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Equilibrium properties of a bimodal magnetic suspension:
a Langevin dynamics study

A.A. Kuznetsov!?

L Institute of Continuous Media Mechanics UB RAS, Ac. Koroleva 1, Perm, Russia, 614013

2 perm State University, Bukireva 15, Perm, Russia, 614990

In this work, a dilute suspension of magnet-
izable microbeads in a nanodisperse fer-
rofluid is considered. Langevin dynamics
simulations are used to investigate the equi-
librium properties of such suspension in a
static uniform magnetic field. A microbead
is modelled as a rigid dense spherical cluster
of single-domain nanoparticles. In simula-
tions, a single microbead is placed in the
center of a cubic simulation cell and the fer-
rofluid nanoparticles are randomly dis-
persed in the remaining volume. Three-di-
mensional periodic boundary conditions are

imposed on the cell. They implicitly create
an infinite cubic lattice of identical mi-
crobeads. Orientation and position of the
bead remain fixed during the simulation, but
the nanoparticles inside the bead retain rota-
tional degrees of freedom. Ferrofluid nano-
particles and nanoparticles inside the bead
are the same. Steric, dipole-dipole and Van
der Waals interactions between all nanopar-
ticles in the system are taken into account.
Initial magnetic susceptibility of the bead is
calculated for different values of the sus-

Snapshots of the simulation cell, the volume fraction of nanoparticles in ferrofluid is =~ 0.3%. Differ-
ent panels correspond to different values of the Langevin parameter & (the ratio of the Zeeman energy
of nanoparticles to the thermal energy) and the dipolar coupling parameter A (the ratio of the dipole-
dipole interaction energy of a nanoparticle pair to the thermal energy). & =1 (left column) and 10
(right column), A = 3 (top row) and 5 (bottom row). The field is directed vertically.



pending ferrofluid concentration. The re-
sults are interpreted within the modified
mean-field theory [1]. It is shown that at
large applied fields nanoparticles concen-
trate near the magnetic poles of the bead. If
dipole-dipole interactions are large enough
to induce the formation of nanoparticle
chains, these chains form wide columns
above and below the bead, which span
across the whole simulation cell (see fig-
ure). Concentration profiles of nanoparti-
cles near the bead are obtained for a wide
range of control parameters. The effect of
competition between isotropic Van der
Waals and anisotropic dipolar interactions
on the nanoparticle distribution is discussed.
Simulation results are compared with the
data of Ref. [2], where a similar redistribu-

tion of nanoparticles in a bimodal suspen-
sion was investigated both experimentally
and analytically.
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Static magnetization of an ensemble of interacting superpara-
magnetic nanoparticles

E.A. Elfimoval, A.O. Ivanov?

L Ural Federal University, Lenin Av. 51, Ekaterinburg 620000, Russian Federation

We study theoretically the static (equilibri-
um) magnetic properties of an ensemble of
superparamagnetic nanoparticles, the nu-
merical concentration of which is p. The
macroscopic sample with nanoparticle en-
semble has the shape of highly elongated
cylinder, along the main axis of which a
static uniform magnetic field H = H h,
h=(0;0;1) is applied. This shape allows to
neglect the demagnetization effects and to
consider an internal macroscopic field in-
side the sample being equal to an external
magnetic field H. The directions of i-th
particle magnetic moment m; and its easy
magnetization axis are described by the
unit vectors mi=mi/m; and .

The ensemble Hamiltonian includes the
Neel energy of magnetic anisotropy U, the
magnetic moment—magnetic field interac-
tion energy Um, the interparticle hard-
sphere repulsion Uns prohibiting the parti-
cle interpenetration, and the interparticle
magnetic dipole-dipole interaction Ug:

Uy() = —Kv,, (0; - ;)% 1)

U (i) = —po(m; - H) = —pomH (; - h),

uomz (lﬁllﬁj)—?;(lfllfu)(lfl]fu)

4mkgT Ti?}

Here K is the magnetic crystallographic
anisotropy constant; vm is the particle mag-
netic core volume; uo stands for the vacu-
um magnetic permeability; keT has a mean-
ing of thermal energy; and vector rj; con-
nects the centers of i-th and j-th particles.

To calculate the ensemble magnetization M
and the initial magnetic susceptibility y we
used the approach, known as the modified
mean-field model of the 1-st order (MMF-
1) [1]. The idea is that all magnetic nano-
particles produce the magnetic dipole field,
and this averaged dipole field acts on the

Ua(ij) =

magnetic moments in addition to an exter-
nal field. The results are dependent on fol-
lowing dimensionless parameters: the rela-
tive height of the intraparticle energy barri-
er 0 = Kv,,/kgT, the Langevin parameter
(dimensionless magnetic field strength)
a = uomH/kgT; and the Langevin mag-
netic susceptibility y, = uopm?/3kgT of
the system of non-interacting magnetic
moments.

For the cases of limiting soft magnetic na-
noparticles (o — 0) and the ferrofluids,
keeping both the Neel and Brownian rota-
tion degrees of freedom, we got the MMF-
1 results [1]:

M= MooL(ae) ) de = +XLL(a) ' (2)

M, = pm, L(a) =cotha—1/a,

x=x:(1+x./3),

which are independent on the magnetic
anisotropy o. Here a, has a meaning of an
effective magnetic field, acting on each
magnetic moment.

For an ensemble of immobilized nanoparti-
cles, uniformly distributed inside the sam-
ple, with parallel texturing of easy axes
fi;||h = (0; 0; 1) we got

Ry (ay,0)

*® Rl(aH,a)’

Ry (a,0) (3)

My=M Ri(a,0)’

(Z” =a+y
Ri(a,0) = ;f_ll exp(at? + at) dt,
R,y(a,0) = %f_ll exp(at? + at)tdt =

X = x40 [1+ x.4,00)/3], 4

_ 3 [exp(o)
A“(O-) "~ 20l R(0) 1] '

R(0) = R(0,0) = [ exp(at?) dt .



Last function was introduced first in Ref.
[2] describing the susceptibility of non-
interacting immobilized particles.

For an ensemble of immobilized nanoparti-
cles, uniformly distributed inside the sam-
ple, with perpendicular texturing of easy
axes fi; L h = (1;0;0) we got

R4(a,0) ( )

Ry4(a,,0)
MJ_ = MOO : = aJ_ = a + XL R3(a,0'),

R3(a1,0)

Ri(a,0) = fol exp(at?) Ih(aVv1 —t2)dt,

R,(a,0) =
[ exp(ot?) L(aVT— VI - t2dt |,

X1 =x4.(0)[1+ x,AL(0)/3], (6)

3—A||(0')

A (o) = >

Behavior of effective fields ) (3) and a
(5) are opposite. In parallel case the dipolar
correction term increases the acting mag-
netic field, but for perpendicular texturing
the dipolar interaction reduces the value of
acting field.

We also calculated the magnetic properties
of interacting immobilized particles with
random texturing, when the translational
and orientational probabilities are uniform.
Magnetization is rather cumbersome, but
the initial susceptibility obeys also MMF-1
results

x=x(1+x./3). (7)

Figures 1 and 2 show the magnetization
and the initial magnetic susceptibility of
the ensemble of interacting immobilized
nanoparticles with random, parallel, and
perpendicular texturing of easy axes.

Fig. 1 Dimensionless magnetization of interacting
immobilized nanoparticles with random (solid line)
parallel (dash line) and perpendicular (dotted line)
texturing of easy axes as a function of Langevin
parameter « forthe o = 3 and y, = 1.

Fig. 2 Initial magnetic susceptibility of interacting
immobilized nanoparticles as a function of o for
X = 1. The type of lines denotes the same as in
Fig. 1.
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Magnetic Properties of Elastomers with Magnetically Hard Parti-
cles As Seen in Computer Simulations

P. Sanchez'?, E. Minina'?, A. Dobroserdova?, E. Kramarenko?®,
S. Kantorovich*?

! University of Vienna, Vienna, Austria
2 Ural Federal Universty, Ekaterinburg, Russia
® Moscow State University, Moscow, Russia

Magnetic elastomers are hybrid materials
consisting of a soft matrix of polymers with
a high volume fraction of embedded mag-
netic micro- and/or nanoparticles. These
materials are elastic enough to experience
strong structural changes as a response to
external magnetic fields. This makes them
promising candidates for a broad range of
applications.

In this contribution we discuss three differ-
ent types of elastomers and study (1) defor-
mation caused by the magnetic field leading
to the changes of the elastomer surface hy-
drophilicity (Fig. 1); (2) influence of the
magnetoelastic coupling on the first order
reversal curves (FORCs); effects of the in-
terparticle magnetic interactions on the
properties of microgels (Fig. 2).

One particularly interesting application of
magnetic elastomers is their use as thin coat-
ings that provide a fine control of the hydro-
phobicity of their free surface, as a conse-

Fig. 1. Layer of magnetic elastome side and top
views. Zero field case on the left; applied field
is on the right.
quence of the strong changes in its rough-
ness induced by the application of proper
external fields.
Here, we present a minimal computer simu-
lation model of a magnetic elastomer thin

coating that captures the dependence of its
surface roughness on the elastic properties
of the polymer matrix and the magnetic.
The FORC method helps us to study the ef-
fect of the matrix on the internal magnetic
interactions. We use the classical Pike
method [1]. We address both monodisperse
(all magnetic particles are of the same size)
and bidisperse (large and small magnetic
particles) systems. Additionally, we anlyse
the influence of the matrix by changing the
number of springs attached to each particle.
Finally, we study magnetic microgels -
spherical colloidal particles consisting of
polymer network with embedded magnetic
dipolar particles. Our main focus is concen-
trated on how the microgels change their
shape and size depending on their internal
structure and magnetic component. Micro-
gels are initially modelled as bead-spring
polymer chains ran-

domly  crosslinked

into a polymer net-

work. Changing de-

gree of crosslinking

allows us to vary mi-

crogel's internal struc-

ture. This way, we

consider weekly

crosslinked and highly crosslinked micro-
gels. We show that an appropriate combina-
tion of magnetic
component and de-
gree of crosslinking
may offer an additional way to control such
systems.

Fig. 2. Microgel with
magnetic particles
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Computer modeling of hybrid magnetic elastomers with magneti-
cally hard and soft particles

P. A. Sanchez!?, O. V. Stolbov?, Yu. L. Raikher?, S. S. Kantorovich'?

' University of Vienna, Vienna, Austria.
? Ural Federal University, Ekaterinburg, Russia.

* Institute of Continuous Media Mechanics (RAS Ural div.), Perm, Russia.

We report our recent progress on the theo-
retical modeling of a novel type of hybrid
magnetic elastomer materials, composed of
a mixture of microparticles with different
magnetic properties embedded within a
polymer matrix. The mixture of micropar-
ticles consists of a low fraction of relative-
ly large (5-100pm of diameter) magnetical-
ly hard (MH) particles and a high fraction
of smaller (<5um in diameter) magnetical-
ly soft (MS) particles [1,2]. The combina-
tion of MH and MS particles provides
both, active and passive control on the me-
chanical properties of the elastomer, as its
internal structure does not only respond to
external magnetic fields but it can also be
tuned by inducing an appropriate perma-
nent magnetization on the MH particles.

Our theoretical study is based on a minimal
coarse-grained computer model of such
type of hybrid elastomer. Specifically, in
order to analyze the interplay between MH
and MS particles and the field-induced
elastic deformations of the microstructure,
we focus on the modeling of a fundamental
volume of material that includes a single
MH particle surrounded by a cloud of
smaller, MS particles. The relative posi-
tions of the latter with respect to the former
are assumed to be constrained by the pol-

ymer matrix, represented implicitly as a
random network of elastic springs connect-
ing all the particles. As a first approxima-
tion to the magnetic properties of the parti-
cles, we consider that the MH one carries a
permanent magnetic moment, whereas
each MS particle has a magnetization that
depends on the local field created by the
central MH particle and any eventual ap-
plied external field. We perform with this
model extensive computer simulations in
order to analyze the deformations of the
fundamental volume depending on the
strength and relative orientation of the ex-
ternal field with respect to the magnetic
moment of the central particle. Finally, we
compare our simulation results to the ones
provided by a continuous magneto-
mechanical model of this material.
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Creating a toolbox of synthetic pathways for the encapsulation of
nanoparticles with chemically bound polymer shells

L.S. Fruhner!, M. Kruteval, J. Allgaier?, W. Pyckhout-Hintzen?!, S. Forster?,
R. Koll?, H. Heller?, H. Weller?
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Functional nanocomposites offer a broad
application range from sensors through
stretchable electronics to smart coatings for
energy conversion and human health. [1]
Especially, responsive materials which are
able to perform self-assembly in different
environments (e.g. in magnetic or electric
fields, by mechanical shearing) are in the
centre of interest (Fig.1). Further develop-
ments in this area would significantly bene-
fit from deeper insights into the interactions
between the nanoparticles with each other
and their surrounding host matrix. Recently,
we developed a synthetic procedure to ob-
tain highly monodisperse nanoparticles con-
sisting of a superparamagnetic iron oxide
core (SPION) embedded in a polymeric
shell. [2]

Our strategy aims at synthesising monodis-
perse superparamagnetic iron oxide nano-
particles (SPIONs) and coating them with
a,o-functionalised elastic polymers like
polybutylene oxide (PBO). This allows us

to either align the nanoparticles in a mag-
netic field or by mechanical force (Fig.1).
The structure of the nanocomposites as well
as their behaviour due to external stimuli are
investigated via Small-Angle X-Ray and
Neutron Scattering (SAXS/SANS).

Here, we report our recent progress in gain-
ing further knowledge about our encapsula-
tion procedure by varying the polymer chain
length, the polymeric ligand as well as the
crosslinking procedure to provide a stable
inner shell around the nanoparticles. Mak-
ing use of Small-Angle Neutron Scattering
we were able to obtain detailed information
about the structure of the polymer shell
around our nanoparticles.
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Hybrid elastomers with tuned particle-matrix interaction

J. Seifert!, A. M. Schmidt!
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Hybrid materials consisting of magnetic
nanoparticles that are incorporated into
complex matrices, such as gels and elasto-
mers, can be manipulated by external mag-
netic fields. By employing magnetic nano-
particles as multifunctional, inorganic
crosslinkers, magnetic node networks with
a direct covalent coupling between magnet-
ic and elastic component are obtained.
These materials show a novel type of parti-
cle-matrix interaction.[1,2] The incorpora-
tion of magnetic nanoparticles, showing
magnetic as well as geometric anisotropy,
leads to direction dependent properties in
the magnetic node networks.

Synthetic concept

Here, we present the synthesis of magnetic
node networks based on spindle-like
o-Fe>O3 particles and an elastomeric ma-
trix. Therefore, silica coated nanoparticles
are used to crosslink polydimethylsiloxane
derivatives via a polycondensation reaction
(Figure 1).

Figure 1. Reaction scheme of the formation of parti-
cle crosslinked elastomers.

This new type of magnetically manipulable
elastic material is expected to have promis-
ing applications for dampers or in robotics,
where the mechanic properties need to be
reversibly altered. The incorporation of
spindle-like hematite particles leads to di-
rection dependent properties in the magnet-
ic node networks, which are a key step for
the realization of actuators showing a re-
versible contraction along one axis.[3,4]

Properties

The prepared magnetic node networks
show the typical viscoelastic behavior of
particle filled elastomers. Due to the cova-
lent attachment of the magnetic nanoparti-
cles to the elastic matrix, high particle con-
tents of up to 30 m% can be employed
without observing particle agglomeration,
leading to structures with decent magnetic
properties. The occurring magnetic hyste-
resis in the reversible elastomers is at-
tributed to a reorientation of the magnetic
moment within the particle at high fields.
In ongoing experiments, we intend to max-
imize the direction dependent magnetic
properties by aligning the magnetic nano-
particles in a magnetic field and conserving
the magnetic order through the crosslinking
process.

Acknowledgments

Financial support is acknowledged from
DFG-SPP 1681 “Feldgesteuerte Partikel-
Matrix-Wechselwirkungen”.
(SCHM1747/10)

References

[1]  N. Frickel, R. Messing, A. M.
Schmidt, J. Mater. Chem. 2011, 21,
8466-8474.

[2] L. Roeder, M. Reckenthaler, L.
Belkoura, S. Roitsch, R. Strey, A.
M. Schmidt, Macromolecules 2014,
47, 7200-7207.

[3] L. Roeder, P. Bender, M. Kundt, A.
Tschope, A. M. Schmidt, Phys.
Chem. Chem. Phys. 2015, 17, 1290-
1298.

[4] P.Bender, A. Glnther, A. Tschope,
R. Birringer, J. Magn. Magn. Mater.
2011, 323, 2055-2063.



Effect of Magnetic Nanoparticle Distribution in PNIPAM Micro-
gels on their Magnetic Response

M.U. Witt!, S. Hinrichs?, M. Hermes?, B. Fischer?, A. Schmidt®, R.v. Klitzing!

1 Technische Universitat Darmstadt, Institut fur Festkorperphysik, Alarich-Weiss-StraBe 10, 64287 Darmstadt, Germany

2 Universitat Hamburg, Institut fiir Physikalische Chemie, Grindelallee 117, 20146 Hamburg, Germany

3 Universitat zu Koln, Institut fiir Physikalische Chemie, Luxemburger StraBe 116, 50939 Kéln, Germany

A magnetic field as a trigger allows a fast
switching of properties of magnetic materi-
als. Embedding for instance magnetic na-
noparticles (MNP) into polymeric micro-
gels (ferrogels) allows fast changes in
shape of the ferrogels. This offers future
application as sensors and actuators and in
drug delivery systems, using the magnetic
nanoparticles as guidance and triggers.
Here, a thermosensitive poly-N-
isopropylacrylamide (PNIPAM) microgel
was chosen as matrix for the CoFeO4 na-
noparticles [1]. In order to understand and
to control the magnetic properties of the
ferrogel, the mutual effects of the internal
structure of the microgel and the distribu-
tion of MNP have to be understood. There-
fore it is of high interest to get a deeper
insight into the distribution of the cross-
linker (BIS) of the microgel and the MNP
distribution.

To tailor the structure of the microgels,
they were synthesized by two different
methods: the batch method [2] which leads
to an inhomogeneous distribution of the
cross-linker and the feeding method [3]
which produces homogeneously cross-
linked microgels.

The bare microgels and the magnetic mi-
crogels were investigated with dynamic
light scattering (DLS), atomic force mi-
croscopy (AFM), transmission electron
microscopy (TEM) and Zetasizer. Beside
the measurement of the microgel character-
istics first measurements of the magnetic
response of the magnetic microgels will be
shown.

The results show that the homogeneity of
the crosslinker distribution is the key factor
for a homogenous distribution of CoFeO4
nanoparticles inside the microgels. A ho-
mogeneous distribution in turn offers a

higher response of the magnetic microgel
to an externally applied magnetic field as
previous experiments have shown [1]. Two
systems are compared, one with a hetero-
geneous structure close to a core/shell
structure and one with isotropic distribu-
tion of the MNP inside the microgels. As
an example a magnetic microgel is shown
in figure A detailed analysis of the 2D-
TEM images allows a reconstruction of the
3D distribution of MNP.

Figure 1. TEM picture of magnetic microgels.
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The ability to control nematic phases in
thermotropic liquids by external fields is of
great importance for their application, e.g.
in optical devices. While it is common to
use electric voltage in such devices, the em-
ployment of magnetic fields is less straight
forward due to the low magnetic anisotropy
of the mesogens.

However, as already predicted by deGennes
and Brochard in 1970, the incorporation of
dipolar magnetic particles is expected to re-
sult in nematic phases that are readily ma-
nipulable at moderate magnetic field
strength due to a coupling between nematic
and magnetic director.[1] Nonetheless, one
of the main challenges for the experimental
realization is to overcome the strong ten-
dency of the nanoparticles to agglomerate,
as a consequence of the strong molecular in-
teractions of the mesogens and the dipolar
interactions between the particles.[2] Thus,
up to now, experimental evidence for such
coupling is rare.

Our new approach to circumvent this prob-
lem, and to achieve ferromagnetically
doped liquid crystals with enhanced volume
fraction and stability, is based on nanoparti-
cles that are surface-modified with a side-
chain LC polymer brush.
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Figure 1: Scheme of LC polymer brush parti-
cle.

Thereby we work on two different synthetic
pathways with a variation of shell thickness,
mesogen density and the spacer length.
With this method, a higher compatibility be-
tween the particle surface and the meso-
genic matrix, and an effective steric stabili-
zation of particles against agglomeration is
obtained.

The impact of different doped particles on
the phase behavior of 5CB (B = 250 mT at
a layer thickness of d = 25 um) is investi-
gated with respect to particle concentration.
We found that our stabilization approach al-
lows the stabilization of particles up to
0.2vol% (1 mass-%). Upon addition of
90CB-PHMS functionalized magnetic par-
ticles, the order parameter of the system in-
creases, indicating an effective coupling be-
tween the particles and the LC matrix.

The magnetic response of the ferronematic
phases is investigated by capacitance meas-
urements in a magnetic field (Figure 2).

Figure 2: Capacitance measurements with parallel
B and E field for pure 5CB(black) and 5CB doped
with 90CB-PHMS@CoFe204 and in volume frac-
tions from 0.01 vol% up to 0.1 vol%.

As compared to 5CB, the critical field
strength and the shape of the Fréederickzs
transition is strongly is affected by the par-
ticle volume fraction. In fact, at a field as
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Magnetic nanoparticles (MNP) are widely
used in technical and biomedical applica-
tions. Currently, the International Organiza-
tion for Standardization (1SO) is working on
an ISO standard for magnetic nanosuspen-
sions. Here, we review the scope of the new
ISO standard and the implications for han-
dling magnetic nanosuspensions in aca-
demic and industrial environments.

Introduction

Liquid suspensions of MNP are used in
many technical and biomedical areas. Ap-
plications range from loudspeakers, mobile
phones, vacuum sealings, metal separation
and water remediation to in-vitro diagnos-
tics, in-vivo diagnostics and MNP based
therapies. The worldwide economic impact
of MNP and MNP based products amounts
to far more than 2 billion € per year. Obvi-
ously, this creates a demand for interna-
tional standards on the main characteristics
of MNP and the respective measurement
procedures. ISO currently develops a docu-
ment standard on magnetic nanosuspen-
sions to provide a more solid base for com-
mercial trade, application development, reg-
ulation and science in the MNP sector [1].
In a previous contribution, we had summa-
rized a priori considerations on the content
of such a standard document [2].

The current draft 1ISO standard is more ap-
plication oriented than initially projected,
focusing on the necessary definitions of im-
portant characteristics of MNP suspensions,
and listing relevant measurement proce-
dures in each case.

Scope and content of the new 1SO stand-
ard on magnetic nanosuspensions

ISO standards are voluntary agreements be-
tween stakeholders documenting the state of
the art in a technological area for further ref-
erence by market participants or regulatory
agencies.

In a new field such as nanotechnology, the
foremost interest is the definition of terms
and characteristics. These terms can then be
used by MNP manufacturers for labelling
their products and designing technical data
sheets, or by scientists exchanging infor-
mation on MNP [3]. The definitions include
general terminology such as “particle”, “na-
noparticle” and “fluid nanosuspension”
among many others. Physical characteris-
tics of MNP to be measured are also de-
fined, as well as a list of appropriate meas-
urement methods.

While the definitions for chemical composi-
tion and mechanical fluid properties could
be taken from other existing standard docu-
ments, many of the magnetic properties of
MNP suspensions needed a new definition.
The reason for this was that either they have
never been defined before in a standard (e.g.
NMR relaxivity), or else their previous def-
inition was targeted at bulk material and im-
practical for MNP suspensions. Examples
for this class of terms are the new expres-
sions for “magnetization” and ‘“‘saturation
magnetization”. They have been explained
before in IEC 60050 [4], but for another
context than MNP and were found to not be
suitable.

A very important part of the new 1SO stand-
ard is the listing of appropriate measure-
ment methods together with the indication
of applicable standards for conducting these
measurements, if they exist. Measurement
results should be reported along with the ap-
plied measurement method, and the main
parameters of the measurement.
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Another strict requirement is the use of Sl
units for all physical quantities. Unfortu-
nately, non-SI units for MNP properties are
still widely found in the literature, which
considerably  hampers  communication
among scientists, and also between scien-
tists and other stakeholders.

Implications of the new I1SO standard for
scientific, commercial and regulatory ac-
tivities involving MNP suspensions

First, it must be repeated, that an 1SO stand-
ard is a voluntary agreement without any
binding power. However, since it has been
developed by a large group of technical ex-
perts, it can be assumed that the content of
the standard represents a common view
which is based on solid scientific
knowledge. Thus, the use of the terms and
definitions in the standard is recommended
to all scientists to improve their communi-
cations, clarify the interpretation of their re-
sults and extend the range of possible users.
Certainly, the 1SO standard will have the
most impact for commercial activities in-
volving MNP. It can be used for labelling
MNP nanosuspension or describing their
properties in technical data sheets. Further,
buyers of MNP suspensions have the possi-
bility to ask for the indication of specific
MNP properties in clear terms. Companies
announcing their product characteristics ac-
cording to the ISO standard may have a
market advantage, due to better understand-
ing and trust of consumers in their product.
Also, for manufacturers of measurement
systems for magnetic and other properties of
magnetic nanosuspensions, the ISO stand-
ard can be an indispensable guideline for
how to present measurement results.

The further improvement of measurement
methods for MNP suspensions requires ref-
erence materials for certain (especially
magnetic) properties of such suspensions.
The ISO standard provides a good basis for
the metrological characterization of future
reference magnetic nanosuspensions.

Regulatory agencies (whose documents can
be binding) focus their considerations on
product safety and environmental aspects of
magnetic nanosuspensions. For them, the

definitions of the main physical parameters
in an 1SO standard, greatly enhances the
work. They can make the use of the 1SO
standard mandatory in certain application
fields, i.e. for labelling MNP suspensions
intended for use in humans. They might
even issue a rule to make the ISO standard
mandatory on a national level to protect the
national industry from foreign non-compli-
ant competitors.

Conclusion

An 1SO standard for magnetic nanosuspen-
sions is currently under development and is
due to be published by the end of 2018. Ini-
tially, the standard will serve as a reference
document for labelling MNP suspensions.
In the further future, other 1SO standards,
reference materials and even regulatory acts
will be based on this document with wide-
ranging implications for science and trade
of MNP suspensions.
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Introduction

Magnetic nanoparticle (MNP) spectrosco-
py allows the noninvasive temperature im-
aging, which is of great significance to
biomedical applications, such as magnetic
hyperthermia and thermally controlled
drug delivery [1]. Generally, two harmon-
ics were used to determine temperature
independent of concentration [2-4]. Re-
cently, a scanning magnetic particle spec-
trometer (SMPS) was designed to measure
the spatial distributions of MNP harmonics
for noninvasive temperature imaging [5].
In this study, noninvasive temperature im-
aging with MNP spectroscopy is reported.
In addition, the spatial and temperature
resolutions are quantitatively characterized
and discussed.

Model and methods

In a SMPS system, each measured harmon-
ic is a convolution of the harmonic gener-
ated by local MNPs and a point spread
function (PSF), defined by the sensitivity
profile of a gradiometric pickup coil, as
shown in Fig. 1. A reconstruction method
is used to independently deconvolute each
harmonic to improve the spatial resolution.

Figure 1. Schematic of the configuration of a spot
MNP sample, pickup coil based magnetic sensor
and the applied ac magnetic field.

Experimental results and discussion

A phantom E filled with SHP-15 was used
for experiments to demonstrate the feasibil-
ity of MNP spectroscopy for temperature
imaging with the SMPS. Figure 2 shows
the photo of the phantom, the measured 1%
and 3" harmonics, and the deconvolved 1%
and 3" harmonics, defining i harmonic at
frequency ixfo with fundamental frequency
fo. It shows that the deconvolution im-
proves the spatial resolutions of the 1% and
3" harmonic images. With either the 1%
harmonic image or the 3" harmonic image,
the concentration image can be determined
whereas the temperature image can be ob-
tained by combining both the 1% and 3™
harmonic images.

Figure 2. (a) Photo of the phantom. (b) and (c) show

the spatial distributions of the measured 1st and 3rd

harmonics, respectively. (d) and (e) show the spatial

distributions of the deconvolved 1st and 3 harmon-
ics, respectively.



Figure 3 shows the phantom photo and the
temperature image. Temperature-controlled
water at 342 K (about 69 °C) passing
through a water tube under the phantom
was used to change the temperature profile.
The temperatures in the upper region, as
expected, are higher than in the other re-
gion. It demonstrates the feasibility of
MNP spectroscopy for temperature imag-
ing with the SMPS.

Figure 3. (a) A photo of phantom E and the water
tube. (b) Temperature image of the phantom.

In addition, a multi-line phantom with dif-
ferent distances between two adjacent lines
is used to study the spatial resolution. Each
line has a width of 1 mm and a length of
8 mm. Figure 4 shows the photo of the
multi-line phantom and the concentration
image. Figure 4b indicates that two adja-
cent lines with a distance of 1 mm can be
resolved whereas adjacent lines with a dis-
tance of 0.5 mm cannot be resolved. Tak-
ing into account the width of each line, the
spatial resolution is about 2 mm.

Figure 4. (a) A photo of the multi-line phantom. (b)
Concentration image of the phantom.

Conclusion

This study reports on noninvasive tempera-
ture imaging with magnetic nanoparticle
(MNP) spectroscopy measured with a cus-
tom-built scanning magnetic particle spec-
trometer (SMPS). Experimental results
demonstrate the feasibility of MNP spec-
troscopy for temperature imaging with the
SMPS. Experiments on a multi-line phan-
tom show that the spatial resolution is
about 2 mm. We envisage that the present-
ed approach is of great significance and
interest to biomedicine, such as breast can-
cer diagnostics and therapy.
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Rodents have tactile hairs on their body.
One type of these tactile hairs is the vibris-
sa. Every vibrissa is supported by its own
follicle-sinus complex (FSC). When stimu-
li are presented the FSC seems to be ad-
justable by controlling the blood pressure
inside the blood vessels. Shape or texture
recognition can be done in a wide range by
tuning the vibrissa-support properties. In-
spired on these biological findings [1], a
first approach of a biomimetic sensor sys-
tem with tuneable properties is built (see
Fig. 1). It consists of a magneto-active
elastomer (MAE) based support as a visco-
elastic representation of the FSC and a
steel strip as the vibrissa. The MAE chang-
es its stiffness and damping properties in
dependence on the applied magnetic field
[2,3].

—— Beam

— MAE
— Housing
Fig. 1. Sample used for experiments: steel
strip embedded on MAE.
Experiments and results

In the experiments, a steel strip (100.15mm
X 9.65mm x 0.10mm, p=7.850g/cm®,

E=206GPa) is embedded 15mm into a cy-
lindrical MAE-sample (diameter=40mm,
height=15mm, partially encased by hous-
ings on the circumferential and bottom
surfaces). The isotropic MAE [2] consist-
ing of silicone rubber (Alpa-Sil Classic,
Alpina Silicone Corp.), silicone oil (Xiam-
eter® PMX-200, 500cSt), and carbonyl
iron particles (BASF®, CIP CC, average
particle size: 10um) is used. The composi-
tion for the fabrication of the MAE-
foundation results from former investiga-
tions [2,3] (silicone oil: 29.0vol.%, iron:
40.3vol.%). To characterize the effect of
the magnetic field on the first resonance
frequency f; and damping ratio & of the
steel strip embedded on the MAE-support,
tests are performed to measure its response
to the presence of a forced vibration under
three conditions of magnetic field (MF)
averaged to OmT, 63mT and 180mT. The
MF is considered uniform and its magni-
tude is controlled by the distance between
the MAE-material and two permanent
magnets (NdFeB, 40mm x 40mm X
20mm), located at each side of the MAE.
Two kind of test are performed. On tests
type 1, the system is fixed to a shaker
which provides a sinusoidal wave. Con-
stant amplitude of 0.5mm in the frequency
range of 2...20Hz is the input. The dis-
placement response of the steel strip is
measured. The value of f; is approximated
to the frequency corresponding to the max-
imum response amplitude of the steel strip
(see Fig. 2). Tests type Il are performed to
approach the damping ratio &.



Additionally, from test type Il, f; can also
be calculated. In this case of test type I, a
pulse signal is given by the shaker on the
bottom of the MAE; the strip oscillates
with amplitude decreasing in time. In this
period, the coefficients for the damping
ratio can be found (see Fig. 3).
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Fig. 2. Response amplitude to a forced
stimulus of 0.5mm sinusoidal wave for
three conditions of applied MF.
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Fig. 3. Response to a pulse on the MAE
(applied MF: 180mT).

The average values of f; and & from five
measurements are summarized in Tab. 1. It
is noticeable that from both kinds of test,
values of f; are nearly the same.

Tab. 1. Experimental results of f; and & for
experiments type | and type II.

MF Test | Test Il

[MT] | f; [Hz] E[-] f, [Hz]
0 10.03 | 0.00825 | 10.00
63 10.41 | 0.00865 | 10.50
180 10.81 | 0.01298 | 10.83

Conclusions and outlook

The resonance frequency and the damping
factor can be tuned under the presence of a
magnetic field, and the considered effect
can be used to realise a vibrissal sensory
system which can vary its properties (on its
own). Further studies focus on tests with
various compositions for the MAE-
samples, e.g., diverse levels of visco-
elasticity. These considerations include
also tests with a wider range for the in-
duced magnetic field as well as more ge-
ometries as representation of the vibrissa.
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Intruduction

For magnetically assisted local cancer treat-
ments such as e.g. magnetic Drug Targeting
(MDT) and magnetic Heating Treatment
(MHT) the distribution of the magnetic
nanocomposites (MNC) [1] within the tar-
get region but also their quantity plays a key
role. The quantification of MNC is required
e.g. to analyze drug distribution during
MDT or study potential heat distribution,
and thus to determine, and optimally, regu-
late the heating power during MHT [2].

MNC distribution in biological tissue can be
studied with the help of X-ray computed to-
mography (XCT) and Magnetic Resonance
Imaging (MRI). Clinical XCT represents
one of the standard measuring methods in
clinical imaging and diagnostics, while mi-
crocomputed tomography (XuCT) is gain-
ing increasing relevance in engineering and
life sciences [3]. XCT is a powerful tool for
the visualization of hard tissues such as
bones. Magnetic resonance imaging (MRI)
is also one of the mainstays in clinical im-
aging techniques for visualizing the struc-
ture and function of soft tissues as the brain
and internal organs, and is particularly sen-
sitive to iron levels within the body [4].

Use of both, XCT and MRI, increases the
information attained and enhances the ef-
fective impact of the quantitative imaging.
This approach can lead to more accurate and
timely, reducing the potential for mistakes
and costly inefficiencies, which effects ben-
eficially on the patient. The use of a hybrid
body tissue and MNC phantom for a cross-
calibration of XCT and MRI [5] provides

the possibility of data merging, and thus a
more precise visualisation of MNC in e.g.
tumour sites as well as their 3-dimensional
quantification. In this paper we present a
promising approach for a hybrid long-term
stable phantom which mimics MNC en-
riched biological tissue as e.g. tumours after
magnetically assisted cancer treatments
with respect to the imaging modalities of
XCT and MRI.

Materials and Methods

For this study two different immobilisation
matrices — silicon rubber and gelatin - have
been used to create 3 different phantom
types loaded with MNC [6]:
a. silicon rubber EcoFlex® (EF)
loaded with MNC - EF-MNC
b. Long-Term-Stable-Gelatin (LTSG)
loaded with MNC - LTSG-MNC
c. Long-Term-Stable-Gelatin (LTSG)
and raw homogenized Chicken
Breast mixture loaded with MNC >
LTSG-CB-MNC.
The phantoms were produced as cylinder
disc stacks with alternating layers of blank
EF and MNC loaded EF with base diameter
of 30 mm (Figure 1a). Furthermore, phan-
toms with a shape more similar to e.g. a real
tumor with MNC enrichments were pro-
duced. These cylinder discs have a base di-
ameter of 60 mm and include 3 smaller cyl-
inder discs with 3 MNC concentrations, e.g.
LTSG-3-MNC-Phantom as presented in
Figure 1b) and c). The MNC concentrations
in these phantoms range from 0 mg/ml to



4.95 mg/ml. The phantoms have been ana-
lysed with NMR, VSM and visualised with
MRI, XuCT.

a) b)

<)

Figure 1: EF-MNC-

Phantom - cylinder

disc stack with alter-

nating layers of pure

EF and EF-MNC-

mixture;

b) LTSG-CB-3-MNC-Phantoms — cylindrical
discs with a base diameter of 60 mm, and included
three smaller cylinder discs with variated MNC
concentrations — and ¢) LTSG-3-MNC-Phantom.

Results

The tomographic measurements were per-
formed with a “Bruker SKYSCAN 1176:
High-resolution in-vivo Micro CT” [7]. The
tomographic data was evaluated with re-
spect to mean grey values for different
MNC concentrations. These grey values
have been plotted as function of VSM-de-
termined MNC concentrations. This pro-
vides a calibration curve and a calibration
equation (See Figure 3).

Figure 3: Mean grey values (8-bit) of the three
presented phantom systems plotted as functions of
VVSM-determined MNC concentrations.

MRI measurements were performed with
“Bruker BioSpin MRI”which is a small an-

imal and molecular MRI for pre-clinical re-
search. The scanner provides a magnetic
field of 9.4 T [7]. The obtained T2 relaxa-
tion times have been plotted as a function of
the MNC concentrations. This provides a
calibration curve and an equation as well.
The cross-calibration of the XuCT and MRI
data provides a sensitivity range for each
phantom system. An example is given in
Figure 4 where the R2 relaxation rates and
the mean grey values for the LTSG-MNC-
phantoms are merged. The light blue rectan-
gle covers the area where both experimental
scanners show an appropriate signal. This
sensitivity range for this particular phantom
system lies between MNC concentrations
from 0.3 mg/ml (minimum detectable MNC
concentration with “SKYSCAN 1176”) and
2.64 mg/ml (maximum detectable MNC
concentration with the “BioSpin MRI™).

Figure 4. MRI and XuCT results LTSG-MNC-
Phantom system. The R2-values and mean grey
values are plotted as a function of VSM-detected
MNC concentrations.
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This work builds on previous investiga-
tions of the interaction between magnetic
particles with the surrounding matrix in 3D
magnetic hybrid materials systems in ap-
plied magnetic fields [1-3]. It is divided in
two main research topics: the first part is
about the progress of buckling magnetic
chains consisting of micrometer-sized su-
perparamagnetic particles. The second part
focusses on progress of the interplay be-
tween larger nickel particles. In both cases,
a soft PDMS matrix is used.

Crosslinking the reactive polymer under an
external magnetic field leads to chain for-
mation of the suspended superparamagnet-
ic particles. Shilin Huang witnessed a
buckling of these particle chains under the
influence of a slowly rotating external
magnetic field. For this instability to be
easily observed, it is essential to adjust the
elastic modulus of the matrix below 10 Pa
[2]. Since the sample preparation relied on
the random self-assembly of particles into
chains, the particle chains differ in size and
spacing. The distribution of chain lengths
and spacings depends mainly on the parti-
cle concentration and strength of the mag-
netic field.

Recent measurements showed an antisym-
metric buckling of nearest neighbour
chains. To investigate this further, our fo-
cus is to move away from the random dis-
tribution of the chains in space to a well-
defined and controllable spatial arrange-
ment of the particle chains. Various strate-
gies appear promising to this end. Adapting
the magnetic field strength influences chain

length and spacing. However, the repro-
ducibility must be improved, e.g., by care-
fully adjusting the magnetic field. An al-
ternative, promising route is the capillary-
assisted self-assembling of the particles on
structured substrates [4].

By changing to the larger nickel particles,
we increase the magnetic moment of the
particles. This allows the use of matrices
with much higher elastic modulus in the
range of 100 to 1000 Pa. Our previous
study [3] focused on well-separated parti-
cles and their non-pairwise matrix mediat-
ed particle interaction. Here, we look at
particle pairs distanced by either a particle
diameter or even less.

For those systems, when an external mag-
netic field of 170 mT is rotated respective-
ly to the particle axes, a nicely reproduci-
ble jumping apart (gap opening) and clos-
ing of nickel-particles (Fig. 1) is observed.
These jumps strongly depend on the initial
particle distance. The detailed mechanism
is yet not completely clarified but evaluat-
ed data strongly indicates an interplay be-
tween the magnetic dipole-dipole-
interaction (perhaps to be supplemented by
higher order corrections) and forces due to
the elastic deformation of the matrix. Since
the exact particle configuration depends on
the magnetic field history of the sample,
the gap opening and closing is hysteretic,
as a function of magnetic field orientation.
To clarify this process further, we will ex-
tract the deformation field of the matrix
around the particles to get an overall pic-
ture of the existing influencing forces.



b)

Figure 1. a) Particle distance while rotating the
magnetic field. In white the nickel-particles gaped
b) or closed c). White arrow: The orientation of the
external magnetic field.
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Introduction

Magnetorheological elastomers are a spe-
cial kind of magnetic field-responsive smart
materials developed in the last years, where
magnetic micro particles are embedded in a
soft elastomer matrix. As a result the mag-
netoactive effects on the mechanical prop-
erties are combined with a soft elastic mate-
rial. The investigation of the interaction of
the particles with the external magnetic
fields and the matrix is a subject of ongoing
research. X-ray micro tomography proved
to be a convenient tool for analysis of the
particle micro structure [1-3]. For this in-
vestigation a stepwise magnetisation of a
magnetically hard magnetorheological elas-
tomer up to 2 T was performed to retrace the
chain formation process of the particles. A
broad analysis of the change of the mag-
netic, mechanical and structural properties
should provide an understanding in the
chain formation process.

Material and methods

40 wt% of Magnequench® MQA were used
as magnetic particles. These magnetically
hard NdFeB particles are highly anisotropi-
cally shaped with a diameter of 100 to
200 um. PDMS polymer components by
Gelest® were used to produce a soft elasto-
mer matrix.

Stress-strain-tests were conducted using a
universal testing device with and without
the presence of a magnetic field
Bioc =250 mT. Subsequently, the sample
was tomographed with the TomoTU cone
beam tomography setup [2] with and with-
out the presence of Bioc =250 mT as well.
The samples were then magnetized exter-
nally at Bext = 250 to 2.000 mT in 250 mT

steps. After each magnetisation the meas-
urements were repeated. Additionally the
material was analysed by XRD to explain
the orientation behavior of the particles.

Magnetorheological effect

The results regarding the elastic properties
show a signifcant increase of the Young’s
modulus above a magnetisation of
Bext=1T, both in presence of
Bioc =250 mT and without. A significant
magnetorheological effect above Bexx=1T
is present. A slight decrease of the modulus
without the field is observed. This can be
explained with the fatigue of the sample due
to the local destruction of the matrix as a re-
sult of the advancing particle displacement.
The results are depicted in figure 1.
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Figure 1: The measured Young’s Modulus for
each magnetization step and the calculated
magnetorheological effects.

Particle structure

As external magnetization proceeds, the re-
constructed tomography data shows the
stepwise rearrangement of the particles
from a homogeneous distribution to fully
formed chains, as depicted in figure 2. This
changing structure leads to the elastic prop-
erties observed with the mechanical testing.



Figure 2: The particle structure obtained by the
reconstructed tomography data. Left: initial
state after the particle separation process.
Right: final state after magnetization at 2T, be-
fore particle separation.

It’s worth noticing, that the particles align
perpendicular to the direction of the mag-
netic field. X-ray diffraction measurements
(XRD) show a clear relation between geo-
metrical orientation and crystal orientation
of the particles. It can be assumed, that the
particles align their magnetic predominant
direction of the crystal structure to the mag-
netic field [3]. This behavior is shown sche-
matically in figure 3.

The tomography data enables an evaluation
of position, size, surface, asphericity and
angle of the major axis for each of the app.
11.000 particles in the sample.

Figure 3: Rotation of the particle perpendicular
to the magnetic field.

Particle angles

The angle of the first major axis of every
particle towards the magnetic field direction
was evaluated for each magnetic situation.
The density distribution of occurring parti-
cle angles is shown in the following figures
4 and 5.

Figure 4: Density distribution of the particle
angles, measured without the local field
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Figure 5: Density distribution of the particle
angles, measured in presence the local field
Bloc = 250 mT

The results show a strong and mostly re-
versible rotation of the particles induced by
the local field Bioc, Which increases for
higher magnetizations Bex: due to increasing
remanence of the particles. Furthermore, in-
creasing Bex: leads to a nonreversible rota-
tion of particles with a small initial angle.
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Recently multi-stimuli responsive hydro-
gels get a lot of attention, because of their
broad spectra of application. Here we use a
thermoresponsive polymer, namely poly-
N-isopropylacrylamide (pNIPAM), as a
matrix with the ability to undergo a coil-to-
globule transition at a critical temperature
of about 34°C, the so-called lower critical
solution temperature (LCST). Below the
LCST pNIPAm chains are hydrophilic and
elongated. Once the temperature rises
above the LCST the chains collapse and
form globules in aqueous solution due to
their now hydrophobic character. [1] The
second stimulus is provided by anisotropic
magnetic particles, goethite rods. Goethite
rods can form a lyotropic nematic phase in
aqueous solution, similar to liquid crystal-
line materials.[2] On top of that, goethite
rods reorient when a magnetic field is ap-
plied. The particle orientation changes
from parallel to the magnetic field at low
field strengths to perpendicular at high
field strengths. Lemaire explains this with
the remanent magnetic moments of the
rods at weak fields and with their negative
anisotropy of magnetic susceptibility at
strong fields, respectively.[2]

Goethite particles

Goethite particles were prepared by a hy-
drothermally facilitated structural phase
transition from akaganeite (p-FeOOH) to
goethite (a-FeOOH). The particles were
characterized by TEM (Fig. 1A) and XRD.
The orientational dynamics of the particles
in aqueous solution were characterized by
small angle X-ray scattering (SAXS) and
rheological experiments.

As expected a continuous transition is ob-
served from an isotropic state without an
applied field, to a weakly parallel ordered

Figure 1: A: Goethite particles directly after the synthesis
B: pNIPAm Gel with 0.05wt% crosslinker density C:
goethite particles (10 wt%) in a pNIPAm Gel with
0.05 wt% crosslinker density D: goethite particles
(10 wt%) in a pNIPAm Gel with 0.025 wt% crosslinker.
The scalebars show 200 nm.

state at low field strengths. At about
150 mT the particles show a slight change
in orientation towards a perpendicular
alignment. The degree of orientation,
measured by a simplified version of Her-
man’s orientation function [3], increased
almost linearly with the increasing field
strength.

Hydrogel/particle composites

In addition, the particles were embedded
into a pNIPAmM matrix. Since the collective
behavior of the particles is influenced by
particle interactions and the particles react
only weakly to a magnetic field, large
amounts of particles were embedded into
the matrix after a method introduced by
Nack.[4] In this method pNIPAmM is syn-
thesized and crosslinked using glutaralde-
hyde (GA) (Fig. 1B). Afterwards the parti-
cles are introduced into the hydrogel. The
number of particles in the system was ad-
justed to 10 and 30 wt%, respectively.

By varying the ratio of pNIPAmM to GA we
can create differently sized meshes in the



network (Fig. 1C and 1D) to adjust the
mobility of the rods.

The Kinetics of the rotation were monitored
by SAXS over the course of 20 h, while a
field of approximately 1T was applied.
The results were compared to the mechani-
cal properties of the different hydro-
gel/particle composites measured by rheol-

ogy.
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Magnetic polymers (gels and elastomers)
are composite materials consisting of nano-
sized magnetic particles embedded into a
gel matrix. Combination of rich set of
physical properties of the polymer and
magnetic systems is very perspective for
many progressive industrial, bioengineer
and biomedical applications. In part, these
composites are used as magnetocontrolla-
ble dampers, vibration and shock absorb-
ers. Hydrogels with biocompatible magnet-
ic particles are very promising for various
biomedical technologies — for drug deliv-
ery and biosensors; constriction of soft
actuators and artificial muscles; for regen-
erative medicine and tissue engineering.
An overview on the synthesis of magnetic
hydrogels and their biomedical applica-
tions can be found in [1].

Nonmagnetic biocompatible hydrogels are
actively used in bioengineering and clinical
medicine as scaffolds for manufacturing,
curing and regeneration of biological tis-
sues.

The scaffolds, prepared of magnetic hy-
drogels, have several advantages in front of
their nonmagnetic analogies. First, magnet-
ic particles allow in-vivo visualization of
the growing tissue, by using the magnetic
resonance imagining. Second, as some ex-
periments demonstrate, the particles stimu-
late proliferation of the tissue cells [2=6].
Third, in vivo applications, magnetic parti-
cles functionalized with the agents of the
tissue growth, can be attracted to the mag-
netic scaffold, providing intensification of
this process [2]. Fourth, in-vivo, magnetic
hydrogels can be injected into the place of
the tissue regeneration in a liquid state,
with the help of a syringe, i.e. by the mi-
croinvasive way. The gel, up to its curing,

can be fixed in this place by using magnet-
ic field of necessary configuration. Next,
rheological properties and behavior of
these magnetic implants can be controlled
by the external field [3].

We present review our recent progress on
the field of the experimental and theoreti-
cal study rheological properties of magnet-
ic biogels. Our experimental systems con-
sist of fibrin networks embedded with
magnetite nanoparticles and swelled by
water-based solutions. Fibrin is a natural
protein involved in the clotting of blood
and consequently it has inherent bio-
compability and biodegradability. As mag-
netic phase we used commercial magnetite
nanoparticles.

Internal structures of the hydrogels, pol-
ymerized both without external magnetic
field action and under the field are shown
in Fig. 1. This Figure shows images taken
by scanning electron microscopy (SEM) of
nonmagnetic gels (Fig.1a) and magnetic
gels (both gelled in absence and presence
of applied magnetic field). The nonmagnet-
ic gel (Fig.1a) had fibrin fibers distributed
forming a relatively dense porous structure
which did not have any junction, except the
homogeneously distributed links between
couples of fibers. On the other hand, for
magnetic gel with 0.2 vol.% of the parti-
cles, geleld in the absence of a magnetic
field (Fig.1b), we observe a much opener
structure, with knots formed presumably
by clusters of magnetic nanoparticles and
polymer material. For magnetic gel with
0.2 vol.% of the particles, gelled in pres-
ence of the field (Fig. 1c and 1d), we can
see a heterogeneous structure, consisting of
roughly parallel regions with dense con-
centration of polymer fibers, separated by
some regions with low density of fibrin



fibers — this is more evident at lower mag-
nification (Fig. 1d,e)

Figure 1. Images of scanning electron micros-
copy of gels. (a) Fibrin gel; (b) fibrin gel with
0.2 vol.% of magnetic nanoparticles gelled in
absence of a magnetic field; (c) and (d) fibrin
gel with 0.2 vol.% of magnetic nanoparticles
gelled in presence of a 48.6 kA/m magnetic
field; (e) fibrin-alginate gel with 3.5 vol.% of
magnetic nanoparticles gelled in presence of a
48.6 KA/m magnetic field. Dashed lines in (d)
delimit the regions with low concentration of
fibrin fibers. Bar length: 5 microns.

Our experiments show that elastic modulus
of the biocomposites increase with the par-
ticles concentration about three orders of
magnitude faster than the classical Einstein
theory predicts. Some experimental and
theoretical results are presented in Figs.2
and 3.
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Figure 2. Rigidity modulus of magnetic hy-

drogels, gelled without magnetic field. Squares
represent experimental data, line — theory.

Figure 3. Same as in Fig.2 for the system
gelled under the field 48.6kKA/m

We present theoretical models of the strong
concentration dependence of the rigidity
modulus. We suppose that in the compo-
sites, gelled without field, the knots, shown
in Fig.1b, serve as additional cross-links of
the fibrin macromolecules. In the systems,
gelled under the field, the dense elongated
structures, seen in Fig.1c-e, percolate the
sample and resist to the macroscopic shear.
Comparison of the theory and experiments
are shown in Fig.2,3.
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The dynamic magnetization characteristics
of magnetic nanoparticles (MNP) are influ-
enced by both the Néel and the Brownian
relaxation mechanism. Therefore, harmonic
spectra in Magnetic Particle Spectroscopy
(MPS) experimental data are directly linked
to ambient properties as temperature or the
dynamic viscosity of the surrounding me-
dium. Investigations of these at least partly
nonlinear relationships are of utmost im-
portance for biomedical applications as
functional Magnetic Particle Imaging
(fMPI) and magnetic hyperthermia. Mul-
tiparametric MPS measurements help one to
evaluate and validate mathematical models
of dynamic particle magnetization. Experi-
mental data will be compared to simulations
based on Fokker-Planck equations (FPE).

Materials

The dependence of temperature is studied
using various commercially available nano-
particle systems as Ocean NanoTech SHP-
25, Ocean NanoTech SHP-30 or Micromod
synomag®-D. Additionally, a non-commer-
cial CoFe>04 model particle system is used
to study Brownian-only relaxation depend-
ence on viscosity. Viscosity effects are in-
vestigated on viscosity series whose values
are distributed logarithmically equidistant.

Methods

A home-built MPS setup [1] provides se-
lectable excitation frequencies in the range
of 100 Hz < f < 25 kHz to investigate differ-
ent relaxation contributions. The excitation
field strength amplitude can be controlled

up to 30 mT. Furthermore, the setup allows
one to regulate the sample temperature in a
control range of -20 °C < T < 120 °C and
enables freezing the sample. Hence, direct
comparisons of mobile and immobilized
states in ice are feasible.

Experimental

Temperature-dependent experimental data
were acquired at fo = 1 kHzand B =25 mT
for a Brownian and a Néel dominated parti-
cle system.

Brown

Ve

Figure 1: Harmonic spectra of Ocean NanoTech SHP-30
for different temperatures (fo = 1 kHz, B = 25 mT).

As can be seen in Fig. 1, the higher harmon-
ics of Ocean NanoTech SHP-30 drop by
trend for decreasing temperatures as a result
of slowing Brownian relaxation. A non-con-
tinuous jump of the harmonic response is
observed at -17 °C due to the phase transi-
tion of subcooled deionized water to ice. For
the same measurements parameters, har-
monic spectra of Micromod synomag®-D



are depicted in Fig. 2. The frozen state is
reached at -15 °C. Essentially, the tempera-
ture dependence of both particle systems is
qualitatively inverse due to different relaxa-
tion types as can be determined from com-
parisons with simulations based on Brown-
ian and Néel FPE [2].

Néel /

Figure 2: Harmonic spectra of Micromod synomag®-D for
different temperatures (fo = 1 kHz, B = 25 mT).

For different measurement parameters (fo =

5 kHz), Ocean NanoTech SHP-25 shows
both Brownian dominated temperature de-
pendence for lower harmonics and Néel
dominated temperature dependence for
higher harmonics which leads to a crossing
of the series of curves in Fig. 3.

Brown

Néel I/

Figure 3: Harmonic spectra of Ocean NanoTech SHP-25
for different temperatures (fo = 5 kHz, B = 25 mT).

The particle mobility is investigated for a
Brownian dominated CoFe»O4 particle sys-
tem. The dependence on dynamic viscosity,
excitation frequencies and field amplitudes
are discussed based on harmonic spectra
and reconstructed dynamic magnetization
curves as is exemplarily shown in Fig. 4.
Results are compared to FPE simulations.

Figure 4: Harmonic spectra (left) and dynamic M(H)
curves (right) of a Brownian dominated sample viscosity
series.
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Introduction

Magnetic Particle Spectroscopy (MPS)
uses the nonlinear magnetic response of
superparamagnetic iron oxide nanoparticles
(SPION) to characterize their dynamic
magnetic behavior. Originally, MPS was
designed for batch mode measurements of
small sample volumes to assess the per-
formance of SPION as a tracer for the nov-
el imaging modality Magnetic Particle Im-
aging. Here, each sample is inserted into
the pickup coil of the MPS device and the
dynamic response of the magnetization of
the SPION exposed to an exciting oscilla-
tory field is recorded. So far, MPS was not
applicable for continuous measurements to
detect SPIONs in a flow which is highly
desirable, e.g. for quality control measure-
ments during continuous SPION produc-
tion in an industrial installation. Recently,
we developed a dedicated flow cell capable
for MPS measurements of the dynamic
magnetization response while circulating a
SPION suspension driven by a peristaltic
pump through a closed tube system. In this
study we examined the influence of flow
velocity on MPS measurements.

Method

For the experiments, we used three particu-
lar SPION systems with different hydrody-
namic diameters dhya: Fe-
raheme®/Ferumoxitol (FE) with dnyg =
25nm, Resovist®/Ferucarbotran (DD)
with dhyg = 60 nm and FluidMAG-D with
three different hydrodynamic sizes, (FM-
50) with dhya =50 nm, (FM-100) with dhyd
= 100nm, and (FM-300) with dnha =
300 nm. For all measurements we em-
ployed a total suspension volume of
1.5 mL at an iron concentration of c(Fe) =

2.5 mmol/L. The SPION dispersion is
filled into a closed tube circuit driven by a
peristaltic pump (ISMATEC® IPC-N4,
Cole-Parmer GmbH) at selected flow ve-
locities ranging from Q = 0 mL/min up to
Q = 2.5 mL/min. The tube system is con-
nected to a flow cell placed into the MPS
pickup coil. MPS measurements at a fixed
frequency of fo = 25 kHz were acquired at
different drive field amplitudes ranging
from Bp = 5mT up to 25 mT. To ensure
thermal equilibrium we circulated the dis-
persion ten minutes before starting the
MPS measurements.

Results

We observed different flow velocity char-
acteristics for each SPION system as indi-
cated by the ratio between the third har-
monic Az measured at flow Q and Asp
measured at V = 0 (Fig 1 top). Resovist®
did not show a significant change of the
MPS signal with increasing flow velocity.
The other two systems exhibit moderate
changes at flow velocities above
0.500 mL/min. While for Feraheme® the
MPS amplitude increases with increasing
flow velocity, we observe an amplitude
decrease for SPION with large hydrody-
namic diameter, FluidMAG-D/300, for
flow velocities above 0.125 mL/min there
is a correlation between MPS amplitude of
a particular particle system and flow veloc-
ity influenced by hydrodynamic diameter
of the SPION system. For smaller (hy-
drdynamic) particle sizes the dynamic
magnetic response increases with flow ve-
locity.

Furthermore this behavior is dependent on
the MPS drive field amplitude By as shown
in Fig. 1 (bottom) for FM-300.



Figure 1. Top ratio between the third har-
monic Az of the MPS signal measured at
flow velocity Q and (harmonic As#) at Q =
0 at excitation amplitude Bp = 25 mT. Bot-
tom ratio for FM-300 at different Bp. The
uncertainty of 1.5 % was determined from
repeating experiments four times. The con-
necting lines are just guiding the eyes.

We observe at small By an increasing flow
velocity, which seems to be gradually sup-
pressed at intermediate fields Bp>8 mT and
leads to a decrease of amplitude at highest
fields Bp>20 mT finally.

Discussion

Flow velocity impacts depending on the
hydrodynamic diameter the dynamic mag-
netization of a SPION system. The increase

observed in small particle systems (Fe-
raheme®) may be caused by the effect of
stringing these particles together. Since the
area of a flowing sphere the velocity of the
fluid drops nearly to zero, the formation of
chains is energetically favorable [1]. The
magnetic interaction effects caused by this
chain formation could rise the MPS ampli-
tude.

The MPS amplitude decline observed for
SPION with larger diameter (FM-300) with
increasing flow velocity could be caused
by shear forces which impede the Browni-
an relaxation process of the SPION, so that
the particle moments can less easy follow
the excitation field B, thus reducing the
dynamic MPS response.

The unexpected amplitude gain at lower
excitation amplitudes Bp needs further in-
vestigation. MPS is a versatile technique to
analyse the influence of flow velocity on
the dynamic magnetic behavior of SPION.
Incorporating the understanding of the in-
fluence of flow velocity on the dynamic
magnetic response of SPION prospects an
imaging of perfusion properties by MPI.
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Magnetic Particle Spectroscopy (MPS) rec-
ords the non-linear response of magnetic na-
noparticles (MNP) to large ac magnetic
fields. It obtains a harmonic spectrum for
the characterization of MNP samples, espe-
cially in the context of Magnetic Particle
Imaging (MPI). MPS is sensitive to smallest
variations in magnetization response, thus
different particle types or batches are easily
discriminated. Also, since the dynamic
magnetization of the particles is driven by
both the Néel and the Brownian relaxation
mechanisms, the harmonic spectra in MPS
scale with ambient factors, such as temper-
ature, viscosity or binding state of the parti-
cles. Previous studies mostly observed the
dependence of low-frequency harmonic ra-
tios (e.g. 5f0/3f0) to obtain information on
temperature or viscosity [1]. Here, we pro-
pose a multi-spectral analysis technique, us-
ing the full available spectrum, to decom-
pose the collective response of different par-
ticles or particles in different states (i.e. tem-
perature, viscosity/binding state, etc.) from
an integral measurement on an MNP sam-
ple. Potential applications of the new
method include the in-vitro analysis of par-
ticles in a cell culture, where cell-ingested
particles can be distinguished from those
still in the culture medium (e.g. cell update
study), or the discrimination of different
particle types or particle parameters. The
proposed method borrows from multi-color
MPI [2, 3], where we can spatially resolve
different spectral responses to constitute a
functional imaging modality. Multi-spectral
MPS helps to methodically investigate de-
pendencies of the spectral response on the
various particle parameters [4] in a much
simpler setting compared to MPI, while still
being translatable, and it allows us to study

the quantitativeness of proposed method
about various factors. In this contribution,
we apply the multi-spectral method to ana-
lyze binary and ternary mixtures of different
particles (e.g. FeraSpin™ XL, perimag®,
etc.) and viscosity series of FeraSpin XL re-
garding parameter estimation, separation
quality and quantitativeness. A comparison
of multi-spectral MPS to multi-color MPI,
both from in-house custom-built measure-
ment and imaging devices, is provided as

well.
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Introduction

Magnetic Particle Imaging (MPI) is a rap-
idly developing imaging technique with
high potential for clinical applications. This
technique detects the response of superpar-
amagnetic nanoparticles (MNP) to an oscil-
lating external magnetic field [1]. With the
exception of two commercially available
MPI  systems (Bruker & magnetic
INSIGHT), the MPI systems currently run-
ning are prototypes [2]. Due to technical dif-
ferences between the scanners, they only
can be compared with each other regarding
their imaging properties by using defined
reference objects for imaging studies. Cur-
rently, most phantoms for MPI are based on
stock or diluted nanoparticle dispersions,
which are filled in thin tubes [3]. Liquid
phantoms have the disadvantage that they
are not long-term stable, which limits their
suitability for comparative studies between
existing MPI scanners. To address these
problems, we focused on development of
materials suitable for the preparation of
long-term stable solid state phantoms for
comparative MPI studies.

Material and Methods

For our studies we used two different mag-
netic nanoparticle fluids, namely Perimag®
(micromod Partikeltechnologie, Rostock)
and SEON"*BSA (SEON group, Erlangen).

For the phantom matrix, a synthetic poly-
mer (ELASTOSIL® RT 604 A/B, Wacker
Chemie AG) was used. The influence of
embedding the aqueous MNP in a polymer
matrix on the MPI performance of the parti-
cles was tested by means of Magnetic Parti-
cle Spectroscopy (MPS). For the measure-
ments we used a commercial MPS spec-
trometer (MPS-3, Bruker) operating at 25
kHz drive frequency and a 25 mT excitation
field amplitude. We analyzed changes in the
amplitudes of the first odd harmonics of the
MPS spectrum between the stock MNP flu-
ids and after immobilization of the MNP.
The most promising MNP polymer mixture
was used for preparing the phantoms for fur-
ther studies. To this end, we used 3-D
printed molds with a structure cross section
of 2 x 2 mm? which were filled with MNP
loaded Elastosil. The resulting phantoms
were imaged by means of MPI (MPI 25/20
FF, Bruker, Ettlingen, Germany), MRI (9.4
T small animal scanner — BioSpec 94/20
USR, Bruker, Ettlingen, Germany), and
MCT (TomoTU, TU Dresden, Germany).

Results

For phantom preparation, the transfer of the
MNP from aqueous suspensions into the
synthetic matrix had to be addressed, since
aqueous fluids are not soluble in the organic
polymer. Therefore, a route of solvent trans-



fer by using ethanol was developed. MPS
measurements revealed decreasing higher
harmonics after embedding the MNP into
the polymer. Repeating the MPS measure-
ments for up to one year after preparation
did not reveal major changes of the mag-
netic properties for both particle types im-
mobilized in the synthetic polymer, thus
demonstrating their long-term stable behav-
ior, see figure 1.
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Figure 1: A3 amplitude of Perimag (P) and
Seon (S) for liquid and embedded particles
as function of storage time for up to 500
days, normalized to the iron amount; lines
serve only as a guide to the eye.

Comparing all investigations, the combina-
tion Perimag®ELASTOSIL® was the most
promising one regarding long-term stability
and signal performance and was used for the
preparation of the phantoms. The prepared
phantoms were subsequently imaged suc-
cessfully with MPI, MRI and uCT, see fig-
ure 2.

Figure 2: Multimodal imaging of the phan-
toms (left: MPI, center: MRI, right: uCT).

Conclusions

We present suitable combinations of com-
mercial MNP and a polymer for manufac-
turing long-term stable MPI phantoms. The

presented phantoms show constant mag-
netic and mechanical properties for more
than one year so far and can be used for im-
aging with MPI, as well as with MRI and
MCT for co-registration of the morphologi-
cal structures. Further work will focus on
phantoms having more detailed particle
loaded structures, and water based polymers
as matrix materials with improved homoge-
neous particle distributions, to obtain less
decreases of higher harmonics after embed-
ding the particles into the matrix.
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Soft elastic rubber-like materials containing
magnetic or magnetizable colloidal parti-
cles, possibly swollen by a solvent, are
called magnetic gels, ferrogels, magne-
torheological elastomers, or similar [1].
One of the most interesting properties of
these substances is that their overall me-
chanical properties can be tuned reversibly,
from outside, and during operation by ap-
plying an external magnetic field [1]. In-
duced mechanical stiffening by factors of 6
to 7 has recently been achieved experimen-
tally in this way [2]. It has been shown that
this large effect is to a big extent due to in-
ternal restructuring of the spatial arrange-
ment of the magnetic inclusions [2,3]. Spe-
cifically, under sufficiently strong external
magnetic fields, the magnetic particles form
chain-like aggregates against the restoring
forces of the surrounding elastic polymeric
matrix [2,3]. Refining our previously estab-
lished theoretical formalism [4], we can
now characterize these features semi-quan-
titatively, using realistic particle distribu-
tions that were obtained from experimental
input data [5].

Another subject that has rarely been studied
so far on the mesoscopic scale, that is, on
the length scale of the individual magnetic
particles, are dynamic properties of this type
of magnetic composite materials. We ad-
dress this issue for a finite piece of a one-
dimensional dipole-spring model system
[6]. Various interesting different types of
dynamic behavior are identified upon
switching on or off the magnetization of the
magnetic particles.

Magnetically tunable dynamical mechan-
ical moduli

In this part, we address how applying an ex-
ternal magnetic field by magnetization of
the embedded particles in magnetic elasto-
mers can affect the dynamical mechanical
properties in realistic spatial particle config-
urations. For this purpose, explicit particle
arrangements extracted via x-ray micro-
computed tomography from real experi-
mental samples of different particle con-
tents [2,3] were used as an input to our cal-
culations. Both, particle positions and their
varying volumes were considered, the latter
affecting the magnitude of the resulting
magnetic moments.

The situation was mapped to a refined ver-
sion of our previously developed dipole-
spring model [4,5], allowing for irregular
particle arrangements. A mesh of elastic
springs realizes the elasticity of the system,
while dipoles include the magnetic interac-
tions. To be able to address the irregular par-
ticle arrangements drawn from the experi-
ments, additional interstitial network points
need to be introduced. In this way, the
changes in the mechanical storage and loss
moduli at different frequencies of applied
mechanical stress when switching on the
magnetic interactions were analyzed.
Interestingly, with increasing magnetic in-
teractions, we observe a non-monotonous
behavior of the static Young and shear mod-
uli [5]. While first a small decrease is found
for both quantities, a pronounced increase
follows afterwards, implying strong me-



chanical stiffening. Our observations indi-
cate that the initial decrease is due to initial
smaller internal rearrangements, while the
subsequent mechanical stiffening coincides
with the formation of chain-like aggregates
in the system [2,5].

Mesoscopic dynamical behavior

To analyze on the mesoscopic particle scale
the dynamic behavior, we use in this first
study a finite piece of a one-dimensional di-
pole-spring model system [6]. The spatial
dynamics of the magnetizable particles is
assumed as completely overdamped so that
frictional effects dominate. We consider the
dynamical behavior upon switching on or
off the magnetization.

When switching on magnetic attraction be-
tween the particles, the system tends to con-
tract. Depending on the magnitude of the
magnetic moments and the initial distance
between the particles, qualitatively different
types of dynamical behavior are identified
[6].

For instance, directly after magnetization,
particle pairs can form throughout the sys-
tem, while the separated pairs can then fur-
ther contract to larger clusters growing to-
wards the inside from the boundaries. The
latter scenario can also be observed without
the initial pair formation. Remarkably, and
for us also quite unexpectedly, we observed
signatures of shock-wave dynamics for
magnetic particle clusters growing towards
the inside from the boundaries, despite the
overdamped nature of the dynamics. Analo-
gous types of behavior were obtained for ex-
pansion of the system when turning off the
magnetization. We addressed the situation
both by particle-scale simulations and by
developing an analytical theory [6].

Outlook

Naturally, in the future, we aim at a further
refinement of our characterizations. Our in-
vestigations on the tunable dynamical me-
chanical properties shall be extended by in-
cluding non-spherical shapes of the embed-
ded particles as well as additional rotational
couplings between them. Also, more refined

models of particles embedded in elastic ma-
trices [7-9] instead of the cruder dipole-
spring approaches used so far [4,5,10] shall
be employed.

Concerning our dynamical investigations on
the mesoscale, the most pertinent task is to
extend the description to structures of more
than one spatial dimension [11]. A different
task is to combine the dynamical framework
with statistical approaches, possibly by ex-
tending a recent density-functional theory
[12] to a corresponding dynamical variant.
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It is usually expected that the polymer net-
work architecture of a magnetic gel can
have quite a strong influence on the gel's
elastic and magnetodeformational proper-
ties.

This assumption is supported by simula-
tions that yield qualitatively different elas-
tic behaviour when the network structure is
changed. The nature of that relationship is,
however, not yet known.

Experimentally it is often not possible to
resolve local details of the polymer net-
work. "However, in simulations and theo-
retical models the network structure is usu-
ally an input. Some often used possibilities
are regular lattice-based structures, or ran-
dom structures derived from the location of
magnetic particles.

In our contribution, we follow a different
route, namely we simulate the cross-
linking process of a gel to obtain less arti-
ficial structures. We focus on gels in which
the magnetic particles act as cross-linkers
of the network, as for those, there is a clear
picture of the particle-polymer coupling.
Our simulations start from an equilibrated
suspension of polymers and magnetic na-
noparticles. Then, whenever an end of a
polymer touches the surface of a magnetic
particle, it is attached irreversibly at that
point on the surface. That means we model
a situation where the synthesis of the pol-
ymer is performed separately from the
cross-linking of the gel, and in which the
ends of the polymers bind covalently to the
surface of the magnetic particles.

Based on this simulation protocol, parame-
ters such as the density of magnetic parti-
cles and polymers, the ratio of polymers to
magnetic particles, and the polymer poly-
dispersity can be linked to the resulting

network structures, which may be closer to
experiments than the regular structures
used previously.

In the long run, the magnetoelastic proper-
ties of the resulting gels can be explored.
This may lead to a better understanding of
the gels' macroscopic properties to parame-
ters chosen during its synthesis.
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Introduction

In recent times smart materials have re-
ceived significant attention due to their
possibly wide range of applications as sen-
sors and actuators in engineering, medicine
and other innovative fields of research.
Porous ferrogels are a subclass of these
materials, which have the ability to exhibit
large deformations and alter their effective
material behavior reversibly if subjected to
a magnetic field. Within this contribution a
framework for the macrosopic modeling of
fluid-saturated porous ferrogels at finite
strains and its numerical implementation is
presented.

Modeling Approach

Porous ferrogels are field-responsive com-
posite materials consisting of a porous pol-
ymeric matrix material with embedded
micro- or nanosized ferromagnetic parti-
cles. The interconnected pore space within
the polymeric matrix is filled with a fluid.

The behavior of these materials is a com-
plex phenomenon that spans over multiple
length scales. Departing from relevant laws
of continuum mechanics of porous media a
thermodynamically consistent theory for
the modeling of ferrogels at the macro-
scopic level is derived [1]. Within this
modeling approach the ferrogel is treated
as the superimposition of a magneto-active
solid skeleton and fluid that can move with
distinct kinematics. This leads to a contin-
uous description of the porous ferrogel,
where the complex microstructure is not
resolved explicitly. A prototypical constitu-
tive model for isotropic ferrogels is formu-

lated within an enthalpy-based constitutive
setting. The governing equations of the
coupled magneto-poro-mechanical prob-
lem are solved monolithically by a nonlin-
ear finite element algorithm. Therein, for
the discretization in space the skeleton dis-
placement, the magnetic scalar potential
and fluid pore pressure are used as primary
field variables while an Euler time-
integration scheme is applied for the dis-
cretization in time. Furthermore a mesh-
morphing algorithm is employed to pre-
serve an adequate mesh quality in the space
surrounding the material body.

Numerical Simulation

A cylindrical ferrogel specimen with a di-
ameter of 12mm and length of 20mm in
Xo-direction surrounded by a truncated free
space under magnetic loading is consid-
ered. This example is motivated by the
experiments conducted in [2, 3].

Figure 1: Spatial distribution of the magnetic field
strength in Xz-direction within the domain in the
X1-Xz symmetry plane.



The geometry is spatially discretized by
tetrahedral H*-conforming Lagrange ele-
ments. The computed contour plot for the
spatial magnetic field strength within the
whole domain at maximal loading is shown
in Figure 1.

The highest magnetic field strength is lo-
cated at the top and bottom interface be-
tween ferrogel and surrounding due to the
continuity requirements of the normal
component of the magnetic induction. Fur-
thermore a mean compressive strain of
roughly 40% in X»-direction is reached at
maximal loading. The corresponding dis-
placement in Xo-direction is depicted in
figure 2.

Figure 2: Spatial distribution of the displacement
component uz within the gel in the X;-X; symmetry
plane.

These numerical results are in good agree-
ment with experimental results presented in
[2, 3].

Conclusion

In this contribution, a magneto-poro-
mechanically coupled constitutive frame-
work for ferrogels that obeys the relevant
laws of thermodynamics along with an
efficient and stable finite element imple-
mentation was presented. The modeling
capabilities were demonstrated by a repre-
sentative numerical example. The present-
ed computational results are qualitatively
in good agreement with results available in
literature.
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Introduction

Magnetorheological elastomers (MRES)
are a class of active composites which con-
sist of a polymer matrix filled with micron-
sized magnetizable particles. Thus, the
effective properties of these materials es-
sentially depend on the constitutive behav-
ior of the individual components as well as
their arrangement in the MRE microstruc-
ture.

In order to investigate the behavior of
MREs, a continuum based computational
modeling approach is applied in this con-
tribution.

Microscopic Modeling Approach

The analyzed MREs are described by a
microscopic model, where the constitutive
models for the particles and the matrix are
formulated separately.

In order to connect the macroscopic and
the microscopic magnetic and mechanical
guantities, a suitable computational ho-
mogenization scheme [1-3] is used. The
governing equations of the coupled mag-
neto-mechanical boundary value problem
are solved within a nonlinear finite element
(FE) formulation as presented in [4].

The merit of this modeling strategy is a full
resolution of the local fields within the
heterogeneous MRE microstructure — it
allows to account for systems with high
particle-volume fractions and small inter-
particle distances.

Comparison of 2D and 3D Simulations

In order to understand basic deformation
mechanisms, the differences between sim-

plified 2D and realistic 3D simulations are
initially shown for the example of chain-
like structures with varying arrangements
of the particles. Afterwards different ideal
and random microstructures are compared
with regard to their effective magneto-
mechanical behavior.

The simulation results show that, qualita-
tively, 2D and 3D approaches are in very
good agreement. However, due to differ-
ences in the particle-shape and the result-
ing local magnetic and mechanical fields,
considerable discrepancies are revealed in
a quantitative comparison, see Figure 1.

Figure 1: Cubic RVEs with same particle
volume fraction: (a) effective actuation
stresses and (b) local induction field for
shear loading.



Fitting macroscopic Models

To allow for the simulation of real MRE
structures or samples, macroscopic models
provide a computationally efficient possi-
bility. Within these models, the composite
is considered to be a homogeneous contin-
uum in which effects of the underlying
microstructure are captured via magneto-
mechanical coupling terms.

Figure 2: Parameter identification for
shear loading with magnetic field: (a) FE

simulation (markers) and macroscopic
model (lines) and (b) local induction field.

A crucial task is to identify the parameters
of such a model, which can be done by
using the simulation results of a computa-
tional homogenization. The parameter
identification for an isotropic magnetically
linear model is depicted in Figure 2.

Acknowledgments

The present study is funded by the German
Research Foundation (DFG), Priority Pro-
gram 1681, grant KA 3309/2-3.

References

[1] P. Metsch, K. A. Kalina, C. Spieler
and M. Kastner, Comput. Mat. Sci.,
124, 2016.

[2] K. A. Kalina, J. Brummund, P.
Metsch, M. Kastner, D. Yu. Borin, J.
M. Linke and S. Odenbach, Smart Ma-
ter. Struct., 26, 2017.

[3] K. A. Kalina, J. Brummund, P. Metsch
and M. Kastner, Proc. In applied
mathematics and mechanics, 17, 2017.

[4] K. A. Kalina, P. Metsch and M. Kast-
ner, Int. J. Solids Struct., 102-103,
2016.



Investigation on the local dynamics in supramolecular polymer
structures using Magnetic Particle Nanorheology

M. Hermes?, E. Roeben!, A. Habicht?, S. Seiffert?, A. M. Schmidt?

LInstitute of Physical Chemistry, Universitat zu Koln, Luxemburger Str. 116, D-50939 Ko6ln, Germany, email:

annette.schmidt@uni-koeln.de

2 Institute of Physical Chemistry, Johannes Gutenberg-Universitat Mainz, Duesbergweg 10 - 14, D-55128

Mainz, Germany

Supramolecular polymers consist of (macro-)
molecules that exhibit intermolecular non-cova-
lent (dynamic) bonds, typically based on hydro-
gen  bonds, hydrophobic  association,
m—n—stacking, complex formation, or ionic in-
teractions. If these interactions interlink differ-
ent chains, macroscopic transient network struc-
tures are obtained. In these systems, the self-as-
sembly and the usually rich reversible dynamics
of the supramolecular motifs opens access to
new functional materials, potentially exhibiting
stimuli-responsiveness  and  adaptability,
thereby making them suitable candidates for
self-healing materials.

Method

To get an enlightening insight into the structure
and dynamics of supramolecular polymer net-
works, approaches via nanorheology are prom-
ising. Here, tracer particles with size of a few
nanometers are used to extract local dynamic
rheological information on the matrix by ana-
lyzing their translational or rotational motion. In
our previous works, it was shown that active
Magnetic Particle Nanorheology (MPN) is suc-
cessful to extract local dynamic properties of
complex matrixes such as the frequency-de-
pendent loss and storage moduli, the viscosity,
or characteristic relaxation times.[*? In short, by
this method, magnetically blocked nanoparti-
cles are excited by an AC magnetic field, and
the complex magnetic susceptibility data is
evaluated to result in the desired dynamic infor-
mation of the investigated matrix.

Concept

In this contribution, we report on the application
of this method to transient networks of star-

shaped polymers with metal-coordinated arm-
end groups, with a view to investigate the bind-
ing strength and network topology systemati-
cally as a function of transition metal ions.

Figure 1. Schematic drawing of the investigated su-
pramolecular polymer system with incorporated
probe particle.

For this purpose, star-shaped PEG precursors
are end-group functionalized with terpyridine
moieties that are then complexed to different
metal ions such as Mn?*, Zn?" and Co?* (Fig-
ure 1).¥1 The strength and connectivity of the
polymer networks are characterized by evalua-
tion of bond lifetime, complex formation con-
stant, mesh size, as well as the viscoelastic prop-
erties.
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Motivation

While in ferrofluids the particle response to
external magnetic fields — probably its
most essential characteristic — can be de-
scribed by an average particle mobility, in
case of anisotropic nanostructures [1], par-
ticle chains or non-spherical particles, di-
rection-resolved diffusion coefficients may
be required to describe the system correct-
ly. The ability to gain access to diffusion
along different directions (in respect to a
specific axis of either particle or matrix)
shall therefore be demonstrated here for
two different scenarios.

Study of chain formation

Ferrofluid samples were prepared by dilut-
ing commercial ferrofluid APG1235 with
n-dodecane, yielding concentrations of 7 -
13.5 wt% of magnetic material. Mossbauer
spectra of these fluids were recorded at 235
— 259 K in magnetic fields of 750 mT par-
allel- and perpendicular to the y-ray direc-
tion, to study particle mobility and orienta-
tion via changes in spectral structure [2-3]
and how they are influenced by particle
chain formation (see Fig. 1).

Fig. 1: Schematic illustration which particle motion
Madssbauer spectroscopy is sensitive for.

Fig. 2: Line ratio A3 vs. external magn. field, indi-
cating the onset of chain formation at ca. 100 mT.

We observed minor deviations from stand-
ard Langevin-type alignment behavior,
showing saturation in orientation at ca. 100
mT (Fig. 2). Additional information has
been inferred from Mdssbauer absorption
line broadening AI', being approximately
proportional to the diffusion coefficient
along the y-ray propagation direction. A
clear drop in AL is observable at higher
magnetic fields, indicating chain for-
mation. By comparing A" measured paral-
lel and perpendicular to the field direction
(i.e. chain orientation), different trends for
the particle motion along the short and long
chain axis were obtained, representing the
increase in average chain length and also
pointing out the ability of Mdssbauer spec-
troscopy to extract direction-resolved par-
ticle mobilities. Preferred particle align-
ment along field direction by chain for-
mation at about 100 mT could also explain
the ‘kink’ observed in field-dependent
magnetic orientation. Spectra recorded
before and after maximum field exposure
showing the same structure indicate re-
versible chain formation (Fig. 3).



Fig. 3: Mdssbauer spectra of a ferrogel at 245K in
magnetic fields up to 750mT recorded in perpen-
dicular geometry.

Particle mobility in anisotropic gels

Based on these promising results, we made
a first attempt to determine different de-
grees of particle mobility in anisotropic gel
structures. 10 wt% of 12-HOA gelator
were added to the original ferrofluid de-
scribed above. These gels exhibit a fi-
brilous nanostructure and a magnetically
induced birefringence. The typical diame-
ter of the helical nanofibers is about 20 —
30 nm (Fig. 4).
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Fig. 4 Scanning electron microscopy images of an
isotropic gel with 7 wt% of the MNPs and 10 wt%
of the gelator.

Anisotropic ferrogels were prepared by
heating these samples above the sol-gel
temperature of ca. 345 K, the application of
a magnetic field of ca. 750 mT and subse-
quent cooling to room temperature. While
the trend in particle mobility is already
noteworthy, reflecting the gel’s tempera-
ture-dependent viscosity, the difference of
ca. 50 % in A" comparing isotropic- and
anisotropic gels is for sure more signifi-

cant, the latter being measured perpendicu-
lar to the gel director (Fig. 5). This could
indicate the ability to resolve particle mo-
tion along specific particle- (aligned in a
field) or matrix directions via Mdéssbauer
spectroscopy.

Fig. 5: Line broadening AT" vs. external magnetic
field, showing direction-resolved particle mobility
in isotropic (black) and anisotropic gels (measured
perpendicular to the gel director, red).

Conclusion

In essence, we demonstrated the ability to
extract direction-resolved diffusion coeffi-
cients via Mdssbauer spectroscopy, allow-
ing the observation of chain formation in
ferrofluids and also indicating the ability to
study the effect of anisotropically nano-
structured surroundings on particle mobili-
ty in ferrogels.
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Introduction

In microrheometry, the motion of colloidal
particles is analyzed in order to retrieve the
viscoelastic properties of the medium in
which they are dispersed. When applied to
complex soft matter, the size of the tracer
particle is an important issue. Sufficiently
large colloidal probes sense their environ-
ment as a homogeneous continuum with the
macroscopic viscoelastic properties. Below
a critical size, however, structural inhomo-
geneities are resolved and the particle mo-
tion reflects local properties, e.g. the bare
solvent viscosity in polymer solutions as an
extreme example.

The present study focused on the size scale
effect in the rotational dynamics of Ni nano-
rods dispersed in poly(ethylene oxide)
(PEO) solutions. The molecular weight and
concentration of the macromolecules pro-
vide two control parameters which enable
access to a wide spectrum of length and time
scales. Variation of the probe size was
achieved by using colloids of Ni nanorods
with different rod length. The dynamic
modulus, derived from optical transmission
measurements of nanorod rotation in oscil-
lating magnetic field was compared with re-
sults from macroscopic shear rheometry of
the polymer solutions.

Methods

Four Ni nanorod colloids with different
mean rod length were synthesized by the
AAO-template method. The basic physical
properties of the nanorods were obtained
from transmission electron microscopy
(TEM) and static field-dependent optical
transmission [1]. Oscillating field optical
transmission (OFOT) [2] measurements in
Newtonian reference fluids were used for

calibration (see below) and to estimate the
mean hydrodynamic diameter (D) and
length (L) of the nanorods.

Three PEO standards with different molar
mass (50k, 220k, 1M [g/mol]) were pur-
chased from PSS GmbH (Mainz), dissolved
in distilled water at ~pH 8 and gently mixed
in a rotator for at least 48 h. Nanorod colloid
was added to a total volume fraction ¢ ~

10~% and mixed for up to 24 h.

The rotational dynamics of the nanorods in
the polymer solutions was characterized by
OFOT measurements. The equation of mo-
tion for a magnetic dipole in a linear visco-
elastic material exposed to an oscillating
field at large Langevin parameter (¢ > 30)
is directly related to the dynamic modulus
G*(w) of the matrix. The frequency depend-
ent complex OFOT response function

X*(w) = [ P(K)(1+ KG*(w))” dK was
solved numerically for G* at each fre-
quency. The profile function P(K), charac-
terizing the distribution of hydrodynamic
size and magnetic moment within each na-
norod colloid, was obtained from the cali-
bration measurements by numerical inver-
sion.

Macroscopic reference measurements were
performed using an Anton-Paar DAM4100
M rolling ball viscosimeter and an Anton
Paar MCR702 dual drive rheometer (CP2°
geometry, small amplitude oscillatory shear
(SAQOS) and steady shear viscosimetry).

Results

The zero-shear rate viscosities of the PEO
solutions are shown in Figure 1 as function
of the polymer concentration. Measure-
ments of the intrinsic viscosities for each
polymer size and the analysis of the power



Figure 1. Zero shear rate viscosity of
PEO-50k (A), -220k (e) and -1M (m)
solutions as function of concentration,
obtained by rolling ball (RB) and cone-
plate (CP) shear viscosimetry and from
OFOT measurements using Ni nano-
rods of given hydrodynamic length

law scaling revealed the viscosity of 77, =

0.03 Pa - s as the lower boundary of the
semi-dilute entanglement regime. At se-
lected concentrations, OFOT measurements
were performed using Ni nanorods with
similar hydrodynamic diameter (D) =
115 + 30 nm but different length (L) in
the range of 170 — 750 nm. The derived lo-
cal viscosities were systematically reduced
as compared to the macroscopic values. The
reduction was larger for smaller rod length
and large PEO molecule size. From the de-
tailed analysis, the relevant length scales
could be identified and simple empirical re-
lationships derived.

In addition to the zero-shear rate viscosity,
the dynamic behavior in the viscoelastic re-
gime was investigated. In the SAOS dy-
namic modulus of a 5.29 g/cm3 PEO-1M
solution, the crossing of the storage modu-
lus G' and loss modulus G at w =
90 rad/s characterizes the longest time
constant of stress relaxation, Figure 2. The
results obtained from the nanorod OFOT
measurements were shifted to higher fre-
quencies and lower modulus values, which
is attributed to the localized deformation of
the polymer network.

Figure 2: Angular frequency dependent
dynamic modulus of a 5.29 g/cm3
PEO-1M solution, measured by small
amplitude oscillatory shear (SAOS) and
results obtained from OFOT using Ni
nanorods with L, = 470 nm.

The Cox-Merz rule for the SAOS dynamic
modulus and the steady share rate-depend-
ent viscosity was validated for the PEO so-
lution. This enabled the comparison of mac-
roscopic shear thinning with the results ob-
tained by Ni nanorod OFOT measurements.
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We present experimentally measured mag-
netic response of specially obtained four
ferrofluid samples S1- S4, different in
magnetic material concentration (grows
from S1 to S4), but identical in granulome-
try and rich with large, strongly magneti-
cally interacting particles. Both static (ys)
and dynamic (ya= ’- 1 x”’) initial magnet-
ic susceptibilities were measured in a broad
range of temperatures (T).

In the static regime, on cooling, S1-S4 ex-
hibit unusually low values of ys. It is the
first time, to the best of our knowledge,
that a clear maximum of the ys on cooling
was experimentally obtained (Fig. 1).

Fig. 1. Static magnetic susceptibility, symbols
— experiment, curves — predictions of mean-
field approach [1].

Nonmonotonic behaviour of ys with de-
creasing T indicates the presence of struc-
tural transformations leading, first, to an
enhancement of the response due to the
magnetic correlations, and then to the de-
cay of this response caused by the closure

of magnetic flux within the clusters [2].
The fraction of particles in such clusters
was estimated to reach 50 percent for S4 at
the lowest T.

In order to verify the stability of these clus-
ters, a weak probing AC field was applied
in a broad range of frequencies. Debye-like
spectra were only obtained for the highest
T.

Fig. 2. Real part of the magnetic dynamic
susceptibility vs AC field frequency, kHz, for
samples S1-S4. From top to bottom, and from
left to right, T decreases, the values are provid-
ed in each plot. The symbols are explained in
the legend. Lines are guides for the eye.



The frequency dependences of »’ and their
evolution on cooling are presented in Fig.
2. Here, one can also distinguish between
various characteristic regimes. For the
temperature range T ~ 280 K, as expected a
Debye-like plateau of » is observed at low
frequency for all four samples. For the
measured range of frequencies, this plateau
is not reached by sample S4 for tempera-
tures T ~ 260 K. For the rest of our sam-
ples, plateau can be detected for all tem-
peratures, albeit it shifts towards lower
frequencies.

Fig. 3. Imaginary part of the magnetic dynamic
susceptibility vs AC field frequency, kHz, for
samples S1-S4. From top to bottom T decreas-
es, the values are provided in each plot. The
symbols are explained in the legend. Lines are

guides for the eye. The inset of the lowest plot
corresponds to the lowest experimentally ac-
cessible temperature specific to these meas-
urements.

On cooling, the maximum of »’’ of the
samples rapidly shifts to the region of ul-
tra-low frequencies (Fig. 3), unveiling the
presence of highly correlated magnetically
passive clusters, whose relaxations are very
slow. Moreover, the signs of vast expan-
sion of such magnetically inert clusters
were discovered for the most concentrated
sample, making the percolation in the sys-
tems of dipolar hard spheres [3] a possible
explanation of the dramatic slowing of the
magnetic response.
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The proof of principle using meltable poly-
saccharide based biocomposites containing
magnetic nanoparticles (MNPs) as a mag-
netically remote controlled matrix for drug
release was already shown in a previous
work [1]. Thereby the release of a model
substance (green fluorescent protein (GFP)
nad Rhodamine B (RhB)) by softening the
material through an induced alternating
magnetic field (AMF) was demonstrated.
Thus, it could be a suitable alternative path
compared to hydrogel-MNP composites as
remote controlled material [2]. The present
work extends the investigations with re-
spect to long term RhB release behavior
and biodegradation of the composite (up to
60 and 28 days, respectively).

For the fabrication of biocompatible com-
posites, fatty acid esters of dextran with
adjustable melting points between 30 and
140 °C were synthesized [3]. The magneti-
cally responsive composites were prepared
by combined dissolution/suspension of the
dextran ester and oleic acid hydrophobized
magnetite MNPs in an organic solvent fol-
lowed by ultrasonication, casting the solu-
tion, drying, and melting of the composite
for shaping. The process leads to a uniform
MNP distribution in the composite [4].

The biodegradability of the biocomposites
was tested in simulated body fluid (SBF,
pH=7.4) and artificial lysosomal fluid
(ALF, pH=4.5) to simulate the plasma or
lysosomal compartment, respectively. The
iron release from the incorporated MNPs
was assessed as a measure for the stability
of the composites (Fig. 1). For degradation
testing the composites (1% m/m MNP)

were incubated in ALF or SBF each for 28
days at 37 °C and 110 rpm in an incubation
shaker. After certain times 1 mL superna-
tant was collected and replaced with fresh
fluid. The released iron was measured by
bathophenantroline disulfonic acid com-
plexation and spectroscopic quantification
using a multiwell-plate reader [5]. The deg-
radation of iron oxide nanoparticles in ly-
sosomes after systemic application is
known. Biocomposites stored in SBF re-
lease only 0.31% (dextran palmitate) or
0.19% (dextran myristate) of the total iron
content indicating the stability of the
MNPs in the composites. The iron release
from biocomposites in ALF was higher; a
cumulative amount of 5.4% (dextran pal-
mitate) or 2.2% (dextran myristate) was
mobilized after 28 d at 37 °C.

Fig. 1: Stability behavior of MNP loaded compo-
sites in artificial body fluids. lron release from
MNPs [%] as measured for degradation (n=3).

GFP and RhB were loaded separately as
model drugs into the composite, GFP in a
container-like sample geometry and RhB
homogeneously dissolved in the composite



material. The application of an AMF heat-
ed the MNPs and resulted in a temperature
increase above the melting range that leads
to an increased diffusion of model drugs.
GFP can be blocked in the composite,
when no external stimulus was applied,
because it cannot penetrate the polymer
layer (thickness~1mm) in the solid state
[1]. The AMF cycles of 12 min induce a
release of a stepwise accelerating behavior.
In short term experiments with RhB, three
12 min-cycles of AMF heating (after 1, 4
and 6 hours) have doubled the amount of
RhB released compared to control samples
[1]. There is a quite continuous release
over time (not only during the heating).

In long term tests, measurements of the
RhB concentration were carried out after a
12 min heating cycle (after 1, 2, 3, 7, 14,
30 and 60 days each). The amount of re-
leased RhB is comparable for samples
stimulated by AMF and external heating
(42 °C, water bath), considering the same
heating cycles in both cases: however in
the case of AFM heating the time above
melting temperature was much shorter
(Fig.2A). The cumulative released RhB is
almost twice the amount compared to that
of control samples treated at 25 °C after 60
days.

The release rate of AMF in Fig. 2B is cal-
culated as the difference of released mass
between the AMF or external heated sam-
ple, respectively, and the control sample
over the cumulative heating time (12 min
cycles). The release rates of the heated
samples are higher than that of the control
sample which means that the heating in-
creased the diffusion rate. Interestingly the
rates differ for shorter release times, i.e.
surface effects might be dominant. This is
maybe due to the internal heating by
AMF, which can help the diffusion of RhB
outwards.

Conclusion

The release behavior and degradation of
meltable and biocompatible nanocompo-
sites loaded with model drugs under alter-
nating magnetic field was studied. The
novel composite can be potentially applied

as drug carrier in the field of controlled
release applications.
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Fig. 2. A: Cumulative released mass of RhB from
composites (square: heating by AMF, triangle:
externally heated) and (circle: control sample at 25
°C) in phosphate buffered saline (pH 7.4). M,,:
cumulative mass released at time ¢. My,,: total mass
loaded. B: release rates of heated samples calculat-
ed from difference to the control sample over the
cumulative heating time, control sample over the
total time
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Introduction

Magnetic microspheres (MMS) are essen-
tial for magnetic drug targeting and typi-
cally consist of a polymeric matrix material
loaded with magnetic nanoparticles (MNP)
and a drug [1]. MMS can be magnetically
guided to a target area where the drug is re-
leased either by degradation of the matrix or
diffusion. Both release mechanisms can be
accelerated by increasing the temperature of
the MMS [2]. The needed temperature in-
crease can be achieved by magnetic hyper-
thermia due resulting magnetization rever-
sal losses when an alternating magnetic
field is applied to the MMS [3]. In order to
guarantee optimal magnetic targeting and
defined drug release, MMS with uniform
and controllable particle sizes, high specific
heating rate and known degradation and re-
lease kinetics are necessary. To investigate
the aspects listed above, poly(lactide-co-
glycolide) microspheres (PLGA MYS),
loaded with the drug camptothecin and
magnetic nanoparticles, were prepared and
characterized concerning degradation be-
havior, drug release kinetics, and magnetic
properties.

Methods

PLGA MS were prepared by an oil/water
(o/w) emulsion evaporation method. For
that, PLGA, camptothecin, and bisphospho-
nate coated MNP were dissolved/suspended
in an organic solvent (o-phase) and emulsi-
fied by using a mechanical homogenizer in
an aqueous PVA solution (w-phase). The
obtained micro droplets were allowed to

harden by evaporation of the solvent and
collected using centrifugation or magnetic
separation. Homogenization velocity was
altered and its impact on the MS size was
measured via DLS and SEM investigation.
Degradation behavior of pure PLGA MS
was studied using three types of PLGA with
different monomer contents at 20 and 37 °C
for 12 weeks. Drug release kinetics of
camptothecin was investigated for the same
three PLGA types at 20, 37 and 43 °C in wa-
ter bath to evaluate the influence of different
temperatures. Therefore, MS were sus-
pended in phosphate buffered saline and re-
maining drug concentration in the MS was
determined at defined intervals. From these
values the released amount of drug was cal-
culated. Drug concentrations were meas-
ured by UV/VIS spectroscopy using a
standard calibration curve for camptothecin.
MMS containing magnetic nanoparticles
where investigated by VSM, SAR measure-
ments and SEM.

Results

MS with perfect spherical shape and tunable
mean diameters between 1 and 2 pm were
prepared, with an inversely proportional
correlation between homogenization veloc-
ity and diameter. Degradation experiments
showed significant decomposition of the
MS after 5 to 7 weeks at 37 °C, with propor-
tional correlation between glycolide content
and degradation velocity. Camptothecin
was loaded into the MS with concentrations
up to 0.5 wt% (1 wt% intended) and was re-
leased in a burst type release profile at 37
and 43 °C within few hours. The release



rates increased with increasing temperature
(Figure 1).
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Figure 1: Drug release profiles of 65:35
PLGA MS as function of temperature; RT:
room temperature

During drug release studies no significant
differences between the different PLGA
types in drug release were measured, which
suggests a mainly diffusion-controlled drug
release, in which the degradation behavior
of the PLGA has only weak influence.
Magnetic microspheres show MNP concen-
trations of about 16 wt% (20 wt% intended)
with a saturation magnetization of
12 emu/g, a coercivity of 7 Oe, and a spe-
cific heating power suitable for magnetic
heating for enforced drug release from the
PLGA at a MMS in tissue concentration of
2 % by mass. SEM images confirm that
MNP are mainly located in the outer layer
of the microspheres (Figure 2).

Figure 2: SEM imaging after FIB cut
through the MMS reveals that MNP are lo-
cated on the surface of the MMS.

Conclusion

Drug loaded magnetic microspheres were
prepared by the o/w emulsion evaporation
method, whereby the introduction of the
drug camptothecin and magnetic nanoparti-
cles did not hinder the generation of spheri-
cal shaped particles. Increasing drug release
with increasing temperature confirms the
approach of loading MNP into the MS to
control the drug release by means of mag-
netic heating. In ongoing studies, the drug
concentrations have to be increased and
MNP should be distributed more homoge-
nously in the MS. Drug release studies have
to be realized by magnetic heating instead
of incubating the MS in a heated water bath.
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I ntroduction

Superparamagnetic iron-oxide nanoparti-
cles (SPIONs) @ of specific interest for
biomedical applications, such as contrast
agents in magnetic resonance imaging or
for therapeutical interventions [1,2]. Their
long-term effects have to be considered
since SPIONs may remain at distinct sites
in the human body. Thus, potential in-
flammatory responses, e.g. cytokine release
should be evaluated to assure biocompati-
bility and to make precautions to avoid
adverse effects.

The aim of the present study is to examine
the effects of SPION incubation on the
secretion of pro- and anti-inflammatory
cytokines on the long run. Furthermore the
production of reactive oxygen species
(ROS) upon SPION incubation is investi-
gated.

Materials & Methods

FaDu (hypopharyngeal squamous cell car-
cinoma) were cultiated in a conventional
2-dimensional manner as well as in 3-
dimensional multicellular spheroids
(MCS). The cells were incubated with dif-
ferent SPIONs (starch-coated fluidMAG-
D, glucuronic acid-coated fluidMAG-
ARA, polyethylenimine-coated PEI-M,
PEG-5kDa coated BNF-Dextran, silica-
iron oxide composite SiliFe41) as well as
with fluorescence labelled variants of these
particles (except for SiliFe4l). Vitality of
the cells in the presence of the nanoparti-
cles was determined with the PrestoBlue
assay. The internalisation of the particles

into the cells was analysed via laser scan-
ning microscopy (LSM). For this purpose
the cells were counterstained with phal-
loidin-AF633 and DAPI. For determination
of the interaction of the particles with the
MCS, they were embedded in 1% agarose,
formalin-fixed, dehydrated and then em-
bedded into paraffin. 4 um FFPE-sections
were prepared which were stained with
Prussian blue and counterstained with Nu-
clear Fast Red.

Different pro- and anti-inflammatory cyto-
kines and chemokines were analysed from
cell culture supernatant via LEGENDplex
human inflammation panel (BioLegend,
San Diego) and a Proteome Profiler Array
— Human Cytokine Array (bio-techne,
Wiesbaden-Nordenstadt).

Finally the concentration of ROS in these
cell culture supernatants was determined
via Oxiselectin vitro ROS/RNS Assay Kit
(Cell Biolabs Inc., San Diego).

Results

The SPIONSs used in this study were select-
ed out of a panel of merthan 20 nanopar-
ticle formulations with regard to their
chemical composition and their charge. All
SPIONs were biocompatible up to a con-
centration of 100 pg/chwith the excep-
tion of PEI-M. An intexse interaction and
uptake of PEI-M particles was observed
via LSM for 2D-cell cultures of FaDu and
histologic analysis of MCS. FluidMAG-D
and SiliFe4l exhibited a moderate interac-
tion whereas only a few fluidMAG-ARA
and PEG-5kDa nanoparticles could be de-
tected in both cell culture models.



An important concern regarding nanoparti-
cle-cell interaction is an alteration of cyto-
kine release, which can lead to an inflam-
matory response. Therefore 2D-cell cul-
tures were analysed for 13 cytokines /
chemokines with an ELISA-based assay.
The investigated SPIONs showed a pro-
nounced effect on the secretion of IL-6 and
IL-23 after 24 h. In detail, fluidMAG-
ARA, PEG-5kDa and SiliFe4l increased
the amount of secreted pro-inflammatory
IL-6. PEG-5kDa-coated particles do also
elevate the release of pro-inflammatory IL-
23.

Figure 1: SPIONs modulate cytokine release. FaDu
2D-cell cdtures were incubated with 25 ugfc@PIONs

as indicated foR4h. Supernatant was collected, lysed and
applied onto the Proteome Profiler Arrays. Immunoreac-
tivity was measured by LAS4000. Data were analysed by
ImageJ. Box labels the IL-6-specific spots. R = reference
spots (positive control); N = negative control

A more extended stydwith a Proteome
Profiler Array covering 36 proteins showed
a complex time- and nanoparticle-
dependant release of cytokines / chemo-
kines (Figure 1). In total, 24 cytokines ex-
hibited clearly detectable alterations of
total amount. The previously described
increase of IL-6 secretion could be con-
firmed (fluidMAG-ARA (3.5-fold),
SiliFe41 (1.3-fold) and PEG-5kDa (3.2-
fold).

Concerning oxidative stress fluidMAG-
ARA seems to elevate the amount of ROS
present in the cell culture supernatant.

Conclusion

We could show that differentially charged
SPIONSs interactvith FaDu cells in 2D-cell
culture and in multicellular spheroids. The
latter allow studying SPION effects in a
more complex cellular context including
cell orientation and extracellular matrix.
SPIONs activate a multi-facetted cascade
of cytokines and chemokines.

Future work will focus on the long-term
changes in cytokine release (up to 14 days)
with the help of the MCS model and eluci-
dation of the down-stream targets and their
activities.
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Background / Purpose

Progress in the production of hybrid mate-
rials for tissue engineering is mandatory in
the field of regenerative medicine. Nano-
technology provides us with therapeutic
possibilities to cure a wide range of differ-
ent diseases or harmful conditions like ath-
erosclerosis and thrombosis [1,2]. In these
diseases, lack of adequate venous material
for transplantation constitutes a common
problem in cardiovascular surgery, result-
ing in a strong need for biocompatible vas-
cular grafts. Tissue-engineered hybrid ma-
terials combining a biocompatible scaffold
and a cell-coated lumen may reduce the
risk of thrombosis, intimal hyperplasia and
calcification of currently available grafts.

Methods

At SEON, we design and produce a variety
of superparamagnetic nanoparticles (SPI-
ONs) for biomedical applications [3-5].
Some of those particles were especially
designed for the production of tubular en-
dothelialized scaffolds. The cell-coating of
tubular scaffolds is achieved by magnetic
cell seeding of SPION-loaded endothelial
cells using a 3-dimensional magnetic tech-
nique [6] (Fig. la,b). This technique is
based on a machine producing a radial
magnetic field (VascuZell Endothelizer)
resulting in the directed movement of cells,
with sufficient amounts of SPIONSs, to-
wards the inner lumen of the vascular graft.

Results

In a proof of concept study using tubular
scaffolds based on polyethylene, endotheli-
al cells preloaded with non-toxic polyacry-
late-co-maleate coated SPIONs (SPION-
PAM) showed stable and homogeneous
adhesion and colonization of the inner sur-
face, without a noticeable change in cell
viability. Increased cultivation periods
caused a more dense coverage and proved
the proliferation potential of magnetically
seeded cells. Currently, we are investigat-
ing the cellular colonization efficacy on
different biocompatible vascular prostheses
with one and two different cell-layers (fi-
broblasts and endothelial cells) (Fig 1c).

Conclusions

We have successfully shown the feasibility
of 3-dimensional magnetic cell seeding of
vascular scaffolds. The method had no ad-
verse effect on cell viability and prolifera-
tion (Fig 1d). Future preclinical in vivo
studies will analyze the applicability and
potential advantages of these transplants.
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Figure 1. 3D Magnetic cell seeding (a)
Endothelizer. (b) Principle of endotheliali-
zation with magnetic nanoparticles. (c)
Different commercial vascular grafts from
Terumo. (d) Cell-coated inner surface of a
prosthesis after fluorescent staining and
microscopic imaging.
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Microgels are spherical colloidal particles
consisting of polymer network. Due to
their nature, microgels are able to swell
and shrink as a response to their external
environment [1]. This ability makes them
promising materials for many applications
including drug delivery and design of arti-
ficial muscles. The desire to control micro-
gels therefore has drawn the attention of
researches to studying their properties.
However, the spectrum of application of
microgels can be broadened by embedding
magnetic particles into microgel’s polymer
network. The presence of magnetic parti-
cles dramatically changes the behavior of
microgels and also offers an additional
mechanism to control their properties. For
example, elastic and magnetic response of
soft materials to the surrounding environ-
ment can change as it has been demonstrat-
ed in the resent works on the novel mag-
netic dipolar materials like magnetic gels
and filaments [2-4].

In this work, we study magnetic microgels
in molecular dynamics computer simula-
tions. Microgels are initially modelled as
bead-spring polymer chains randomly
crosslinked into a polymer network. To
make the microgels magnetic, we incorpo-
rate magnetic particles into the polymer
network. The fraction of magnetic particles
is in the range between 0.5 to 10 per cent
of the total fraction of particles comprising
the polymer network. Changing degree of
crosslinking and the fraction of magnetic

particles allows us to vary microgel’s in-
ternal structure. This way, we consider
weekly crosslinked and highly crosslinked
microgels and observe how the microgels
change their shape and size depending on
the internal structure and magnetic compo-
nent. Studying such systems at different
strength of dipole-dipole interactions, we
estimate the change of magnetic microgel
in size, self-assembly of magnetic particles
and the initial magnetic susceptibility[5].
We show that an appropriate combination
of magnetic component and degree of
crosslinking may offer an additional way to
control.
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Numerous experiments show that magnetic
field, applied to a flat gap filled by a mag-
netic fluid (suspension), induces appear-
ance of dense cylindrically shaped aggre-
gates, elongated along the field and perco-
lating the gap. Theoretical models of this
phenomenon have been suggested in
refs.[1,2]. These models treat the aggre-
gates as a consequence of the field induced
condensation phase transitions in ensem-
bles of the magnetic particles. The discrete
morphology of the domains of dense phase
is explained by the competition between
the effect of the interphase tension on the
domains surfaces, which tends to amal-
gamate the domains into one massive
sphere, and effect of the demagnetizing
field, which tends create highly elongated
needle-shaped domains. In [1,2] these do-
mains have been considered as cylinders,
fully stocked by the particles; this mor-
phology corresponds to thermodynamically
equilibrium state of the fluid (suspension)
in the external field.

Experiments [3] have demonstrated
appearance of stable (long-living) tube-like
aggregates with empty central part in a flat
gap, filled by magnetic suspensions. These
tubes present a new, unstudied type of
structures in MR suspensions. They do not
correspond to the thermodynamically equi-
librium state of the suspensions, and must
be considered as some “frozen” non-
equilibrium structures in these systems.

We present results of theoretical study of
these stable non equilibrium “tubes”. In the
frame of this model, a system of the dense
tubes, elongated along the applied field, is
considered; the length of the tube is re-
stricted by the size of the container with
the suspension. We determine energy U of

the system, consisting of the energy of the
magnetized aggregates in the applied field
as well as the surface tension energy.

Sketch of the tube-shaped aggregate. Red circles
illustrate some of the particles, the tube consists of.

If the volume V of the tube is changeable
(because of the particles exchange between
the aggregates), the equilibrium morpholo-
gy of the suspension corresponds to the
systems of dense elongated cylinders
(tubes with zero internal radius). However,
if the volume V is fixed (the intertube ex-
change does not take place), minimum of
the energy U corresponds to the systems of
the tubes, with some finite internal a; and
external a> radiuses. Note that the ex-
change of the particles between the tubes
can take place due to intensive Brownian
motion of the particles. If this motion is
“supressed” by the large size (micron and
more) of the particles and/or high viscosity
of the host liquid, the volume of the tube is
not being changed for long time and the
system is stacked in the transition non-
ergodic state with the tube-shaped aggre-
gates.



References

[1] Zubarev and Iskakova, Physica A 367,
55 (2006).

[2] Gutillas et al., Phys.Rev.E. 57, 804
(1998).

[3] Gunteretal., Smart Mater. Struct. 21
015005(2012).



Coarsening dynamics of ferromagnetic granular networks —
experiment and simulation

P. A. Sanchez"?, A. Kégel®, R. Maretzki®, T. Dumont®, E. S. Pyanzina®,
S. S. Kantorovich'?, R. Richter®

! University of Vienna, Vienna, Austria
2Ural Federal University, Ekaterinburg, Russia
® University of Bayreuth, Bayreuth, Germany

We investigate the phase separation of a
shaken mixture of glass and magnetised
steel spheres after a sudden quench of the

number of neighbors and the efficiency. To
elucidate the origin for a viscoelastic phase
separation, we use a simple simulation ap-
proach to de-

fine the key in-

teractions in the

experimental

system.  This

way, we dis-

cover that

along with di-

polar and steric

interactions, a

Fig. 1.Snapshots of the coarsening dynamics after a quench of the vibration amplitude from ~ Central attrac-

3g to 1.93g recorded at a vibration frequency of 60 Hz. Gas phase (a), transient networks ~ tion
(b), and compact crystallites with only a few loops (c).

shaker amplitude (Fig. 1). Then transient
networks of steel spheres emerge in the ex-
periment. For the developing network we
observe an initial
regime, where the
network incu-
bates, followed
by a regime
where  network
structures are
elongated  and
broken, and fi-
nally a regime

(a)
where the struc-

between
the magnetised
spheres is deci-
sive for the coarsening dynamics. Our sim-
ulations (Fig.2) show three regimes in the
evolution of characteristic order parameters.

(b) (c)

Fig. 2. Mixtures of magnetic (dark) and non magnetic (light grey) particles. Simulation

tures have re-  snapshots are obtained for dimensionless magnetic coupling parameter 5, temperature
laxed to compact 0.5, and attraction parameter 0.5, at different integration steps after quenching: 2500 (a),
clusters of 10°(b)and 2.5-10° (c). Taken from [2].

rounded shapes.

This phaenomenology resembles the initial,
elastic and hydrodynamic regimes observed
by [1] during the viscoelastic phase separa-
tion for dynamically asymmetric mixtures
of polymers.

In order to unveil the three regimes, we
measure order parameters like the mean
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Latest technologies have made it possible
to create magnetic or supracolloidal mag-
netic polymers (SMPs). SMPs are semifle-
xible polymer-like chains of magnetic na-
noparticles permanently crosslinked with
polymers. Here we present the study of
low-concentrated solutions of filaments
using Langevin dynamics simulations. We
analysed their self-assembly under the in-
fluence of various internal parameters: di-
pole-dipole interaction, additional attrac-
tion potentials, particle sizes, confor-
mations and lengths of chains. Self-
assembly of simple open chains, closed
rings and branched structures with “X*” and
“Y” junctions were investigated with help
of extensive cluster analysis based on
graph theory. We calculated cluster size
distribution, amount of additional connec-
tions, their distribution and compared the
structures formed by filament solutions to
those observed in conventional magnetic
fluids containing non-crosslinked nanopar-
ticles. For example, cluster size distribution
has totally different behavior for ferrofluid
and filament’s solution. We have shown
that permanent links in the system of mag-
netic particles and their conformation can
drastically change microstructure of dis-
persion. On the next step we considered
the behavior of such a system under the
influence of additional attractive potential
to explore the difference in the existent
scenario of self-assembly. Also, we were
interested in the impact of polydispersity in
the self-assembly of filament solutions.
Following the seminal theoretical work [1]
on the effects of polydispersity on the
properties of ferrofluids we consider a

bidisperse model as a first approximation
to a polydisperse system. We studied four
types of individual magnetic polymer
chains: consisting of only large particles
(0); with all large, but one small particle
located at one chain end (1); with two
small particles at the chain ends (2); with
three small particles, two of them at the
chain ends and one in the middle (3). We
examined the radius of gyration and mag-
netic moment of a single linear SMP in a
wide range of temperatures. We observe
that the presence of even a little fraction of
small particles in the chains significantly
affects their structural behaviour. For ex-
ample, the existence of a small particle in
the central part of the chain tends to de-
crease the radius of gyration with respect to
the same reference system. All these results
will form the basis for developing theoreti-
cal models and provide recommendations
for the design of novel magnetoresponsive
systems.
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Magnetic gels and elastomers, consisting
of a polymer matrix with embedded mag-
netic colloidal particles, can be attached as
thin layers to the surface of solid substrates
in order to create responsive coatings
whose structure and rheological properties
can be controlled by means of external
magnetic fields. Simple conventional syn-
thesis approaches, however, provide a lim-
ited control on the structure of the polymer
matrix.

Recently, we proposed the build up of a
magnetoresponsive coating with a well de-
fined microstructure, analogous to the one
corresponding to a polymer brush but at a
supracolloidal scale, based on the use as
building blocks of magnetic micro- or na-
noparticles precrosslinked into polymer-
like linear chains. Such magnetic filaments
could be tethered to the substrate in a
brush-like arrangement [1]. In this way,
one could obtain a thin film coating that
could extend the broad set of applications
of ‘smart’ polymer brushes to highly mag-
netoresponsive systems. This has interest-
ing potential applications as, for example,
the creation of magnetically controlled fil-
tering and flow control elements in micro-
fluidic devices. By means of computer
simulations, we analyzed the equilibrium

structure and scattering properties of such
an interesting magnetic brush system [1-3].

In our preliminary studies, we assumed the
ideal case of a perfectly homogeneous sys-
tem, formed by identical filaments. Here
we extend our previous work by consider-
ing the existence of inhomogeneities in the
properties of the filaments, analyzing their
impact on the brush equilibrium properties.
In particular, in this contribution we focus
on the effects of the presence of non mag-
netic particles along the filament’s back-
bone.
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A conventional way to describe the dynamic
properties of magnetic fluid is based on the
study of the timescales of the nanoparticle
rotations [1]. Transient processes are
associated with their characteristic times,
which determine properties of ferrofluids.
This work is devoted to the analysis of the
influence of dipole interactions on the
characteristic relaxation times. Ferrofluid is
modeled as a monodisperse system of
uniformly magnetized spherical particles
suspended in a cylindrical container. An
external linear polarised, harmonic probing
magnetic field is applied along the
symmetry axis of the container. It is
assumed that the direction of a magnetic
moment can change due to the rotation of
the nanoparticle as a rigid body (Brownian
mechanism). One of possible characteristic
timescale is connected with returning to
equilibrium state after some perturbation.
The formula for the relaxation time in such
sense was derived using -effective-field
method in the form [2]

dln L(a)
T i ma
where 75 is zero-field Brownian relaxation
time, L is Langevin function and « is has a
meaning of the Langevin parameter
(relation magnetic enegry to the thermal).
Previously  suggested  approach  for
describing dynamic magnetic response of
interacting ferroparticles in magnetic fluids
allows us to obtain correction this formula
for the case moderately concentrated
ferrofluids [3]. Applying the effective field
method, it can be shown that when dipole-
dipole interaction is taken into account the

the formula for the relaxation time has the
same form, but the correction for the
Langevin parameter is required.

Another characteristic times are connecting
with features of the susceptibility
spectrum. These features are the low-
frequency behaviors of the real and
imaginary parts of the spectrum, and the
maximum value of the imaginary part. It
yields three characteristic times of the
magnetic response process. In current work
dynamic spectrum is obtained via solution
of the Fokker-Plank-Brown equation [3].
Two methods of solution, namely finite-
difference numerical method and effective
field approximation [2], are used and results
are compared. For the case of
noninteracting particles, dynamic
susceptibility is described by the Debye-like
relations and all kinds of characteristic
times coincide with each other. However, it
was found that when dipole-dipole
interaction is taken in consideration the
characteristic times noticeably differ from
the ideal case.
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Introduction

Developing nanomotors capable of execut-
ing non-random motion represents one of
the main challenges confronting nanotech-
nology.™ Beyond keeping a low complexity
design, such systems should also overcome
the influence of Brownian motion, viscous
drag and various surface phenomena in en-
vironments dominated by a low Reynolds
number. Hence, these implications suggest
a clear necessity to develop enhanced swim-
ming strategies for the inertialess limit, ori-
ented towards nonreciprocal motion and a
symmetry-breaking architecture.

Some successful approaches in this direc-
tion have thus resulted in synthetic motors,
which simulate the navigation patterns dis-
played by biological swimmers.[? Mimick-
ing this natural design, we present here the
preparation of DNA-flagellated nanostruc-
tures based on the general structure of flag-
ellated bacteria and sperm cells. Within this
approach, the nanohead is built with hetero-
functional CoFeOs@Pt nanostructures,
whereas the flagella is assembled by the se-
lective attachment of DNA strands to the
platinum counterpart. Moreover, the elec-
trophoretically induced motion is evaluated
in a confined media (agarose gel), pointing
out the role of the surface charge of the
DNA-flagellated nanostructures.

Synthesis of heterofunctional
CoFe204@Pt nanostructures

The preparation of heterofunctional
CoFe204@Pt nanostructures entails a stable
interface linkage between the CoFe2O4 and

platinum domain via a two-step process de-
veloped in our research group.B! Initially,
platinum nanocubes in a size range of (6.4 =
0.8) nm are prepared by a modified thermal
decomposition route.”*! The seed-mediated
growth of a CoFe204 domain is induced in
organic phase nucleated from the platinum
counterpart. Next, the capping surface of
these obtained nanostructures is further
modified using a ligand exchange treat-
ment.®! In this way, it is possible to obtain
poly(acrylic acid) capped nanostructures
with an edge length of (29.6 £ 3.7) nm as
shown in Figure 1. These nanostructures are
well-dispersible and stable in aqueous me-
dia as well as in diluted buffer solutions at
physiological pH.

50 nm

Figure 1. Transmission electron microscopy of heterofunc-
tional CoFe204@Pt nanostructures.

Preparation of DNA-flagellated
CoFe204@Pt nanostructures

The platinum counterpart of the heterofunc-
tional nanostructures is further functional-
ized with 60 bp and 90 bp DNA strands via
chemisorption. To this end, thiolated single-
stranded DNA is attached and then hybrid-



ized to yield double-stranded DNA. A me-
thodical investigation including four conju-
gation procedures (i.e. salt aging, SDS-as-
sisted salt aging, pH-assisted and freezing-
thawing)® is conducted.

It is found that the SDS- assisted salt aging
process enables stable flagellated-like
nanostructures with a lifetime of three
weeks when preserved in HEPES buffer at
4 °C and physiological pH. After character-
ization via elemental analysis and UV-vis
spectrophotometry, it is also possible to es-
timate that depending on the experimental
conditions 2-12 double strands of DNA are
attached to each nanostructure. Further-
more, atomic force microscopy (AFM) con-
firms the presence of organic material
(DNA) around the nanostructure as shown
in Figure 2.

Figure 2. Atomic force microscopy topography imaging of
heterofunctional CoFe204@Pt functionalized with DNA.

Electrophoretically induced motion of
DNA-flagellated CoFe:0s@Pt
nanostructures

The mobility of the DNA-flagellated
nanostructures confined inside agarose gel
(0.6 % m/v) is evaluated under an electric
field. In a general way, the most interesting
feature of these systems is that the DNA-
flagellated nanostructures migrate more
slowly than the nanostructures alone as a
consequence of hydrodynamic and charge
effects. This significant shift allows the pos-
sibility to finely tune their electrophoretic
migration through agarose gel.
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Liquid crystals (LCs) combine properties
of both the liquid and crystalline state. The
magnetic susceptibility of low-molecular-
weight organic LCs is relatively small.
Therefore, alignment of such LCs in thin
cells requires high magnetic fields. Integra-
tion of magnetic nanoparticles (MNPs) in
LCs can increase the magnetic susceptibil-
ity and thereby the response to an applied
magnetic field [1]. Mertelj et al. realized
the integration of magnetic NPs in LCs
with interesting static and dynamic magne-
to-optical properties [2, 3, 4]. However, a
long-term stabilization of magnetic NPs in
LCs is still a challenging task.

The properties of the MNPs (size, shape
and magnetic properties), LC anchoring at
MNP surfaces, as well as interparticulate
interactions are the crucial parameters that
determine the behaviour of ferronematics.
In order to modulate the LC-MNP interac-
tions and MNP stability in the LC, a series
of (pro)mesogenic ligands (Lig) were pre-
pared by systematically varying the chemi-
cal nature of the functional ligand entities.

CoFe204@Lig MNPs (size 2.5 nm) yielded
stable colloidal suspensions in 5CB and
E7, respectively. As compared to pure
5CB, the CoFe:04@Lig-5CB hybrids
showed an increased sensitivity to the
magnetic field, affecting the Fréedericksz
transition. The coupling of the small,
spherical MNPs with the LC director in the
magnetic field suggests the formation of
LC-induced, anisometric MNP clusters [5].
The interaction of the MNPs with the 5CB
host and cluster formation was monitored

by SAXS, SANS and by SQUID magne-
tometer measurements [6].

The understanding of this process supports
the preparation of stable colloidal systems
with well dispersed MNPs. In view of big-
ger MNPs, dendritic ligands equipped with
mesogenic units may minimize the distor-
tion of the ligand sphere and thus aggrega-
tion effects, and offer a promising ap-
proach for MNP-LC hybrids, in particular
if the dendritic ligand itself exhibits liquid
crystalline properties [7, 8].
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Introduction

The viscous behaviour of magnetic fluids
at low shear rates (<10°s™) has been
extensively discussed in literature.
However, little is known about the
behaviour at high shear rates( >10%s?), [1].
The behaviour at these shear rates is
crucial for improving the performance of
industrial applications such as bearings and
viscous dampers, [2].

Parallel plate or cone plate rheometers are
often used to measure the
magnetorheological effect. These concepts
have a theoretical shear rate limit of about
10° s, For example, bearing applications
easily reach shear rates above 108s™,
which means that these measurement
systems are not suitable to predict the
behaviour at the operational range.
Therefore, other concept, such as capillary
or concentric cylinder rheometers, should
be considered as solutions to reach the high
shear rates. This paper presents the design
of a capillary magnetorheometer capable of
measuring magnetic fluids at shear rate
over 108 st under the influence of a
homogeneous magnetic field.

Method

The analysed concepts for achieving high
shear rates are: concentric cylinder,
parallel plate, cone plate, slit capillary and
round capillary. The physical limitations of
these concepts identify their maximum
performance. The best candidate, taking
into account the feasibility of applying a
magnetic field, determines the principle
used in the design. The concepts are
limited by radial migration, secondary
flows, turbulence and viscous heating.
Figure 1 presents the calculated maximum
shear rates of the analysed concepts for a
kerosene carrier fluid at a common
characteristic gap height of 50um.
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Figure 1: Theoretical performance of different
measuring principles at a characteristic gap height
of 50um for kerosene.

Setup

The best performing concepts are capillary
devices as they reach high shear rates with
a reasonable gap height. Furthermore, their
linear design simplifies the application of
homogeneous magnetic fields. In addition,
the continuous flow of new fluid
minimizes the heat developed by viscous
heating. A slit capillary prototype is used
as rectangular microchannels are relatively
simple to manufacture.

Figure 2: Microfluidics chip design. Entire volume
is filled with the measured medium. The fluid is
forced from inlet to outlet. The pressure drop
between high and low pressure channels is
measured.

A produced prototype demonstrates the
potential of the designed device. The fluid
flows through a 4 mm long microchannel



with a gap height of 30 um. Figures 2 and
6 presents the prototype which measures
the pressure drop over a 1mm length.
Measurements with deionised water, Shell
Tellus VX15 oil and EFH1 ferrofluid
validate respectively the maximum shear
rate, the accuracy and the ability to
measure magnetic fluids.

Figure 3: Viscosity vs. shear rate plot of the
deionized water measurement.

Figure 4: Viscosity vs. shear rate plot of the Tellus
VX15 measurement.

Figure 5: Pressure steps caused by
magnetorheological effect of EFH1 due to external
magnetic field.

Figure 6: Sketch of measurement setup.

Results

The deionised water test reached a shear
rate of 1.16e6 s with an accuracy of <8%
to the estimated viscosity of deionised
water (figure 3). The measurement could
not reach higher shear rates due to the
stalling of the syringe pump used.

Figure 4 presents the measurement with
Shell Tellus VX 15 oil. The viscosity is
validated using an Anton Paar MCR2
rheometer. The resulting accuracy of the
prototype for the oil is <8%.

Figure 5 presents the measurement with
the magnetorheological behaviour using
the ferrofluid EFH1. The graph shows
small increases in pressure, thus increases
in viscosity, due to the magnetic field.

Conclusions

A high shear rheometer capable of
measuring magnetorheological fluids is
designed, built and demonstrated. The
device measures the viscosity with an
accuracy of 8% over a range of 10%s? to
10851,
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Introduction

Shape-changing smart materials are able to
reversibly deform in response to an
external stimulus such as temperature,
pressure, an electric or magnetic field [1,2].
An evident application is their use as active
components in soft microactuators.

In the present study, we used ferromagnetic
single domain nanorods as magnetic phase
in soft polyacrylamide (PAM) hydrogels.
We investigated the deformation of two
macroscopic composite cylinders that are
distinguished by their spatial distribution of
the anisotropy axes. Magnetic fields with
different geometries were applied during
the crosslinking process of the hydrogel to
imprint  homogeneous or  spatially
modulated magnetic anisotropies. The
field-induced  torsion  or  bending
deformation of the composite filaments
was measured by video microscopy.

Methods

Nickel nanorods were synthesised by
pulsed electrodeposition of nickel into a
nanoporous AAO template [3]. After
dissolution of the oxide layer, the colloidal
suspension was electrostatically (pH8) and
sterically stabilised using polyvinylpyrro-
lidon and polyacrylic acid as surfactant.
Basic physical properties of the nanorods
were obtained by transmission electron
microscopy, magnetization measurements,
static [4] and oscillating field [5] optical
transmission measurements.

Composite cylinders of Ni nanorods in a
polyacrylamide hydrogel matrix were
prepared by filling the nanorod/PAM
precursor mixture into a PTFE tube of 1-2

mm  inner  diameter. During the
polymerisation process, the nanrods were
aligned in a static magnetic field of
predefined geometry. In particular, a
spatially modulated field with nearly
constant magnitude and periodically
changing direction into one half-space
perpendicular to the cylinder axis was
generated by a specific arrangement of
permanent magnets. The field profile was
measured using Hall probes which were
mounted on motorized translation stages.
The composite cylinders were fixed at the
upper face and either encapsulated to
prevent evaporation of water from the
hydrogel or completely suspended into
water to profit from the hydrostatic uplift.
The composite cylinder was placed
between the pole pieces of an
electromagnet. The deformation as
function of the magnetic flux density was
recorded by a video camera and evaluated
using LabVIEW image analysis.

Results

Preceding characterization of the nanorods
by TEM imaging revealed a mean length
L=250 nm and a mean diameter D=22 nm.
From the mean magnetic moment
m = 3.7-10Y Am2 and the magnetic
anisotropy constant Ka = 65 kJ/m3 a
maximum torque of =5-10® Nm per
nanorod can be estimated. A significant
macroscopic  deformation required an
adjustment of the hydrogel shear modulus
G~1-5 kPa to the total torque at the
volume fraction ¢ = 4.3-10° of nanorods.
The distribution of the local torque within
the composite, which is determined by the



local magnetic anisotropy, controls the
specific deformation pattern.

Homogeneous alignment of the nanorods
perpendicular to the cylinder axis results in
a field dependent torsion in a transversal
field, Figure 1. The macroscopic torsion
angle Q showed a nonlinear behaviour and
was larger at increased deflection of the
texture axis. Both the field- and orientation
dependent torsion could be modelled
quantitatively using a continuum model
with volume-distributed torques calculated
using the Stoner-Wohlfarth model. The
finite magnetic anisotropy of the nanorods
implies a maximum in the field-dependent
torsion, which was confirmed
experimentally.

Fig. 1) Torsion angle Q as function of the
magnetic flux density and varying initial
texture angles 6.

A more complex spatially modulated
alignment of the anisotropy axis into one
half-space (see arrows in Figure 2a) caused
a sinusoidal bending of the composite
filament, Figure 2. This example
demonstrates the potential of tuning the
field induced deformation of magnetic

composites which will be extended to 2D
multilayers.

Fig. 2: a) PAM/nanorod composite cylinder
in zero field and profile of the magnetic
field during polymerization, b) bending
deformation induced by a homogeneous
transversal magnetic field.
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Influence of the structural anisotropy on the magnetization of
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Magnetorheological (MR) materials are
composites of magnetically soft micropar-
ticles dispersed in a carrier medium, which
typically is a liquid (MR fluid) or a solid
elastic matrix (MR elastomer) [1]. Conven-
tionally, the powder suspended in the ma-
trix of a MR material is carbonyl iron
which is a material without magnetic hys-
teresis. However, magnetically hard pow-
der can be as well used in order to provide
a passive tuning of MR elastomers [2].
Under applied external magnetic field, the
particles of a MR composite become mag-
netized and can form aggregates elongated
in the direction of the field. The aggrega-
tion of particles results in a change of the
physical properties of the material. Moreo-
ver, it is possible to tune an anisotropy of
MR elastomers orienting the particles with
an external magnetic field applied during
the matrix cross-linking process.

In the current work we experimentally ana-
lyze magnetic properties of the anisotropic
MR elastomers. The primary goal of the
investigation is an evaluation the field-
angle dependency of the composites mag-
netization. The samples considered in this
study are highly filled with magnetically
soft carbonyl iron powder (¢~40 vol. %,
diameter of particles ~5 um). In the exper-
iments we use the Lake Shore 7407-S Vi-
brating Sample Magnetometer. Anisotropic
elastomer samples during the measure-
ments are positioned between electromag-
netic coils of the magnetometer with struc-
tures oriented at various angles to an exter-
nally applied magnetic field. Figure 1
shows normalized magnetization curves of
the differently oriented anisotropic sample
as well as a magnetization curve of the
isotropic composite manufactured of iden-

tical components. Influence of the structur-
al anisotropy on the magnetization of the
composite is obviously demonstrated. De-
tailed results and corresponding discussion
will be presented during the workshop.

Figure 1. Normalized magnetization curves
of the anisotropic sample with structures
oriented at various angles (0°, 45°, 90°) to
an external field H and of the isotropic
composite (iso).
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Introduction

Temperature  dependent  magnetization
measurements can reveal information on
phase transitions and characteristic jump
temperatures of polymer solution doped
with magnetic nanoparticles.

Here we investigate the characteristic tem-
peratures of a polymer water solution, in
which polyethylene glycol (PEG) with var-
ious polymer lengths and concentrations
were used to tailor the complexity of the
system by entanglement formation [1].

Method

Therefore, a SQUID magnetometer was
used to record the temperature dependent
magnetization from 5-350 K at different
applied magnetic fields of 0.4 up to 10 mT
following a zero field cooled-field cooled
(ZFC-FC) protocol.

0.038 m% CFO in PEG300k, x m% ZFC-FC at 10 mT
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Figure 1: The ZFC-FC curves for 0.038 m% CFO
particles in the polymer solution of PEG300k with
polymer concentrations from 5-25 m%. A double-
step like jump is observed in ZFC and FC branch.

Magnetic Nanoparticles in polymer solu-
tion

Monodisperse cobalt ferrite nanoparticles
with a magnetic core diameter of 17.3 nm
were used as tracer particles. As a refer-
ence sample, cobalt ferrite particles were
dispersed in pure water solution and meas-
ured under the same ZFC-FC conditions.
Since the degree of the PEG complexity
plays an important role for the particle mo-
bility in such solutions [2], the polymer
concentration was tuned from low to high
content to influence the sample’s viscosity.
Further the polymer length was changed
from 4k gmol™ to 300k gmol* resulting in
different ratios of polymer lengths to the
particle size. A third parameter which was
modified is the particle concentration. We
suggest a structure formation of particles
which also influences the diffusive mobili-
ty of the particles in solution. The possibil-
ity of particle chain formation is increased
by a higher particles content.

This can be observed either in the PEG
concentration dependent (see. Fig. 1) or in
the field dependent (see Fig. 2) ZFC-FC
measurements. Up to 200 K the ZFC and
FC branch is constantly splitted. Between
200 K and 350 K the melting and freezing
temperature shows a double step like be-
havior which is more pronounced for high-
ly doped polymer solutions. The difference
of the melting and freezing temperature
reveals a supercooling of the solution.
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Figure 2: The field dependent zero field cooled-
field cooled curves for 0.038 m% CFO particles in
the polymer solution of PEG300Kk, 25 m%.
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The dynamics of magnetic nanoparticles
(MNP) play an important role for many
applications, such as magnetic hyperther-
mia and homogeneous MNP-based bioas-
says. In addition, the measurement of the
dynamic magnetic properties of the MNP
provides information on their embedding in
and interaction with the matrix, proposed
that the MNP are thermally blocked.

To study the MNP dynamics in various
matrices, we apply ac susceptometry
(ACS) as well as measurements in a rotat-
ing magnetic field (RMF). As matrix sys-
tems we exemplarily investigate Newtoni-
an fluids like water and glycerol as well as
more complex viscoelastic media such as
gelatin. The utilized ACS setup, which was
originally designed for RMF measurements
involves two Helmholtz coil pairs, allow-
ing one e.g. to use the second coil for the
application of an additional dc field per-
pendicular to the ac field.

The imaginary parts of ACS spectra for a
suspension of FeraSpin XL multi-core par-
ticles (nanoPET pharma GmbH) in differ-

FeraSpin XL

6x10°

ac susceptibility x"

2 4 68 2 4 68 2 4 68
10' 10° 10° 10
frequency / Hz
Figure 1: Imaginary parts of ACS spectra for
samples with FeraSpin XL particles in different
water-glycerol mixtures. Brown peaks shift to

lower frequencies with increasing viscosity.

4

ent water-glycerol mixtures are shown in
Fig. 1. Despite the rather complex changes
of the ACS spectrum with increasing vis-
cosity, the generalized Debye model allows
one to extract the dynamic viscosity in very
good agreement with the theoretical expec-
tation.

Figure 2: Characteristic frequencies of ACS
spectra in different modes for sample with
CoFe04 particles dispersed in aqueous gelatin
solution (2.5 w% ) over time.

ACS measurements of the gelation process
of aqueous gelatin solutions of CoFe204
single-core particles — after rapidly cooling
the sample down from 313 K to 296 K —
indicate a complex behavior. Qualitatively
similar progress in the variation of the
characteristic frequency (maximum of the
imaginary part of ACS spectrum) was ob-
served when applying an ac, oscillating or
rotating magnetic field (Fig. 2).
Viscoelastic parameters such as viscosity
and shear module can be extracted apply-
ing the Voigt-Kelvin model.
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Introduction

Magnetorelaxometry (MRX) has been
proven a valuable tool to characterize, quan-
tify and image magnetic nanoparticles
(MNP) for several biomedical applications
in therapy and diagnosis. Besides basic
magnetic characterization of MNP, the
probing of a biological or physiological en-
vironment by changes of the magnetic be-
havior of MNP is of growing interest. MRX
measures the magnetization decay of the
MNP moments after their (partial) align-
ment by an external magnetic field of an
amplitude below 5mT. Higher magnetic
excitation fields would increase the sensi-
tivity for detecting MNP. Furthermore, as
recently demonstrated in a theoretical work
[1] MRX could benefit by using an addi-
tional DC bias field to gain information
about the MNP’s viscoelastic corona. Here,
we experimentally explore the applicability
of high excitation fields (up to 60 mT) and
an additional static offset field (>1 mT) in
MRX. In contrast to the excitation field, the
static field is applied during the detection of
the relaxation of the MNP by a highly sen-
sitive Superconducting Quantum Interfer-
ence Device (SQUID). Since the bias field
amplitude (mT) is several orders of magni-
tude larger than the tiny MRX signals (nT),
special care has to be taken to stabilize and
gradiometrically compensate their coupling
into the SQUID sensor.

Material and Methods

The setup for MRX measurements in addi-
tional DC bias fields is depicted in figure 1.
It comprises of an excitation coil of
d=20 mm inner diameter having a flux-to-

Helmholtz
' coil for
static field
N

- sQuID ||

Excitation
coil

Figure 1: Photograph of the setup for field de-
pendent MRX measurements. The MNP sample
is placed inside an excitation coil underneath a
SQUID sensor. A Helmholtz coil arrangement
provides an additional static offset field parallel
to the SQUID sensing area.

current ratio of 3.3 mT/A connected to a
current source providing up to 1=20 A. A
fast switch-off circuit allows to detect the
MNP relaxation after a dead time of a few
100 ps. Additionally, a Helmholtz coil ar-
rangement generates the DC bias field up to
1.25 mT aligned perpendicular to the mag-
netizing field coil and the SQUID. There-
fore, the DC bias field at the SQUID sensor
is suppressed by several orders of magni-
tude. We used a MNP sample containing
1.72 ml of MNP (Berlin Heart GmbH, Ger-
many, ¢(Fe)=3.6 mg/ml) immobilized in a
gypsum matrix. The sample was magnet-
ized for tmag=1s at different magnetizing
fields Bmag Up t0 66 mT in the presence of a
constant DC bias field Birans ranging from 0O
to 1.5 mT and subsequently, the MNP relax-
ation was detected for tmeas=1 s after a dead



time of 200 s (recovery time of the SQUID
electronics). The resulting MRX curves
were parametrized using a stretched expo-
nential to determine the characteristic relax-
ation time tye, i.e. the time interval after
which the MRX amplitude has dropped to
36.7% of its starting value.

Results

We first varied the MRX excitation field
Bmag in the absence of a DC bias field. The
effective relaxation time tie exponentially
decreases with increasing Bmag as depicted
in figure 1. A saturation of tye at 55% of the
initial relaxation time is reached for excita-
tion fields above 20 mT.

‘@ 25— : ——

E

&

~ O

Q

E 20l 0@ ]

c

2

3 G

o 15 @ -

[0} ...

2 ° ®

©

O]

E 10 I T R — 1 P I
0O 10 20 30 40 50 60 70

Magnetic field B, [MT]

Figure 2: Relaxation time ti. as a function of the
magnetic excitation field Bag.

Then, we considered the relaxation of the
sample at Bmag=3.3 mT and different DC
bias field amplitudes Birans between 0.01-
1.25 mT. The effective relaxation time tye
decreases with increasing Birans as shown in
figure 3. Since technically the available
range of Bians Was much smaller than for
Bmag, NO saturation of tie was observed.
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Figure 3: Relaxation time ty. as a function of the
DC bias field Bwas and magnetizing field
Bmag=3.3 mT.

Discussion and Conclusion

A clear decrease of the effective relaxation
time (and increase of the magnetic moment)
was observed with increasing excitation
field. This indicates that magnetically
smaller structures fall in the MRX measure-
ment window by increasing the excitation
field. In good agreement with previous AC
susceptibility measurements [2], a decreas-
ing relaxation time (and magnetic moment)
was observed with increasing DC bias field.
Hence, we demonstrated the feasibility of
MRX with high magnetic excitation fields
and in the presence of a DC bias field. In the
future, this MRX field dependency might
allow to gain more specific information
about the physiological or biological envi-
ronment of MNP.
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Introduction

Magnetic nanoparticles (MNP) are the ma-
jor component in the development of many
novel biomedical applications such as mag-
netic drug delivery, magnetic hyperthermia,
bioanalytics, and diagnostic imaging. The
efficiency of these applications vitally de-
pends on the structural and magnetic MNP
properties (e.g. magnetic moment distribu-
tion, colloidal stability, hydrodynamic size
distribution, binding on biological targets).
This requires ongoing characterization of
MNP, not only during their development
but also afterwards to ensure quality and
safety of these MNP based applications.
For this purpose, several highly sophisti-
cated measurement techniques are availa-
ble. One of them is Magnetorelaxometry
(MRX) where the time dependent magnetic
response of the MNP sample after switch-
ing-off a polarizing magnetic field is de-
tected employing highly sensitive magnetic
field sensors. MRX has been proven to be
well suited for magnetic characterization of
MNP and additionally, their specific quan-
tification in biological systems with out-
standing detection limits down to a few
nanogram [1]. For measuring tiny MRX
amplitudes down to 10°2° T, typically occur-
ring for MNP concentrations in biomedical
applications, the operation of superconduct-
ing quantum interference devices (SQUIDs)
as magnetic sensors in a magnetically
shielded environment is mandatory.

In this work, we enhanced an existing six-
channel SQUID system (Figure 1) by a
magnetizing unit and a dedicated sample
support to enable high precision MRX
measurements of small MNP samples in a
conventional laboratory environment.

Setup of the laboratory MRX device

The system originally was developed for
magnetically  detecting heart signals
(magnetocardiograms) in mice [2] and
consists of a liquid helium Dewar vessel
with a horizontal cylindrical warm bore of
700 mm length and 27 mm diameter. Six
SQUID sensors circularly surrounding the
center of the warm bore at a cold warm
distance of 16 mm detect the magnetic fields
perpendicular to the bore axis. Warm bore
and SQUID sensors are enclosed by a
superconducting niobium cylinder for
shielding of magnetic interferences.

Figure 1: Left: 6-channel SQUID measurement
system with integrated superconducting shield for
magnetocardiography on mice. Right: Scheme of
system extension consisting of magnetizing unit (two
coils left and right symmetrically to SQUIDs) and
sample support to insert samples in one of the
magnetizing coils at a defined and reproducible
position.

For MRX measurements we developed a
magnetizing support which is inserted into
the warm bore of the device. It consists of a
magnetization coil (Figure 1C) to provide
magnetic fields up to 4 mT (parallel to bore
axis) that can precisely be adjusted to the
SQUID sensors by a micrometer screw, so
that the detection of magnetizing fields from
the coil by the sensors is strongly
suppressed. A second insert (Figure 1B)



was developed to accurately and
reproducibly  position MNP  samples
(volumes up to 150 pL) within the coil close
with a defined distance to the SQUID
Sensors.

Characterization of the laboratory MRX
device

Noise measurements without sample
showed no distortions from power line or
(electro-) magnetic interferences due to the
outstanding performance of the integrated
superconducting shied. The residual mag-
netic fields in the warm bore are below
100 nT, we measured a SQUID noise floor
level of 5 fT/NHz without sample. No me-
chanical vibrations in the noise spectra were
visible proving the compact building design
of about 50 kg weight.

After adjusting the magnetizing unit inside
the warm bore to the optimum coil to sensor
position by a micrometer screw a total gra-
diometric attenuation of the magnetizing
field of about 80 dB at the sensors was
achieved. Furthermore, the detection of
MRX signals could start 200 ps after
switching off the magnetizing field, already.
This is the intrinsic switching time of the
SQUID electronics; no ringing of the mag-
netizing coils was observed in this well-bal-
anced arrangement.

We analyzed the performance of our device
in a conventional laboratory environment
by MRX measurements of the commonly
used MNP system fluidMAG-D (chemicell
GmbH, Germany). We measured samples
of 60 pL volume at different concentrations
in the fluid and immobilized state
(Figure 2). The same samples were
additionally measured with the PTB one-
channel MRX system operated in the Berlin
magnetically shielded room. The results
showed that the shielding of the six-channel
SQUID system is more robust against
magnetically and electrically interferences.
This leads to an improved signal to noise
ratio of the relaxation curves and finally, a

higher sensitivity for detection of MNP in
our new system.

Figure 2: Examples of measured relaxation curves
of fluidMAG-D in a fluid and immobilized state
together with the background signals for two
selected SQUIDs (Ch 4 and Ch 5).

Conclusions

Our transportable MRX device allows the
comfortable and sensitive characterization
of MNP in laboratory environment without
need of an additional magnetically shielded
room, but with at least the same sensitivity
and performance as with the existing one-
channel MRX system to be operated in the
Berlin magnetically shielded room. By us-
ing faster SQUID electronics even shorter
relaxation processes should become detect-
able increasing the range of applicability of
MRX for MNP characterization.
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Magnetic nanoparticles (MNP) are a class
of nanomaterials with great features for bi-
omedical applications. Especially in cell-
based diagnostics and therapies, the use of
MNP showed promising results, e.g. for the
visualization of atherosclerotic lesions [1].
For many of these applications, an effective
imaging technique is needed, which is capa-
ble of determining the position and quantity
of the MNP.

A possible candidate for this purpose is
magnetic resonance imaging. This imaging
technique relies on the measurement of the
net magnetization generated by water pro-
tons, which precess in a homogenous mag-
netic field. The presence of MNP near these
protons lead to a faster transversal signal de-
cay. This can be observed as a negative con-
trast in the MR image. However high MNP
concentrations might lead to imaging arti-
facts. Furthermore, a clear distinction of
MNP in different biomedical environments
(blood flow, extracellular/intracellular bind-
ing) is not possible. Moreover, imaging
techniques allowing for distinction between
healthy and pathological tissue would be
highly desirable.

Magnetic particle imaging (MPI) is a rather
young imaging modality based completely
on the imaging and quantification of MNP.
Combined static and dynamic magnetic
fields are used, which generate a signal from
the MNP based on their non-linear suscep-
tibility. By solving an inverse problem, the
MNP distribution can be calculated. The
generated signal is highly specific and is de-
pendent on the local environment of the par-
ticles (temperature, viscosity, binding
state). Recently, it has been shown that this

information can be included in the recon-
struction algorithm, which makes MPI ca-
pable to discriminate between different par-
ticle types or different mobility states (fluid
and immobilized) [2], a technique termed
multi-color MPI.

Previously, we found that the dynamic mag-
netic MNP response changes depending on
their biological environment [3], [4]. Here,
we included this information in the recon-
struction algorithm, similar to multi-color
MPI. This allows us to generate multiple
MPI images out of solely one measurement,
weighted for MNP in different environ-
ments. To this end, we investigated the ca-
pability to distinguish free MNP in an aque-
ous solution and a cell-bound MNP after
cellular contact. Two individual MPI sys-
tem functions (SF) were acquired and com-
bined for the image reconstructions. SFs are
measured by placing a tiny MNP sample
volume at multiple positions inside the field
of view (FOV) to obtain reference signals.
The first SF was acquired of a 2 pL fluid-
MAG CT50 (Chemicell GmbH, Germany)
suspension at an iron concentration of 0.317
mol/L, while for the second SF a reference
sample containing 1.5-10° endothelial cells
(EA.hy926) loaded with CT50 (about 20
pg/cell) was used. A phantom consisting of
a fluid CT50 sample placed next to a second
cell sample (also about 1.5-10° cells) was
then measured and used for the MPI image
reconstruction (Fig 1a). The total data ac-
quisition time was 2 s. Image reconstruc-
tions were performed with the regularized
Kaczmarz algorithm using 2000 frequency
components, 30 iterations and a relative reg-
ularization parameter of 0.1.



The reconstructions with the combined SF
yield two images, which are sensitive for
signals generated by free MNP and signals
generated by cell-bound MNP, respectively.
Therefore, the two samples can clearly be
distinguished in both reconstructions based
on the same, single measurement (Fig-
ure b, ¢). Only small residual signal intensi-
ties, of the other sample can be found in
both reconstructions, which could be elimi-
nated by optimizing the reconstruction pa-
rameters. In conclusion, this shows the high
potential of MPI to map the biomedical en-
vironments of the MNP in vivo. We think,

this technique can be used to image and
quantify the cellular uptake of MNP into en-
dothelial cells. This could be highly benefi-
cial to gain additional information about the
uptake mechanisms of cells and might be
used to detect pathological changes in the
target region. In general, this opens the way
for functional MPI as a powerful diagnostic
tool to detect changes on a (sub)cellular
scale.

Figure: a) Nominal phantom positions of the cell (dark grey) and the liquid sample (light greay)
in the FOV. Maximum intensity projections along the z-axis of the reconstructed MPI images
based on the same measurement, weighted for free MNP (b) and cell-bound MNP (c).
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Hyperthermia is a term that describes a
locally elevated temperature in the body of
mammals due to an external influence. In
magnetic particle science the term was
borrowed to describe the excitation of par-
ticles utilizing an alternating current mag-
netic field. In this work we present first
results of introducing our system into a
high frequency coil setup to examine the
response of the system.

The transfer efficiency of the field energy
to heat is generally described as the specif-
ic absorption rate (SAR) which can be de-
scribed using the following formula:

c AT
SAR=P= ——
m At

With the heat capacity of the container c,
i.e. water, the mass of the magnetic materi-
al m and the time dependent temperature
slope of the AC-field heating. The tem-
perature is measured directly in solution
with an infrared camera mounted on top of
the samples. The concentration dependent
SAR can be derived from Figure 1 and
follows a nearly linear trend, as expected.
A quick comparison with recent literature
shows that our particle system has compa-
rably high absorption rates even in a very
weak magnetic field of 1.93 kA-m~tand a
for cobalt ferrite ineffective field frequency
of 243 kHz.!! While cobalt ferrite itself,
even when not encapsulated, is only mod-
erately cytotoxic it is imperative for possi-
ble future applications in the medical sec-
tor for the particle concentration to be as
low as possible as nanoparticles in general
tend to accumulate in organs.) In our
standard procedure — as presented prior —
we coat our particles with a stabilizing sili-
ca shell and coat them with a hydrogel
consisting of crosslinked N-isopropylacryl-
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Figure 1: Time dependent heating curves of differ-

ent particle concentrations of Cobaltferrite in a

weak  high frequency magnetic field with

1.93kA - m™ at 243 kHz. The uncertainty is depict-
ed as colored clouds around the mean value.

amide (pNIPAM).

In low concentrations pNIPAM shows little
to no cytotoxicity.®! Paired with the ther-
moresponsive behavior it is a preferential
material to be used in biological applica-
tions. While we have by no means the abil-
ity to assess the actual biocompatibility of
our system we can at least roughly estimate
a sufficient tolerance of our particle system
in low concentrations.

PNIPAM is a thermoresponsive material
which can swell with water and above its
lower critical solution temperature (around
34°C) it undergoes a coil-to-globule transi-
tion and expels the water. In combination
with the magnetic response of the incorpo-
rated ferrite particles this transition can be
triggered by applying an ac-field.

In the next steps we want to increase the
particle to gel ratio to increase the effec-
tiveness of heating while keeping the gel
concentration stable.
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Introduction

The life quality of patients with endolumi-
nal tumours (e.g. trachea carcinoma,
esophagus adenocarcinoma or bile duct
Klatskin tumours) which cannot be re-
moved with surgery is increased in medical
practice by implanting a metallic stent.
This widens the occluded endoluminal site.
However, after a while tumor tissue in-
growth takes place causing a re-closure, so-
called restenosis, of the hollow organs. In
order to avoid this restenosis, the applica-
tion of a hybrid stent made of fibers with
incorporated  magnetic  nanoparticles
(MNP) is envisaged. This is meant to per-
mit local hyperthermia treatment destroy-
ing the tumour tissue in close vicinity to
the stent. Removal of tumor tissue causing
restenosis, so called ablation, is reliably
achieved for temperatures about 49 °C [1].
Usually, solutions containing freely dis-
persed MNP easily develop such high tem-
peratures when they are exposed to an al-
ternating magnetic field (AMF). In this
case, both Néel and Brownian relaxation
mechanisms contribute to the overall heat-
ing of the MNP solution. A specified tem-
perature is achieved by matching AMF
parameters (amplitude, frequency) to MNP
characteristics (size, magnetization) and to
the MNP concentration in the solution. For
MNP immobilized inside the hybrid stent,
the Brownian relaxation is partially or fully
blocked causing a change of the heating
characteristics. Consequently, for the de-
velopment of hybrid stents with specified
heating values, the effect of MNP immobi-

lization on the heating behavior must be
quantified.

In this study, the heating behavior of both
polylactic-co-glycolic acid (PLGA) fibers
and agarose gels, either with incorporated
MNP are investigated. The fibers are used
for realization of the hybrid stent. The aga-
rose gels have different mesh sizes and
mimic the different immobilization states
of MNP inside the fibers.

Materials and Methods

The fibers were produced by melt spinning
of PLGA pellets mixed with 2 wt% freeze-
dried MNP. The MNP had a core diameter
of (10.2 = 4.0) nm and a saturation magne-
tization of (98.9 + 0.7) emu/g.

Using MNP with similar size (8.9 *
1.2) nm and magnetization values (119.1 +
0.6) emu/g various agarose gels with up to
10 wt% low melting agarose content were
prepared. Higher content of agarose leads
to the realization of smaller mesh sizes of
the gels [2]. Each agarose gel sample had
an iron concentration of 300 pg/ml.

These gels as well as 1 cm of a 0.3 mm
thick fiber with incorporated MNP and a
reference fiber without MNP were exposed
to an AMF at 40 kA/m and 270 kHz for
30 min. The measurements were carried
out with a custom-built hyperthermia setup
(Trumpf Hdttinger, Freiburg, Germany).
The specific loss power (SLP) value was
calculated according to:

SLP = c/p[(dT/d0)] (10 1)

with ¢ = 4.187 J/g/K the specific heat ca-
pacity of water, p the MNP weight fraction,



T the temperature and t the measurement
time [3].

Results and Discussion

Figure 1 shows the evolution of tempera-
ture difference AT between the fiber with
incorporated MNP and the reference fiber
measured at the surface of the fibers. AT
converges to about 2.9 °C, while the abso-
lute saturation temperature value of the
fiber with incorporated MNP is about
40 °C (not shown in Figure 1). Using the
heat capacity of PLGA (c = 1.5 J/g/K), an
SLP value of (0.89 £ 0.03) W/g was calcu-
lated.

Figure 1. Temperature difference AT (in-
cluding exponential fit / red line) between
the fiber with incorporated MNP and the
reference fiber without MNP.
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Figure 2: Normalized SLP values for aga-
rose gels with incorporated MNP for dif-
ferent mesh sizes of the gels. The gels had
a fixed iron concentration of 300 pg/ml.

The SLP value decreases with decreasing
mesh sizes of the agarose gels by up to
40 % compared to the SLP value of MNP
dispersed in water (normalization value in
Figure 2). The drop in the SLP value starts
at mesh sizes of ca. 20 nm which is in the
order of the hydrodynamic diameter of the
MNP of 20.6 nm. This demonstrates the
strong influence of MNP immobilization
on the heating characteristics. In strong
alternating magnetic fields - such as the
one employed here - the contribution of
both relaxation mechanisms is significant
[4]. We expect that the Néel relaxation is
dominant, so that even for fully immobi-
lized MNP heating could be achieved.

Conclusions

The slight temperature increase of the
PLGA fibers with incorporated MNP and
the decrease of the SLP value for immobi-
lized MNP show that further optimization
of AMF parameters as well as MNP prop-
erties has to be performed in order to reach
the necessary temperature for tumor abla-
tion.
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Introduction

Hybrid magnetic nanoparticles are very
promising materials for different medical
applications. Before a potential application
in animals or humans, cytotoxicity issues
as well as interactions with the human
body have to be investigated. One of the
key factors influencing particle-tissue in-
teraction is the evolving so-called protein
corona which is formed immediately on the
surface of magnetic nanoparticles (MNP),
if they are exposed to the blood stream or
any other protein source [1].

Methods

To investigate the influence of protein co-
rona on interaction of MNP with biological
systems, protein-coated MNP were pre-
pared by in vitro serum incubation by using
iron oxide MNP with various shells and
defined mixtures of cell culture medium
(RPMI) and fetal calf serum (FCS) serving
as protein source as described before [2].
After incubation, the particles were mag-
netically washed to remove unbound FCS
components and to access the hard protein
corona for further investigation.

Before and after the incubation, the physi-
cal properties of the MNP with the evolv-
ing corona were analyzed by means of vi-
brating sample magnetometry (VSM),
thermogravimetric analysis (TGA), trans-
mission electron microscopy (TEM), sodi-
um dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and zeta po-
tential measurements.

To investigate the interactions of the bare
as well as protein coated hybrid MNP with
biological systems, the effect of the protein
coating on cell viability was investigated
for living human brain microvascular endo-
thelial cells (HBMEC) by Presto Blue™
assay and real time cell analysis (RTCA).
By means of flow cytometry and confocal
laser scanning microscopy (CLSM) with
fluorochrome-labelled particles, the precise
particle-cell interactions with HBMEC
were studied. To assess toxicity in vivo, a
hen’s egg test on the chick area vasculosa
(HET-CAV) was performed by injecting
the MNP intravenously into the vitelline
vein.

Results

Zeta potential measurements, SDS-PAGE
and TGA clearly demonstrate an influence
of FCS concentration in incubation media
on the manifestation of the protein corona.
The higher the FCS content, the higher the
protein amount in the hard protein corona
and the lower the surface charge of the
protein coated MNP.

For in vitro toxicity studies it was found
that, initially toxic MNP show a much less
or no toxicity after protein coating which
means a toxicity masking effect of the pro-
tein corona. Furthermore, flow cytometry
and CLSM investigations indicated, that



the protein coating reduces the velocity of
the particle-cell interactions (see figure 1).
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Figure 1: Quantitative analysis of CLSM
images confirms a pronounced influence of
the amount of protein coating on MNP /
cell interaction after short time incubation
(30 minutes).

The HET-CAV in vivo studies revealed,
that protein coating of MNP with a posi-
tively charged shell (DEAE dextran) re-
duces the tendency to form agglomerates
(thrombosis) in the blood stream after sys-
temic injection. This can also be taken as
an indication for the masking effect and
thus the slower interaction with the biolog-
ical system described before. For protein
coated MNP with a neutrally or negatively
charged shell (PEG, PDha, or CM dextran)
no cytotoxic effects were found.

Conclusions

It was demonstrated that the amount and
composition of the protein coating on the
surface of MNP can be tuned by the com-
position of the incubation media serving as
protein source. By variation of the protein
amount on the MNP, the interaction of
MNP and biological systems can be con-
trolled. A more pronounced protein coating
reduces the velocity of particles-cell inter-
actions, can mask a cytotoxic effect and
reduces the probability of thrombosis after
injection of such particles into biological
systems.

Resulting from these investigations it can
be concluded that protein coatings reduce
the interactions between MNP and biologi-
cal systems which might result in a longer
blood half-life which would be interesting
for the preparation of longer circulating
magnetic markers for MP1 and MRI inves-
tigations.

In an additional study it was shown al-
ready, that protein coated MNP can be ster-
ilized by UV irradiation and made storable
by lyophilization with no alteration of pro-
tein coating [3] which is an additional pre-
requirement for medical application of
such particle systems.
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I ntroduction

Superparamagnetic irooxide nanoparti-
cles (SPIONs) have become important for
the field of biomedicine due to their mag-
netic properties and their biological per-
formance [1]. The nanoparticles interact
with the biological system, e.g. gain a pro-
tein corona which can proceed to inflam-
mation and toxicity [2]. Not only the pro-
tein corona affects the cells but also the
characteristics of the nanoparticles namely
their size, shell and the similarity to bio-
molecules can interfere with cellular func-
tions [3, 4]. To obtain a further understand-
ing of the cell-cell interaction, 3-
dimensional multicellular models (sphe-
roids) were used. The metabolism and the
expression of genes differ from those of
2D-cell cultures [5].

The aim of this study is to investigate the
influence of SPIONs on cells by analyzing
the interactions in a more complex biologi-
cal system. For this purpose, 2D-cell cul-
tures and 3D-spheroids were used to ana-
lyze the expression of inflammation-
associated genes after nanoparticle expo-
sure.

Materials and Methods

Cell culture: FaDu cells (hypopharyngeal

squamous cell carcinoma cells) were cul-
tured in DMEM + 10% FCS at 37 °C in a

humidified atmosphere with 5% GO

Nanoparticle-incubationFaDu cells were
incubated in 2D culture for 3h and 24h.
Spheroids were incubated for 24h with

different SPIONs (cationic polyethylene-
imine - coated PEI-M, anionic silica-iron
oxide composite SiliFe4l, neutral glucu-
ronic acid-coated fluidMAG-ARA). The
cells were exposed to 100 pg/mL of SPI-
ONs.

The spheroids were analyzed via quantita-
tive real-time PCR, the 2D-cell cultures
were studied via real-time PCR and West-
ern-Blot.

gRT-PCR: For analyzing the gene expres-
sion incubated 2D FaDu cell cultures were
prepared with the RNeasy kit (Analytik
Jena) and mRNA was transcribed into
cDNA. The incubated spheroids were pre-
pared for qRT via Cells-to it (Invitro-
gen) and the expressi levels of selected
inflammation-associated genesC-FOS,
ICAM, PDGFB, VEGFA, FTHwere eval-
uated according to Pfaffl [6] with the
housekeeping gene EEF1A1.

Western-Blot: Proteins were isolated from
spheroids and 2D-cell cultures. The protein
concentration was determined with Brad-
ford reagent at 595 nm. 20 ug total protein
per line was loaded on BisTris polyacryla-
mide gels. Blotting of proteins onto a
PVDF membrane was performed with the
Trans-Blof Turbo Blotting System (Bio-
Rad). The membrane was sulvseal for 1h

in 4% BSA blocking buffer and afterwards
incubated with antibodies for selected in-
tracellular signaling proteins (pp38, p38,
pAKT, AKT, pp44/42, p44la2). The detec-
tion was performed using chemilumines-



cence and the quantification via imageJ
with the housekeeping protein GAPDH.

Results and Discussion

For the spheroids it was shown that the
expression of inflammation-associated
genes increased after 24h of nanoparticle-
incubation. Especially after application of
the cationic PEI-M all studied genes were
up-regulated. Both, SiliFe4l and fluid-
MAG-ARA exhibited comparable expres-
sion levels for the analyzed genes of inter-
est.

In 2D-cell cultures each gene responded
with characteristic expression levels. The
expression ofC-FOSandICAM increased
after 3h and showed a decreas®DiGFB,
VEGFA and FTH after incubation with
cationic particle PEI-M. Regarding 24h
incubation, only C-FOS was down-
regulated.ICAM exhibited a high increase
of expressionFTH, PDGFB and VEGFA
showed a minor increase.

After 3h of incubation with the anionic
particle SiliFe4l all genes were down-
regulated, especialyEGFAandPDGFB.
Furthermore, after 24ICAM, PDGFB and
FTH are up-regulated where&FOS and
VEGFA were down-regulated.

The neutral charged fluidMAG-ARA parti-
cles induced a slight increase in the expres-
sion after a 3h incubation period except for
the gend=TH. After 24hFTH, C-FOSand
ICAM mRNA levels increased, neverthe-
less PDGFBand VEGFAdecreased.

On the protein level the phosphorylation
status of important signaling molecules
was quantified and levelled to GAPDH.
The protein AKT showed no increase in
phosphorylation except after 3h incubation
with fluidMAG-ARA,; an increase of 9% is
documented. In contrast, p38 showed a
high increase after PEI-M and SiliFe4l
addition after 3h and 24h. For the protein
p42, PEI-M induced a 100% increase after
3h and 24h incubation. P42 phosphoryla-
tion was only increased after 24h after ap-
plication of SiliFe41l and fluidMAG-ARA.
PEI-M showed the most dramatic effects
on p44 activation: After 3h an increase of
900% and after 24h of 400%.

Conclusion

Comparison of spheroids to 2D-cell cul-

tures reveals a difference in the cellular
response to SPION application. The char-
acteristics like the size, shell and charge of
the nanoparticles has an impact on the re-
actions in the biological system. PEI-M is

already known to be cytotoxic which ap-

proves the referred results [7].

Future studies will cover a broader spec-
trum of affected genes and proteins using
microarray HTS technologies.
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I ntroduction

The diverse biomedical applications of
nanomaterials such asugerparamagnetic

iron-oxide nanoparticles (SPIONS) includ-

ing anti-tumor therapy, targeted drug de-
livery systems and application as contrast
agents during magnetic resonance imaging
are a considerably promising area of re-
search [1,2]. During pregnancy, SPIONs
might offer the opportunity to selectively

target either the pregnant woman, or the
fetus or the placenta for treatment of vari-

ous diseases, thereby reducing side effects.

Before administration of any active agent,
the substance’s impact onto the human
body especially the biodistribution, tissue
penetration and other interactions need to
be investigated. For this purpose, &m
vitro model of the blood-placenta barrier
(BPB) was used to study the interaction
and passage of SPIONs coated with neutral
starch (D) with the biological barrier. Ad-
ditionally, this system was exploited in
order to test a potential harm of tyrosine
kinase inhibitor (TKI) Imatinib used in the
treatment of chronic myeloid leukemia.
Therefore, processes involved in cellular
binding, uptake and passage through cell
layers were studied.

Materials and Methods

For the co-culturen vitro BPB model, e
human choriocarcinoma trophoblastic cell
line BeWo was seeded on the apical side
and primary placental pericytes on the ba-
solateral side of a Transwell insert for six
days [3]. As reporter cell line Imatinib-
sensitive leukemia cells (K562) were pre-
sent in the lower compartment. All cells
were cultivated in DMEM +15 % FCS +1
% Pen/Strep. This cell layer was incubated
with 100 pg/crfi neutral starch coated flu-

IdMAG-D patrticles ¢hemicell, Berlin) for
24h starting at day 5 and with 20uM
Imatinib for 48h starting at day 4. The in-
teractions and cytotoxicity of the SPIONs
and the TKI with the cells was determined
by MTT cytotoxicity assay using the re-
porter cell line K562, as well as diverse
microscopic analyses and immunohisto-
chemical staining of tight junction protein
zonula occludens-1 (ZO-1) and 3-Catenin
of the BeWo layer. Gk barrier integrity
was verified by trans-endothelial electrical
resistance (TEER) measurements (days 3-
6) and molecular permeability assays using
10 minute incubation with sodium fluores-
cein. Furthermore, the cell layer containing
membranes were embedded into agarose,
sectioned into histological slices (10-
20pm), and stained using Nuclear Fast Red
and Prussian Blue.

Results and Discussion

TEER measurements showed minor re-
duced barrier integyt upon Imatinib ap-
plication (Figure 1). Moreover, the im-
munohistochemistry revealed a decreased
expression of both the tight junction pro-
tein ZO-1 andp- catenin upon Imatinib
incubation while nanopartiel administra-
tion did not exhibit any effect. This sup-
ports the TEER results showing reduced
barrier integrity after 48h TKI incubation
by reducing the cell-cell contacts. Regard-
ing the molecular permeability of the cellu-
lar barrier, neither Imatinib nor fluidMAG-
D had an impact on the paracellular
transport of the fluorescent dye through the
membrane (Figure 2).



Figure 1: Barrier function isnot impaired by I matinib
and SPIONs

A Transendothelial electrical resistance.

The cellular barrier model was cultivated for 6 days with
incubation of 20puM Imatinib after day 4 and 100pdg/cm
fluidMAG-D particles after day 5. TEER was measured
every day as indicated.

B Sodium fluorescein per meability.

After 6 days of cultivation, the sodium fluorescein dye
was administered to the cellular barrier model for 10
minutes.

The interaction and intealization of SPI-
ONs was confirmed by confocal LSM and
Prussian Blue staining. In order to analyze
the passage of Imatinib through the cellular
barrier, the viability of reporter cells in the
lower compartment was determined using
an MTT assay. The tyrosine kinase inhibi-
tor decreases the viability of K562 cells by
53% whereas nanoparticle incubation alone
does not reduce their viability (Figure 2).

Figure 2: Viability of K562 after I matinib administra-
tion

After 6 daysof cultivation, the tetrazolium dye MTT was
administered directly to the reporter cells K562 in the
lower compartment for 90 minutes.

Conclusion

The tyrosinekinase inhibitor Imatinib has a
negative impact on the bréer integrity and
the viability of reporter cells. For admin-
istration during pregnancy, a targeted drug
delivery system which prevents the passage
through the blood-placenta barrier is need-
ed. Moreover, administration of neutral
starch coated SPIONs does not influence
the integrity of than vitro cellular blood-
placenta barrier model and shows no toxic
effects on reporter cells in this system.
These findings indicate that those particles
might be candidates for targeted drug de-
livery systems.
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The incidence of canceaturing pregnancy

is increasing due to the fact that women
delay pregnancy to older ages, where the
overall risk of cancer occurrence is elevat-
ed [1].

But the treatment of cancer during preg-
nancy is still a challenging task and there-
fore advanced research is necessary.
Superparamagnetic iron oxide nanoparti-
cles (SPIONSs) can serve as essential imag-
ing contrast agent for magnetic resonance
imaging (MRI) for early detection in preg-
nant woman due to their physiochemical
and magnetic properties. No harmful po-
tential for the developing fetus is expected
[2, 3].

The aim of our study is to investigate the
effects of selected chemotherapeutic agents
on the interaction of neutrally charged
SPIONs with an established cell culture-
based in vitro barrier model (blood-
placenta barrier) [4]. This includes the
analysis of the viability and integrity of the
cell layers as well as the passage of the
SPIONSs through the cell layers.

Materials and Methods

To investigate intexdions between biolog-
ical barriers and nanoparticles in the pres-
ence of therapeutic substances, a tri-culture
model of human trophoblast representing
placenta cells (BeWo), pericytes (hPC-PL)
and breast cancer cells (MCF-7) (all culti-
vated in DMEM +15 % FCS +1 % Pen-
Strep for 7 days) were used. Cells were
exposed to 0.002 mg/ml doxorubicin (D)
and 0.006 mg/ml paclitaxel (P) on day 4
for 48 hours. At day 5 co-cultures were
incubated with 100 pg/cmfluidMAG-D
(chemicell, Berlin)for 24 hours. To inves-
tigate the influence of these chemothera-

peutic substances and SPIONs on the cell
barrier integrity was verified by trans-
endothelial electrical resistance (TEER)
measurements and molecular permeability
assay using sodium fluorescein as well as
the immunofluorescence staining of the
tight junction-associated protein ZO-1.
Additionally the passage of chemothera-
peutic agents through the barrier was eval-
uated via determination of the viability of
MCF-7 cells (in the lower compartment)
by flow cytometry (Annexin V APC/PI).

Results and Discussion

Both, TEER measuremenand molecular
permeability assay showed a negative in-
fluence of doxorubicin and paclitaxel on
the blood-placenta barrier integrity (Figure
1) with little potential of regeneration over
time. Furthermore the presence of neutral
charged SPIONs showed no additional
effects on barrier formation and persis-
tence.

This also could be confirmed by the visual-
ization of tight junction-associated protein
ZO-1 (Figure 2). Doxorubicin treatment
led to a marked reduction of cell-cell con-
tacts, whereas paclitaxel had no significant
effect. The addition of fluidMAG-D bears
no further impact on tight junctions.
Confocal microscopy further confirmed the
interaction and internalization of SPIONs
at least in the apical BeWo cell layer.
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Figure 1: Barrier integrity estimated by TEER. Tri-
cultures were incubated with 0.002 mg/ml doxorubicin
(D) and 0.006 mg/ml paclitaxel (P) as well as 100 pg/cm
fluidMAG-D.

Figure 2: Immunofluorescence staining of tight junc-
tion-associated protein ZO-1. Tri-cultures were incubat-
ed with indicated concentrations of doxorubicin (D) and
paclitaxel (P). Cell borders are clearly visible in control
as well as in paclitaxel-treated cultures.

In order to determinate the passage of
chemotherapeutic substzs into the lower
compartment MCF-7 cells were analysed
by Annexin V APC and propidium iodide
staining (Figure 3). Both substances caused
a reduction of living cell percentage,
whereby the effect was slightly stronger
under doxorubicin treatment. Likewise
other results the application of neutral
charged SPIONs had no appreciable influ-
ence on cell viability.

Conclusion

Doxorubicin clearly a#cted the blood-

placenta barrier to a greater extent than
paclitaxel demonstrated by electrical re-
sistance, the molecular retention of sodium
fluorescein and cell contact integrity. The

addition of neutral charged SPIONs did not
enhance this virtue.

After passing the blood-placenta barrier
cell layer the chemotherapeutic substances
still had negative effects on sensitive breast
cancer cell line cells. Consistent with the
previously presented data the application of
fluidMAG-D showed no further impact.

Mdead
Onecrotic

M apoptotic

percentage %

DOvital

Figure 3: Analysis of vitality (Annexin V APC/PI
double staining). Tri-cultures were incubated with indi-
cated concentrations of doxorubicin (D) and paclitaxel
(P). MCF-7 cells were stained with Annexin V APC/PI
and measured via flow cytometry.

Actually, we quantify the iron content of
the different compartnrmés using atomic
absorption spectroscopy (AAS). Future
work will focus on the determination of
altered levels of Reactive Oxygen Species
(ROS) and putative changes in the produc-
tion of pro- and anti-inflammatory cyto-
kines.
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