relation which is in
agreement with the experimental data (Fig.
2)

Te—T
"To - T
where T}, and T are the inital and the Curie
temperature and P, is the SHP at 7j. In or-
der to obtain a more general numerical solu-
tion we will use a reduced temperature ¢t =
(To — T)/(Ty — T¢) and a reduced radius
coordinate r = R/R,. With this substitu-
tions we get the following equations for the
problem

P,(T) = P, (2)

r2or\ ar) 0 ifr>1

3)
with the heat source parameter
RZP,,0Ch,
g — 0" m0—m. 4)
(Te — To)A

0.8

0.6

04
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Figure 3: Reduced temperature vs. reduced
radius for different values of the source pa-
rameter S

Equation 3 was numerically solved for dif-
ferent source parameters S using the FEM-
LAB software. The result is shown in Fig.
3.
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