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Ferrofluidic Couette flow in time-varying
magnetic field

S. Altmeyer

Castelldefels School of Telecom and Aerospace Engineering, Universitat Politecnica de Catalunya, 08034

Barcelona, Spain

Despite time-dependent boundary condi-
tions being ubiquitous in natural and in-
dustrial flows, to date the influence of
such temporal modulations (e.g. with
driving frequency Qu) has been given
minor attention. The present problem
addresses ferrofluidic Couette flow [1, 2]
in between counter-rotating cylinders [3]
in a spatially homogeneous magnetic
field subject to time-periodic modulation.
Such a modulation can lead to a signifi-
cant inner Reynolds number Re en-
hancement [4] for both, either helical
and toroidal flow structures.

Using a modified Niklas approximation
[2, 5], the effect of low- and high- fre-
quency modulation onto the primary in-
stabilities, stability boundaries as well as
on the non-linear oscillations that may
occur is investigated. From this, we de-
scribe the system response on bistable
co-existing solutions, around their stabil-
ity thresholds to be sensitive to an alter-
nating field until the appearance of in-
termittent behavior.

System setup

In the periodically modulated TCS, we
give a sinusoidal modulation signal to the
external magnetic field (parallel z-axis,
uniform in space and harmonic in time)
as H; = [Hs + Hw sin (Qut)]e:. As earlier
reported such a pure axial magnetic field
preserves the system symmetries and
only shift the stability thresholds [1, 6].
By using a modified Niklas approach [2,
1] the effect of the magnetic field and
the magnetic properties of the ferrofluid
on the velocity field can be characterized
by the (time dependent) Niklas function

[5]
Sz(t) = Sz,5 + Szm sin (Qht), (D)

with three control parameters, s;s being
the static contribution, s;m the modula-
tion amplitude, and Qu the modula-
tion frequency.

(1b)

lugl

Figure 1: Non-linear system response
across the instability. (a) Temporal oscil-
lations of the control function
Sz(t)=Sz;5+Sz;m Sin (£ut) (5z;5=0.6,
szm=0.2). (c) Time evolution of the dom-
inant mode amplitude |ui,1| as a function
of time for different driving frequencies
Oy as indicated. The modulation szm
starts at t=0, before only a static field
Sz;5=0.6 (szm=0.0) is present for (1) SPI
and (2) wTVF, respectively. (b) Corre-
sponding mode amplitudes |ui:| as
function of the reduced time t=Tuw (TH
=20y being the modulation period asso-
ciated with the corresponding frequen-
cy). Red squares (H®) and blue circles ()
in (b) show the stationary response to
stationary magnetic field with magnetic
field strength given by the actual value
of sz(t).

Results

For parameters given in Fig. 1 the sys-
tem becomes temporally subcritical for
modulation amplitudes s;m =0.2, while it
remains supercritical in pure static case
(sz,v =0.0) for (1) SPI and (2) wTVF, re-
spectively. With decreasing driving fre-
quency Qu the system response changes
between subcritical CCF and supercritical
WTVF for 1.1<Qn<6.5. Although the sys-
tem response continuous to switch be-
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tween supercritical and subcritical, for
smaller values 0.1<Qx<1.1, the super-
critical SPI appears, despite wTVF being
the initial state. Regardless the initial
state, wTVF or SPI, for the narrow region
0.06<Qn<0.1 intermittent behavior is
found with ran dom exchange of wTVF or
SPI as the appearing supercritical solu-
tion. Thereby both, the number of con-
secutive appearing same pattern (SPI or
WTVF) and the number between switches
from one to the other appear to be ran-
dom. Further, for very low Q1<0.06 the
system response is the same as seen be-
fore for SPI as initial condition. Thus the
system is alternating between subcritical
CCF and supercritical wTVF

s,u=0-1 s =02
(1a) (2a)
wTVF wTVF SPI SPI

SPI 4 A

(1b) (2b)

SPI wTVF 4 A A A

Figure 2: Schematic illustration for sta-
bility change/switch between di
erent flow states, subcritical and super-
critical dynamical system response, with
variation in the driving frequency &u (in-
creasing left to right) for small (1)
szm=0.1 and large (2) sz;m=0.2 modula-
tion amplitude.

Conclusion

We found that the system response is
selective to driving parameters across
stability thresholds and instabilities. We
detected that such an alternating field
may provide a simple and accurate way
to trigger the system response. As
shown in the present work the flow can
be controlled (i) between different super-
critical flow solutions or (ii) between su-
percritical and subcritical flow solutions,
which means to trigger either sub- or
supercritical system response. General
observation is that the high frequency
limit (Fig. 2) results in a single super-
critical solution, which is determined by
the corresponding initial condition, either
SPI or wTVF.
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Coarsening Dynamics of Ferromagnetic Granular
Networks under Impact of a
Vertical Magnetic Field

M. Biersack!, A. Lakkis?!, O. Bilous?3, P. Sanchez?,
S. Kantorovich?, R. Richter?

1Experimentalphysik V, Universtét Bayreuth, 95440 Bayreuth (Germany)

2University of Vienna, Sensengasse 8, Vienna, 1090 Austria

3 Faculty of Natural Sciences, National University of “"Kyiv-Mohyla Academy”, Kyiv, Ukraine

Introduction

Magnetised steel spheres self-assemble
due to anisotropic magnetic interactions.
If one shakes a mixture of glass and
steel beads with a supercritical vibration
amplitude, inter-particle collisions hinder
the aggregation and keep the mixture in
a “gas phase” [1]. Below a critical vibra-
tion amplitude, magnetic forces lead,
first, to the formation of individual chains
and rings that merge into a network [2]
as the system relaxes as shown in Fig. 1.
If given enough time, the network even-
tually compacts into crystalline-like is-
lands of magnetic beads.

Figure 1 Snapshot of the coarsening
dynamics after a quench of the vibration
amplitude from 3g to 1.93g. Gas phase
(a) and transient networks (b). From [2].

This scenario closely resembles the vis-
coelastic phase separation (VPS) intro-
duced by Tanaka [3] for molecular mix-
tures. There phase separation arises
from the different shear viscosities of
both components, labelled as dynamic
asymmetry by Tanaka. Also in our mix-
ture magnetic forces rise the shear vis-

cosity of the ferrogranulate in contrast to
the glass phase. And indeed, in experi-
ments and computer simulations we
found first evidence that the coarsening
dynamics can be describes as a VPS in
the macroscale [3].

A homogeneous magnetic field oriented
parallel to the system plane has been
observed to "unknot" network structures
orthogonal to the field [4]. In the follow-
ing we focus on the impact of a homoge-
neous magnetic field oriented in vertical
direction onto the VPS.

Experiment

A computer-controlled signal generator
feeds a sinusoidal voltage signal into an
amplifier which drives a vibration exciter.
The vibrations are coupled via a long rod
to the experimental vessel to avoid the
magnetic stray field of the exciter. The
vessel is filled with glass and steel
beads. Pictures are recorded by means of
a triggered camera. A Helmholtz-pair-of-
coils serves to apply a vertical magnetic
field.

generator

power
amplifier

Figure 2. Schematic of the experi-
mental setup.
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Experimental Results

The mean degree of a node of the net-
work has been proven to be a suitable
order parameter [2]. It is plotted in Fig.
3. The upper most curve (B=0mT) shows
a steep increase (chain formation) fol-
lowed by a more gradual one, associated
with the formation of networks [3]. With
increasing values of the vertical induction
B the growth of k is hampered.

4

mean degree K
N w

=

0 50 100
time since quench (s)

Figure 3. Mean degree of a node vs
time for different values of the applied
vertical induction B, ranging from 0.0mT
(blue, top) to 1.8mT (yellow, bottom).
The lines indicate fits by a complement-
ed logistic growth function.

As displayed in Fig. 4 we observe a
three-phase-state, namely mobile glass
beads, the coarsening network, and a
hexatic phase of isolated steel beads,
indicating that B reduces the mobility of
isolated steel beads, in this way hinder-
ing the growth of the networks.

@""5‘*‘ c:"x t«g_li

.
IL\ Ao "”” /

-

.t

Figure 4. Coexistence of networks and
isolated beads at B=1.8mT, recorded
20s after the quench.

Numerical Results

We study ferrogranulate via molecular
dynamics simulations with a Langevin
thermostat with a minimal coarse-
grained model. In this model the spheres
carry a magnetic point dipole in their

centers. Our preliminary work [2,4]
shows that to reproduce the susceptibil-
ity of the steel spheres it is sufficient as
a first approach to introduce an addition-
al central attraction (scaled by &) be-
tween the steel spheres what we call
here a Stockmayer Granulate. In simula-
tions we treat the mechanical shaking as
thermal fluctuations. The simulations are
carried out with the package ESPResSO
4.1.4 [5].

Figure 5. Coexistence of networks and
isolated beads for €=0.5, H-=1, record-
ed 2000 timesteps after the quench
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Influence of the measuring geometry surface on
the stationary shear deformation of a structured
magnetic fluid

D.Y. Borin, E.M. Spoérl, S. Odenbach

Technische Universitdt Dresden, 01069 Dresden, Germany

Introduction

The study demonstrates a critical point
concerning the influence of experimental
conditions on the rheological response of
a magnetic fluid. A suspension based on
silicone oil and magnetic microparticles
was pre-structured in an external homo-
geneous magnetic field and subjected to
stationary shear using a rheometer in a
plate-plate measuring geometry configu-
ration. The type of measuring geometry
surface and the concentration of magnetic
particles in the suspension were varied to
assess differences in the macroscopic re-
sponse of the fluid.

Samples

In this study, suspensions based on sili-
cone oil M10000 with a dynamic viscosity
10 Pa*s (GE Bayer Silicones, Germany)
and carbonyl iron powder (CC grade,
BASF, Germany) with an average particle
size of about 5 um were used. The highly
viscous oil was chosen as a carrier liquid
in order to counteract particle sedimenta-
tion, as no any special additives and sta-
bilizers have been utilized. The magnetic
powder was thoroughly mechanically
mixed with the carrier medium in three
volume concentrations (5, 25 and 40%).
The resulting suspension samples were
continuously stirred in external vessels to
maintain their homogeneity.

Setup and method

Measurements were conducted using the
Physica MCR 502 WESP rheometer (Anton
Paar GmbH, Austria) equipped with the
magnetorheological device MRD [1]. As
measuring geometry a non-magnetic
plate-plate arrangement was utilized, at
that, as a rotor the Anton Paar
PP20/MRD/TI geometry was used. This is
a specially designed for MRD made of Ti
plate having a working surface of 20 mm

in diameter combined with an additional
cover. The measuring configuration is
shown schematically in Figure 1. The sur-
faces of the rotating plate (rotor) and the
static plate were modified in two different
ways. The first modification (Figure 2,
left) is an abrasive paper with a medium
grit of P400 and a thickness of ~0.5 mm.
It is referred to as P400. The layer of the
abrasive paper was replaced before each
new measurement. The other modifica-
tion used (Figure 2, right) is a foamed
open pored material, hereinafter referred
to as the anti-slip cover (ASC), with a
layer thickness of 1 mm.

rotating measuring plate PP20/MRDITI

.
E _»surface modifier

=

static plate g

"
gap for temperature or Hall sensor

Figure 1. Schematic representation of the
measuring configuration.

NAIAWA W AW

without scale

(a)
825 Y P S

(b)

Figure 2. Photographic and schematic
representation of the surface modifica-
tions of the measuring geometry: a -
abrasive paper with a medium grit of
P400; b - anti-slip cover made of a
foamed open-pored material.
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To evaluate a quasi-stationary shear de-
formation of the magnetic fluid, the sam-
ple was first structured, i.e. disposed un-
der magnetic field influence, for at least 5
minutes. Then the specimen was loaded
with a constantly increasing strain fromO
to 10% and the corresponding shear
stress on the moving rotor was measured.

Results and discussion

The response to the applied quasi-static
shear of all the magnetic fluid samples
tested in the reference measurements,
without an applied field, was not system-
atically analyzed. In the zero field, the
fluids behave like ordinary viscous bodies,
which also does not induce significant
shear stress as a result of quasi-static
shear. The variation of shear stresses was
in units of Pa and it was not possible to
evaluate the in influence of different sur-
faces on the response of an unstructured
fluid. The response to applied quasi-static
shear of a field-structured fluid differs for
both samples with different concentra-
tions of magnetic particles and for differ-
ent measuring geometry surfaces used.
The exemplary results are shown in Figure
3. An influence of the surface modification
on the shear stress development under
the same operating conditions within
quasi-static shear is to be clearly noted.
In general, it is evident that changing the
interaction conditions of the structured
fluid with the surface of the measuring ge-
ometry dramatically affects the experi-
mental observation result. The qualitative
appearance of all the curves suggests that
there could be a slippage of the particle
structures over the geometry surfaces
and/or particle structures are still not de-
stroyed even at a maximum applied
strain. The different results obtained for
different suspension concentrations and
magnetic field strengths can be explained
by the fact that the morphology of the
particle structure also differs in these
cases. However, it is not possible to make
precise and reliable statements about the
actual behavior of the particle structures
through these experiments. The critical
relationship between the results obtained
and the interaction of fluids of different
compositions with different surface types
is evident. Further details will be pre-
sented in the Workshop and are as well to
be found in [2].
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Figure 3. Strain-stress curves obtained for
the structured fluid with a) 5 vol.%, b) 25
vol. % and c) 40 vol. % at 100 kA/m.
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Influence of a mechanical stimulation on
magnetic alginate hydrogel strands due to an
external alternating magnetic field

Ch. Czichy, S. Odenbach

Chair of Magnetofluiddynamics, Measuring and Automation Technology, TU Dresden, 01069 Dresden, Germany

Introduction

Tissue Engineering (TE) is aiming to cre-
ate patient specific implants through ad-
ditive manufacturing to replace defect or
destroyed tissue and restore its function.
Therefore, scaffolds are generated, which
are colonized with stem cells [1]. These
cells can be animated e.g. through me-
chanical stimuli to differentiate and / or to
multiply. A new approach for deforming
the scaffolds is to apply an alternating
magnetic field to a magnetic hydrogel as
alginate-methylcellulose with magnetite
[2].

The influence of a daily stimulation on the
deformation behaviour and the particle
structure was investigated in the pre-
sented study. Other considered parame-
ters were the autoclaving of the matrix
material and applying a stationary mag-
netic field with constant field gradient.

Materials and samples

The matrix consists mainly of a 3 wt% al-
ginate dissolved in phosphate buffered
saline (PBS).

Half of this solution is autoclaved at 121
°C for 20 min (high pressure, saturated
steam, Systec D-23 tabletop autoclaves)
since it is mandatory for the use of cells
[1,2].

To increase the viscosity, 9 wt% methyl-
cellulose is added, so that it can be used
for extrusion printing in TE. As magnetic
microparticles magnetite was chosen. The
concentration in the samples was
25 wt%.

The samples were stored in cell culture
medium for 14 days at 37 °C. The me-
dium was renewed two times per week.
Half of the samples were stimulated using
the bioreactor CyMAD [3]. The samples in
question were exposed to an alternating
field with a frequency of 1 Hz for 3 hours
per day over a period of 14 days.

To analyse the influence of the stimulation
and to determine the influence of auto-
claved alginate-PBS-solution four groups
were created, seen in Tab. 1.

Tab. 1: Parameter combinations used in this study

autoclaved
yes no
. 5 yes A_Stim Norm_Stim
%E o A CG CG (control
group)
Methods

In order to determine the deformation, an
experimental setup was constructed using a
Maxwell setup for a pCT, with which a con-
stant magnetic field gradient could be ap-
plied.

puCT images were taken of the unloaded and
the deformed state due to a magnetic field
(MF). From these data, the position of the
neutral fibre could be determined. The dif-
ference between the two states corresponds
to the bending curve w. For the maximum
deflection in the centre of the sample, the
maximum elongation ¢ of the sample was
determined.

3D-Images were also taken in the pCT us-
ing the experimental setup to analyse the
particle structure. In this case, the samples
were fixed so that no deformation could take
place. First, a tomogram was taken without
an applied MF. Then a MF was applied and
after 30 min another measurement was car-
ried out with the MF still applied.

Results and Conclusion

Fig. 1 shows the measured bending
curves w and the elongation € of the four
parameter combinations mentioned in
Tab. 1.
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No significant differences can be identified
between the 4 groups with regard to
bending and elongation. This means that
no material damage occurred due to the
stimulation. Autoclaving, which destroys
the chains, also has no discernible influ-
ence. Thus, it can be concluded that the

control group
4 ¥ [mml g 8

e=8.7+£119%

not autoclaved
15

€=9.0£075%"
-300

— -600

= 900

autoclaved
L

-1200

-1500

network is stable. It is possible that the
methylcellulose acts as a pseudo-cross-
linker.

3 h/d 1 Hz stimulated group

0 2 g ¥ el

8 10

€=9.7£0.63%

£=95+055%"

Fig. 1: Determined bending curves and the resulting mean values of the elongations of the
four investigated parameter combinations (* published in [3])
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Evaluation of the determination of the core-shell
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The type and quality of coating crucially
determine the behaviour of magnetic na-
noparticles (MNP) within biological appli-
cations. For example, the half-life period
of MNP receiving a second PEGylation dur-
ing synthesis could be enhanced from
minutes to about 1 hour [1]. The opsoni-
sation of magnetic nanoparticles (MNP) by
biomolecules turned out to be important
within this context. For example, nano-
particles opsonised by the abundance of
clustering proteins exhibit a reduced cel-
lular uptake (stealth effect) [2]. While
charge and density directly affect the op-
sonization of the MNP by biomolecules,
the thickness affects the aggregation be-
haviour via modulation of the dipole-di-
pole interaction.

Hence, beyond the right core sizes of MNP
for a biological application, also charge,
thickness and density of the coating
should be known. These quantities should
be measured within the body fluid of in-
terest because the structure of the coat-
ing may depend on the medium. Integral
magnetic measurement of MNP motility
might have a great potential for the esti-
mation of the coating parameters.

Within this work we estimated the thick-
ness §; and the density ¢ of the coating
of MNP applying quasistatic field depend-
ent magnetisation (M(H)) and alternating
current susceptibility (ACS) together with
Transmission Electron Microscopy (TEM),
Small Angle X-ray and Neutron Scattering
(SAXS, SANS). SANS represents the gold
standard among the integral methods for
the estimation of §; and ¢s. In this way,
the core-shell structure of MNP in organic
dispersion medium and of aqueous dis-
persions of rather small size (mean diam-
eter d < 20 nm) can be successfully deter-
mined [3]. However, in medical applica-

tions like Hyperthermia and MPI, hydro-
philic MNP with a well-defined large core
diameter (d = 25...30nm) are required.
As model systems for the determination
of the core shell structure we used three
different SHP samples (Ocean Nanotech,
USA) because of its very narrow core size
distribution (o0 <0.1) and well-defined
coating. Although the nominal structure of
these MNP appears to be well describable
by the spherical core-shell model, our
previous investigations showed that a
successful fit to all data required the in-
troduction of so-called WMA (weak mag-
netic areas within the cores) and small
clusters of MNP which were roughly ap-
proximated by modified spherical parti-
cles. Now, these clusters will be replaced
by dimers and trimers composed of ellip-
soids of revolution (Figure 1).

core

small
magnetic
domain

Figure 1: Model of core-shell MNP and di-
mers of MNP (differing in size) with inter-
calated or squeezed outer shells. WMA
were phenomenologically modelled by
non-interacting small magnetic domains.
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Beyond the core size distribution, é; and
¢ the ellipsoid parameter, g., the volume
fractions of WMA, ¢.,,, dimers and tri-
mers, ¢pr, relative trimers, ¢, trimers
which become transformed to dimers in
ACS, ¢1,p, the fraction of cluster forming
monomers which are connected along z-
direction, ¢, the compression factor for
the shell, ks, were introduced. This re-
duced residual systematic deviations sig-
nificantly. The omission of these single
parameters deviated other parameters
from its best fit value and it enhanced sys-
tematic deviations of the fit (Table 1).

Table 1: Obtained values of new fit pa-
rameters (“full model”) and the exem-
plary effect of its removal on the disper-
sion of the core size distribution, o., and
on the increment of systematic deviation
of the fit from the data of the most sus-
ceptible method.

parameter o, method
change incr. incr.
full model  0.085(1)

$ m20.51(2) > 0 -2(4)% M(H) 13 %

¢ 5170.59(2) - 0 -50(6)% SAXS 31 %

$1,:70.81(7)—> 0 -4(3)% SAXS 8%

$1070.65(3) > 0 3(2)% SAXS 9%

ks0.22(3)> 1 -6(2)% SAXS 2%
£A.22(1) > 1 )
1 )

¢ +,70.36(4) >

16(2)% TEM 20 %
14(2)% TEM 28 %

X

The fit of the model to all data sets yields
the thickness and the density of the total
coating layer with an uncertainty below
5% when SANS-data were included (Ta-
ble 2). Without SANS-data the uncer-
tainty may strongly increase depending
on the match of the model. For SHP-30
the model with 2 shells with fixed values
for the inner hydrophobic shell, §5; =
25nm, ¢gq =1, yields &5, =1.9(2) nm
and ¢, = 0.39(6). The total thickness ex-
ceeds the nominal value of §5=
2.6 nm..3nm. That might be attributed
to, e.g., an incomplete attachment of the
second coating layer. Note, in SANS resid-
ual systematic deviations are still present,

notably for SHP-30B (Fig. 2). This hints to
larger inhomogeneities within the coating

of SHP-30B which experience a much
stronger opsonisation than SHP-30.

Table 2: Thickness 6§, and density ¢, of
the total coating layer applying the data
of all methods and all without SANS.

sample  d. &5 4 s ?s

nm nm nm
all all all all-SANS all-SANS

SHP-25  22.0(1) - - 4(2)
SHP-30 28.6(1) 3.9(1) 0.81(2) 4.1(2) 1.0(3)
SHP-30B 26.9(1) 4.8(2) 0.46(2) 3(2)  1(1)

SANS

-
o
(o]

o SHP-30
> SHP-30B

Intensity /¢ / m™!

-
o
S

107" 10°
¢ /nm™!

Figure 2: SANS-data and best fit curves
of SHP-30 and SHP-30B, normalised to
the volume fraction of core particles.

We have shown that the thickness of the
coating layer can be estimated reliably for
ellipsoidal particles with dimers and tri-
mers fitting a comprehensive model to
multiple data sets even without harness-
ing SANS. Applying SANS data, more de-
tails of the shell and its density could be
resolved. Furthermore, the details found
for the core structure and moments could
be used as inputs for microscopic model-
ling of magneto-mechanical behaviour of
real samples.
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A hybrid phenomenological model for hysteresis ef-
fects in isotropic magneto-active polymers at the
macroscale level

Philipp Gebhart, Thomas Wallmersperger

Institute of Solid Mechanics, Technische Universitdt Dresden, 01062 Dresden, Germany

In recent years there has been an increas-
ing interest in the theoretical and experi-
mental study of field responsive, functional
composite materials. Magnetoactive poly-
mers (MAPs) are a special class of field re-
sponsive solids that comprise of a polymer-
ic matrix with dispersed micro-sized mag-
netizable particles. Based on the magnetic
properties of the underlying ferromagnetic
filler particles, MAP composites can be clas-
sified into two categories: (i) soft and (ii)
hard MAPs. Soft MAPs comprising magneti-
cally soft particles, e.g. carbonyl iron, ex-
hibit negligible hysteresis loss and demag-
netize completely after the removal of the
external magnetic field which in conse-
quence leads to reversible deformation
mechanisms. In contrast, Nd- FeB particle-
filled hard MAPs exhibit distinct nonlinear,
dissipative material behavior, such as the
characteristic magnetic and “butterfly”
field-induced strain hysteresis. In the pre-
sent work, we present a comprehensive
variational modeling framework for hard
MAPs including the response of the soft
MAPs as a limiting case.

We outline ingredients of the constitutive
theory based on the framework of general-
ized standard materials, that necessitates
suitable definitions of the total energy den-
sity function and the dissipation potential.
Key idea of the constitutive approach is an
additive split of the material part of the to-
tal energy density function into three con-
tributions associated with (i) an elastic
ground-stress, (ii) the magnetization and
(iii) a magnetically induced mechanical
stress, respectively [1, 2]. We propose suit-
able constitutive functions

in an energy-based setting that allow to re-
produce magnetic and butterfly hysteresis
along with their rate-independency.

The performance of the developed varia-
tional modeling framework is demonstrat-

ed by solving some application-oriented
boundary value problems. The main em-
phasis of the numerical studies lies on the
investigation of the magnetostrictive effect
of hard MAPs at the macroscale level as
well as on the in depth analysis of pre-
magnetized beam structures undergoing
large deformations.
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Size-dependent Diffusion Behaviour of
Magnetic Probe Particles in Complex Fluids

M. Hess

In many biological or material systems, the
mutual interdiffusion and interaction of na-
noscopic building blocks plays a crucial role.
To investigate the flow behavior of micro-
structured materials on the micro- or na-
noscale with spatial resolution, an increasing
number of methods have been developed.
When the size of the probe particles is in the
same range as the characteristic length
scales within the material, deviations from
the rheological performance, as obtained by
conventional methods, are expected. In this
work, nanorheological experiments on dif-
ferent polymer model systems using the
method of Magnetic Particle Nanorheology
(MPN) are performed under systematic vari-
ation of the tracer size.

For this purpose, magnetically blocked
CoFe204 nanoparticles of variable hydrody-
namic size with narrow size distribution are
synthesized and characterized, whereby the
size of the particles is adjusted by coating
with a SiO2 shell. The tracer particles are
used to extract frequency-dependent rheo-
logical properties such as storage G’ and loss
G’ modulus, viscosity n, relaxation time r,
rotational diffusion coefficient D. and scaling
relations, among others.

A spectrum of polymeric model materials are
investigated ranging from linear poly(eth-
ylene glycol) (PEG) aqueous solutions over
covalently crosslinked polyacrylamide hy-
drogels (PAMH) to functionalized star-
shaped PEG molecules with moieties able to
form dynamic networks in the presence of
metal ions.

Different size relation regimes of the struc-
tural units within the sample to tracer parti-
cle size are obtained from MPN for the differ-
ent polymeric systems. For the PEG solu-
tions, the correlation depends on the poly-
mer volume fraction and molar mass of the
polymer. If the hydrodynamic particle size is
below the radius of gyration, Rq, three differ-
ent time regimes are accesible, depending
on the relationship between the correlation
length &, the tube diameter a and the hydro-
dynamic particle diameter dn. If covalently
crosslinked networks are investigated by

doping with tracer particles embedded in the
meshes, the nanorheological results clearly
depend on the relation of tracer particle size
to mesh size. There is a sharp transition when
the mesh size of the gel equals the hydrody-
namic diameter dn of the tracers. For the star-
PEG dynamic networks, a mesh size close to
the expected value of an ideal network, as
well as close to the particle size is found. This
allows the probe particle to detect local dy-
namic processes like for example the breaking
of the metal-ligand bond.

The results provide substantial insight into the
structural and dynamic behavior of the inves-
tigated polymer systems by analyzing the dif-
fusion properties of probe particles of variable
hydrodynamic size.
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Tuning the thermal conductivity of magnetic
gels and elastomers by external magnetic fields

G. J. L. Jager, L. Fischer, T. Lutz, A. M. Menzel

Institut fiir Physik, Otto-von-Guericke-Universitdt Magdeburg, Universitdtsplatz 2, 39106 Magdeburg, Germany

Motivation

Over the past few decades, a significant
amount of research has been dedicated to
the mechanical properties of magnetic gels
and elastomers that can be tuned from out-
side by external magnetic fields [1]. Most
prominently, this concerns the magne-
torheological effect, that is, magnetically
induced changes in stiffness and damping
behavior [2]. Additionally, magnetostrictive
behavior in terms

of magnetically induced changes in shape
were addressed [3].

It has been demonstrated that these chang-
es in behavior are correlated with magneti-
cally induced internal restructuring of the
magnetizable inclusions [4]. Specifically, the
reversible formation of chain-like aggregates
can be achieved, against the restoring elas-
tic counterforces arising from the necessary
elastic deformations of the surrounding me-
dium [5, 6].

When this internal restructuring occurs, it is
conceivable that also the transport proper-
ties through the materials are affected.
Nevertheless, this aspect has only rarely
been addressed. Few studies are available
concerning electric conductivity [7], and
even less concerning thermal conductivity
[8]. Furthermore, many corresponding
works compare the conductivities of final-
ized materials in which anisotropic struc-
tures have been imprinted by applying ex-
ternal magnetic fields during synthesis. Here,
we address the magnetic tunability of the
thermal conductivity of magnetic gels and
elastomers by magnetically induced internal
restructuring [9].

Theoretical description

We approach the topic using established
bead-spring modeling of magnetic hybrid
materials [10]. To this end, magnetizable

beads are assigned to randomly selected
nodes of randomized hexagonal spring lattic-
es. Upon magnetization, new arrangements
are found by numerical forward integration in
time.

The overall thermal conductivities of the sys-
tems are determined by applying two differ-
ent constant temperatures to two opposite
sides such that magnetization and overall
temperature gradient are parallel. We then
solve the discretized heat equation under
these given boundary conditions. For this
purpose, a Voronoi tesselation scheme in
combination with a cellular model are em-
ployed. Beads that are in virtual contact are
basically treated as one object concerning
thermal conductivity. This allows us to ad-
dress larger systems at the cost of not re-
solving individual magnetizable particles. So
far, our evaluations address flat thin sheets
or membranes of magnetic gels and elasto-
mers.

Results

Indeed, our description reproduces the inter-
nal restructuring upon magnetization. On
average, larger induced magnetic moments
and larger numbers of magnetizable particles
lead to more pronounced chain formation. As
a consequence, the overall thermal conduc-
tivity rises. The opposite applies when we
increase the mean particle distance, which
leads to less pronounced chain formation and
reduced thermal conductivity. We have not
found any obvious dependence on the aspect
ratio of the investigated systems. Interest-
ingly, the behavior can be nonmonotonic for
selected individual systems. That is, we in-
crease the initially induced magnetic mo-
ment, but the overall thermal conductivity
decreases. It turns out that the origin of this
apparent discrepancy is kinetic. Stronger
magnetic interactions lead to quicker dynam-
ics and faster motion of individual magnetized

20 19th German Ferrofluid Workshop



beads. As a consequence, the inner parts of
the chain-like aggregates form quicker.
However, this accelerated process is too fast
for the previous outer parts of the chains to
follow and they cannot catch up, which
leaves them behind. In this way, an increase
in magnetization can counteract the for-
mation of long chains.

Briefly, we also consider the process of
switching off the magnetization. We find that
the separation and reorganization into the
initial state occurs much quicker than the
formation of the aggregates. Each inclusion
then is driven by the elastic restoring forces
individually. The dynamics of each inclusion
does not need to rely on collective magnetic
interactions with other inclusions, after
these interactions have been amplified by
preceding formation of shorter aggregates.

Conclusions

We have demonstrated by our study that
magnetic gels and elastomers indeed have
the potential to serve as magnetically tuna-
ble soft switches for adjusted thermal con-
ductivity. Similar reasoning should apply to
electric conduction.

Specifically, we hope to stimulate by our work
experimental investigations on the effect,
but also analyses based on quantitative,
largerscale simulation approaches. Obvious
future tasks are to find realizations to max-
imize the effect while minimizing the associ-
ated amplitudes of the necessary magnetic
fields.
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Energetic electron assisted synthesis of bio-
derived ferrogels and smart hydrogels - funda-
mentals, applications, perspectives

Philine Jauch, Johannes Dietrich, Nils Wilharm, Catharina Krom-
melbein, Friedrich Schutte, Stefanie Riedel, Stefan G. Mayr

Division of Biocompatible and Bioactive Surfaces, Leibniz-Institute for Surface Modifiation, Leipzig / Division of
Surface Physics, Department of Physics and Earth Sciences, University of Leipzig, email: stefan.mayr@iom-leip-
zig.de

Energetic electron beams constitute a
highly versatile tool for tailoring bio-
materials properties of bioderived hydro-
gels with high spatial resolution. Based on
electron-induced hydrolysis, reactions,
ranging from crosslinking, chain scission
and functionalization to arrest of magnetic
nanoparticles, can be induced without the
need for adding additional - potentially
hazardous - reagents. This allows for syn-
thesis of highly bioactive switchable com-
posites, in particular ferrogels, stimuli re-
sponsive gels as well as shape memory
gels. Within this presentation we will first
review the fundamentals of energetic
electron assisted hydrogel modification,
regarding particularly the reaction kinet-
ics in collagen. We will then focus on ap-
plying these finding for tailored hydrogel
modification towards stimuli responsive
gels, in particular ferrogels. This includes
a collagen-based ferrogel actuator with
reversible peak strains as large as 150%.
We will also discuss application within the
field of biomedicine, that are currently be-
ing developed, as well as future visions in
an outlook.

Funding by the DFG - SPP 1681 (MA
2432/6) is gratefully acknowledged.
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Characterization of quasi-static mechanical
properties of thermoplastic polyurethane
magnetorheological elastomers

D. Kare Gowda, S. Odenbach

Chair of Magnetofluiddynamics, Measuring and Automation Technology, TU Dresden, 01069 Dresden, Germany

Introduction

Magnetorheological elastomers (MRESs)
are elastomer composites embedded with
magnetic particles, which belong to the
group of smart materials with a rapid re-
sponse to stimulation by an external mag-
netic field. Thermoplastic MREs can be
stimulated by both temperature and mag-
netic field. In recent times, thermoplastic
polyurethane magnetorheological elasto-
mers (TPU-MREs) have gained significant
interest among researchers due to its
multi stimulated compliance with superior
mechanical properties, ease of prepara-
tion and wide range of applicability [1,2].
The change in moduli of an MRE with re-
spect to an applied external magnetic field
provides the information on the sensitivity
of the MRE and is termed as magnetorhe-
ological effect (MR effect). In this work we
have presented the temperature depend-
ence of MR effect of TPU-MRE.

Materials and methods

Isotropic TPU-MRE samples were pre-
pared from a two component TPU system.
PU 450 and PH 330 from Elantas were
mixed with plasticizer Dimethyl Phalate
from Sigma-Aldrich and H6ganas ASC 200
iron particles of size 30 to 80 um. The
composition of the investigated samples
contained 40 wt.% of iron particles within
the TPU matrix material, containing 40.9
wt.% of PU 450, 13.1 wt.% of PH 330 and
6 wt.% of the plasticizer.

Isotropic cylindrical rod-shaped samples
were post cured at 100 °C for 24 hours
before testing. New methods of testing
the MRE samples presented in Borin et.al.
[3] was implemented to obtain more reli-
able results. Quasistatic tensile and tor-
sion tests were conducted using a modi-
fied HAAKE MARS III rheometer, sche-
matic representation in figure 1.

I Tensile strain

A__ __/ Shear strain

Movable fixture
s 4

—_—
T—»

Sample

Static fixture

THTEEEELINTE

Figure 1: Schematic representation of the
test setup B is magnetic field direction and
T is external heating.

All the tests were conducted at three dif-
ferent temperatures with and without the
presence of a magnetic field of 250 mT.
As the quasistatic tensile and torsion tests
were conducted within the linear elastic
limit of the sample, the slopes of the cor-
responding stress-strain curves provide
the values of the Young’s modulus (E) and
the shear modulus (G). Table 1 shows the
sequence in which the samples were
tested.

Table 1; Test sequence of quasistatic ten-
sile (Te.) and torsion (To.) of the sample.

Temp. 23 °C 40 °C 60 °C

Test Te. | To. | Te. | To. | Te. | To.

0 mT 1 3 5 7 9 11

250 mT | 2 4 6 8 10 | 12

If the TPU-MRE sample is assumed to be
a perfectly incompressible isotropic mate-
rial and Poisson’s ratio v is 0.5 under the
quasistatic test conditions. The relation
between the moduli E and G should be
agreeable according to the equation,

E=2(1+v)G (1)

with £ being three times G.
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Results and Discussion

From figure 2, the results indicate that
both the Young’s and the shear modulus
of the TPU-MRE sample decrease with the
increase in temperature. As the composi-
tion of the TPU had a relatively very low
amount of hardener, it results in the for-
mation of a phase separated microstruc-
ture with high soft segment content in the
TPU matrix. With the increase in temper-
ature, the bonding force between the soft
and hard segments reduces, leading to
higher freedom of movement for soft seg-
ment [4]. This results in the decrease in
the moduli with the increase in tempera-
ture.

|E & E G
200 OmT A 20 y [
180 _ 250 mT A 18 4 ELEA
160 2 16 |
= 140 o ; — 14 -
120 60— £ 1
= 100 i 810
2 80 i I Z 8
= 60 6
40 = 4 7
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Figure 2: The measured Young’s modulus
(E) and shear modulus (G) of the sample
(Left) and the corresponding MR effect

(right).

According to the equation (1) the values
of the ratio between the Young’s and
shear modulus of the TPU-MRE, at all the
corresponding test conditions are within
2. Hence the TPU-MRE doesn’t agree with
the conditions of a perfectly incompressi-
ble isotropic material. This might be due
to the morphological complexity of the
TPU matrix and its interaction with the
iron particles [2,4].

The increase of the MR effect with the in-
creasing temperature shown in figure 2
indicates that, the reduction in stiffness of
the TPU-MRE at higher temperature has
resulted in increase in MR effect. Regard-
ing the difference in the MR effect be-
tween the tensile test and the torsion test,
the direction of magnetic field plays a ma-
jor role. As shown in figure 1, in the case
of tensile test, the magnetic field direction
is along the direction of the strain and
perpendicular in the case of torsion test.
The inter particle force of attraction is
higher along the magnetic field direction.

Hence the resistance to deformation ex-
perienced by the TPU-MRE in presence of
magnetic field is more in tensile test than
in torsion test. Regarding the repeatability
of the results, the samples were tested
twice after the first test cycle and the re-
sults vary within 5 %.
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Ferronematic phases with strong coupling behav-
ior based on liquid crystalline polymer decorated
nanoparticles
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The combination of magnetic nanoparti-
cles and liquid crystalline (LC) phases
leads to materials with unique magneto-
optic behavior induced by a coupling be-
tween the magnetic director of the parti-
cles and the nematic director of the LC
host. [1] The strength of this coupling
strongly depends on the stability of the
particles against agglomeration, which is
still the biggest challenge for the synthe-
sis of stable ferronematic phases. [2]

In this work, novel ferronematics are syn-
thesized and fully characterized. There-
fore, strategies for the compatibilization
of nanoparticles with LC phases are devel-
oped in order to obtain stable ferrone-
matic phases. For this purpose, nanopar-
ticles are surface-functionalized with pol-
ymer brushes using a grafting-from pro-
cess and a grafting-to process. For the
grafting-from process, a novel route for
the surface modification of nanoparticles
with poly(dimethylsiloxane) (PDMS)
brushes by surface-initiated ring-opening
polymerization of cyclosiloxanes cata-
lyzed by strong phosphazene bases and
initiated by particle surface-attached hy-
droxyl groups is developed.

Figure 1. Scheme of LC polymer brush particle.

In the grafting-to process, side-chain lig-
uid crystalline polysiloxane brushes are
synthesized separately and then grafted
covalently to the surface of nanoparticles

of different magnetic behaviors. The func-
tionalized particles are used as doping
agents for the LC host 4-cyano-4'-pen-
tylbiphenyl (5CB) in order to synthesize
stable ferronematic phases. The impact of
the different particles on the properties of
the LC phase is systematically analyzed
with respect to the dopant concentration.
Furthermore, the magneto-optic behavior
is investigated in magnetic field-depend-
ent capacitance measurements.
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Figure 2 Capacitance measurements with par-
allel B and E field for pure 5CB(black) and 5CB

doped with 90CB-PHMS@CoFe;04 and in vol-
ume fractions from 0.01 vol% up to 0.5 vol%.

In summary, the results of this thesis give
important insights for the compatibiliza-
tion of nanoparticles with LC phases and
the production of stable ferronematics
and contributes to a better understanding
of the magneto-nematic coupling in the
novel materials.
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Liquid crystalline (LC) systems have a
wide range of applications as they com-
bine the properties of a liquid and ori-
entability in electric  fields. In turn, if
magnetic nanoparticles are added in such
systems, we obtain magneto-responsive
liquid crystals. Barium ferrite (BaM)
platelets with their relatively high  coer-
civity and their anisotropic shape can be
considered as a promising type of nano-
particles for use in such magneto-
responsive LCsystems.

Accordingly, this work is geared towards
the magnetic characterization of different
anisotropic barium ferrite nanoplatelets
using magnetic field and temperature
dependent Mossbauer spectroscopy as
well as magnetometry.

BaM nanoplatelets used for our study
were synthesized using different methods
such as the glass crystallization method
[1] and hydrothermally based on the
works of M. Drofenik et al [2, 3]. Within
the relatively complex hexagonal magne-
toplumbite structure, the iron atoms are
located on 5 different lattice positions
(octahedral 12k, 4f1, 2a, tetrahedral and

bipyramidal 2b sites), with ferrimagnetic
ordering and some peculiar magnetic
properties. To study these in detail we
apply Mdéssbauer spectroscopy in combi-
nation with magnetometry experiments.

Spectra of samples prepared by the glass
crystallization method show bulk-like
structure with clearly distinguishable sub-
lattice contributions (fig. 1). In contrast,
in nanoplatelets prepared hydrothermal-
ly, subspectral contributions overlap with
each other, to an extent depending on
the synthesis parameters. This could indi-
cate altered iron environments, presuma-
bly due to limited thickness of the plate-

j
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Fig 1: Méssbauer spectrum of BaM nano-
platelets synthesized by the glass crys-
tallization method, showing 5 sextet sub-
spectra, each representing one lattice
position.

lets, resulting in a high fraction of surface
atoms and potentially some atomic disor-
der.

Especially information about the small
contribution of the 2b-site is mainly lost
due to the spectral overlap. Literature
suggests that using higher temperatures
during the hydrothermal synthesis pro-
cess, leads to higher nanoplatelet thick-
ness with more bulk-like structure [4],
which is also indicated in our tempera-
ture dependent Méssbauer studies.

Furthermore, field dependent Mdssbauer
experiments were performed to analyze
the particles’ alignment behavior, showing
magnetic orientation at ca. 1T (fig. 2).
Based on the line ratios of the individual
Moéssbauer lines, an almost complete reor-
ientation of the particles can be seen at
ca. 5 T. Likewise, from the effective hy-
perfine fields the alignment of coaxial fer-
rimagnetic moments can be resolved for
each sublattice contribution individually.
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Fig. 2: Line intensity ratio A23 indicative
for the degree of the magnetic align-
ment, where A23=4 corresponds to
complete orientation along field direction.
Dashed line is a guide-to-the-eye.

Outlook

The current study is focused on the mag-
netic characterization of Barium ferrite
powder samples. The next step is to use
functionalized BaM nanoplatelets in liquid
crystalline systems and study their orien-
tational behavior via different external
stimuli. First attempts to stabilize and
characterize the platelets in LC-based
media are undergoing.
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Studying the Interplay Between Steric and Hy-
drodynamic Interactions for Ellipsoidal Mag-
netic Nanoparticles in a Polymer Suspension

Patrick Kreissl, Christian Holm, Rudolf Weeber
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In soft magnetic systems consisting of
magnetic nanoparticles in a polymeric en-
vironment, interesting properties can arise
from the coupling of the particles’ magnet-
ic to the viscoelastic properties of their
surroundings. We recently showed that
hydrodynamics are an important coupling
mechanism for spherical nanoparticles in
polymeric environments and can lead to
experimentally observed shifts in the AC
susceptibility spectra [1, 2]. However,
when considering non-spherical particles,
such as nickle nanorods or hematite spin-
dles, additional coupling by steric interac-
tions is expected. Our focus is therefore to
study the interplay between steric and hy-
drodynamic interactions using molecular
dynamics simulations.

Simulation Model

A bead-spring representation is used for
the polymers, where monomers are con-
nected with harmonic springs and a purely
repulsive (WCA) potential is used to ac-
count for excluded volume interactions. For
hydrodynamics the efficient lattice-
Boltzmann algorithm is used. The ellipsoi-
dal magnetic particles are represented as
‘raspberries’, consisting of homogeneously
distributed fluid coupling points to achieve
proper fluid coupling of the particle as a
whole. An example for the ellipsoids used
is shown in fig. 1.

Rotational Friction Factors

AC susceptometry is a common tool to
asses the magnetical properties of compo-
site magnetic systems experimentally. In
the linear- response regime the susceptibil-
ity x as a function of frequency f shows a
Debye-like form

Figure 1: Snapshot of an ellipsoidal rasp-
berry particle with axial ratio

p = lax/leq = 4 (equatorial semiaxis leq = 3
[x], indicated yellow; axial semiaxis lax =
12 [x], drawn red).

-t O

where yo is the zero-frequency susceptibil-
ity and t© the characteristic decay time of
the magnetic moment. Higher decay times
shift the position of the Debye loss-peak to
lower frequencies. As we consider magneti-
cally blocked particles, the decay time is
determined by the friction hindering rota-
tional reorientation of the magnetic particle
(and its magnetic moment) through Brown-
ian motion. For ellipsoidal particles the de-
cay time will be different depending on the
orientation of the magnetic moment within
the particle. We consider the cases of the
magnetic moment being co-aligned with
the long axial semiaxis and with an equato-
rial short semiaxis, respectively.

In our simulations, we obtain rotational
friction factors Tax;eq through measuring the
rotational diffusivity via the Green-Kubo
relation to the autocorrelation function of
the angular velocities maxeq,

ax,eq

D = [< 0y () 0peg (0) > 0 (2)
0

The friction factors are obtained by subse-
quent use of the Einstein relation
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ax,eq — Stokes
where Tswkes is the Stokes-friction of a
sphere with equivalent volume as the re-
spective ellipsoid. The friction factor thus
indicates a lower (Tax;eq<1), equal
(Tax;eq=1) or higher (Tax;eq>1) friction than
the equiv alent Stokes-sphere. In a New-
tonian fluid, for equatorially aligned mag-

Lattice-Boltzmann Hydrodynamics
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Figure 2: Friction factors of ellipsoidal
magnetic nanoparticles with explicit hy-
dro- dynamic coupling to surrounding
polymers at different polymer volume
fractions ¢ for various axial ratios p.
Dashed lines correspond to axial mo-
ments, solid lines to equatorial moments.

netic moments the friction is slightly de-
creased whereas there is a significant in-
crease for axial magnetic moments (gray
curve, fig. 2). When polymers are added,
equatorial moments see a marginal in-
crease of the friction factor. Contrary,
there is a significant effect on the relaxa-
tion of axial moments. There are monoto-
nous friction increases with both larger
polymer volume fraction and axial ratio of
the ellipsoids.

For reference, Langevin simulations are
run, replicating the dynamics of the ellip-
soids and polymers, but without hydro-
dynamic coupling. As shown in fig. 3, the
relaxation of equatorial moments is basi-
cally unaffected by purely steric interac-
tions with surrounding polymers. For axi-
al moments, larger friction factors are ob-
served with increasing anisotropy of the
particles and polymer concentration. The
overall increase, however, is much lower
than with hydrodynamics considered.
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Figure 3: Friction factors obtained from

Langevin simulations (no hydrodynam-

ics).

Our simulations assert that for ellipsoidal
particles with axial magnetic moments,
increasing polymer concentrations lead to
monotonously larger friction factors. Ste-
ric interactions are more appreciable and
the friction significantly increased when
hydrodynamic coupling is included.
Somewhat surprisingly, however, there is
basically no effect of steric interactions on
the relaxation of equatorial magnetic mo-
ments and even with hydrodynamic inter-
actions it is almost negligibly small.
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Response time of Magnetorheological Fluid on
Rapid Change of Magnetic Field
under Shear Loading

M. Kubik, Z. Strecker
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Introduction

The transient behaviour (transient re-
sponse) of MR actuators is an important
parameter for modern suspension sys-
tems working with real-time control. The
response time of the actuator on the con-
trol signal is a key factor. The currently
published designs of MR actuators
achieved great transient behaviour (re-
sponse time roughly 1.2 ms). It can be
stated that the response time of MR fluid
itself is probably close to the response
time of the MR actuators.

The MR fluid response time is composed
of other partial time responses which are
differently important depending on the
operating conditions and the method of
MR fluid loading. The response time of MR
fluid can be divided into (i) hydrodynamic
response time, (ii) particle structure de-
velopment response time, and (iii) rheo-
logical response time. The rheological re-
sponse time is connected with the struc-
turing particle's time and the develop-
ment of shear stress in MR fluid during the
deformation (flow). Laun and Gabriel [1]
experimentally determined the rheologi-
cal response time of MR fluid as 2.8 ms.
They used sinusoidal excitation and the
determined time lag between magnetic
flux density and shear stress. Koyanagi et
al. [2] developed a method for a meas-
urement the response time of ER fluid.
This team experimentally determined the
response time as 0.95 ms.

The information about the transient be-
haviour of MR fluid is limited. The main
aim of this paper is to experimentally de-
termine the rheological response time of
MR fluid under shear loading.

Materials and methods

The unique design of the rheometer,
which allows measuring rheological re-
sponse time, is presented. This design al-
lows rapid change of magnetic field due to

suitable selected material of magnetic cir-
cuit (SMC) and fast current controller. The
experimental test rig is composed of an
electric motor with encoder, developed
rheometer, load inertia, lever, and force
sensor, see Figure below.

Power supply Dewetron USB-50

l Current controller

0
e nt clamps
e 1]
i

Control signal

Force sensol

Figure 1 Experimental test rig and meas-
uring chain [3].

The aim of the experiments was to deter-
mine shear stress in MR fluid and mag-
netic field over time. The shear stress was
measured indirectly (calculated) based on
data from the MEG20 force sensor. The
magnetic field in the gap corresponds with
the electric current course and was meas-
ured by Fluke i30 current clamps. These
two signals were recorded and condi-
tioned with a sampling frequency of 200
kHz by the Dewetron USB-50 analyzer.
The measurement procedure was as fol-
lows: (i) 10 s measurement without mag-
netic field, and (ii) 10 s measurement with
the application of the magnetic field. This
procedure was necessary for the elimina-
tion of non-constant friction forces in the
rheometer and viscous forces. It was nec-
essary to determine the transfer function
between the measured magnetic field and
shear stress in MR fluid.

Results

Figure 2 shows the effect of shear rate on
the course of shear stress (in the time do-
main). With the increasing shear rates,
the response time decreases. An initial
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dead time of 0.4 ms can also be seen,
which is independent of the shear rate
level. The previous study measured a
dead time of 0.6 ms for MR fluid, which is
consistent with our experiments. We as-
sume that the measured dead time of
0.4 ms is related to the chaining of ferro-
magnetic particles (microstructure for-
mation) in the MR fluid.
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Figure 2 Effect of shear rate on the
course of shear stress [3].

The rheological response times shown in
figure 3 were determined from the exper-
imental data and evaluated from the
transfer function for four different MR flu-
ids.
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Figure 3 Effect of shear rate on rheologi-
cal response time [3].

The higher the shear rate, the shorter the
rheological response time. The response
time ranges from 5.5 ms to 1.9 ms for the
shear rate range of 11 - 218 s for fluids
MRHCCS4-A and MRHCCS4-B. MRF 132-
DG and MRC-C1L fluids exhibit a shorter
response time than other fluids in the
range from 1.4 to 0.8 ms. Those fluids ex-
hibit approximately 2.8 times lower car-
rier fluid viscosity than the carrier fluid of
MRHCCS4-A and MRHCCS4-B. MR fluid
response time data was generalized using

non-dimensional response time T* and
Mason number My, see figure 4. The one
master curve was determined by curve
fitting from measured data, see red line.
This is an important conclusion because
the master curve allows the determination
of rheological response time for a given
MR fluid and given load.
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Figure 4 Measured data in the non-dimen-
sional form [3]

Conclusion

This paper deals with the experimental
determination of the magnetorheological
fluid transient response (rheological re-
sponse time) on the rapid change of a
magnetic field in shear load mode. The
one master curve was determined from
measured data.
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Introduction

Stable colloidal suspensions of
nanoparticles offer an exciting
opportunity to mimic molecular materials
and explore their structural and dynamic
properties. Recent research has shown
that dense dispersions of hexagonal
barium hexaferrite nanoplatelets coated
with an ionic surfactant form a nematic
phase even in an isotropic solvent such as
n-butanol [1,2]. The combination of
strong magnetic correlations and the
orientational order results in the
stabilization of a ferromagnetic state [3].
Here, we report the study of magnetiza-
tion dynamics and the magnetomechani-
cal effect of a colloidal dispersion of bar-
ium hexaferrite nanoplatelets in rotating
and oscillating magnetic fields. In partic-
ular, we address the effect of magnetic
and electrostatic interactions.

Experiment

Scandium-doped barium  hexaferrite
(BaHF) nanoplatelets with DBSA surfac-
tant [1] were suspended in isotropic 1-bu-
tanol with concentrations between
7.5 mg/mL and 304 mg/mL. The mag-
netic moments of these nanoplatelets are
directed perpendicularly to their basal
planes. The sample with the highest BaHF
nanoplatelet concentration (304 mg/mL)
exhibits nematic order. To vary the
strength of electrostatic interactions, dif-
ferent concentrations of DBSA surfactant
were prepared.

The dynamics of the BaHF platelets is
studied using AC susceptometry in a fre-
quency range from 0.1 Hz - 9 kHz and for
field amplitudes up to 5 mT. The fluxgate-

based setup also allows measurements in
rotation magnetic fields and ACS meas-
urements in superimposed static fields ei-
ther parallel or perpendicular to the sens-
ing AC field [4]. The magnetomechanical
effect is studied in a spherical cavity sus-
pended on a torsional balance for field
amplitudes up to 0.5 mT.

Results

Fig. 1 depicts the ACS spectra measured
in the most diluted BaHF suspension for a
fixed ratio between nanoplatelet and
DBSA concentration of 87:13. For all AC
field amplitudes a single peak in the spec-
trum of the ACS imaginary part is discern-
able, which shifts with increasing field
amplitude towards lower frequencies. For
other ratios cmp/cpesa, several relaxations
modes were observed even at such low
cvp [5]. This underlines the importance of
properly adjusting the ratio between mag-
netic and electrostatic interactions.
Fitting the characteristic frequency, de-
termined from the peak position in the y”
spectra in Fig. 1, as a function of field am-
plitude with the model by Yoshida and En-
puku [6] we estimated a magnetic mo-
ment of m = 4.3-10°'8 Am?, in fair agree-
ment with the value estimated from static
magnetization measurements. Thus, this
mode is attributed to the relaxation of in-
dividual nano-platelets.
The comparison of the normalized ACS
spectrum with the torsional balance spec-
trum - both measured at 0.5 mT - show
that they perfectly match in agreement
with the model by Torres-Diaz and Rinaldi
[7], which proposes that the torque den-
sity Nv is given by

Ny < HEx"
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with magnetic field amplitude Ho. The
conversion efficiency of the magnetic
torque into the mechanical is particularly
strongly pronounced in our system since
the Néel relaxation mechanism is sup-
pressed. The origin of the magnetome-
chanical torque is the vortex flow sus-
tained by rotating MNPs.
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Fig. 1: Spectra of the normalized ACS im-
aginary part y” for the suspension with
cve = 7.5 mg/ml and a ratio
cmp/Cpesa = 87:13.
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Fig. 2: Spectrum of the ACS imaginary
part y” and its presentation by three re-
laxation modes.

For higher nanoplatelet concentrations,
up to three relaxation modes are ob-
served (Fig. 2), even for a ratio
cvp/coesa = 87:13. The two modes at
lower frequencies are caused by the col-
lective motion of nanoplatelets. For higher
nanoplatelet concentrations, an additional
mode arises, which is attributed to the ne-
matic phase. is discernable.

Conclusion and outlook

The dynamic measurements on BaHF na-
noplatelet suspensions with different na-
noplatelet and DBSA surfactant concen-
trations show distinct differences. For low
CMpP and an optimum ratio
cvp/coesa = 87:13, a single relaxation
mode has been observed which is at-
tributed to the relaxation of individual na-
noplatelets. In all other cases, several re-
laxation modes were observed in ACS as
well as in torsional balance measure-
ments. At high cwe, an additional mode
was observed, which can be related to the
nematic phase.

Our studies demonstrate the importance
of optimally adjusting the ratio between
magnetic and electrostatic interactions.
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Magnetophoresis, that is, the motion of
magnetic objects under the action of a
nonuniform magnetic field, is the physical
basis for many applications of magnetic
nanoparticles (MNPs) in biotechnology
and medicine. Examples of such applica-
tions are magnetic cell separation and tar-
geted drug delivery. It is known that the
sensitivity of MNPs to the applied gradient
field is among main factors determining
their suitability for biomedical purposes
[1]. In this contribution, we use methods
of nonequilibrium statistical mechanics as
well as Langevin dynamics simulations to
study how the magnetophoretic move-
ment of MNPs in a nonmagnetic viscous
medium is affected by various interactions
between these MNPs. Specifically, we
investigate a concentration redistribution
of MNPs in the vicinity of a current-
carrying cylindrical conductor. A gradient
azimuthal field of the current causes the
magnetophoretic drift of MNPs towards
the conductor (see Figure 1). This drift is

hindered by the Brownian diffusion. Over
time, a stable nonuniform concentration
profile of MNPs is achieved as a results of
competition between magnetophoresis
and diffusion. We obtain several sets of
these profiles from Langevin dynamics for
different values of MNPs dipolar coupling
constant and their average concentration.
We also estimate the characteristic
relaxation times of the drift-diffusion
process. Simulation results are used as a
verification tool for the mass transport
equation first derived in Ref. [2]. We
additionally discuss the possibility of
phase separation and convective
processes in the simulated system.

References

[1] M. Zborowski, J.J. Chalmers, Magnetic Cell
Separation, Elsevier (2007)

[2] A.F. Pshenichnikov, E.A. Elfimova, A.O. Ivanov.
"Magnetophoresis, sedimentation, and diffu-
sion of particles in concentrated magnetic flu-
ids." JCP 134, 18, 184508 (2011).

Fig. 1: Simulation snapshot of of the MNP distribution in the vicinity of a current-
carrying cylindrical conductor placed in the middle of the simulation box (top

view)
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FeRh is a well-known prototype material
for magnetic refrigeration due to its giant
magnetocaloric effect connected to the
first-order phase transition close to room
temperature. While in bulk dimensions
alternative, more abundant materials as
compared to rhodium are sought, cooling
of e.g. microelectronic devices via print-
ed 2d-structures of magnetocaloric FeRh
would be favorable due to the versatility
of attainable shapes and the limited
amount of necessary FeRh material.

Here, FeRh nanoparticles were prepared
via laser ablation in liquids (LAL) under
different atmospheres from a FesoRhso
bulk target as shown in figure 1. Oxide
fraction and phase composition were
analyzed via XRD and Mdssbauer spec-
troscopy, showing ca. 20% of Fe3*-oxide
material in the as-prepared nanoparti-
cles, with the remaining FeRh consisting
primarily of the paramagnetic Al-phase
and only ca. 3% of magnetically ordered
B2-phase due to quenching of the Al
high-temperature phase during the laser
heating process. The oxide fraction could
be minimized via preparation of the na-
noparticles e.g. under argon atmosphere.

I gas outlet
Air/Ar/H,+N,

gasinlet
Air/Ar/H,+N,

solvent p——

(acetone/acetonitrile)

FesoRhsg
target

Fig. 1: FeRh nanoparticle preparation via
laser ablation in liquid (LAL). [1]
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Fig. 2: Conversion of FeRh nanoparticles
from the paramagnetic A1- to the mag-
netically ordered B2-phase by cyclic
heating up to 973K recorded at 0.1T. [2]

An increase of the B2-phase fraction in
the FeRh nanoparticle powders to >90%
could be demonstrated via XRD and
magnetometry by conventional (vacuum)
heating up to ca. 1000K, starting at ca.
500K, potentially also including a reduc-
tion of the oxide fraction. This is reflect-
ed by a considerable increase in magnet-
ization and the manifestation of a begin-
ning thermal hysteresis corresponding to
the FeRh antiferro- to ferromagnetic
(AFM-FM) transition at ca. 370K (see
figure 2). However, only a moderate
field-induced increase in magnetization
was observable for the conventionally
heated nanoparticle powders.

To facilitate printable structures directly
from the FeRh nanoparticles in solution,
the ink was laser-sintered after deposi-
tion on a glass substrate. Here, the la-
ser-sintering process combines the re-
covery of the magnetocaloric B2-phase
with the “printing” process of the desired
2D structures.

After testing different laser fluences, an
optimum value of ca. 300-400 J/cm? was
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determined, with lower values leading to
only partial Al1- to B2 conversion, while
high laser fluences result in beginning
evaporation of substrate material. For
this setting, a composition of ca. 70%
B2- and 30% Al-FeRh was found. Ca.
50% of the B2 fraction seem to remain
pinned in the ferromagnetic high-
temperature state, not participating in
the transition. Still, magnetometry dis-
plays a pronounced field-induced in-
crease in magnetization at 300-400K due
to the field-driven transition from the
AFM- to FM-state, indicating the recovery
of magnetocaloric properties in the print-
ed structures after laser-sintering.

This is a very promising first result for
printable magnetocaloric structures from
LAL-made inks. Still, further experiments
will have to show the exact magnetoca-
loric efficiency of the attained structures
and to which extent a further increase in
B2-fraction, nanoparticle magnetic order
and magnetocaloric effect can be ob-
tained via optimization of nanoparticle
processing and laser-sintering parame-
ters.
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field-induced AFM-FM
phase transition
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Fig. 3: Laser annealed 2D structures ex-
hibit the AFM-FM transition responsible
for FeRh magnetocaloric properties, as
visible here by the field-induced increase
in magnetization. [3]
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Introduction

Sepsis is an exaggerated immune re-
sponse to severe infections of the blood-
stream [1] affecting an estimated number
of annually more than 30 million cases
worldwide [2] requiring rapid and directed
therapy. Due to the large number of pa-
tients, the large proportion of undiag-
nosed or untimely diagnosis of the caus-
ing microorganisms and hence the high
mortality rate, improvements and espe-
cially acceleration of diagnostics and di-
rected therapy are urgently needed. To
tackle this urgent need, SEON has created
a strategy based on the use superpara-
magnetic nanoparticles (SPIONS) func-
tionalized with a binding peptide originat-
ing from a large human protein (GP340),
which is member of the family of scaven-
ger receptor cysteine rich (SRCR) proteins
and part of the innate immune system.
This peptide has a highly conserved bind-
ing motive revealing a very broad binding
range of microorganisms, but is not inter-
fering with any parameters of human
blood [3, 4]. With these SPIONs, we were
able to develop a reliable biomimetic
strategy for a targeted yet broad mag-
netic separation of bacterial pathogens in
bloodstream infections for acceleration of
pathogen diagnostics [5, 6].

Results

Synthesis of SPION-APTES-Pep

For directional binding of peptides or pro-
teins, we developed SPIONs consisting of
FesOs4 clusters coated with a 3-(Amino-
propyl)triethoxysilane (APTES) surface.

The coatings formed after polycondensa-
tion are characterized by high stability
and by the exposure of primary amino
groups, subsequently functionalized with
succinimidyl bromoacetate (SBA). Finally,
approximately 0.094 pmol per mg Fe of
the scavenging peptides were covalently
bound to this surface via the sulfhydryl

group of their C-terminal cysteines
(Fig. 1).

o O [ NH;
NH t APTES 0° o \
FeCl, + FeCl; ———

SPION SPION-APTES

SPION-APTES-Pep
Fig. 1 Route of synthesis of SPION-APTES-Pep.

Characterization of SPIN-APTES-Pep

During the process of functionalization,
the C potential of SPION-APTES decreased
from +49.2 mV to +29.0 mV for SPION-
APTES-Pep, and slight precipitation oc-
curred after 3 h. X-ray diffraction analysis
(XRD) patterns confirmed the presence of
magnetite/maghemite-related character-
istic peaks. VSM-measurements showed a
saturation magnetization of SPION-APTES
of 61.4 Am?/kg decreasing to 45 Am?/kg
after functionalization with the peptide.
Nevertheless, SPION-APTES-Pep could be
separated from platelet-poor plasma
(PPP) after only 3 min of magnetic sepa-
ration.

Corresponding bio- and hemocompatibil-
ity studies showed that the particles were
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fully cyto- and hemo-compatible and did
not affect blood parameters such as cyto-
kine release or coagulation.

Pathogen Separation

In blood spiked with bacterial toxins or
pathogenic bacteria, we subsequently
demonstrated that SPION-APTES-Pep,
can magnetically separate a variety of dif-
ferent microbial surface molecules (lipo-
polysaccharides (LPS) and lipotaichoic ac-
ids LTA)) and even intact microorganisms
(E. coli, S. aureus, P. aeruginosa and S.
marcescens) with high efficiency, espe-
cially at low and thus clinically relevant
concentrations (Fig. 2). The time of blood
sample incubation with the particles and
separation was below 10 minutes. The ex-
periments further revealed that the tar-
geting also allowed isolation of intact bac-
teria and their subsequent enrichment
and recultivation without the need for
conventional blood culture procedures
lasting usually 8 h - 72 h.

We also showed that the magnetic sepa-
ration of the pathogens from the blood led
to a strong decrease in the release of im-
portant cytokines (TNF, IL-6, IL-1, II-10,
and IFN-y) caused by the bacteria. This
could have a direct therapeutic impact as
an escalating immune system response
complicates the course of severe blood-
stream infections and sepsis.

T 1* g

bacteria amount [%]

Fig. 2 Separation of bacteria from water-based me-
dia and blood. The number of bacteria was set to
~103 CFU per mL. Separation was carried out in 1 ml
of citrate stabilized blood. a) and b) TEM image of
separated E. coli and S. aureus bound to SPION-
APTES-Pep after separation. C) and D) Separation
and replating efficiency of E. coli and S. aureus after
incubation with SPION-APTES-Pep, magnetic sepa-
ration and 2 washing steps (< 15 min).

Conclusion

In this pilot study we show a fast, reliable,
effective and sensitive method for mag-
netically extracting pathogens from hu-
man blood samples using SPION-APTES-
Pep. Further development of this tech-
nique could help to solve one of the most
important problems in sepsis diagnosis -
time to pathogen identification.
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Introduction

Injury of the vocal fold causes major
impairment on the patient’s quality of life.
To this day, no sufficient treatment for
vocal fold tissue regeneration exists.
Tissue  engineering represents an
important part of regenerative medicine
focused on the restoration of tissues and
even organs [1]. However, the vocal fold
is a complex structure consisting of
multiple specialized cell types. The
recreation of these layers is a difficult and
a lengthy task.

Cells loaded with superparamagnetic iron
oxide nanoparticles (SPIONs) allow their
controlled movement by an external
magnetic field. These SPIONs have
already been used to establish 3D
constructs of human vocal fold fibroblasts
(VFF) [2].

In this study, we have investigated the
ability of differently-coated SPIONs on the
formation of spheroids and magnetic
patterning of primary human VFFs
compared to the commercially available
NanoShuttle-PL.

Results

VVF cells were isolated directly from
human cadavers as already described and
loaded ex vivo for further analysis [3].
Polyacrylic acid-co-maleic acid (PAM)- or
Citrate-coated SPIONs were synthesized
in-house as previously depicted [4, 5].

Acceleration of Spheroid formation

For the formation of VFF spheroids, the
cells were loaded with the respective

nanoparticles. Then, the cells were
seeded in cell repellent U-plates placed
above a micromagnet array. After 3 h, the
2D area of the spheroids was investigated
by microscopy and the area was
measured. The addition of SPIONs and an
external magnetic field resulted in an
accelerated spheroid formation, with a
reduction of almost 50% in the mean
spheroid area of citrate-coated SPION-
loaded VFF compared to only 9% in VFF
spheroids without SPIONSs.

Fig. 1 Spheroid formation is accelerated by SPION-
loading. Loaded VFF cells were seeded in a cell
repellent U-plate without or above a micromagnet
array (+m). The spheroid area was measured 3 h
after seeding.

Magnetic Patterning

The generation of different cellular
structures via SPIONs requires the
magnetic guidance and thus the
enrichment of cells in specific regions.
Therefore, a ring magnet was placed
under SPION-loaded VFF cells for 24 h. To
evaluate the ring formation, the magnetic
field was simulated and superimposed
over the microscopy images of the cells.
VFF loaded with PAM-coated SPIONs
formed the most distinct shape compared
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to citrate-coated SPIONs or NanoShuttle-
PL.
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Fig. 2 Magnetic patterning of SPION-loaded hVFF.
A) Macroscopic ring patterning of Hematoxylin—-
Eosin and Prussian Blue-stained fibroblasts. B)
Overlay of the macroscopic patterning with a
simulated magnetic flux density in the xy-plane.

Magnetic Spheroid Micropatterning

Tissue is composed of different cells at
distinct locations, therefore we
investigated the ability of SPIONs to
create spheroids with polar cell
populations. VFF cells were loaded with
the respective nanoparticles and seeded
in a cell-repellent plate with a magnetic
spheroid drive placed below. Unloaded
VFF cells were added to the wells as well.
After 24 h, the spheroids were
investigated by fluorescence microscopy.
A janus-like structure could be detected
for PAM-coated, citrate-coated SPIONSs, or
NanoShuttle-PL. This indicates the
possibility of creating layered cell
structures via an external magnetic field.

with magnet without magnet

mersed

Control

PAM

Citrate

NS
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Fig. 3 SPION-induced micropatterning in VFF
spheroids. CFSE-stained VFF cells were loaded with
the respective nanoparticles (green) and co-
incubated with DiD-stained unloaded VFF (red). The
cells were then cultivated on a magnetic spheroid
drive for 24 h and subsequently imaged by
fluorescence microscopy.

Conclusion

We have shown an easy, fast and
reproducible method for the magnetic
patterning of primary human VFF
mediated by the use of differently coated
SPIONs compared to the commercially
available NanoShuttle-PL. Further
improvements could reduce the
complexity and time needed for the
production of multicellular structures in
tissue engineering.
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Magnetoactive elastomers (MAEs) com-
bine elastic and magnetic properties that
can be to a large extent modified in re-
sponse to a magnetic field. When such
an elastomer contains micro-sized mag-
netically hard particles of highly coercive
ferromagnetic material, it becomes an
elastic magnet once magnetized in a
strong impulse magnetic field. The mag-
netically soft particles in the elastomer
are used to obtain additional advanta-
geous features such as enhanced mag-
netization and magnetic susceptibility.

Motion systems based on MAEs have
been gaining increasing research interest
in the field of soft robotics and related
technologies in recent years. Compared
to traditional robots that use several rig-
id links and joints to attain a needed
configuration, mobile robots made of de-
formable magnetic bodies can be realized
with a minimal number of actuators [1,
2]. In this work, we present a multipole
magnetized MAE element incorporating
both magnetically hard and soft particles
to create a vibration-driven locomotion
system [3]. The MAE element is fabricat-
ed in a way that it has three poles over-
all with the same poles at both ends (Fig.
1). The bending deformation of the mul-
tipole MAE element in vertical plane is
caused by an external or integrated
magnetic field sources. Either an exter-
nal large-sized Helmholtz coil or a small
coil integrated into the system’s frame is
used. Since the MAE element is made
and magnetized with a reflection sym-
metry, it bends symmetrically about the
vertical axis passing through its center,
thereby shifting positions of the both
ends. To create directional locomotion of
the element resulting from this bending,
some asymmetry to the system is intro-

duced. The change of contact conditions
to the ground is realized by silicone
“bristles” protruding at an oblique angle
from the underside of the MAE element.
The provided asymmetric friction ensures
a preferred directed locomotion in each
cycle of oscillation controlled by an alter-
nating magnetic field.

65 mMm— >
- 60 mm >
v 1
6mm L[N s|(s N| | 4.75mm
A
B,
1 2 3 « L @2mm

Fig. 1: MAE functional element: 1 - sili-
cone casing, 2 - multipole magnetized
MAE beam, 3 - rows of silicone bristles.

The quasi-static bending of the multipole
magnetized MAE functional element is
investigated experimentally in a uniform
magnetic field directed either upward or
downward. The MAE element standing on
its bristles is placed on a non-magnetic
horizontal base in the middle of a Helm-
holtz coil with a vertical axis. The de-
flected shape is measured using a laser
triangulation sensor, which is attached
above the MAE element to a horizontal
linear axis and measures a vertical dis-
tance to its upper side. When the field is
applied upward, the element bends to a
U-shape, which becomes more pro-
nounced with increasing field magnitude.
The downward direction of the applied
field causes an inverted U-shape of
bending.

The locomotion system consists of the
multipole magnetized MAE functional el-
ement with an additively manufactured
top part, on which an integrated elec-
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tromagnetic coil is fixed in the middle.
The coil is supplied by a current source
and controlled by an H-bridge that pro-
vides the required modulation of a volt-
age applied. The current is a square
wave alternating positive and negative
with an amplitude of £168 mA. Excita-
tion frequencies are applied in the wide
range of f = 5-130 Hz. Figure 2 com-
pares the distances traveled by the sys-
tem in equal time intervals for four dif-
ferent excitation frequencies. Among the
chosen frequency values, the motion at f
= 75 Hz is the fastest, since this fre-
guency belongs to the resonance range
of the system. The maximum advancing
speed of 70.4 mm/s is achieved by this
excitation.
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Fig. 2: Comparison of distances covered
by the locomotion system at different
excitation frequencies of the integrated
coil.

The advancing speed of the locomotion
system for the whole range of excitation
frequencies is shown in Fig. 3. For fre-
quencies below the resonant range, the
speed first grows slowly with increasing
frequency, and then it rises steeply to
the resonance peak. When the frequency
is above the resonant range, there is an
almost continuous decrease of the ad-
vancing velocity over the frequency. On
the whole, the key advantages of the lo-
comotion system are the high speed of
movement and at the same time a rather
simple and easy-to-implement method of
magnetic actuation.
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Fig. 3: Advancing speed of the locomo-
tion system dependent on the excitation
frequency of alternating magnetic field of
the integrated coil.

Acknowledgments

The work is funded by the research asso-
ciation PAK907 between the Deutsche
Forschungsgemeinschaft (DFG) and the
Russian Foundation for Basic Research
(RFBR) under the projects BE-6553/2-1
and 19-53-12039.

References

[1] Zimmermann K., Bohm V., Zeidis I. Vibration-
driven mobile robots based on magnetosensi-
tive elastomers. In: 2011 IEEE/ASME Int.
Conf. on Adv. Intelligent Mechatronics
(AIM2011). Budapest, Hungary (2011) p.
730-735.

[2] Zimmermann K., Naletova V.A., Zeidis 1.,
Turkov V.A., et al. A deformable magnetizable
worm in a magnetic field - A prototype of a
mobile crawling robot. J. Magn. Magn. Mater.
311(1) (2007) p. 450-453.

[3]1 Reiche M., Becker T.I., Stepanov G.V., Zim-
mermann K. A Multipole Magnetoactive Elas-
tomer for Vibration-Driven Locomotion. Sub-
mitted to Soft Robotics (2022).

19th German Ferrofluid Workshop 43



Hydrothermal Synthesis of Barium Hexaferrite Na-
noparticles

B. Rhein, S. Ranoo, A. M. Schmidt

Abstract

Barium hexaferrite (BaFe12019, BaM) is

a ferrimagnetic metal oxide of the hex-
agonal ferrite type. It is of exceptional
volume magnetization, high magneto-
crystalline anisotropy, and good chemi-
cal stability, making it an attractive ma-
terial for various applications like mag-
netic recording and storage, permanent
magnets, and microwave devices [1]
[2].

Barium hexaferrite can be synthesized
via techniques such as co-precipitation,
salt melt method, microemulsion meth-
od, glass crystallization method, sol-gel,
combustion technique, and hydrother-
mal methods [1]. Under appropriate
synthetic conditions, its growth can be
predominantly directed to the ab plane,
leading to BaM nanoparticles with a
platelet shape. In these platelets, the
preferred direction of magnetization is
perpendicular to the particle surface.
These properties qualify such BaM na-
noplatelets as an attractive candidate
for the fabrication of anisotropic nano-
composite and smart magnetic materi-
als.

The barium hexaferrite particles pre-
sented here are synthesized by a hydro-
thermal route [3] in aqueous conditions.
The influence of synthesis temperature,
precursor concentration, and reaction
time on the size distribution, morpholo-
gy, and magnetic properties are investi-
gated.

The particles are characterized by
transmission electron microscopy (TEM)
and vibrating sample magnetometry
(VSM). It is found that the particles pos-
sess a nanoplatelet shape (s. Fig. 1).
The size distribution and the mean size
change with the reaction temperature.
While at low reaction temperature,
mainly small nanoplatelets of 30 nm are
observed, with increasing temperature
triangular or hexagonal platelets of

Department Chemistry, Institute for Physical Chemistry, University of Cologne GreinstraBe 4 - 6, 50939 Cologne

about 300 nm - 320 nm evolve. In qua-
si-static magnetization experiments,
nanoplatelets showed hysteretic behav-
ior as a powder, while their aqueous
dispersion was of pseudo- superpara-
magnetic response. It is observed that
the squareness (MR/MS) value of the
nanoplatelet powders increases with in-
creasing synthesis temperature.

100 nm

Figure 1 TEM image of the barium hexaferrite nano-
platelets
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Figure 2 Magnetic hysteresis loop of barium hexaferrite
measured at room temperature

In ongoing works, the reaction parameters
are optimized in order to allow for tuning
the magneto-crystalline properties of the
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barium hexaferrite nanoplatelets for vari-
ous applications.
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Ferrite-based Magnetic Nanoparticles in a Smart
Polymer Matrix
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For hyperthermia applications, reproduci-
ble synthesis routes of magnetic nanopar-
ticles (MNP) with control and adjustment
of the structure, size, shape and magnetic
properties are the key aspects. To mini-
mize the adverse side effects on healthy
cells, a large amount of heat generated by
a small quantity of nanoparticles must be
delivered to the tumor cells only. There-
fore, particles with large values of satura-
tion magnetization and a high resolution
for magnetic imaging are required leading
to a strong and efficient response to the
external magnetic field. Moreover, by in-
creasing the saturation magnetization
values, the control over the movements of
the MNP can be optimized by the external
magnetic field after injection into the
bloodstream so the required therapeutic
concentration of MNP can be reduced ac-
cordingly. Among the ferrites, magnetite
(FesO4) has the largest magnetic mo-
ment, but it grows into an isotropic form
for thermodynamic reasons and has a cor-
respondingly small magnetic anisotropy
constant. In previously published papers
on magnetite, it has been shown that an-
isotropic particles have higher magnetic
anisotropy constants than spherical parti-
cles and, thus, higher coercive field
strengths to avoid rapid demagnetiza-
tion.13 It is also known that anisotropic
iron oxides have a higher saturation mag-
netization than spherical ones.* Further-
more, cobalt ferrite (CoFe204) has turned
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out to be an interesting material as spher-
ical cobalt ferrite shows a higher magne-
tocrystalline anisotropy than iron oxide.>®
As the reduction of the Co?* ion concen-
tration in cobalt ferrite particles leads to
an increase in average crystallite size, co-
ercivity, and saturation magnetization,?>7
our work is focused on the synthesis of
non-stoichiometric cobalt ferrite nanopar-
ticles. In a two-step reaction, akageneite
nanorods (an antiferromagnetic iron oxide
hydroxide) were prepared first followed
by an aqueous hydrothermal reaction
without toxic surfactants or solvents and
variation of the metal salt concentration
and composition of Co?*/Fe3*/Fe?*,
Examination of the magnetic characteris-
tics of the nanoparticles and hyperthermia
measurements will be systematically con-
ducted to consolidate the heating effi-
ciency of the as-synthesized MNP. These
particles should already be dominated by
the Brownian relaxation mechanism in the
high single-digit nanometer range from
about 7 nm compared to magnetite nano-
particles, which are dominated by the Né-
elian relaxation mechanism up to a critical
particle diameter above 14 nm.8 Addition-
ally, the magnetic properties can be opti-
mized through the occurrence of the ex-
change bias effect with the help of a core-
shell system, a magnetic coating, or an
ion exchange on the surface of antiferro-
magnetic nanoparticles.®10
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Figure 1. Schematic synthesis of a hydrogel-nanoparticle composite combined by a ther-
moresponsive graft-copolymer prepared by RAFT polymerization and embedded cobalt ferrite par-
ticles. Selective initiation of the backbones and side chains are performed by two kinds of visible

light irradiation.
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An extensive field in material science is
developed by embedding these “hard”
magnetic nanostructures within an or-
ganic “soft” matter. In our working group,
we will focus on the combination of mag-
netic cobalt ferrite and magnetite with a
crosslinked gel matrix consisting of a dou-
ble thermoresponsive graft-copolymer.
For the synthesis of the polymers, initia-
tor-free photoiniferter reversible addition-
fragmentation chain transfer (RAFT)
polymerization will be used due to selec-
tive initiation of the backbones and side
chains from acrylic and methacrylic mon-
omers.!!"13 The number and length of the
side chains will significantly influence the
mesh size of the gel and, thus, the incor-
poration of the MNPs. In addition, subse-
quent conversion of the trithiocarbonate
pendant groups to thiol reactive function-
alities enables further modification and
covalently crosslinking to afford a ther-
moresponsive hydrogel and, exemplarily,
application in the field of polymer thera-
peutics.
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Low-cost standalone magnetic particle spectrosco-
py device for fast and sensitive immunoassays

Florian Wolgast, Tamara Kahmann, Enja Rdsch, Aidin Lak,
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The recent pandemic has shown how im-
portant reliable assays are for determin-
ing whether someone is infectious. In or-
der to be better prepared for high test
demand and possible supply shortages, it
is important to have a wide availability of
different assays. One promising alterna-
tive to the established PCR and antigen
quick tests based on lateral flow devices
with colloidal gold nanoparticles are im-
munoassays with magnetic nanoparticle
(MNP) markers. Especially, magnetic par-
ticle spectroscopy (MPS) promises fast
and quantitative point-of-need testing
with a compact device. In MPS, the MNP
markers are exposed to an alternating
magnetic field of sufficiently large ampli-
tude for measuring the dynamic magnet-
ization response which contains the fun-
damental and several harmonic frequen-
cies. Due to the fast and highly sensitive
measurement principal MPS is well suited
for magnetic immunoassays.

In this work, we present thedevelopment
of our “immunoMPS” (Fig. 1) which was
especially built for immunoassays with
infectious samples. Therefore, the device
is at low cost, fully self-contained, mobile
and could be used in a S2+ bio-safety
lab. The device works with an excitation
frequency of 590 Hz optimized for BNF80
nanoparticles from micromod
Partikeltechnologie GmbH to capture
Brownian relaxation dynamics. It delivers
high performance (on par or exceeding
our lab equipment) for material costs
around 300 Euro. We are currently work-
ing towards DNA- and antibody(AB)-
based immunoassays for SARS-CoV-2.
Preliminary results on both strategies
have been published [1, 2]. For the AB-
immunoassays several groups have
proven the use of MNP for SARS-CoV-2
detection with a limit of detection (LOD)
around 109-1010 virus/mL [1][3]. While
the work by Wu et al. [3] focused on the

detection of the SARS-CoV2 spike and N-
proteins, our previous work used mimic

viruses [1] and DNA [2] as biological tar-
gets.

Figure 1: Picture of our "immunoMPS"
device

Together, the results demonstrate the
versatility of magnetic nanoparticle bio-
assays in combination with the MPS plat-
form. However, for a reliable detection of
spread-infectious persons a threshold of

around 10%4-1010 virus/mL is required.
Consequently, the LODs of most current
magnetic immunoassays are not good
enough to detect low virus loads. In our
recent experiments, which were all per-
formed on the new device, we reach a 30

LOD of 4x108 virus/mL (0.06 fmol) (Fig.
2).

Currently, we are working towards lower
MNP and especially antigen and DNA
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Figure 2: Harmonic ratio 5th/3rd from
the MPS measurements of different mim-
ic virus concentrations in an AB-
immunoassay with mimic viruses

detection limits with an optimized setup,
on improved assay protocols and tailored
materials. On the measurement instru-
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ment side, we try to achieve an im-
proved detection limit by using a mixing
frequency method (MFM). In this ap-
proach, the excitation of the magnetic
nanoparticles is done with an additionally
high-frequency magnetic field with small
amplitude compared to conventional
MPS. The advantage of this method is
that the resulting mixed harmonics are
highly specific to the nonlinear magneti-
zation curve of the MNP [4]. On the oth-
er hand, for example, the assay protocol
is improved by systematically investigat-
ing the influence of different incubation
methods as well as the amount of anti-
body per magnetic nanoparticle.

Acknowledgments

DFG: EXC-2123 Quantum Frontiers Ger-
many’s Excellence Strategy -
390837967, Research Training Group
1952 Metrology for Complex Nanosys-
tems, ZH 782/1-1.

Niedersachsisches Vorab: Quantum and
NanoMetrology (QUANOMET) initiative
projects NL-1 (BL) and NP-2 (TV).

References

(1]

(2]

(3]

[4]

Zhong et al., “Toward Rapid and Sensitive De-
tection of SARS-CoV-2 with Functionalized
Magnetic Nanoparticles”, ACS Sensors 0c02160
(2021),

DOI: 10.1021/acssensors.0c02160

Roesch et al., “Point-of-need detection of path-
ogen-specific nucleic acid targets using magnet-
ic particle spectroscopy”, Biosens. Bioelectron.
192, 113536 (2021), DOI:
10.1016/j.bios.2021.113536

Wu et al., “"One-Step, Wash-free, Nanoparticle
Clustering-Based Magnetic Particle Spectrosco-
py Bioassay Method for Detection of SARS-CoV-
2 Spike and Nucleocapsid Proteins in the Liquid
Phase”, ACS Appl. Mater. Interfaces 13, 37,
44136 - 44146 (2021),

DOI: 10.1021/acsami.1c14657

Krause et al., "Magnetic particle detection by
frequency mixing for immunoassay applica-
tions”, J. Magn. Magn. Mater. 311, 1, 436 - 444
(2007), DOI: j.jmmm.2006.10.1164

19th German Ferrofluid Workshop 49



Large single domain iron oxide nanoparticles for
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Introduction

Using iron oxide nanoparticles for hyper-
thermia treatments is one of the most
common applications. Moving from hyper-
thermia on human patients to technical or
biotechnological heating applications,
higher field amplitudes and frequencies
can be used, enabling the application of
particles with larger coercivities (Hc) and
thus heating. Therefore, we synthesized
large single domain iron oxide particles
(LSDP) using the green rust method [1]
with varying synthesis conditions. LSDP
were characterized in detail regarding
their magnetism, structure, heating per-
formance and composition [2].

Methods

LSDP were synthesized under oxygen free
conditions using a ferrous chloride solu-
tion, NaOH as a precipitation agent and
NaNOs to oxidize the precipitated green
rust particles to magnetite within 24 h.
The synthesis temperature was varied
from 5 to 85 °C in 10 K steps. Resulting
particle samples are therefore labelled
“S05” to “S85". After several washing
steps, the particles were dried at room
temperature and the total mass of each
sample was determined. To evaluate the
particle morphology, size and size distri-
bution, transmission electron microscopy
(TEM, FEI Tecnai G2 20, Thermo Fisher
Scientific, USA) was used. In more detail
their size was determined using X-ray dif-
fraction (XRD, Panalytical X'pert Pro, Mal-
vern Panalytical, The Netherlands) as well
as their phase composition. Since non-
magnetic parasitic phases were sus-
pected, we used Auger electron spectros-
copy (AES, microlab 350, Thermo Fisher
Scientific, USA) to determine the chemical

composition of the outer layers of the
LSDP. Occurrence of iron-containing
phases as well as the magnetic alignment
behavior was studied in depth by Méss-
bauer spectroscopy. Basic magnetic pa-
rameters were determined with vibrating
sample magnetometry (VSM, PPMS Dyna-
Cool, Quantum Design, Germany) at 5
and 300 K up to fields of 9 T. Finally, spe-
cific absorption rates (SAR) were evalu-
ated using a hyperthermia measurement
setup with external field amplitudes of 16,
27 and 55 kA/m at 290 kHz for 1 wt%
particles immobilized in agar gel.

Results and discussion
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Fig. 1: Mass of the dried particles for each
sample depending on synthesis temperature
(left) and TEM image for sample S75 (right).

For synthesis temperatures above 50 °C
the resulting sample mass exceeds the
maximal possible mass if only magnetite
and/or maghemite is formed (dashed line
in fig. 1). For those samples, TEM images
show needle-like structures besides the
spherical particles. This implies the
formation of phases apart from magnetic
iron oxides. Additionally, AES detected
sodium in sample S75 (synthesized at
75 °C) besides iron and oxygen.
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Fig. 2: Hcrr and Ms depending on synthesis
temperature.

This presumed non-magnetic phase can
be seen in VSM measurements, too. Ms
(fig. 2, right) decreases significantly for
synthesis temperatures above 45 °C,
while an Ms close to the bulk value of
magnetite can be reached for 15 to 35 °C
(fig. 2, right, segment II). Coercivity (at
room temperature) on the other hand
increases  linearly  with increasing
temperature (fig. 2, left) and correlates
with an increase in particle size (30 to
65 nm, derived from XRD), which proofs
the formation of single core particles. Hc
values from 7 to 15 kA/m were measured,
enabling an open hysteresis loop and

thereby an improved heating
performance.
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Fig. 3: SAR values depending on synthesis
temperature.

Moéssbauer spectroscopy measurements
identified primarily subspectra character-
istics of magnetite-maghemite mixtures,
with magnetite being the dominant phase.
For samples S45 and higher, an additional
subspectral distribution arises, indicating
an Fe3*-bearing antiferromagnetic mate-
rial.

SAR measurements correlate with the
magnetic properties (see fig. 3). SAR in-
creases with increasing Hc for the samples
with a high Ms (S15 to S35, segment II),
reaching 600 W/g and then decreases
from S45 onwards because of the growing
non-magnetic phase that lowers the Ms.

Conclusion and outlook

We synthesized large single core particles
with an increased Hc of 6 to 15 kA/m and
mean particle sizes ranging from 30 to
65 nm, depending on the synthesis tem-
perature. From 45 °C onwards, the syn-
thesized particles show a non-magnetic
parasitic phase, most likely a Na- and
Fe3+-bearing antiferromagnetic phase.
This leads to decreasing Ms, decreasing
SAR values and an additional subspec-
trum in Méssbauer spectroscopy meas-
urements.
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Introduction

Polymeric microspheres (MS) are of great
interest for a broad range of biomedical
applications. In drug delivery approaches
they are used as a vehicle for pharmaceu-
tics. By incorporating magnetic nanopar-
ticles (MNP) the resulting magnetic micro-
spheres (MMS) can be used for hyperther-
mia or temperature triggered drug release
and magnetically guided targeting. Last,
immobilizing antibodies (AB) on the MMS
surface enables immunomagnetic separa-
tion, where pathogens are extracted from
a specimen magnetically. Each application
comes along with specific requirements
for the used microspheres. Therefore, we
developed a set of MMS whose character-
istics regarding their size, MNP content
and distribution, drug release and surface
functionalization can be customized de-
pending on the application.

Methods

Microspheres were synthesized using an
emulsion evaporation method with
poly(lactic-co-glycolic)acid (PLGA) or pol-
ylactic acid (PLA). The polymer and a drug
or MNP as additional components are sus-
pended in an organic solvent and homog-
enized mechanically in an aqueous poly-
vinyl alcohol solution to form micro-
droplets that harden by evaporation of the
solvent. To investigate the tunability of
MS size, parameters like homogenization
speed, time and PVA concentration were
varied. MS sizes were determined using a
Mastersizer 3000 (Malvern, UK).

Multicore MNP [1] were used for magnetic
loading of the MS, resulting in MMS. For
this, the MNP need to be suspended in the
organic solvent, hence a hydrophobic
coating is needed. Therefore, bisphospho-
nate (BP) was used as a coating material
and as a second route, an oleic acid (OA)
coating protocol was established.

MNP and MMS were characterized with a
vibrating sample magnetometer (MSE-
EZ9, Microsense, USA) to determine coer-
civity (Hc), saturation magnetization (Ms)
and the concentration of MNP in the MMS.
The specific absorption rate of MMS in wa-
ter and agar was evaluated using a cus-
tom-made hyperthermia measurement
setup with an external field of 55 kA/m
and 290 kHz.

To evaluate the morphology of the MMS
and the MNP distribution, scanning elec-
tron microscopy was used (FEI Helios
NanoLab G3 UC, USA).

Anticancer drug camptothecin (CPT) was
embedded into PLGA-MS using three dif-
ferent lactic to glycolic acid ratios (50:50.
65:35, 75:25). They were kept at 23, 37
and 43 °Cin a water bath and the amount
of released drug in the supernatant was
measured over a period of 24 h using UV-
Vis spectroscopy. 43 °C was choosen as a
typical hyperthermia temperature.

For the immobilization of antibodies (AB)
to the PLA-MMS surface, two routes were
evaluated: Protein A and streptavidin-bi-
otin coupling. Bonding of AB to the protein
A coated MS was verified using an En-
zyme-linked Immunosorbent Assay
(ELISA). Streptavidin coating of the MMS
was verified using fluorescence measure-
ments (CLARIOstar, BMGLabtech, Ger-
many) of fluorescein-conjugated biotin.

Results and discussion

The emulsion evaporation process results
in perfectly spherical solid microspheres
and enables mean diameters between 0.6
and 6 ym, with a decrease in size for in-
creasing homogenization velocity and an
increasing PVA concentration (see fig. 1).
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Fig. 1: Influence of PVA concentration on the
mean diameter and span of the size distribu-
tion of MS.

The OA coating enables a stable suspen-
sion with a mean hydrodynamic diameter
of 180 - 240 nm of MNP in acetone by cre-
ating a coating layer of around 10 wt%
related to the total particle mass. Both,
MNP with BP and with OA coating were
embedded into the MMS leading to the BP
ones located on the surface of the
spheres, whereas the OA ones are distrib-
uted homogeneously within the MMS (see
fig. 2).

Fig. 2: FIB cross sections of MMS with BP
coated MNP (left) and OA coated MNP (right).
MNP appear bright.

MMS with 33 wt% OA-MNP show SAR val-
ues of around 300 W/gmne with no signifi-
cant difference between MMS in water and
immobilized in agar. MMS (1 wt% in wa-
ter) can be heated up to 43 °C within
100 s.

Drug release experiments revealed a
burst like release profile with an acceler-
ated release for higher temperatures (see
fig. 3) for all used PLGA types as well as a
mainly diffusion driven release mecha-
nism indicated by the fast release within
hours, whereas degradation of PLGA
would take weeks. Human IgG AB were
successfully coupled to PLA-MMS via
protein A, proven by a qualitative
colorimetric reaction between the enzyme
conjugated to the AB and a dye.
Streptavidin coating of the MMS as a
second coupling route was verified with
fluorescent biotin as a first step. This

enables the binding of biotin-conjugated
AB to the streptavidin coated MMS.

120

X 100 v
£ 80 it 43°C
O (]
E 60 ] 37 °C
B 40 g s 4 20°C
3 20 .‘.A‘ :
- 0

0 4 8 12 16 20 24

time [h]
Fig. 3: Drug release for PLGA-MS,

L:G=75:25.

Conclusion and outlook

The size of our MS can be tuned between
0.6 and 6 um with homogenization speed
and PVA concentration as the main influ-
encing factors. Oleic acid coated MNP can
be incorporated with a concentration of
33 wt% and a homogeneous distribution,
enabling magnetic heating of the MMS
with an SAR of 300 W/gwmne. Camptothecin
as a model drug can be released temper-
ature dependent with a faster release at
43 °C. Antibodys can be immobilized on
the MMS via protein A coupling. In ongo-
ing work, coupling via streptavidin-biotin
interaction will be finalized. Also, drug re-
lease behavior under magnetic heating in-
stead of using a water bath will be studied
in more detail. In summary, we are able
to modify our MS/MMS synthesis and
functionalization, creating a toolbox of
MS/MMS for several applications.
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