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Magnetic Soft Robots

Monday, 8th July - 15:50: Keynote Speech Session - Oral - Abstract ID: 637

Dr. Xuanhe Zhao !
1. MIT

While human tissues are mostly soft, wet and bioactive; machines are commonly hard, dry and biologically
inert. Bridging human-machine interfaces is of imminent importance in addressing grand challenges in health,
security, sustainability and joy of living faced by our society in the 21st century. However, designing human-
machine interfaces is extremely challenging, due to the fundamentally contradictory properties of human and
machine. In this talk, we will highlight MIT SAMs Lab’s recent development of soft robots that can potentially
perform various tasks inside human body. The soft robots are constructed by 3D printing of a new biocom-
patible magneto-active polymer into various structures. Our approach is based on direct ink writing of an
elastomer composite containing ferromagnetic microparticles. By applying a magnetic field on the dispensing
nozzle while printing, we make the particles reoriented along the applied field to impart patterned magnetic
polarity to printed filaments. This method allows us to theoretically and experimentally program ferromagnetic
domains in complex 3D-printed soft robots, enabling a set of unprecedented functions including crawling, jump-
ing, grasping and releasing objects, and transforming among various 3D shapes controlled by applied magnetic
fields. The actuation speed and power density of our 3D-printed soft robots with programmed ferromagnetic
domains are orders of magnitude greater than existing 3D-printed active materials and structures. We will
demonstrate a set of clinically relevant applications uniquely enabled by the 3D-printed magneto-active soft
robots.
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Alginate magnetic hydrogels: design, structure and
mechanical properties

Monday, 8th July - 16:30: Plenary Speech Session - Oral - Abstract ID: 204

Ms. Cristina Gila-Vilchez !, Ms. Mari C. Mafias-Torres !, Prof. Juan DG Duran ', Prof. Luis Alvarez de
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1. Department of Applied Physics, University of Granada, 2. Department of Organic Chemistry, University of Granada, 3. Ural

Federal University

Hydrogels are three-dimensional networks of flexible chains which retain considerable amounts of water or
biological fluids. These soft materials, which behave as viscoelastic solids, have recently found great attention
in several fields such as biomedicine, food and pharmaceutical industry. Among them, alginate hydrogels are
biocompatible, non-toxic, abundant in source, cheap and readily available materials whose mechanical prop-
erties can be easily modified. In addition, a magnetic phase can be easily incorporated in order to generate
magnetic hydrogels or ferrogels. Thus, one of the most recently proposed approaches for the preparation of
hydrogels with appropriate internal structure and mechanical properties is the manipulation of these hydro-
gels via magnetic forces. This technique allows the non-contact manipulation and remote modification of these
materials, since the dispersed magnetic particles could rearrange into columnar structures.

In this work, we describe a new two-step protocol that allows the preparation of macroscopically homogeneous
alginate hydrogels containing up to 30 vol% of silica-covered iron microparticles (see Figure). We characterized
the rheological and magnetorheological (MR) properties of the ferrogels, achieving high increases of the storage
and loss moduli when the particle concentration as well as the intensity of the applied magnetic field were
increased. We propose a theoretical model, based on the existence of clusters of particles, which reasonably
predicts the strong MR effect obtained in our experiments [1]. In addition, we report an adaptation of the
two-step protocol for the injection of the magnetic hydrogels, which gave rise to magnetic hydrogels that after
injection retained similar morphology and mechanical properties than hydrogels not subjected to injection [2].
Finally, we also prepared anisotropic magnetic alginate hydrogels in which anisotropy was also induced by
application of an external magnetic field, before or after the cross-linking process, and we studied how it affects
to their rheological properties [3].

Acknowledgements: project FIS2017-85954-R (MINECO and AEIL Spain, cofounded by FEDER, European Union).
References:

[1] Cristina Gila-Vilchez et al. 2019 Smart Mater. Struct. 28, 035018. (doi: 10.1088/1361-665X/aafeac)

[2] Cristina Gila-Vilchez et al. 2018 J. Rheol. 62, 1083-1096. (doi: 10.1122/1.5028137)

[3] Cristina Gila-Vilchez et al. 2019 Phil. Trans. R. Soc. A 377, 20180207. (doi: 10.1098/rsta.2018.0217)
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In recent years, systems of out-of-equilibrium assembly have gained considerable attention [1]. In this work we
present experimental results on micro-droplets of magnetic fluid created by phase separation. We show that
the droplets arrange themselves in regular hexagonal lattices when subjected to a rotating magnetic field.

If the volume of a magnetic droplet is below a critical value, the droplet elongates and rotates with the field.
Such droplets do not coalesce but instead remain at a distance from one another, possibly due to inertial forces.
Two nearby droplets have been observed to rotate around their center of mass, suggesting that hydrodynamic
interactions are critical to the phenomenon. In time, the droplets organize themselves in a hexagonal lattice
structure. The size of the droplets is locally extremely uniform. There is evidence that this property arises
because the droplets exchange their material with nearby droplets in the lattice.

The magnetic droplets arrange themselves in rotating crystals of different size that follow the rotation of the
magnetic field, albeit more slowly than the droplets that they are made of. Depending on the size and symmetry
of the crystals, their overall shape stays the same during their rotation or it changes. The larger and the more
symmetric the rotating crystal, the more rigid it is. Small crystals that are made of four droplets form a rhombus
that undergoes periodic oscillations of their diagonal lengths.

The authors are grateful to D. Talbot for the synthesis of the sample and G. Kitenbergs for his helpful in-
sights, as well as for the financial support from the Embassy of France in Latvia and PHC Osmose 2018 n°40033S.

1. V. Liljestrom, et al., “Active structuring of colloids through field-driven self-assembly”, Current Opinion in
Colloid and Interface Science, 2019, vol. 40, pp. 25-41.
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Microscopic active particles, including self-propelled cells, microorganisms and artificial swimming colloids
have gained a lot of attention due to their relevance in such important fields as biology, biomedicine,
nanoscience and nanotechnology. The term “active” describes the ability of certain particles or units to con-
vert energy from their environment into motion, hence, kinetic energy [1]. This highly interesting property can
arise from various mechanisms, such as localized concentration gradients, where an asymmetric distribution
of reaction products (i.e., chemical fuel) on a coated particle propels the particle by self-diffusiophoresis.

In this study, we use active matter to create a new type of nanomotor, which is oriented by an applied magnetic
field and propelled by an active particle. One of those units consists of a dipolar cube that can be directed due
to its interaction with a magnetic field, whereas a second non- dipolar active particle with a propulsion force
directed into the cubes centre of mass, creates a field controlled swimming unit.

This scenario is investigated using molecular-dynamic simulations, setting the above described unit in an obsta-
cle free environment, while applying a constant magnetic field. By computing the mean- square-displacement,
we investigate if the diffusion of the self-propelled motor is enhanced in field direction and look at its dependen-
cies on the unit parameters, which are compared with reported literature [2]. Furthermore, the fine interplay
between dipolar and self-propulsion forces is investigated to reveal self-assembly, as well as dynamic properties
of clusters containing the active-dipolar cube units.

In collaboration with Dr. Schmidt and Yeimy Martinez from the University of Cologne, those nanomotors are
also investigated experimentally. This way, heterofunctional CoFe204@Pt nanostructures are designed as a
proof of concept by using a coupled chemical fuel system based on the reduction of borohydrides.

[1] Ramaswamy, S (2010), Rev. Condens. Matt. Phys. 1, 323-345.

[2] C. Bechinger et al. (2016), Rev. Mod. Phys. 88, 045006
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Droplet microfluidics has emerged as a powerful tool for high throughput bioassays. Many functions have been
developed to handle microfluidic droplets allowing their generation, merging, splitting, sorting, but the manip-
ulation of solid support in droplets remains a challenge. We report here a novel method using electroplated soft
magnets to manipulate magnetic nanoparticles in sub-nanoliter droplets.

In many bioassays, such as ELISA or DNA size sorting for Next Generation Sequencing (NGS), a purification
step of biomolecules of interest from a complex matrix is often needed. This can be achieved by solid phase
extraction using magnetic microparticles as a solid support (M. Serra, Lab Chip, 2017).0ur group pioneered
a magnetic tweezers-based approach to extract and redisperse particles from droplets flowing in a capillary
(A. Ali-Cherif, Angew Chem, 2012). Despite convincing results, this approach remains limited to 100nL droplet,
micrometric beads and quite low throughput (<1Hz).

We aim in this work at revisiting this concept of magnetic tweezers approach in order i) to reduce the droplets
size by several orders of magnitude to reach typical volumes for single cell analysis in droplets ii) to allow the
handling of nanoparticles to drastically improve the biomolecules extraction iii) to be compatible with high
throughput microfluidics.

Unfortunately, when decreasing the droplet size, interfacial forces become preponderant compared to the mag-
netic force, making the extraction of particles from droplets difficult. To tackle this, based on numerical simula-
tions (Fig. 1), we developed an original microfluidic chip embedding electroplated soft ferromagnetic elements
(NiFe 80:30) that focus an external magnetic field and increase considerably the local magnetic gradient.

In these conditions, we demonstrate that, magnetic nanoparticles (0 100nm to 1pm) present in a 400pL droplet
passing in between the magnets can be extracted (Fig. 2a-c) and released in an empty droplet using electrocoa-
lescence (Fig. 3).

We believe that this original magnetic particles handling platform could be of great interest, allowing high
throughput solid phase extraction, and bringing in the world of droplet microfluidics the possibility of doing
complex multi-step bioassays.
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Figure 1: (Left) COMSOL simulation of a magnetic field focused by soft magnetic elements. (Right) The force
applied on a cluster of 300 nm particles in the horizontal axis attracts it in between the magnets.
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Figure 3: (a) Cluster of particles followed by an empty
droplet arrive in the electrocoalescence region. (b)
Droplets are merged together thanks to an electric field

(200V AC).

Figure 3 - electro coalescence.png




International Conference on Magnetic Fluids 2019

Active magnetic spinner liquids: dynamic flocking, chirality
switching vortices and transport

Monday, 8th July - 17:50: Invited Speech Session - Oral - Abstract ID: 122

Dr. Alexey Snezhko !

1. Argonne National Laboratory

Strongly interacting magnetic colloids driven out-of-equilibrium by an external magnetic field often develop
nontrivial collective dynamics [1]. Active magnetic colloids proved to be excellent model experimental systems
to explore emergent behavior and active (out-of-equilibrium) self-assembly phenomena.

Ferromagnetic micro-particles immersed in water and sediment on the bottom surface turn into colloidal rollers
when energized by a single-axis homogeneous alternating magnetic field applied perpendicular to the surface
supporting the particles. The activity in this system originates only from spinning degrees of freedom and self-
propulsion emerges due to the presence of a solid interface. The rolling motion emerges as a result of sponta-
neous symmetry breaking of the particle rotations in external field in a certain range of excitation parameters.
Experiments reveal a rich collective dynamics of magnetic rollers including a formation of chiral (polar) states
and flocks [2]. On the basis of experiments and simulations we also demonstrate that a ferromagnetic roller
gas exhibits normal (Fickian) diffusion with a linear in time growth of the mean-squared displacement, while
statistics of displacements remains strongly non-Gaussian. The phenomenon is attributed to the strong hetero-
geneity of the local diffusive properties in this active system facilitated by the presence of long-range anisotropic
hydrodynamic and magnetic interactions. Self-organized roller vortices have an ability to spontaneously switch
the direction of rotation and move across the surface. We reveal the capability of certain non-active particles
to pin the vortex and manipulate its dynamics [3]. Complex multi-vortex states in magnetic roller liquids are
revealed.

The research was supported by the U.S. Department of Energy, Office of Science, Materials Sciences and Engi-
neering Division.

1. A. Snezhko, I. Aranson, “Magnetic manipulation of self-assembled colloidal asters”, Nature Materials 10, 698
(2011).

2. A. Kaiser, A.Snezhko, I. Aranson, “Flocking ferromagnetic colloids”, Science Advances 3, e1601469 (2017)

3. G. Kokot, A. Snezhko, “Manipulation of emergent vortices in swarms of magnetic rollers”, Nature Communi-
cations 9, 2344 (2018)
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The use of heat to cure cancer is very ancient. Nowadays, many techniques enable to precisely deposit the
heat in very specific body regions thus providing more efficient heat treatment with less side effects. Among
those methods, “magnetic hyperthermia” exploits magnetic nanoparticles as heat agents that can be excited
under alternating magnetic fields (AMF). There are field intensity and frequency conditions of the AMF that are
applicable in clinic, as they are safe for patients, and can excite magnetic nanoparticles with no limitations on
the tissues and body penetration. In addition, magnetic nanoparticles that show superparamagnetic behavior
at body temperature are also ideal carries for drugs or other therapeutic elements such as radioisotopes.

This talk aims at providing an overview of our ongoing research activity to combine magnetic hyperthermia
with other clinical accepted therapeutic modalities (i.e. chemotherapy and radiotherapy). This presentation
is divided into three sections. In the first one, I will focus on our progress on non-hydrolytic methods for the
preparation of magnetic nanoparticles with optimal heat performance in MH. Our goal is to achieve the control
on size, size distribution and crystallinity that in turn, enable to control the structural and magnetic properties
of the magnetic nanoparticles. In a second part, I will report about our in vitro study on tumor cell models to
determine the magnetic hyperthermia effects, with or without the association of chemotherapeutic drugs, on
different subpopulations of cancer cells. In addition, our efforts to target magnetic nanoparticles towards can-
cer cells by means of antibody fragments and to combine platinum-based drug delivery therapy and magnetic
hyperthermia will be discussed. Finally, in a third part, I will discuss our preclinical results to evaluate the
magnetic hyperthermia efficacy of some of our magnetic materials on xenograft murine tumor model and the
bio-distributions of some of the best performing materials we have developed.
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The development of renewable energies is an essential requirement for a future sustainable world. However,
both solar and wind power energies are intermittent The power-to-gas approach transforms CO; into methane
using hydrogen produced by electrolysis. However, to-date large production units are required which take a
long time to start and stop and are therefore not well fitted to intermittence. One idea to circumvent this prob-
lem is to use magnetic and catalytic nanoparticles which could be heated by magnetic induction. Thus mag-
netic heating is instantaneous, in principle the best way to transform electrical energy into heat and therefore
well adapted to intermittence. For this purpose we have developed in Toulouse a new generation of iron car-
bide nanoparticles of unprecedented heating power. The particles are prepared by carbidization of preformed
monodisperse Fe(0) nanoparticles under a CO/H2 atmosphere at 150°C. They consist essentially of crystalline
Fe2.2C, display a SAR (heating power) of up to 3.3 kW/g and are able to hydrogenate CO, into methane in a flow
reactor after addition of a catalytic Ru or Ni layer and excitation by an alternating magnetic field
The lecture will present the synthesis of the particles, their magnetic properties, their surface modification to
deposit a catalytic layer and the development of a flow reactor for selective hydrogenation of CO, into methane.
Further developments of the technique in solution or for electrochemical reactions will be mentioned.

Selected recent publications : * A Meffre, et al. Nano Letters 2015, 15, 3241
* A Bordet, et al. Angew.Chem.Int. Ed. 2016, 55, 15894

* C. Niether, at al. Nature Energy 2018, 3,476

*].M.. Asensio, et al. Nanoscale, 2019, 11, 5402

* C. Garnero,et al. Nano Letters 2019, 19, 1379
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Particle size distribution and magnetic field induced particle aggregation are essential features both of fer-
rofluids and magnetorheological fluids. The extremely bidisperse ferrofluid based MR fluids come into play
with completely new features in what concerns particle structure formation and yielding behavior depend-
ing on the composition adjusted on two hierarchical levels. By careful tailoring the composition and structure
at nano and micro level the characteristics of magnetically controllable fluids are adapted to a wide range of
requirements, from high colloidal stability, practically agglomerate-free concentrated ferrofluids to high ki-
netic stability MR fluids. There will be summarized results of electron microscopy, X-ray photoelectron spec-
troscopy, vibrating sample magnetometry, small-angle X-ray and neutron scattering, dynamic light scattering
and magneto-rheometry investigations revealing the behavior of ferrofluids and magnetorheological fluids de-
signed for various applications. The applications will be exemplified by leakage-free rotating seals operating in
nuclear power units, a MR flow controller device in hydraulic machines and a hybrid semi-active MR damper
for earthquake protection systems.

10
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Dendronized iron oxide nanoparticles have been demonstrated to be, in vitro and in vivo, very good contrast
agents for MRI with a capacity to target melanoma after intravenous injection and a start-up is under creation.
However, in order to have sufficient quantities of such nanoparticles for clinical studies and/or to consider their
commercialization, it is necessary to develop production processes making it possible to produce them in large
quantities. Iron oxide nanoparticles are synthesized by the thermal decomposition process which consists in
the decomposition of an iron precursor in an organic solvent in presence of surfactants. The scaling-up of this
synthesis has required the selection of the most suitable iron precursor and a better understanding of the key
steps of the process. We investigated the first steps of the synthesis by analyzing the reaction media just after the
homogenization step by different characterization techniques such as cryoTEM, liquid AFM and SAXS and, by
following the germination and growth steps by in-situ TEM in a liquid cell. We evidenced thus that the formation
of NPs goes through the formation of original structures in solution in which the nucleation takes place. Inves-
tigations of the decomposition mechanism of different iron precursors combined with modeling showed that
the precursor’s nature and hydration rate strongly affect the thermal decomposition kinetic and yields which,
in turn, influences the NP size. We succeeded thus in increasing the synthesis and functionalization yield by 10
fold.

11
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Developing artificial swimmers at the nano- and microscale has emerged as a new class of active matter. These
mobile structures are opening up novel applications ranging from biosensing to drug delivery in environments
dominated by a low Reynolds number.! While keeping complexity low, such systems should also overcome the
influence of Brownian motion, viscous drag and various surface phenomena. Nature has inspired numerous
designs founded on the swimming patterns of microorganisms. Mimicking these features might thus enable
the design of structures that propel themselves by taking up energy from their surroundings and transforming
it into directed motion.” The controlled motion of these structures is thereby of interest for both fundamental
research and emerging applications. Within this approach, considerable research is focused on the design of
catalytically active Janus particles.!!! In general, the propulsion concept of these systems lies in the catalytic ac-
tivity of anisotropic artificial structures for fuel consumption only at one side of a particle, thereby producing a
chemical concentration gradient and steady-state flow of the surrounding medium that impulses the swimming
object forward, resulting effectively in self-propulsion.

Here, we present novel heterofunctional CoFe,0,@Pt nanostructures activated through a coupled chemical fuel
system based on the catalytic reduction of borohydrides. The nanostructures are prepared via a seed-mediated
growth process, which entails a stable interface linkage between the CoFe,0, and Pt domains.® The propulsion
is generated by a concentration gradient considering fuel and reaction products in the vicinity of the catalytic
nanoobject, and by railing their direction using a homogeneous magnetic field in order to reduce the predom-
inant rotational diffusion for nanoscoped swimmers. This investigation includes the systematic synthetic ap-
proach implemented to prepare nanostructures in a size range smaller than 50 nm, the development of a new
fuel system and the real-time tracking of the motion using dark-field light scattering microscopy.
Figurel.Schematic illustrations showing a) CoFe,0,@Pt nanostructures and b) fuel system proposed in this
research

Bibliography:[1] Sanchez, S., Soler, L., Katuri, J. Angew. Chem. Int. Ed. 2015, 54(5), 1414-1444. [2] Wang, J.
Nanomachines: fundamentals and applications. John Wiley & Sons, 2013. [3] Effertz, M., Dissertation, Univer-
sitdt zu Koln, 2017.
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Owing to their magnetic properties, iron oxide nanoparticles are of considerable interest for applications in
medicine, from imaging to therapy, and in high-density data storage. In the case of small particles though, the
so-called superparamagnetic limit is reached and the relevant magnetic properties lost. Retaining appealing
magnetic properties (blocking temperature, coercive field) while maintaining a small nanoparticle size (i.e.
forhigh-density data storage) has thus proved a highly challenging task. However, in these small nanoparticles,
the magnetic properties are predominantly governed by the magnetic anisotropy. Modifying it represents thus
one of the best approaches to improve the properties.

Alternatively we have recently been investigating a novel synthetic strategy to enhance the magnetic properties
y-Fe203 nanoparticles. Our synthetic strategy is based on the direct coordination of magnetic molecular com-
plexes to the surface of the nanoparticles. Using molecular complexes as the enhancing-unit is a straightforward
approach to improve the nanoparticles properties, i.e. more tahn 10 times the coercitive field and threefold the
blocking temperature.

This strategy was succesfully applied to several complexes sharing the same Cobalt II ions surrounded by or-
ganic ligand that give the complexe several conformations. This will give us the opportunity to envisage those
assemblies as new building blocks for applications in catalysis or even data storage.
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Metachronal waves are ubiquitous in natural cilia carpets. The emergent phenomena, originated from the
phase difference between neighboring self-beating cilia, are essential for biological processes including locomo-
tion, liquid transport, feeding and cell delivery. However, the understanding of such a large number, complex,
under-actuated active system is limited especially from the experimental side. Here we report a robotic system
of magnetically-actuated soft artificial cilia carpets with programmable metachronal waves. The soft cilia car-
pets can stretch and fold to conform curve surfaces in the magnetizer to encode magnetization patterns. The
artificial cilia carpets show antiplectic metachronal waves with programmable wavelengths. By putting cilia
carpet into the viscous liquid, we directly observe that metachronal waves promote efficient fluid transport
near carpet surfaces, thus experimentally supporting the theoretical prediction. Furthermore, we develop a
soft robot using metachronal waves to locomote inspired by the giant African millipede. This robotic system
not only provides highly customizable experimental tools to study emergent behaviors of cilia at microscopic

scales, but also implement bio-inspired functions on small-scale soft robots.
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It is known that a suspension of relatively large micron-size particles dispersed in a ferrofluid of much smaller
particles yields a magnetorheological fluid with superior properties. In the absence of applied field experiment
reveals the presence of a nanoparticle cloud surrounding each micron-size particle. This work derives a ther-
modynamic model of cloud concentration distribution. It is found that van der Waals forces predominate over
magnetic dipolar forces in forming the clouds. Additional analysis examines the influence of overlapping clouds
on the interaction between approaching micron particles.
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In most cases, magnetic properties of the NPs are predicted from the classical magnetic theories based on the
properties of the bulk counterpart. However, the discrepancy between the theoretical prediction and experi-
mental data that frequently encountered has been considered mainly due to particle size distribution and the
magnetic interaction between particles. In recent years, the advancement in the material synthesis and surface
modification technology has made the synthesis of MNPs with uniform shape, size and size distribution and
the surface modification techniques to coat each and every particle even at nanoscales has become possible.
Here, the synthesis of magnetite NPs of definite shape and sizes using the same synthesis technique. Then, we
also report the magnetic properties of particles with different sizes and shapes at nanoscale by measuring the
interaction-free magnetite particles by prepared by coating the same with non-magnetic silica layer of different
thicknesses. Furthermore, the magnetic anisotropic constants (Kes) of magnetite NPs with different shapes and
sizes were estimated from magnetic thermal decay curves. Among the magnetite NPs synthesized with different
shapes, but almost of similar size, spherical NPs exhibited the highest K.¢. On the other hand, in spite there was
no considerable difference in Kegbetween octahedral shaped NPs with different sizes, the value increased for
spherical particles for any decrease in their size. Details of synthesis techniques and magnetic evaluation will
be reported.

References

* M. Fukunaga, I. Furukawa, Jhon Cuya, H. Mamiya and B. Jeyadevan, 20th Intl. Conf. on Magnetism, Spain,
2015

* H. Fukumoto, H. Mamiya, Jhon Cuya,K. Suzuki, H. Miyamura, B. Jeyadevan, Japan Magnetic Fluid Asso-
ciation Meeting, p. 25-27, 2018
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Being an element-specific resonant absorption technique, Moéssbhauer spectroscopy is often applied to study a
material’s magnetic structure, spin orientation and local electronic properties. As it utilizes the optical Doppler
effect to measure shifts in the resonant absorption energies, Mossbauer spectra also reflect particle motion on
the nanosecond timescale, thereby being able to provide information on nanoparticle dynamics in ferrofluids
and soft matter composites [1].

In this study, we focused on ferrofluids containing spherical magnetite-maghemite nanoparticles with core di-
ameters of ca. 5 - 25 nm and a coating thickness of ca. 5 nm in 70 vol% glycerol solution to illustrate the
set of static and dynamic parameters accessible via Mdssbauer spectroscopy. Detailed complementary AC-
susceptometry mappings at 5 - 300 Kand 0.1 — 1500 Hz displayed predominant Néel-type relaxation in particles
of ca. 5 and 15 nm core diameter, while larger particles exhibit magnetic relaxation via Brownian motion only.
For each of the samples, a series of Mdssbauer spectra was recorded at ca. 230-270K, to study the fluids at a wide
range of dynamic viscosities, and in external fields of up to 0.5 T applied either perpendicular or parallel to the y-
ray propagation direction. Doing so, we could simultaneously characterize the particles’ Néel-type relaxation,
by analyzing the asymmetric line shape deformation up to the collapse of the sextet to a superparamagnetic
doublet structure, and quantify Brownian particle motion via the absorption line broadening. Additionally, we
could infer the average field-dependent particle alignment and degree of surface spin canting by analyzing the
variation in relative line intensities and estimate the particles’ coating thickness by comparing experimental
and calculated diffusion coefficients. For one of the ferrofluid samples, particle agglomeration was detected.
The average agglomerate size of the 22 nm particles was determined from temperature-dependent line broad-
ening to ca. 70 nm, while agglomeration could also be deduced from the trend in field-dependent alignment,
deviating from the standard Langevin model [2].

[1] J. Landers et al., Nano Lett. 16, 1150 — 1155 (2016)
[2] J. Landers et al., ACS Appl. Mater. Interfaces 11, 3160 - 3168 (2019)
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We used small-angle neutron scattering (SANS) with a complete longitudinal neutron-spin analysis (POLARIS
[1]) to analyze directional correlations between the magnetic moments of iron oxide nanoparticles aggregated
to clusters. We present here the results for two different samples, namely sample 1, which is a powder of
nearly monodisperse single-domain particles (from [2]), and sample 2, which is a powder of so-called magnetic
nanoflowers (synomag®-D, micromod Partikeltechnologie GmbH, Germany from [3]).

At small magnetic fields, sample 1 behaves macroscopically as a superparamagnet [2]. As a result, the detected
spin-flip (i.e. purely magnetic) SANS cross section exhibits the expected pattern for a random distribution of the
particle moments (Fig. 1(c)). However, analysis of the low-q SANS data reveals a tendency for magnetic anti-
correlations (i.e. antiferromagnetic-like correlations) between neighboring particle moments (Fig. 1(d)). These
anticorrelations are a result of dipolar interactions and exist despite the thermal fluctuations of the moments,
which can be confirmed by kinetic Monte-Carlo simulations.

Here, we present additionally the POLARIS results of sample 2, the nanoflower powder. The individual par-
ticles are preferentially magnetized along one direction but, due to their nanocrystalline substructure, their
internal magnetization is disordered [3]. They excel during magnetic hyperthermia experiments, which can
be attributed to significant internal spin relaxations at high frequencies, and which we explain by the before-
mentioned spin disorder. In powder form the nanoflowers aggregate, and by analysis of the magnetic SANS
data of sample 2we can reveal the influence of dipolar interactions on the moment correlations of neighboring
nanoflowers within particle clusters. These results may be in particular of importance with regard to biomed-
ical applications of such nanoparticles, considering their tendency for aggregation in cellular environments
[4].

[1] D. Honecker et al., Eur. Phys. J. B'76 (2010) 209.

[2] P. Bender et al., Phys. Rev. B 98 (2018) 224420.

[3]1 P. Bender et al., J. Phys. Chem. C 122 (2018) 3068-3077.

[4] R. Di Corato et al., Biomaterials 35 (2014) 6400-6411.
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Magnetorheological elastomers (MREs) are composite materials made of magnetizable metallic particles em-
bedded in a soft elastomeric matrix. They belong to the class of smart or active materials since some of their
properties, in particular their stiffness, can be modified by the application of an external stimulus, a magnetic
field in their case. In the presence of a magnetic field, they can also exhibit large deformations. Hence they
stand as promising candidates for a large number of engineering applications linked to tunable damping, non-
contact actuation, morphing surfaces or artificial muscles. The simplest form of MRE samples are isotropic due
to a homogeneous dispersion of magnetizable spherical particles in their matrix but curing these composites
under magnetic fields can impart them with anisotropic properties through the creation of particle chains in
the direction of the curing field.

To our knowledge, there exists no precise and complete characterization of the fully-coupled magneto-
mechanical response of MREs, which hinders the further design of MRE-based devices and the validation of
magneto-mechanical models. The purpose of the present work is to develop a coupled experimental/numerical
methodology for characterizing and modeling the coupled magneto-mechanical behavior of isotropic soft MREs
that can sustain large deformations.

The first part of the presentation will introduce sample fabrication, including the question of interfacial adhe-
sion between the magnetizable particles and their host soft elastomeric matrix. In the second part, the experi-
mental setup (see Figure 1) developed to characterize the behavior of MREs under coupled magneto-mechanical
mechanical loadings will be presented along with experimental results. Finally, a continuum phenomenologi-
cal model of isotropic MREs will be introduced and it will be shown that an additional 3D finite-element model
is necessary to identify the parameters of the model from the experimental data previously acquired.
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By incorporating magnetic particles into matrices of elastomers smart materials are created, whose stiffness can
be manipulated by applying a magnetic field. Most commonly silicon-based elastomers are utilized because of
their inertness and robustness, which makes them easy to handle. As a drawback it is not simple to chemically
modify them for further functionality. Hydrogels on the other hand offer a great variety of stimuli-responsive
behavior. They are polymeric or colloidal networks, which contain water as a swelling agent. Their highly wa-
ter absorbing properties and excellent biocompatibility are the reasons they are used as super-absorbers and
contact lenses, while further applications in biomedicine and sensorics are currently researched. In general
they show a swelling/deswelling behavior depending on external stimuli. In the case of nanocomposite hydro-
gels (NC gels), the brittleness of classical hydrogels is improved by using nanoparticles as crosslinking material.
Combining hydrogels with magnetic particles produces a multi-responsive hybrid material, allowing magnetic
manipulation while retaining the swelling-behavior. Because of the aqueous environment inside the hydrogel,
usually inert magnetite (Fe;04) nanoparticles are used, however, due to the lower permeability of magnetite
compared to pure iron, the resulting magnetic effects of the material are comparably small.

In our talk we will show results for the effects of micron-sized carbonyl-iron-particles (CIP) on the swelling be-
havior and rheological properties on hydrogels depending on an external magnetic field. For this we synthesize
a silica-coating on commercial CIP to prevent oxidization in the aqueous environment. A NC gel consisting of
N-isopropylarclamide and “Laponite RD” showing temperature-sensitive swelling-behavior with a reversible
lower critical solution temperature of around 32 °C is combined with the coated CIP to produce a new hybrid
material. In a modified Haake MARS III with temperature-controlled magnetic cell we can introduce a magnetic
field during dynamic mechanical analysis, thus allowing us to monitor time-resolved responses of the hybrid
material to a magnetic field. Additionally we perform X-ray y-computertomography of samples in steady states
to gain insights into the microstructure of the material and get further information of the particles on the single-
particle level.

Financial support by DFG in the RTG 1865 is greatfully acknowledged.
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Band gap studies for thin films of Co,CrAl deposited on Silicon and glass by DC sputtering were carried out em-
ploying Tauc plot. The procedures lead to a discovery of a forbidden transition in the band gap with an indirect
forbidden band gap value of 0.5252 eV. The magnetic measurement observations revealed the L2; structural
ordering and ferromagnetic nature of the film. The partial density of states (PDOS) of the electrons having up
and down spins in the crystal lattice is calculated employing density functional theory (DFT) calculations using
VASP code, as shown in the Figure 1 which is PDOS vs energy plot of Co,CrAl calculated using VASP code. The
optimized structure of Co,CrAl is shown in the inset of the Figure 1.

We have also observed the spin injection from Co,CrAl layer into an n-type Silicon (100) substrate. Upon
obtaining structural and magnetic characteristics we obtained I-V characteristics of the device so as to ascertain
the existence of a Co,CrAl/Si Schottky contact which lead us to infer spin injection phenomenon from Co,CrAl
into Silicon due to tunnelling through the lowered Schottky barrier [1, 2].

References
1. Ma, Q. L., Zhang, X. M., Miyazaki, T. & Mizukami, S., Sci. Rep. 5, 07863 (2015).
2. Bai, Z., Shen, L., Han, G. & Feng, Y. P, Spin 02, 1230006 (2012).
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The modulation of dielectric properties by external magnetic field is called magneto-dielectric effect. Soft fer-
rites are useful in many radio-microwave devices like circulators, isolators, phase shifters, filters, radar ab-
sorber and nonlinear devices due to their magneto-dielectric effects. These devices can be designed to replace
the bulk ferrite by magnetic fluid having ferrite nanoparticles to get benefit of flexibility in shape and tunable
properties. Frequency dependent complex magnetic permeability is determined for a laboratory synthesized
magnetic fluid containing magnetite nanoparticles using Vector Network Analyzer (VNA) in the frequency range
0.3 MHz to 3 GHz. The frequency dependence of real and imaginary component of complex magnetic perme-
ability of magnetic fluid at no applied external field is shown in fig (1). The real component ’ decreases with in-
creasing frequency and at resonance frequency (fres), W’=1. The imaginary component (u”) of complex magnetic
permeability increases with frequency, show a maximum at the absorption frequency (fmax). The responsible
mechanism can be explained by the relaxation of magnetic moments via either Neel’s or Brownian relaxation
under the influence of alternating field. Fig (2) and (3) show the frequency dependence of W’ and p‘component
with externally applied static magnetic field with various field strengths between 0 to 600 Oe. The W’ decreases
with increasing field strength in the low frequency region and it increases in the high frequency region of our
considered range. The p” peak shifts to high frequencies and its amplitude decreases with increasing field
strength. This change can be attributed to the structure formation inside the fluid. When the external static
magnetic field is applied, the magnetic moments will try to align in the field direction and form linear chain
structures. The effect of parameters like particle concentration, external static magnetic field with various field
strength and the static field orientation with respect to the EM wave propagation direction on magneto-dielectric
properties of magnetic fluid is studied in this work. The properties like Resonance frequency (fres), Absorption
frequency (fmax), loss tangent (tan §), Power loss, Heat generated, Reflection loss etc. are tunable with these

parameters.
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Ferrofluids are well-known for their spectacular instabilities and their numerous applications in various
domains. The highlight of ferrofluids results from the wide panel of chemical synthesis routes and the
possibility to functionalize nanoparticles. The magnetic nanoparticles of the most common ferrofluids are
MFe;04ferrimagnetic and MO antiferromatic (where M is a 3d transition element). Soft X-ray Magnetic Cir-
cular Dichroism (XMCD) is a powerful method to probe theses 3d elements thanks to its chemical and orbital
selectivity and its sensitivity to the valence states [1]. Thus, XMCD is a well appropriate technic for ferroflu-
ids because it allows to separate contributions of the different magnetic ions in nanoparticles [2] and in more
complex systems such as core-shell nanoparticles [3].

Despite the study of ferrofluids unsing several techniques (Mdssbauer spectroscopy, conventional magnetom-
etry, neutrons scattering...), Investigation of ferrofluids by soft XMCD is scarce compared to what has been
developed for the solid state phase.

The measurement of XMCD on a ferrofluids is a challenge since soft X-ray beamlines require ultra-high vacuum
(UHV) conditions. Up to now, all soft XMCD measurements were done on drop-casted ferrofluids on neutral
substrate [2]. Developing a cell for liquids for XMCD on ferrofluids becomes necessity because it will offer to
ferrofluids community a wide panel of investigations such as the probe of isolated or correlated nanoparticles,
binary ferrofluids.

We present here the development of a compact liquid cell that is compatible with UHV environments of soft
XMCD and with the most ferrofluids. This liquid cell (fig.1) consists in two 100 nm thick Si;N, membranes that
are separated by a 4 pm thick spacer which defines the sample volume. Two holes define the inlet-port and the
outlet-port allows filling and refreshing the liquid during experiments. A photo-diode mounted at the rear of
liquid cell allows the measurements of the transmitted X-rays through the liquid. This liquid cell is tested and
very soon it will be mounted on the end-station of DEIMOS Beamline for final commissioning.

[1] Ohresser at al. RSI, 85(1): 013106. (2014).

[2] Daffé et al. J]MMM 460: 243-252. (2018)

[3] Skoropata et al. PRB 89, 024410 (2014)
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Nanoferrites low electrical conductivity, eddy current losses, high thermal, chemical and mechanical stabil-
ity, wear resistance and catalytic activity have been explored for applications in the fields like hyperthermia,
imaging, biological, chemical sensor, ferrofluids, high density data storage and EMI shielding etc. The phase
transition from superparamagnetic (SPM) to ferri/ferro magnetic state or vice versa with temperature variation
depends on particles size. Lanthanum (La®") ions doped nickel ferrite nanoparticles of different compositions
were synthesized by sol-gel method and characterized by various analytical techniques. La®" ions substitution
induces dislocation and deformity in lattice to soften the lattice. XRD patterns confirmed the polycrystalline
nature of nanoparticles with no extra phase as per JCPDS card no. 071-1232 with increase in lattice constants
on substitution of larger ionic radii La%" ions at Fe®* sites. n; Fe-0 stretching vibration of A- (Tetrahedral) and v,
Fe-O of B- (Octahedral) sites are observed at 598 cm™ and 419 cm™ respectively in IR transmission spectra. The
broadening of both stretching vibrational modes with La®" ion content is attributed to the reduction in grain size
arising from the lattice distortion by cation distribution, interactions among nanoparticles and La3" ion concen-
tration. On increasing La®" ion concentration, the variations in the intensity of v; band are more pronounced
as compared to v,band which confirms the preferred substitution of La®* ion at octahedral site by expanding
the B-site radii. FESEM micrographs exhibit the homogeneous and agglomerated nanoparticles pattern of these
doped analogues. EPR spectra exhibit broad ferromagnetic signal with no characteristic peak of SPM feature.
The peak to peak line width and g-value increases with increasing La®" ion concentration in samples. These
morphological and magnetic properties can be exploited for their use in the development of stable ferrofluid
for heat sink application and as sensing electrode in chemical/bio sensors.
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Development of electromagnetic applications demands continuous synthesis and studies of engineered materi-
als. Recently, the realisation of a ‘meta-skin’ that uses split-ring resonators of liquid-metal embedded inside a sil-
icon elastomer matrix has been reported [1]. Since ferrofluids are materials characterized by magnetic, electric
as well as liquid properties and these properties can be magnetically tuned, they can be used in making various
engineered materials with electromagnetic applications. Thus studies focused on the behaviour of microwaves
propagating through ferrofluids, or when engaging with structures involving thin films of ferrofluid, are useful
for applications.

Frequency (f) and field (H) dependencies of the complex magnetic permeability u(f, H) = @’(f, H) - i p”(f, H) and
complex dielectric permittivity e(f, H) = €, H) - i €”(f, H) of a kerosene based magnetic fluid with magnetite
particles, over the approximate frequency range 0.5 - 6 GHz and in various polarizing field, from 0 to 100 kA/m,
have been measured by the technique reported in [2].

Based on these measured parameters, we present a study of the design of magnetically tunable propagation
characteristics of some possible structures with thin films of ferrofluid.

References
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In general, the optical properties of nano-dispersive structures are very different from the properties of the bulk
materials and depend on the structural parameters: the occupancy of the volume of the ultrafine medium with
nanoparticles (q), the size and shape of the particles (f), the order of the particles, the properties of the medium,
surrounding nanoparticles (ew).

In the present paper, using the discontinuous Ni films and magnetite magnetic fluids as examples we consider
theoretically and experimentally the influence of the structural parameters on the optical properties of the
nano-dispersive structures. The optical spectra strongly depend on composition and dielectric constants of
particles and matrix. In its turn the dielectric constants are functions of the structural and electronic parameters
and can differ from those for corresponding bulk materials. Thus optical spectra investigations can give very
useful information about structural parameters of the ultrafine structures. In this work the optical properties of
nano-dispersive structures are represented within the theoretical Maxwell-Garnett model. The behavior of the
optical spectra of thin Ni films was explained in the framework of the effective medium approximation in two
cases: g<0.5 and 0.5< g<1. In this approach an effective refractive index (n+ik) of the nano-dispersive structures
can be calculated as a function of the en, g, and particle shapes. These calculations proved a good agreement
between the experimental and the theoretical results.
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An old idea to generate a liquid ferromagnet was that by introduction of ferromagnetic nanoparticles in a ne-
matic liquid crystal one could create a phase showing simultaneously ferromagnetic and nematic ordering [1].
Only recently this phase was successfully experimentally realized [2].

The ordering in a ferromagnetic nematic liquid crystal is described by two fields: the director field n, which de-
scribes an average orientation of the molecules of the liquid crystal, and the magnetization field M, describing
an average orientation of the magnetic moments of the magnetic particles. Unlike usual nematics, the ferro-
magnetic phase is sensitive to very small magnetic fields. Measurements of the statics and the dynamics of a
ferromagnetic nematic were performed on a sample confined between two parallel plates and were modeled
using the existing macroscopic theory [3]. From the dynamic measurements of the intensity of the transmitted
light, we found that the dissipative cross-coupling between the director and the magnetization plays a crucial
role to explain the data [4].

To understand the dynamic behavior of a system it is necessary to measure the rheological properties. An
important property of magnetic liquids is the ability to control the viscosity using an external magnetic field. Ina
usual nematic liquid crystal the typical magnetic fields needed to increase the viscosity appreciably are of order
of 0.5 T, which is due to the small anisotropy of the magnetic susceptibility. We show that in a ferromagnetic
nematic the viscosity can be doubled using a magnetic field of order of 10 mT [5].

We thank the Deutsche Forschungsgemeinschaft for partial support through the Priority program 1681.
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Colloidal dispersions of maghemite (yOFe,03) nanoparticles (NPs) are here stabilized on polar solvents, water
or dimethyl sulfoxide (DMSO), by applying a new process of preparation. Departing from the point of zero
charge (PZC), the NPs are easily charged in a controlled way by adding acid or base solutions in order to tune
the NP/solvent interface [1]. The relationship between colloidal nanostructure and thermodiffusive properties
of these dispersions is explored varying the nature of the NPs’ surface, the sign of its charge and the nature of
the counterflions [2]. An appropriate comprehension of the surface charge is a crucial point to control the inter-
particle interactions and thermoelectric properties [3,4]. Thermodiffusive physical process is often investigated
on ionic species dispersed in polar solvents and its understanding is indispensable to look into thermoelectric-
ity applications [5,6]. Thermodiffusion measurements is here performed through a Rayleigh Forced Scattering
(RFS) experimental method [7] applied to concentrated colloids (@ > 2 %). Strong specificities are evidenced
on the interparticle repulsion and on the Ludwig-Soret coefficient, associated to the nature of the counterQions
and of the solvent. Analytical scattering techniques (DLS and SAXS) are used to measure the strength of the
interparticle repulsions and to understand the nanosctructure.
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Magnetic Multicore Nanoparticles (MCNP) consisting of multiple, densely packed iron oxide cores are of high
interest for different medical applications [1]. To tune their magnetic and structural properties, the influence
of parameters used for their synthesis has to be understood.

Therefore, we investigated the influence of different synthesis parameters on particle formation and character-
ized the resulting MCNP based on their core and cluster structure, size (transmission electron microscopy: TEM,
X-ray diffractometry: XRD), phase composition (XRD), magnetic properties (vibrating sample magnetometry) as
well as hydrodynamic size and size distribution (dynamic light scattering).

The MCNP were prepared by adding an alkaline medium (NaHCOs solution) to an iron salt solution (FeCl, and
FeCl;) followed by a heating step to remove CO,. During synthesis the following parameters have been var-
ied: concentration of iron salt solutions, ratio of Fe** to Fe®" ions, addition rate of alkaline medium, reaction
temperature, boiling method and the way to remove salts after the synthesis.

By altering the ratio of Fe** to Fe*" ions, we found that the optimum ratio is around the stoichiometric ratio of
magnetite. Increasing the total concentration of iron salt increases cluster sizes. As main key parameters to
tune particle characteristics we found the addition rate of the base and the reaction temperature. Decreasing
the addition rate and/or increasing the temperature leads to an increase in core and cluster size. Combining
the variation of both parameters allows the preparation of clusters (TEM) from 30 to 90 nm with hydrodynamic
sizes from 100 to 240 nm and core sizes between 11 and 21 nm. For the magnetic properties an increase of
coercivity up to 8 kA/m (Fig.1) is obtained for increasing core and cluster size. Mg remains constant at around
65 Am?/kg for a wide range of parameters. By these procedures we are able to prepare magnetic nanoparticles
with tunable magnetic properties in the transition range of superparamagnetism to ferrimagnetism.
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The acoustic spectroscopy was used for the study of structural changes of the multi-walled carbon nanotubes
(MWCNT) functionalized by magnetic nanoparticles Fe304 diluted in the transformer oil under the influences
of a magnetic field at various temperatures. Chemical vapor deposited MWCNT were purchased from Sigma
Aldrich Co. (length around 1 um, the outer diameter 25 nm and the wall thickness approximately 1 nm).
MWCNT/ Fe304 composites were prepared in two steps; a) functionalization of MWCNT with carboxyl groups
and b) subsequently labeling with magnetic nanoparticles. The measurements were done at different jump
changes, a linear increase or decrease of the magnetic field and the application of constant magnetic field with
the change of its orientation to the acoustic wave. The creation of new structures from nanotubes with nanopar-
ticles by the presence of the magnetic field was confirmed by changes of the acoustic attenuation. Using this
experiment, we have therefore confirmed that originally non-magnetic carbon nanotubes functionalized by
magnetic nanoparticles can interact with a magnetic field (Fig. 1). From the measurements results that the
lifetime (< 30s) of structures after switch off of the magnetic field was minimal. Such a rapid change can be due
to the fact that nanotubes structures are held by magnetic forces resulted from the same direction of magnetic
moments of magnetic nanoparticles. Our experiments have shown that a minimum magnetic flux density of
100 mT was required for the basic reorientation of multi-walled carbon nanoparticles with magnetic nanoparti-
cles. At a linear change of the magnetic field was observed hysteresis effect which was temperature dependent.
The effect of anisotropy of the acoustic attenuation was observed and its analyzation was done. Three types of
the concentration of MWCNT/ Fe304 in transformer oil for the measurements were used and their influence on
structural changes at various development of the magnetic field are discussed.

Fig. 1: The dependence of acoustic attenuation changes for the jump change of the magnetic flux density to 200

mT measured at various temperatures.
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Memory effect shown by soft materials has attracted considerable research attention for its fundamental
as well as applied aspects. Such effect refers to the ability of material to maintain switched state even after
the removal of external stimulus. Scientists have been drawn to the study of liquid crystals, as a member
of soft-matter family, due to their fascinating electro-optical properties and also the soft memory behavior.
The presence of nanoparticles in liquid crystal media has achieved the success in many fields of soft matter
research, where the combination of unique properties of nanoparticles with the anisotropy of liquid crystals
provides new opportunities for novel materials.

Fig.1. Tuning of nonvolatile effect by presence of magnetic nanoparticles [1].

In the presentation will be discussed experimental results of dielectric properties for aerosil non-magnetic
nanoparticles as well as their mixtures with magnetic nanoparticles in calamitic liquid crystal confirmed
through capacitance-voltage measurements. On dispersing a small quantity of aerosil nanoparticles into liquid
crystal media, the prepared hybrid exhibits a non-volatile memory effect in nematic phase at ambient tempera-
ture. Moreover, the observed hysteresis effect can be tuned by embedding small amounts of magnetic nanopar-
ticles. The memory state can be even erased by heating the samples to isotropic phase and again restored to its
initial state by passing through the phase transition.
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Experimental studies are reported focusing on the dynamic ac magnetic susceptibility of a ferronematic (i.e., a
nematic liquid crystal doped with magnetic nanoparticles). It was found that a weak dc bias magnetic field (a few
Oe) applied to the ferronematic in its isotropic phase increases the ac magnetic susceptibility considerably. Passage
of the isotropic-to-nematic phase transition resets this enhancement irreversibly (Figure 1), but can be reinduced by
applying the dc bias field again in the isotropic phase [1]. The effect has no analogue in the neat host liquid crystal.
A model based on aggregation and disaggregation of the nanoparticles is proposed as an interpretation. It is
demonstrated that tuning the concentration of the magnetic nanoparticles, the range of the dc bias magnetic field
to which the ferronematic is sensitive without saturation can be increased by about two orders of magnitude [2].
This finding paves a way to application possibilities, such as low magnetic field sensors, or basic logical elements
for information storage.

Figure 1 The temperature dependence of the ac magnetic susceptibility of the ferronematic.
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Two kinds of magnetoresponsive nanomaterials, water based magnetic fluids and magnetoresponsive
nanocomposites were studied in the given work. It is well known that steric stabilized water based ferrofluids
with biocompatible surfactants are usually of limited concentration, up to approx. 5% volume concentration of
magnetic nanoparticles. There are only a few successful attempts to increase the volume fraction of dispersed
magnetic nanoparticles in order to increase the saturation magnetization of water based magnetic fluids, espe-
cially in case of steric stabilization. A possible reason is the micelle formation of the free (excess) surfactant in
solution [1].Recently more concentrated water based magnetic fluids were obtained at the Laboratory of Mag-
netic Fluids from Timisoara. The main goal of the work was the detailed structural investigation of magnetite
nanoparticles clusters with tailored size, composition, magnetic properties and appropriate design of surface
properties. High magnetization magnetic clusters have been obtained by solvothermal method [2]. This method
allows for tailoring cluster and the crystallite size by variation of the synthesis conditions. Thus, our investi-
gated samples have cluster size within the range 50-150 nm and crystallite size about 15-30 nm depending on
reaction conditions. The synthesized magnetic nanoparticles clusters were thoroughly characterized by several
advanced techniques. Small-angle neutron scattering investigation was done to study the internal structure of
the magnetic clusters, the arrangement of nanoparticles inside the cluster, the uniformity of the nanoparticles
coating shell.
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Physics and technology of magnetorheological elastomers (MREs)—compositions of various soft polymer ma-
trices with micron-sized magnetic particles—undergo continuing development. The fundamental part of this
work—understanding of macroscopic properties and structural features of those systems in dependence on
such factors as the synthesis processes, composition content, rheological characteristics of the matrix, meso-
scopic spatial order of the particles as well as the electrical and magnetic susceptibilities of the latter, is nowa-
days in high demand and extensively progressing.

Polarized neutron beams transmitted through magnetic media, provide an extremely sensitive intravision tool
to find and investigate the mesoscopic-scale inhomogeneities of the local magnetic fields in MREs. When a
neutron passes through or in a close vicinity of a magnetic cluster, the neutron spin is subjected to the Larmor
precession around the local magnetic induction vector. Due to that, the neutron experiences depolarization,
i.e.,, a perturbation that distorts the state of its spin in comparison with the in the incident beam. Therefore,
from the depolarization curve, the dispersion of the magnetic induction inside the sample could be extracted
and, on this grounds, the conclusions on the internal magnetic structure of a given MREs may be drawn.

In this work we report the results of measuring the time of flight (TOF) neutron depolarization (ND) effect
at Larmor precession [1-4] carried out on two different types of magnetorheological elastomer samples and
analyze the revealed differences in their magnetic structure.

The ND TOF data were obtained on the polarized neutron spectrometer REMUR installed at the pulsed reactor
IBR-2 operated by the Frank Laboratory of Neutron Physics at JINR (Dubna).
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Addition of magnetic nanoparticles to nematic liquid crystal in order to increase liquid crystal sensitivity is
known for almost fifty years. Number of experimental and theoretical papers showed that nanoparticles mod-
ify various liquid crystal properties, such as magneto-optical properties, electro-optical properties, Fréedericksz
transition threshold, phase transition temperature, etc. Previous articles [1,2], both experimental and theoret-
ical, showed that isotropic to nematic phase transition temperature is shifted in ferronematics with spherical
nanoparticles to lower values, while magnetic nanoparticles in the shape of rods shift the isotropic-nematic
transition of nematics to higher values. Moreover, the effect is enhanced with increasing nanoparticle con-
centration. Monotonic dependence for spherical nanoparticles and non-monototic dependence for rod-like
nanoparticles obtained in experimental work [2] have been explained by additional contribution of organic
surfactant, which prevents the nanoparticle aggregation. The influence of surfactant on isotropic-nematic tran-
sition has not been studied yet, the papers devoted to surfactant effects were mainly focused on composites
stability.

We report about surfactant effect on isotropic to nematic phase transition temperature in composite based on
4-cyano-4-hexylbiphenyl liquid crystal (6CB) and oleic acid coated spherical iron oxide nanoparticles. Since the
amount of surfactant increase with nanoparticles volume fraction, composites with volume fractions up to 10
had been studied. Optical measurements, differential scanning calorimetry (DSC) measurements and capaci-
tance measurements were employed to examine isotropic-nematic transition temperature of composites. The
methods showed non-linear decreasing of isotropic-nematic transition temperature with increasing nanopar-
ticle concentration and non-monotonic dependence of isotropic to nematic phase transition temperature on
nanoparticle size. In addition, the shifts were significantly larger than it was predicted by theory [1]. Therefore,
surfactant effect on isotropic-nematic transition was investigated. Transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) showed non-uniform oleic acid layers and from the size distributions the
volume fractions of oleic acid were determined. Although the oleic acid prevents nanoparticle aggregation, the
results indicate that the oleic acid surfactant modifies isotropic-nematic transition temperature significantly.
1. M. V. Gorkunov, M. A. Osipov, Soft Matter. 7 (2011) 4348-4356.
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Goethite is an iron-oxide hydroxide. It is inherently anti-ferromagnetic in nature and thus often overlooked
when it comes to magnetic materials. Nevertheless, the material shows interesting magnetic properties when
scaled down to nanometer size. In this work we present goethite nanorods with a tunable aspect ratio. These
rods align perpendicular to strong magnetic fields, because of the negative anisotropy of their magnetic suscep-
tibility, but they align parallel to weak magnetic fields due to orientable surface moments.

The nanorods are synthesized by a hydrothermal approach in two steps. The starting point are precursor par-
ticles made from akaganeite, another iron-oxide hydroxide. These are mixed with polyvinylpyrrolidone (PVP)
which acts as a stabilizing and growth guiding agent during the hydrothermal treatment. The solution contain-
ing the PVP coated particles is then adjusted to a pH value of 12 by sodium hydroxide and stirred for two hours.
After this initial waiting period the particles are transferred into a stainless-steel autoclave reactor lined with
teflon. The teflon reactor is sealed and pressurized with nitrogen up to a final pressure of ten bar. The mixture
isheated up to 160 degrees and stirred for varying amounts of time. The amount of time depends on the desired
aspect ratio. We found that short reaction times yield very long particles with an aspect ratio of up to 21, while
prolonged reactions yield shorter particles with an aspect ratio of 5. (Figure 2)

The orientation of the particles inside a magnetic field was confirmed by small angle x-ray scattering (SAXS).
(Figure 1) After the synthesis the particles were coated by a silica shell, which gives the advantages of easy
functionalization and prolonged stability in different media.

Particles with and without silica shell were introduced into a thermoresponsive matrix, consisting of N-
isopropylacrylamide. The popular polymer pNIPAM undergoes a coil to globule transition around 32 °C and
can be used in biomedical applications. We studied the interactions between the goethite nanorods and the
polymer matrix by observing the orientation with and without the matrix present.

We think this work gives some valuable insights into the interesting dynamics of goethite nanorods.
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Figure 2: SAXS images showing the scattered intensity A: without an applied magnetic field, B: with an
applied field of 75 mT and C: with an applied field of 1.1 T. The magnetic field was applied horizontally.

Figure 1: TEmi of goethite i ized in a reactor. A: Particles after 2
hours with an aspect ratio of about 12. B: Particles after 6 hours with an aspect ratio of about 5.

Saxs images of goethite in a magnetic field.png

Temicrographs of goethite nanoparticles.png
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Nanoferrites are extensively explored materials owing to their wide range of applications in the fields of mag-
netic fluids, high-density information storage, microwave devices, EMI shielding, gas sensor and biomedical
as target drug delivery and magneto hyperthermia, imaging, etc. The versatile magnesium ferrite has high
magnetic permeability and electrical resistivity with low dielectric losses. Magnesium and copper have strong
preference for the tetrahedral and octahedral sites respectively. Copper ferrite forms normal spinel ferrite
structure and magnesium ferrite forms inverse spinel ferrite. Mg-Cu composite ferrites have mixed spinel
structure. Soft MgxCu;xFe,04(00 x01) ferrite nanoparticles were prepared by facile chemical co-precipitation
method. The structural details and other physical properties of these samples were characterized by using pow-
der X-Ray diffractometer, FTIR, TEM, EPR and VSM techniques. XRD patterns confirmed the single-phase cubic
spinel structure of nanoparticles with no extra phase and crystalline size lies in the range 8-20 nm. It was found
that the lattice parameter decreases with increasing cation substitution of Mg?* due to the difference in atomic
mass and ionic radius. IR transmission spectra showed characteristics tetrahedral and octahedral Fe-O stretch-
ing bands at 565 cm™and 418 cm™ respectively. EPR spectra of all the samples exhibit a ferromagnetic single
broad resonance signal which shifts to the higher field on increasing Mg ions concentration. The spin concen-
tration and saturation magnetization decreases with increasing Mg*‘ion concentrations. These properties of
magnesium doped copper ferrite are found to be suitable for microwave absorption application.
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Magnetic fluid (MF) is colloidal solution stably dispersing surfactant coated magnetic nanoparticles in either
polar or non-polar solvents. However, depending on the size of the particles or strength of magnetic field
nanoparticles in the solvent aggregate or self-organize by long-range dipole-dipole interactions under exter-
nal magnetic field and magnetic field-free conditions. Although attempts have been made to understand the
behavior of nanoparticles in MF through theory and simulation by many researchers over a couple of decades,
experimental evaluation of the internal structure of MF is also necessary for a complete understanding. Exper-
imental research of self-assembled structure in magnetic fields and lower temperatures are often evaluated by
using small angle X-ray scattering (SAXS) and cryogenic transmission electron microscopy and the formation of
chain-like structures has been confirmed. However, in most of the cases, a detailed analysis is difficult due to
the polydispersity of the particles. Thus, in this study, the formation of nanoparticle structural characteristics
under magnetic field strengths using MF suspension dispersing monodisperse particles with different diameters
and solid concentrations.

Magnetite nanoparticles (MNPs) were synthesized by heating iron (0) acetylacetonate, in a mixture of oleic
acid and oleylamine. MNPs with average diameters 11.5 + 1.6 nm (Sample A), 16.4 + 1.9 nm (Sample B), and 21.6
+ 1.9 nm (Sample C) were obtained by controlling the concentration of iron (0) acetylacetonate in the system.
The nanoparticles were subsequently dispersed in kerosene to stable non-polar MF. Then, the microstructural
characterization of these MFs under the external magnetic field lower than 54 mT was evaluated by SAXS. Inter-
estingly, micro-structures were observed only in sample C (Fig. 1). On the other hands, macro-structural char-
acterization of these MFs in by dark-field optical microscopy under external magnetic field of 30 mT exhibited
needle-like macrostructures were formed not only in sample C but also in samples A and B. In other words, the
formation of needle-like macrostructures does not necessarily mean the presence of microstructures in them.
In addition, similar experiments were carried out using samples with solid concentrations. Detailed results of
the above study will also be reported.
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Magnetic nanoparticles are used in many different fields where their mobility in a liquid environment is of
fundamental importance. Among them, nanobiotechnology is an interesting field of application. However, not
all the synthetic routes allow obtaining sufficient amount of sample for a magnetization curve, as a first charac-
terization of the nanoparticles. One interesting synthetic route to produce magnetic nanoparticles is the Laser
Ablation Synthesis in Solution (LASIS), which allows synthesizing nanoparticles without stabilizing molecules
and, therefore, avoiding problems of biocompatibility. The synthesis produces particle with a dimensional dis-
tribution, which has to be taken into account considering their magnetophoretic dynamic. Many materials can
be ablated for obtaining magnetic nanoparticles. Interesting magnetic materials to ablate are ferrites and Sr-
ferrite (SrFe;2019) in particular, for its biocompatibility. Laser ablation of a bulk sample of Sr-ferrite in water
produces magnetic nanoparticles with a complex composition made of Sr-ferrite and Fe oxides. The yield of
the laser ablation synthesis is usually low and the magnetophoresis is a convenient methodology for study the
magnetic properties of such nanoparticles with less than 1 ml of colloidal solution with a nanoparticles’ concen-
tration of 0.1 nM or less. The optical decreasing of the solution is then registered in the presence of a magnet
as a function of the time, as schematized in Figure 1. The magnetophoretic motion of the nanoparticles in a
magnetic gradient can be followed with optical extinction measurements supported by BEM calculations for
the absorption/scattering properties of particles with different dimensions. It will be shown how the fitting of
the experimental data (Figure 2) allows estimating the magnetization of the nanoparticles when the gradient of
the magnetic field is known. A methodology for the functionalization of the nanoparticles with gold plasmonic
nanoparticles for obtaining magneto-plasmonic nanostructures, useful for applications in the nanobiotechnol-
ogy field, will be reported.
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The ability to control nematic phases in thermotropic liquid crystals (LC) by external fields opens a wide range
for applications, e.g. in optical devices. While it is common to use electric voltage in such devices, the employ-
ment of magnetic fields is limited by the low magnetic anisotropy of the mesogens.

However, the incorporation of dipolar magnetic particles in nematic phases is expected to result in ferronematic
phases that are readily responsive at moderate magnetic field strengths. [1] One of the main challenges for the
experimental realization is the strong tendency of the nanoparticles to agglomerate, as a consequence of the
strong molecular interactions of the mesogens and the dipolar interactions between the particles. [2]

Thus, compatibilization is a key step for the development of ferronematics. Our novel approach towards ferro-
magnetically doped LCs with enhanced volume fraction and stability is based on nanoparticles that are surface-
modified with a side-chain L.C polymer brush. We employ two different synthetic pathways with a variation of
shell thickness, mesogen density and the spacer length. This results in an effective steric stabilization of the
particles against agglomeration and offers a high degree of functionalization with respect to the mesogen.

The impact of the modified particles, differing in size, shape and magnetic anisotropy, on the phase behavior
of 5CB (By, = 250 mT at a layer thickness of d = 25 pm) is investigated with respect to particle concentration. By
differential scanning calorimetry and determination of the order parameter we show a significantimprovement
in compatibilization as compared to conventionally stabilized particles.

The magnetic response of the ferronematic phases is investigated by capacitance measurements in a magnetic
field. As compared to 5CB, the critical field strength is shifted to lower magnetic fields, and the shape of the
Fréederickzs transition indicates an effective ferronematic coupling between the magnetic particles and the L.C
matrix. (Figure 2)

References

[1] F.Brochard, P. P. G. de Gennes, J. Phys., 31, 691-708, 1970.
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Superparamagnetic iron oxide nanoparticles (SPIONSs) are a promising tool for drug delivery, diagnostics and
other biomedical applications in anti-cancer treatment. With a suitable coating of SPIONs by pharmacologically
active substances, which provide sufficient binding stability for drug molecules, the drug can be concentrated
accordingly and the particles can be accumulated in a certain body region using magnetic field gradient. This
approach increases the efficacy of therapy and reduces side effects!. A good understanding of the molecular
drug adsorption mechanisms is desirable for proper design of the material for the potential application.

In the current work we present a complex study of the location of the anti-cancer drug Mitoxantrone (MTO) in
the water-based biocompatible SPION system with lauric acid/albumin hybrid coating (SEON"AHS4)2 The effect
of the drug addition on colloidal properties of the system was investigated by means of small-angle neutron
(SANS) and X-ray (SAXS) scattering. The application of neutrons and X-rays allowed us to obtain structural in-
formation of SPION clusters and find out possible location of MTO by determining the change of interaction
between clusters after drug adsorption. Thereby we were able to show that adsorption of the drug to the par-
ticles changes colloidal properties of SEON"A™A and partially weakens particle-particle interaction. The drug
MTO is most likely adsorbed following electrostatic interaction mechanism, thus potentially reducing interac-
tions of the particles with each other?.

1. Tietze, R. et al. Efficient drug-delivery using magnetic nanoparticles - biodistribution and therapeutic effects
in tumour bearing rabbits. Nanomedicine Nanotechnology, Biol. Med. 9, 961-971 (2013).

2. Zaloga, ]J. et al. Pharmaceutical formulation of HSA hybrid coated iron oxide nanoparticles for magnetic drug
targeting. Eur. J. Pharm. Biopharm. 101, 152-162 (2016).

3. Zaloga,]. et al. Studies on the adsorption and desorption of mitoxantrone to lauric acid/albumin coated iron
oxide nanoparticles. Colloids and Surfaces B: Biointerfaces 161, 18-26 (2018).
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Spinel magnetic nanoparticles (MNPs) with different stoichiometry (Fe;O4, CoFe;O4 and CogsZngsFe;04), has
been prepared by the polyol method, in which metal (II) and iron (III) nitrates are dissolved in polyol and re-
fluxed. X-Ray Diffraction (XRD) shows the presence only of cubic spinel phase (Pdf-3-864) with crystallites size
around 4,5 nm (determined by Scherrer’s equation). No other phases have been detected. Transmission Elec-
tron Microscopy (TEM) confirms the presence of almost spherical particles, with mean particles equal, within
the experimental error, to values extracted from XRD. This indicate the high crystalline degree of the materi-
als. By an exchange ligand process, MNPs has been coated by hydrocaffeic acid (HCA) and then dispersed in
water. Thermogravimetric analysis (TGA) and Fourier Transform Infrared spectroscopy (FT-IR) have been used
in order to investigate molecular coating of the particles and relative percentage of organic and inorganic (i.e.
magnetic) part. In order to disperse in ionic liquid, water is added to create an aqueous dispersion, to which the
1-ethyl-3-methylimidazolium acetate (EMIMAC) will subsequently be added. This mixture thus formed is placed
under vacuum. In addition, direct dispersion in EMIMAC was performed. Field and temperature dependence
of magnetization of the powder and the dispersions in water and ionic liquid has been investigated. All the
samples show superparamagnetic behaviour (i.e. Hc = 0, M; = 0) at room temperature with value of saturation
magnetization in line with expected for nanoparticles (Ms=70 Am?/Kg). Measures at 5K, in the case of cobalt
ferrite, the powder has values of H. of 0,93 T and Ms of 90 Am?/Kg. The direct dispersion presents Hc of 0,90 T
and M; 81 Am?/Kg, higher values respect to indirect method (0,86 T and 76,5 Am?/Kg). Interparticle interactions
has been investigate by remanent magnetic measurement (i.e. DCD, IRM): dipolar interactions decrease in ILs
dispersion respect to powder.
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Colloidal stability of magnetic nanoparticles (MNPs) in salty environment is of the highest relevance in many
biological or industrial systems. In the first case, the particles are internalized into cells, which are very complex
media characterized by a high salinity and the presence of proteins and other species. The efficiency of the MNPs
for the proposed biological applications is directly linked to their aggregation state in the cells. In the second
case, nanoparticles dispersed in pure ionic liquids, which can be seen as extreme salty systems, have potential
applications in heterogeneous catalysis, heat-transfer fluids and they can be used as gels for dye-sensitized solar
cells and gas sensors (Bideau et al., Chem. Soc. Rev., 2011, 40, 907).
As a model system, we studied the colloidal stability of a medium composed of maghemite nanoparticles nega-
tively charged by the adsorption of polyacrylate (Fresnais et al. JCIS, 2013, 24, 395), of added ions with different
concentrations and of a polycation, ionene (Malikova et al., Phys. Chem. Chem. Phys.,2015, 17, 5650), with
various charge densities. We can thus follow the evolution of the electrostatic interaction between oppositely
charged species (negative NPs and polycations) in a salty environment going from aqueous salt-free solution,
where the electrostatic interaction is supposed to dominate, to almost pure ionic liquid (Torimoto et al., Ad-
vanced Materials, 2010, 22, 1196), where a new long-range force was recently evidenced (Lee et al., PRL,2017,
119, 026002).

We varied the nature of the added salt using substituted ammonium salts and its concentration between 0
mol/L up to 11 mol/L in the case of ethylammonium nitrate. It was concluded, that

» Colloidal stability is obtained at high salt concentration, which is absolutely uncommon
 the concentration threshold for aggregation depends on the nature of the added salt, indicating that
simple electrostatics is not sufficient to understand these systems.

Acknowledgements: M. D thanks the French Ministry of Education for the PhD grant through ED388
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Soft magnetic materials, such as magnetic fluids, gels and elastomers, have recently come into focus of intensive
research. The ability to easily manipulate optical and mechanical properties make them essential components
for the design of smart materials. Recently, Mertelj et al. demonstrated that dispersions of magnetic nano-
platelets in liquid crystals can exhibit ferromagnetic order [1,2]. Liquid crystalline order is expected to have
a profound effect on the dynamics of the magnetic particles, which is still not fully characterised. Here, we
report the study of magnetisation dynamics in a colloidal dispersion of barium hexaferrite nano-platelets in
an isotropic fluid and a nematic liquid crystal phase using AC susceptometry. We demonstrate two modes of
magnetisation existing in a liquid crystal matrix. A high-frequency mode is attributed to the dynamics of single
particles whereas the low-frequency mode reflects the collective dynamics of the platelets and its interaction
with a liquid crystal. The high-frequency mode is also observed in isotropic dispersions and corresponds to the
Brownian relaxation dynamic of the magnetisation. In our study, we characterise the amplitude and frequency-
dependence of the response as well as the effect of a bias field applied either parallel or perpendicular to the ac
field.

A coupling between the director and the magnetisation leads to a strong rotational effect observed in a cylin-
drical cavity exposed to a rotating magnetic field. Using a torsional pendulum, we measure the magneto-
mechanical torque in a wide range of frequencies and field amplitudes. The conversion efficiency of the mag-
netic torque into the mechanical is particularly strongly pronounced in our system since the Néel relaxation
mechanism is suppressed.

[1] A. Mertelj et al., “Ferromagnetism in suspensions of magnetic platelets in liquid crystal”, Nature, 504, 237-
241, (2014).

[2] N. Sebastidn et al., “Director reorientation dynamics of ferromagnetic nematic liquid crystals”, Soft Matter,
14, 7180-7189, (2018).
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CoFe 2 O 4 nanocrystals exhibit interesting physical properties for electronics and
telecommunications, such as a high saturation magnetization and a very efficient Faraday
rotation. 1 Within the last decade, different chemical processes for the synthesis of CoFe 2 O 4
nanoparticles have been developed. Among them, the co-precipitation method has shown to
be particularly interesting due to its simplicity, high yield and the quality of the material
obtained (homogeneous size distribution and high crystallinity). 2 Even though high colloidal
stability of such ferrofluid is obtained in water or in an apolar aprotic organic solvents, 3
aggregation occurs in alcoholic medium. In this manner, the magneto-optical properties of the
ensemble are affected and their integration into other materials becomes limited.

The present work consists in the functionalization of magnetic CoFe 2 O 4 nanoparticles to
improve their colloidal stability in alcoholic medium by using electrostatic or steric repulsion.
In addition, further analyses on the interaction between the surfactants and the surface of the
nanoparticles are presented. Finally, their incorporation into a sol-gel titanium oxide matrix
and the physical properties of the final material are also addressed.

1. E.A,, Diwan, F., Royer, D., Jamon, R., Kekesi, S., Neveu, M.F., Blanc-Mignon, & J.J., Rousseau (2016).
Journal of Nanoscience and Nanotechnology, 16, 10160-10165.

2. F. A, Tourinho, R., Franck & R., Massart (1990). Journal of Materials Science, 25, 3249-3254.

3. AH,, Ly, E.E, Salabas & F., Schiith (2007). Angewandte Chemie International Edition, 46, 1222-1244.
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Over the past decades, spinel magnetic iron oxide nanoparticles M"Fe,0, (with M = Fe, Co, Mn, Zn, Ni...) have
attracted a large interest due to their unique magnetic properties™. Such properties are exploited in very var-
ious fields, ranging from biomedical applications to information storage. In order to control their properties
(core and surface), different chemical processes have been developed including high temperature syntheses
methods based on thedecomposition at high temperature of metallic salt precursors in high boiling-point sol-
vents(polyols®>?, etc). Although very attractive, it is still difficult to scale up such synthesis not to mention the
problems related to reproducibility, safety and yield. Continuous-flow syntheses in milli/micro-fluidic channels
have paved the way to safer and controlled chemical syntheses in the field of material science compared to
batch™l. In this work, we propose new chemical opportunities based on flow chemistry and microwaves to
produce well-defined magnetic flower-like iron oxide nanoparticles using the so called « polyol » route. Herein,
we carriedout the polyol synthesis using a continuous-flow heated millifluidic reactor. In parallel, thesame syn-
thesis was studied in batch under microwave-assisted conditions. To end, kineticstudies were performed with
both systems to understand the formation (nucleation andgrowth) of the flower-like nanoparticles.

[1] Mathew, D.S., Juang, R.S., Chemical Engineering Journal, 2007, 129, 51-65.[2] Caruntu, D., Caruntu, G.,
O’Connor, C.J., J. Phys. D: Appl. Phys., 2007, 40, 5801-5809.

[3] Hemery, G., Keyes Jr, A. C, Garaio, E., Rodrigo, I., Garcia, J. A., Plazaola, F., Sandre,O., Inorganic chemistry,
2017, 56(14), 8232-8243.

[4] Abou-Hassan, A., Sandre, O., Cabuil, V., Angew. Chem. Int. Ed., 2010, 49, 6268-6286.

49



International Conference on Magnetic Fluids 2019

Magnetic field dependence of effective magnetic moment of
multi-core nanoparticles

Tuesday, 9th July - 15:20: Poster Session & Coffee Break - Poster - Abstract ID: 365

Ms. Tamara Kahmann ?, Ms. Hilke Remmer ’, Prof. Frank Ludwig’

1. Institute for Electrical Measurement Science and Fundamental Electrical Engineering, TU Braunschweig

For several biomedical applications of magnetic nanoparticles (MNPs), such as magnetic drug targeting and
Magnetic Particle Imaging, the effective magnetic moment m.¢ is an essential parameter. While for single-core
MNPs, containing just one single-domain magnetic core, meg is given by the product of saturation magnetization
and magnetic core volume, the situation is more complex for multi-core MNPs. Here, m.s strongly depends on
the size, packing density and interaction between individual magnetic crystallites [1]. The effective magnetic
moment of multi-core MNPs with N randomly oriented independent nanocrystal magnetic moments m;s is given
by me¢ = VNxms and it increases in the low-field limit proportionally to the square of the applied field [1].
Ahrentorp et al. [2] compared the effective magnetic moments of various single- and multi-core MNP systems
with the nominal magnetic moments of the single magnetic crystallites. The effective magnetic moment was
estimated from the zero-field susceptibility xo, which is proportional to me?.

In this contribution, we determine m.g of both single- and multi-core MNPs by exploiting the magnetic field de-
pendence of the Brownian relaxation time tgu, which is dependent on the magnetic moment via the Langevin
parameter &. We have shown in [3,4] that Tz g of single-core MNPs can very well be described by the phenomeno-
logical equation derived in [5] (see curve for Ni nanorods). The obtained values for m. are compared with the
ones derived from the static susceptibility ¥, and the moments of single crystallites. The estimation of the ef-
fective magnetic moment from 1 additionally allows us to determine the magnetic field dependence of the
effective magnetic moment. Significant differences between multi-core MNP systems were found. The observed
deviations from the theoretical behavior indicate an increase of m.y with field amplitude. The experimental
findings are complimented with simulations.

[1] V. Schaller et al., Phys. Rev. B 80, 092406 (2009)

[2] F. Ahrentorp et al. J. Magn. Magn. Mater. 380, 221 (2015)

[3]]. Dieckhoff et al., J. Appl. Phys. 119, 043903 (2016)

[4] H. Remmer et al., IEEE Trans. Magn. 53, 6101204 (2017)

[5] T. Yoshida and K. Enpuku, Jpn. J. Appl. Phys. 48, 127002 (2009)
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Many technological applications require a magnetic fluid that (MF) is stable for a long time at elevated tempera-
ture in the magnetic field in the air atmosphere. The stability of MF in high gradient magnetic fields at elevated
temperatures can be offset by reducing the size of the magnetic nanoparticles. By the procedures of Fe oleate
decomposition the iron oxide nanoparticles can be prepared in a wide range of narrow size distribution [1].
The aim of this work is to make a particularly stable MF for work in the magnetic field at elevated temperatures.
The preparation of Fe oleate complex was carrid out according work [2]. Magnetic measurements are performed
employing a vibration sample magnetometer (Lake Shore Cryotronics, Inc., model 7404 VSM) ) with a maximum
magnetic field of 1 T. Additionally, the particle size distribution was analyzed by employing indirect methods
from the dynamic light scattering data of colloidal solution measured by Zetasizer Nano instrument Nano S90
ZEN 1690.

Fig.1. Spectrum of particle magnetic moments of the sample MFe — 3.

References

1. L. M. Bronstein, Xinlei Huang, John Retrum, Abrin Shmucker, Maren Pink, Barty D. Stein, and Bogdan Dragnea,
Influenceof Iron oleate complex structure on iron oxide nanoparticle formation, Chem Mater.2007, 19, 3624-3632.
2.D.K. Lee, Y. H. Kim, X-L. Zhang, Y. S. Kang, Preparation of monodisperse Co and Fe nanoparticle using precursor
of M?* - oleate, (M = Co, Fe), CurrApplied Physics 6, (2006) 786-790.
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The interaction of light with magnetic materials has lately become an active area of research, as offering a
prospective route towards their implementation in magneto-optical devices intended for sensing and data
storage applications. Particularly interesting results this interplay at the nanoscale, where a careful control
on parameters such as interparticle distance, size and shape can lead to a tunable magneto-optical response.!
Given the fact that most magneto-optical phenomena are typically weak, new approaches focused on the
integration of magnetic and plasmonic functionalities have emerged. In this regard, different magnetic
nanostructures have shown an enhanced magneto-optical activity induced by the surface plasmon resonance
of noble metal nanoparticles, though the exact mechanism is not completely understood yet.>*

In this work, we report the synthesis of a unique magneto-plasmonic composite, consisting of multiple cobalt
ferrite nanoparticles plus one gold nanoparticle confined in silica microcapsules. The magneto-optical proper-
ties of the as-synthesized structures were characterized my means of Faraday rotation and ellipticity measure-
ments, revealing that the presence of just one single gold nanoparticle within the capsules can actually influence
the magneto-optical response from the whole system.*

Figure 1. Scheme of a silica microcapsule with magnetic and plasmonic functionalities (a), and corresponding
Faraday rotation of the magneto-plasmonic capsules synthesized (b).

References:
[1] S. Ozaki, H. Kura, H. Maki, T. Sato, J. Appl. Phys. 2009, 105, 113913
[2] Y. Li, Q. Zhang, A. V. Nurmikko, S. Sun, Nano Lett. 2005, 5, 1689-1692

[3] P. K. Jain, Y. Xiao, R. Walsworth, A. E. Cohen, Nano Lett. 2009, 9, 1644-1650
[4] M. Testa-Anta, A. Sousa-Castillo, A. Lopez-Ortega, M. A. Correa-Duarte, A. Garcia-Martin, P. Vavassori, V.
Salgueirifio (submitted, 2019)
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As a kind of functional materials, Fe;0, magnetic nanoparticles have attracted considerable attention for their
unique properties of both nanomaterials and magnetic materials. They have been widely used in many fields,
such as ferrofluid, biomedicine, catalyst, magnetic resonance imaging, gene detection, cell sorter and so on. As a
kind of bimetallic core-shell structure nanoparticles, Fe;0,@Ag nanoparticles made of ferric oxide core and
silver shell were prepared by coating Fe;0, nanoparticles with Ag nanoparticles using a novel environmentally
friendly one-pot synthesis in our resent study. Both Fe;04 and Fe;O,@Ag nanoparticles were characterized by
X-ray Diffraction (XRD), Transmission Electron Microscopy (TEM), Energy Dispersive X-ray Spectroscopy (EDS)
and X-ray Photoelectron Spectroscopy (XPS). The hysteresis loops of both Fe;0, nanoparticles and Fe;O,@Ag
nanoparticles were measured at 298 K. The observed TEM images showed that Fe;O, nanoparticles were coated
with a layer of Ag nanoparticles and its mechanism of reaction was further discussed. These nanoparticles
could exhibit good magnetic properties making them potential candidates for both diagnostic and therapeutic
uses in biomedical applications. In particular, this research also provides a new strategy for coating magnetic
nanoparticles with noble metal shells and a new route for synthesizing core-shell structure nanoparticles in
large-scale production in a more environmentally friendly way.

Fig.1 Schematic synthesis of Fe304@Ag nanoparticles.

Fig.2 XRD patterns of (a)Fe;O4 nanoparticles and (b)Fe;O4@Ag nanoparticles.

Fig.3 TEM images of (a) Fe304 nanoparticles and (b) Fe304@Ag nanoparticles deposited on carbon-coated Cu
grids.

Fig.4 Hysteresis loops of (a) Fes0, nanoparticles and (b) Fe;0,@Ag nanoparticles.
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In this paper we study the band gap of one dimensional magneto-photonic crystal made by SiO,/ZrO, or
Si0,/Ti0; doped with magnetic nanoparticles using sol-gel process in different geometrical parameters con-
figurations. We used a refractive index varied in the range of 1.51 to 1.57 for different structures we change
the number of the layers, their thickness and incident angle. The results obtained give the designs of magneto

photonic crystal devices.
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Magnetic nanorods present several advantages compared to spherical magnetic nanoparticles for biomedical
applications. For example, magnetic nanorods showed higher r, relaxivities' and stronger heating efficiency in
magnetic hyperthermia? than their spherical counterparts, enabling applications in MRI, disease treatments by
magnetic hyperthermia, or magnetogenetics. Shape-anisotropic nanoparticles have also been shown to increase
blood circulation time® and tumor retention time* compared to spherical nanoparticles. Finally, Kolhar et al.
demonstrated that, when functionalized with antibodies, nanorods lead to an increase in specific recognition
and a decrease in non-specific interactions,” which could have a strong impact on targeted drug delivery or on
biosensing applications.

In the work presented here, a three-step synthesis method was optimized in order to obtain iron oxide nanorods
colloidally stable in water, with high aspect ratio and strong magnetic properties. The first step consists in the
formation of akaganeite nanorods in presence of polyethyleneimine (PEI). For this step, the influence of the PEI
(Iength and concentration) and of the concentration of the iron chloride on the shape and size of the nanorods
were carefully studied. Then the second step is a controlled reduction of the akaganeite into magnetite with
oleylamine, optimized to keep a good aspect ratio while improving the magnetic properties of the nanorods. Fi-
nally, the phase transfer of the magnetite nanorods into water, by ligand exchange between oleylamine and 3,4-
dihydroxyhydrocinnamic acid, lead to water-stable magnetic iron oxide nanorods. At each step of the synthesis,
the nanorods were fully characterized by TEM, XRD and SQUID measurements. The final water-suspended ob-
jects were also characterized by magnetic birefringence measurements.
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2 Das, Ret al. J. Phys. Chem. C 2016, 120, 10086-10093.
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Concentrated aqueous solutions containing rare earth or transition metal ions exhibit paramagnetic suscep-
tibilities. Applying the method of neutron imaging offers unique possibilities for mapping concentration
distributions. The element with the highest neutron absorption cross section is Gadolinium (Gd). In addition,
Gd possesses a large spin magnetic moment of 7 yg due to unpaired 4f electrons. Consequently, solutions of
Gadolinium nitrate (GA(NO3);) are ideal candidates for neutron imaging of paramagnetic solutions, enabling
the direct study of their response to magnetic fields.

Exposing paramagnetic ionic solutions to an inhomogeneous magnetic field gives rise to the magnetic
field gradient force, which is sufficiently strong to compete with density difference driven convection [1].
Thus, the confinement and magnetically induced migration of the Gd solutions in a miscible nonmagnetic
liquid (such as a solution of Yttrium nitrate or pure D,0) is possible with the stray field of a NdFeB permanent
magnet. Neutron imaging experiments were performed to visualize and characterize these processes.

No effect of the magnetic field gradient was detected on a homogeneous solution. The magnetic field
gradient force is unable to influence the motion of individual ions. However, in the case of an inhomogeneous
solution it is possible to skew the concentration profile towards the direction of the magnet (see Fig. 2). Such
a modified concentration profile is stable until the homogenisation of the solution by diffusion takes place,
which is normally a lengthy process.

Confinement of the paramagnetic solution is possible when it is injected close to the magnet. Removal
of the magnet leads to a collapse of the interface between the magnetic and nonmagnetic liquid, which is
accompanied by geometrical fingering instabilities (see Fig. 3). If the magnetic field is maintained, the trapped
ions diffuse into the nonmagnetic liquid on a long time scale. An envisaged application in microfluidics is the
stabilisation of the ionic solution in “paramagnetic liquid tubes”.

References
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Magnetic nanoparticles and their hybridization in organic matrices have attracted great interest with respect
to fundamental investigations and application in various fields.

So far, different ways for the synthesis of uniform, spherical nanoparticles from different magnetic materials
have been described. Reports on the preparation of magnetic nanoparticles with anisotropic morphology (e.g.,
nanorods) and dimensions below 100 nm, however, are scarce although the anisotropic nanoparticles have
promising advantages over the spherical ones. The energy of the shape magnetic anisotropy, e.g., is increas-
ing with increasing morphological anisotropy of the nanoparticles. The shape-selective synthesis of ferrites
represents a challenging task as the surface energy typically favors the formation of spherical nanoparticles.
Hybridization of MNPs with liquid crystalline matrices enables the production of functional materials with
interesting optical, electrooptical, magneto-optical and magnetic properties. Doping of liquid crystals with
magnetic nanoparticles, e.g., may improve current liquid crystal display technologies through new or modi-
fied switching modes, lower operating voltages, and larger contrast ratios. In contrast to isotropic magnetic
fluids, the long-term colloidal stabilization of magnetic nanoparticles in sufficiently high concentrations still
remains a challenge due to both the magnetic dipolar and the liquid-crystal-mediated interactions, which typ-
ically result in aggregation and/or macroscopic phase separation. Up to now, only few examples describe the
stabilization of shape anisotropic magnetic nanoparticles in liquid crystals.

Here, we address the synthesis of magnetic nanoparticles with shape anisotropy, i.e. ferrite or core/shell fer-
rite nanorods and hexagonal barium ferrite nanoplatelets (Figure. 1). Their structure and magnetic proper-
ties are characterized using electron microscopy (transmission electron microscopyand scanning electron mi-
croscopy), X-ray diffraction,

IR- and Raman spectroscopy, and an alternating gradient magnetometer. The magnetic nanoparticles are func-
tionalized by different (pro)mesogenic, aliphatic and dendritic ligands. We show that the functional ligands
on the magnetic nanoparticles surface influence magnetic nanoparticles-liquid crystal interactions. Depending
on the type of ligand, the magnetic nanoparticles are colloidally stabilized in the liquid crystal (i.e. 4-cyano-4’-
pentylbiphenyl).

Figure 1. tem micrographs of i. iron oxide nanorods ii. fe304 cofe204 core-shell nanorods and iii.
bafe11.5in0.5019 nanoplates.png
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A novel route to prepare Nd-Fe-B magnetic powders by reduction-diffusion (R-D) process was designed and
investigated in this study. Precursors were synthesized from aqueous solutions with chloride salts. Magnetic
particles of Nd;2RE;Fe;75B7s (RE = Pr, Th, and Dy) were prepared by co-precipitation, followed by reduction-
diffusion (R-D) process. The crystal structure and composition of the particles were confirmed by XRD, EDX,
and SAED analysis, and the particle size and morphology were checked with TEM and SEM. The particles were
formed with the mean size of 2.0 um and the morphology was round in shape. After substitution of RE during
R-D, the magnetic moment was increased after substitution of Pr into Nd-Fe-B, but decreased after substitution
with Tb and Dy. It was revealed by the calculation of electron spin density that Pr was ferromagnetic, but Th and
Dy were anti-ferromagnetic to Nd and Fe in the Nd-RE-Fe-B crystal lattice. The magneto-crystalline anisotropy
energy was increased from 0.2284 MJ/m? to 0.3910 and 0.3924 MJ/m? after the substitution of Tb and Dy for Nd
in Nd-Fe-B, respectively. However, the magneto-crystalline anisotropy energy decreased to 0.2050 MJ/m?® after
the substitution of Pr for Nd. It is considered that the enhancement of the magneto-crystalline anisotropy of the
crystal lattice came from the pinning of magnetic moments. Hence, the coercivity in Nd-Th-Fe-B and Nd-Dy-Fe-B
was increased.
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Colloidal suspensions of nanoparticles open new possibilities on examining and using new hybrid particle-fluid
phenomena. A well-known example is a paramagnetic ferrofluid — a suspension of ferromagnetic nanoparticles
in an isotropic solvent. Particles are randomly oriented and become aligned in the presence of an external
magnetic field forming ordered magnetic phase. Long-time goal of science was creation of macroscopically
ferromagnetic suspensions —so called “real” ferrofluids, that have spontaneous magnetic order without external
magnetic field (Fig. 1).

The recently discovered magnetic nanoplatelet suspension [1] in an isotropic solvent is a new complex mag-
netic fluid with fascinating physical properties [2]. Its behaviour in static magnetic field has been thoroughly
examined and understood [3]. On the other hand, properties in time-changing magnetic field — which come in
handy for applications — have not yet been thoroughly examined.

The new material consists of nanoplatelets, thus strong coupling between orientation and flow is expected.
With external magnetic field used for platelet alignment a counter flow is expected and, on contrary, in the
absence of magnetic field particle alignment in flow can induce non-zero net magnetization even in an isotropic
suspension.

Fig. 1: Polarized optical microscopy image of magnetic domains formed in zero magnetic field. Yellow arrows
indicate the domain orientations.
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Due to drastic decrease of specific surface, the magnetically induced clustering has significant detrimental ef-
fect on the efficiency of magnetic colloids’ bio-medical applications like magnetic hyperthermia, drug targeting
and MRI [1]. We present evidence of large scale aggregation in an aqueous dispersion of magnetic microgels
induced by 100kHz AC magnetic fields with amplitude ranging from 40 Oe to 120 Oe. The microgels with 250
nm z-average hydrodynamic diameter and 44 emu/g saturation magnetization are composed by 8nm magnetite
nanoparticles imbedded in APTAC matrix. The magnetically induced aggregation was investigated by means
of light extinction (LE) and small angle light scattering (SALS) [2] at room temperature. The SALS experiments
(Fig.1) show the formation and growth of field direction elongated aggregates. Optical microscopy in 150 Oe DC
magnetic field show aggregates with ~5mm thickness and more than 100 mm length at saturation (Fig.2). The
extinction experiments (Fig.3) show the increasing of aggregate total volume with increasing magnetic field
amplitude.

References:
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Magnetic nanoparticles are important in a wide range of applications, so understanding their behaviour in
different environments and under various external stimuli is mandatory. If a magnetic field is applied, the
mobile particles tend to align in its direction. If it is energetic favorable, the particles build up chains.

We investigated this field induced chain formation by Mdssbauer spectroscopy in this study. Therefore, we used
commercial ironoxide (Fe;04) nanoparticles with a diameter of about 10nm and a shell thickness of about 2nm.
The single domain ferroparticles were dispersed in n-dodecan as a ferrofluid. An additional reference sample
was prepared by the mentioned ferrofluid and the additional gelator 12-HOA as a ferrogel. The sample systems
were prepared by H. Nadasi from the University of Magdeburg [1].

Mossbauer spectroscopy is a useful tool to investigate this kind of composite sample due to the independence
of optical transparency. It also allows to obtain information on the Brown and Néel relaxation of the particle
simultaneously, as well as the orientation of the particle’s magnetic moments [2].

To investigate the anisotropic diffusive mobility of the particles, we measured in two different geometries: on
the one hand a setup where the incident gamma ray is perpendicular to the external applied magnetic field and
on the other hand we used a parallel geometry. The temperature was another parameter we changed, because
of the strong influence on the viscosity.

From the comparison of the experimental data to numerical and theoretical models we determined a magnetic
field driven reversible chain formation with a mean chain length of up to approximately three particles in
magnetic fields up to 750mT.

As reference techniques we used magnetometry data from SQUID measurements to gain information on the
macroscopic magnetic properties. In addition, H. Nadasi et al. observed chain formation of roughly two parti-
cles by birefringence measurements [1].

This work is financially supported by the DFG priority program SPP1681 (WE2623-7).

[1] H. Nadasi et al., Soft Matter,15, 3788-3795 (2019)

[2]]. Landers et al., ACS Appl. Mater. Interfaces 11, 3160-3168 (2019)
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Thermoelectricity (TE) allows for the conversion of heat to electricity providing one possible methodology for
the recycling of low-grade waste heat. Despite improvements, present TE solid materials have several limi-
tations. Therefore, investigations in complex liquids (e.g. ionic liquids or nanofluids) have been proposed in
recent years [1]. Here we present the application of novel ionic-liquid based magnetic complex fluids to this
problem. Ionic liquids are a broad class of liquids, that consist solely of ions, and can be liquid at room temper-
ature; with many properties ideal for TE materials [2]. In addition, our recent studies on aqueous dispersions
of NPs have demonstrated that the addition of magnetic NPs can influence the TE coefficient [3] and enhance
the liquid’s TE efficiency [4]. We thus propose to combine the two avenues by using dispersions of NPs in ILs
for TE applications. Here we present the first steps on our development pathway, primarily the dispersion of
the NPs in the IL. In our first studies using ethylammonium nitrate as IL, we showed that the ability to disperse
the NPs was controlled by the solid/liquid interface, in particular the nature of the counterions of the charged
NPs [5].

Here we expand significantly on these conclusions, studying the degree of universality of these principles when
applied to other ionic liquids. Maghemite (y-Fe203 iron oxide) nanoparticles (NPs) with a diameter around
10 nm were dispersed in several ionic liquids chosen to explore the effect of employment of different cations
and anions. The dispersions were analyzed by optical microscopy, transmission electron microscopy (TEM),
Dynamic Light Scattering (DLS), small angle x-ray/neutron scattering (SAXS/SANS) and magnetic measurements.
With these results confirming the generality of previously described trends and principles.
Acknowledgements:We acknowledge funding from Horizon 2020 FET-PROACTIVE project, MAGENTA,
associated with the Grant n° 731976.
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The dipole strength of magnetic particles in a ferrofluid is obtained by rectification of the magnetization
curves based on the inverse Langevin function. The method has an advantage compared to the fitting of
magnetization curves to some appropriate mathematical models [1]: It does not rely on assuming a particular
distribution function of the particles.

Figure 1 provides an example of this rectification method to display the aging of a ferrofluid. It makes use of
data taken from the literature [2,3] describing the formation of magnetic clusters in a colloidal suspension of
nanocubes. They characterize the aging of cubic nanoparticles (8wt%, ironoxide, edgelength 9 nm) in solution
triggered by a magnetic field (800 kA/m for 4 h). Figure 1 (a) shows M(H) curves of that fluid for three different
times. They were obtained with a vibrating sample magnetometer described in detail in Ref. [4]. The first data
set was obtained for a relatively fresh sample, which had been exposed to a magnetizing field of about 800
kA/m for four hours. The magnetization curves in Fig.1(a) show an increasing slope with the time elapsed. This
aging process is interpreted as the manifestation of the clustering of the magnetic particles.

Some features of the change of these curves can be more clearly seen in Fig.1 (b). Here the appropriately
scaled slope of the inverse Langevin function of the magnetization data has been plotted. The ensuing curves
yield the arithmetic mean of the dipole distribution at its center, and the harmonic mean as the asymptotic
value for large polarizing fields.

[1] A. F. Pshenichnikov et al., Phys. Rev. E 75, 061405 (2007).

[2] S. Mehdizadeh Taheri et. al., PNAS 112, 14484 (2015).
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Advanced Nanomaterials, edited by N.Domracheva, M.Caporali, and E.Rentschler (Elsevier, 2018) pp. 165-189.

[4] T. Friedrich, T. Lang, I. Rehberg, and R. Richter, Rev. Sci. Instr. 83, 045106 (2012).
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AC susceptibility measurement techniques are useful tools to investigate the relaxation processes and structure
of magnetic fluids. Atlarge external magnetic field intensities the magnetization of the fluid is no longer a linear
function of the external field strength, i.e. magnetic fluids show nonlinear characteristics. The aim of our work
was to develop a measuring system which is capable to measure the nonlinear AC susceptibility of magnetic
fluids at discrete frequencies and in the presence of external magnetic field. The susceptibility measurement is
based on the determination of the frequency change of an LC oscillator. The sample fills the core of a solenoid
which is the frequency determining element of the oscillator. Therefore, any change in the susceptibility of
the sample causes a shift of the resonance frequency. With different solenoids the base frequency of the low
intensity measuring field can be changed. A uniform, high intensity external magnetic field is generated by a
Helmoltz coil pair, which is placed around the measuring solenoid. The axis of the Helmoltz coil is parallel to
the axis of the measuring solenoid. To investigate the nonlinear susceptibility we used sinusoidal excitation,
where the frequency of the external magnetic field is changed from 1 Hz to 1 kHz. Because the nonlinearity of
the magnetization curve the frequency of the low intensity measuring field is modulated, and higher harmon-
ics of the external field appear. The higher order components of the nonlinear AC susceptibility are extracted
from the measured response by Fourier analysis. In our experiments we used water based ferrofluids (Ferrotec
EMG700) containing magnetite particles with a diameter of ~10 nm. The dependence of the nonlinear suscepti-
bility on the external magnetic field strength, and excitation frequency was investigated at different magnetite
concentrations. The experimental results are discussed on the basis of static and dynamic magnetization curves.
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In this work, new generation magnetic fluids have been formulated based on iron nanoparticles produced by
electrical explosion of wire (EEW). In the first place, the characterization of the particles has been carried out,
where it was determined that the main crystalline phase of the nanoparticles was a-Fe with the network param-
eter a = 0.2863 (3) nm. In addition, the nanoparticles present a high saturation magnetization value, reaching
approximately 87% of saturation magnetization of bulk iron with an average particle size of 85 nm.

Magnetic fluids consisting of mineral oil, stabilizing additives and iron EEW nanoparticles have been formu-
lated. For the sake of comparison, magnetic fluids consisting of mineral oil, stabilizing agents and commercial
carbonyl iron particles (CIP-HQ quality from BASF, average size 1.25 pm) have also been formulated.

A magnetorheological analysis has been performed by a rotational rheometer and parallel plate configura-
tion. The obtained results indicates that, when subjected to a magnetic field, magnetic fluid composed by EEW
nanoparticles present higher shear yield values than the fluid with commercially avaiable micrometric CIP par-
ticle. As a result, it is concluded that EEW nanoparticles have a high potential for future industrial applications,
such as smart dampers.
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The magnetic anisotropy of MnFe;0,@y-Fe;Os CS nanoparticles (NPs), synthesized following the co-
precipitation method described in [1,2], is investigated by various techniques at low temperatures, 1.5 K< T <
200 K. Quasi-static magnetization measurements are presented along with high-amplitude pulsed experiments
performed at LNCMI, Toulouse, and are cross-analyzed by juxtaposition with FMR experiments at 9 GHz.

They allow to distinguish 3 types of magnetic anisotropies affecting the dynamics of the magnetic moment
of the well-ordered ferrimagnetic (FiM) NP’s core, which is here surrounded by a layer with a SGL arrange-
ment[3,4]. (i)The uniaxial anisotropy originating from the structural core-shell interface[5]; (i) Unidirectional
EB anisotropy, associated with the spin-coupling at the FiM/SGL interface, which is observable only at low tem-
peratures after a field-cooling process[6]; (iii)Rotatable anisotropy[7] caused by partially-pinned spins at the
FiM/SGL interface, which manifests itself as an intrinsic field always parallel to the external applied magnetic
field. The experimental results are discussed in the framework of a superparamagnetic theory[8], demonstrat-
ing the uniaxial symmetry of the rotatable anisotropy.
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In this contribution, we report the experimental results on the magnetic response of a concentrated ferrofluid
subjected to a linearly polarized alternating magnetic field. We show that contrary to the known theoretical
predictions [1,2], the modulus of the ferrofluid dynamic susceptibility can increasewith increasing field ampli-
tude (the said modulus is defined here as the ratio between the amplitude of the magnetization fundamental
harmonic and the field amplitude). Such anomalous behavior is observed if the field frequency is sufficiently
high (ultrasonic frequencies) and if the particle size distribution is sufficiently wide. The effect also becomes
much more pronounced as the particle concentration increases.

We hypothesize that the increase in the dynamic susceptibility with amplitude is possible when two key con-
ditions are met: 1) the suspension viscosity and the field frequency are high enough to cause the blocking of
the Brownian relaxation mechanism of particles and 2) particles with the large magnetic anisotropy, whose
Neel relaxation mechanism can be “unblocked” by a strong AC field, are present in the ferrofluid. Theoretical
calculations on the basis of the Fokker-Planck equation and Langevin dynamics simulations are performed to
support this hypothesis.

The research was supported by Russian Science Foundation (grant No. 15-12-10003).
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Magnetic Force Microscopy (MFM) is a versatile technique to map the dependence of the micromagnetic state
of a sample on the applied field and temperature with high spatial resolution. Here most recent developments
will be discussed and the MFM’s potential to image small magnetic particles is analyzed by modelling based on
existing data on magnetic thin film systems.

Highest sensitivity is obtained by operation in vacuum using cantilever with quality factors up to 1 million
(Fig 1a). These and the operation under vacuum conditions require suitable operation modes to control the
tip-sample distance with highest precision even when the temperature is changed or strong magnetic fields
are applied. Using frequency-modulate tip-sample distance control [1] MFM data acquisition becomes repro-
ducible such that differential imaging to separate the different contributions to the measured signal can be dis-
entangled. Among the latter is the topography, local variations of the Kelvin contrast, magnetic fields arising
from spatial variations of the sample thickness and roughness, and stray fields arising from the micromagnetic
state of the sample [2] (Fig. 1b). The latter usually is of most interest, but MFM measures the deconvolution of
the sample stray field with the a-priori unknown tip equivalent magnetic charge distribution. We have devel-
oped calibration procedures for the latter almost two decades ago [3], and used the calibrated response of the
tip to measure the density of uncompensated spins in exchange coupled systems [4], nd more recently the local
Dzyaloshinskii-Moriya interaction [6], chirality of skyrmions [5] (Fig. 1¢) and Néel walls [6].

These examples highlight the performance of MFM operated under vacuum conditions, in magnetic fields
up to 7T, and at temperatures down to 10K using most recent techniques for tip-sample distance control and
advanced data deconvolution techniques.

1] Zhao et al., New J. Phys. 20 (2018) 0113018

2] Meng et al., Nano Lett. (2019) DOI:10.1021/acs.nanolett.9b00596
3] van Schendel et. al. J. Appl. Phys. 88 (2000) 435

4] Schmid et al., Phys. Rev. Lett. 105 (2010) 197201

5] Bacani et al., Sci. Rep. 9 (2019) 3114

6] Marioni et al., Nano Lett. 18 (2018) 2263
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enzymatic catalysts

Tuesday, 9th July - 15:20: Poster Session & Coffee Break - Poster - Abstract ID: 660

Mr. Andrey Drozdov ', Ms. Yulia Andreeva !, Mrs. Olga Shapovalova ’, Dr. Vladimir Vinogradov !
1. ITMO University

This work is dedicated to the creation of magnetite-based materials in mild conditions and synthesis of
enzymatically-active two-component composites. We have developed a new synthetic procedure to produce
pristine nanoparticles of magnetite via co-precipitation method without the usage of surfactants. Due to syn-
thetic conditions, the isoelectric point of the synthesized material is shifted to pH 8.3, leading to high values of
zeta potential at neutral pH level. As a result, the produced nanoparticles are electrostatically stabilized and
forming stable hydrosols while having an unmodified surface. Together with narrow size distribution these
features allows using such systems for various synthetic tasks. For instance, such hydrosols can undergo a
room-temperature sol-gel transition to form magnetite-based inorganic hydrogels or xerogels. Such porous
materials are demonstrating superparamagnetic behavior and high magnetization values, have developed mi-
crostructure, the surface area up to 140 m?/g and can be used as adsorbents or carriers of bioactive molecules.
The low temperature of transition and absence of aggressive chemicals allows to entrap peptides and enzymes
within such materials and to form enzymatically active magnetite composites. The entrapped enzymes show
excellent thermal stability and shift of their denaturation temperatures for 20-30 °C to higher values. For in-
stance, immobilization of carbonic anhydrase shifts its denaturation temperature for 27 °C to higher values and
allows it to operate even at 90 °C, while the free enzyme is denaturated at 68 °C.

Magnetic properties and excellent biocompatibility of such materials make them interesting candidates for the
creation of recyclable adsorbents, drug delivery systems, or responsive biocatalytic materials with RF-controlled
activity.

This work was supported by Russian Science Foundation, grant Ne 18-79-00266
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The work presents new results on magnetic properties of the cobalt ferrite ferrofluids investigated using po-
larized positive muons (uSR [1]). In the matter, the frequency of the muon spin precession is proportional to
magnetic field value and to the muon’s g-factor (~13.5 kHz/G). This phenomenon allows measuring the magnetic
field in the investigated samples.

Although, as reported in previous works [2, 3], the main part of muons stops in the medium in between the
nanoparticles, this article shows that a small part of muons stopped in nanoparticles can be detected.

The difference between the uSR data of CoFe,0, ferroliquids in field cooled (FC) and zero field cooled (ZFC)
conditions have been studied. The experimental data were analyzed using the model of a system of single-
domain magnetic nanoparticles.

The results of FC and ZFC measurements evidenced that single-domain nanoparticles with an average dimen-
sion of 8.5 nm have a high anisotropy coefficient. The mean value of the magnetic field in the system created
by the randomly distributed CoFe, 04 nanoparticles was obtained. In the FC at 525 Oe case, a CoFe, 0, ferrofluid
sample of 3.0% particle volume concentration acquires due to the magnetic nanoparticles an additional mag-
netic field of 4.7 Oe. It is noted that the magnetic anisotropy coefficient decreases with decreasing nanoparticle
size.

The uSR facility [4] located at the output of the muon channel of the synchrocyclotron of the National Research
Center Kurchatov Institute - PNPI (Gatchina) was used for the study of the samples.

The support of the 2018-2019 RO-JINR Projects and Grants is acknowledged.
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It is well known that the nonmagnetic fine particles in the magnetic fluids in the presence of magnetic field
react like diamagnetic particles, and chain-like clusters of nonmagnetic fine particles are formed in the uni-
form magnetic field. It is expected that the thermal conductivity in the direction of the magnetic field changes
drastically when a magnetic field is applied to the magnetic fluid mixing fine nonmagnetic particles with high
thermal conductivity.

In this study, thermophysical properties of magnetic fluids mixing micrometer size particles such as spherical
copper particles and carbonyl iron particles were investigated experimentally. In order to exmaine the
behavior of dispersed micrometer size particles, vizualization experiments were performed by using a
darkfield microscopy. The thermal conductivity of the fluid was measured by using the transient hot wire
method. Copper particles and carbonyl iron particles were prepared as dispersed particles to prepare test
fluids with particle voulume ratios of 4, 8 and 12 vol.% in our experiments.

From the vizualization experiments, it was confirmed that both magnetic particles and nonmagnetic particles
form chain-like clusters in the presence of uniform magnetic field.The Landau-Lifshitz equation for estimating
thermal conductivity was expanded to take into account of cluster formations of suspended spherical particles
in the fluid, and the orientational state of dispersed particles in the magnetic fluids mixing micrometer size
particles was estimated. Figure 1 shows the thermal conductivity of the magnetic fluid mixing 12 vol.% spherical
copper particles. The index of state on the horizontal axis was obtained from the experimental results of thermal
conductivity. From this figure, it can be seen that as the magnetic field becomes stronger, the index of state
increases from near zero to a positive value, indicating that the dispersion state of the particles is aligned in the
magnetic field direction from the random dispersion state. In the case of the magnetic fluid mixed with 12 vol.%
spherical copper particles, it was found that when magnetic field is applied, the thermal conductivity increases
by 27 % or more as compared with the case of no magnetic field.
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Does electric field driven ferrofluid particle assembly result
in alignment of their magnetic moments?
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Recently, electric field driven particle assembly in transformer oil-based ferrofluid was observed on macro and
nano scale [1]. This is feasible due to the dielectric contrast between the particle and the carrier liquid, giving
rise to the effective particle polarization. The electric field induced ferrofluid structural changes are depen-
dent on the electric field intensity and frequency, and result in the electro-viscous effect [2]. This behavior
is analogous to magnetic field driven particle assembly in ferrofluids originating from alignment and mutual
dipolar interaction of magnetic moments of particles in a magnetic field. As a result, the geometrical particle
alignment is coupled with the alignment of the particles’ magnetic moments. The aim of the presented study
is to investigate the potential electro-magnetic coupling in a transformer oil-based ferrofluid, i.e. if the elec-
trically driven alignment of magnetic particles (iron oxide) in transformer oil initiates an alignment of their
magnetic moments. In this contribution, we present particle cluster formation seen with Small Angle Neutron
Scattering (SANS) method. The experiments were carried out in electric fields up to 6 kV/cm, at temperatures
ranging from room temperature up to 353 K. Further analysis demonstrates that the electric field driven particle
assembly is determined by the competing nature of electric and thermal energy. Then, correlation in the orien-
tations of magnetic moments inside the clusters is probed by polarized neutrons (SANSPOL). For the SANSPOL
experiment, the ferrofluid was placed in a cuvette equipped with two electrodes, fixed between two poles of an
electromagnet. An analysis of the scattering data for two neutron spin states allows us to extract the nuclear
and magnetic scattering and to assess the correlation between the geometrical and magnetic structure.
References
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Transition metal oxides nanostructures receive considerable attention due to their extensive technological ap-
plications in high density magnetic storage media, high frequency devices, magnetically assisted drug delivery,
cell isolation, MRI contrast agents, immobilization of proteins and enzymes, biosensors and so on. Though they
have tremendous potential to be used in many biomedical applications, they do not disperse well in polar as
well as in non-polar solvents. However they can be functionalized with suitable ligands to get biocompatible
and water dispersible nanoparticles with interesting multifunctional properties [1,2]. For example, intrinsic
multicolour fluorescence in CoFe;04 nano hollow spheres from blue, cyan, and green to red is observed (Fig.1)
upon functionalization with a small organic ligand such as Na-tartrate because of ligand-to-metal charge trans-
fer from tartrate ligand to lowest unoccupied energy level of Mn?"*or Fe** of the NPs and Jahn-Teller distorted
d-d transitions centered over Mn*" ions in the NPs. CoFe,04 nanoparticles (NPs) functionalized with surfac-
tants having m-acceptor/n-donor head group along with different chain-length show much higher coercivity
compared to bare particles due to NP-ligand interaction which modifies the splitting of d-orbital energy levels
as well as spin motion of surface Co™ ions [3]. Many of the above oxide nanostructures show excellent photo-
catalytic activities and potential for various biomedical applications depending on their shape, size and surface
functionalizations [4].
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Figure caption:

Fig.1:Intrinsic multicolour fluorescence in CoFe;0, nano hollow spheres
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Ordered arrays of magnetic nanoparticles (MNP) are of current interest due to various potential applications.
The effects of self-assembly of nanosized objects are interesting themselves from the fundamental point of view.
In this work, this problem is considered for MNP in ferrofluids (FF). The behavior of MNP at interfaces differs
from that in bulk as a result of specific adsorption properties, which can be an important factor in applications.
A special question for FF concerns the effects of external fields (magnetic, electric or both) on their structure
stability at interfaces.

The work was aimed at obtaining structural information about MNP ordering on substrates contacting FF under
different conditions. For this purpose, neutron reflectometry was used to compare structural organization of
FF at interfaces with that in bulk [1]. As a conclusion, both kinds of structure are correlated and determined
by the type of magnetic component in MNP regulating the particle interaction, as well as the MNP concentra-
tion in FF. Formation of visually observable patterns in a diluted low-polarity ferrofluids exposed to external
electric fields was recently presented [2]. It was shown by small-angle neutron scattering that the magnetic
nanoparticles aggregate in DC electric field with a strong dependence on the field intensity. At the same time
formation of quasi-layers of nanoparticles on silicon surface after application of non-homogeneous magnetic
(fig.1) and electric fields was observed by neutron reflectometry. Thus, at a magnetic flux density about 35-75
mT, the analysis of the reflectometry data gives a three-layered structure, hence showing the formation of two
effective adsorption layers with different content of magnetic nanoparticles in them [3]. In this connection, the
possibility for anchoring MNP from FF on substrates by external magnetic fields is discussed.

Fig.1. Effect of magnetic nanoparticle assembly formation at a planar interface between a transformer oil-based
ferrofluid and Si monocrystal under non-homogeneous magnetic fields by specular neutron reflectometry.
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Experimental realization of liquid magnets, that is, fluids with spontaneous magnetization, has been a long-
standing challenge. However, significant breakthrough has been recently achieved in two unique systems. First,
spontaneous stable ferromagnetic ordering was achieved in suspensions of BaFe;;xScxO19 magnetic platelets in
nematic liquid crystalline hosts [1,2], where the system is governed by the nematic elastic interactions (Fig.1a).
On the other hand, spontaneous mesomorfic and ferromagnetic ordering in the suspensions of the same mag-
netic nanoplatelets in isotropic solvent was obtained in suspensions in isotropic solvents at high enough vol-
ume fractions [3]. The nanoplatelet functionalization strategy, ensuring strong enough electrostatic repulsion
enabled stable suspensions. While at low volume fractions isotropic suspensions are observed, at high enough
volume fractions anisotropic magnetic and electrostatic interactions promote mesomorphic nematic ordering
of the plates [3] and the inter-platelet magnetic dipole interactions are adequate to promote macroscopic ferro-
magnetic order (Fig. 1b), resulting in a macroscopic magnetization Mlying along the nematic order parameter.
The colloidal nematic is distinctively characterised by negative birefringence and optical dichroism. It has been
shown that uniform magnetic domains of few millimetres can be systematically annealed under zero-field con-
ditions (obtained by locally cancelling Earth’s magnetic field). In this contribution, we report on the preparation,
properties and magnetic domain formation of these novel ferromagnetic fluids.

Fig.1: Polarized optical microscopy images of: a) magneto-optic response of a magnetic polydomain ferromag-
netic nematic liquid crystal and b) magnetic domains and domains walls formed under confinement in a high
concentrated suspension of magnetic nanoplatelets in 1-butanol for different annealing conditions.
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The incorporation of magnetic nanoparticles into polymeric matrices, such as gels and elastomers, leads to
magnetically tunable hybrid materials. By employing magnetic nanoparticles as multifunctional, inorganic
crosslinkers, we obtain magnetic node networks with a novel particle-matrix interaction due to a direct covalent
coupling between magnetic and elastic component.[1,2] Moreover, direction-dependent properties are induced
in these magnetic node networks by incorporation of elongated magnetic nanoparticles that show geometric as
well as magnetic anisotropy.

Here, we present the synthesis of magnetic node networks based on spindle-like alFe, O3 particles and an elas-
tomeric matrix. These materials are prepared by a polycondensation reaction, schematically shown in Fig. 1,
leading to a network formation based on a large number of effectively connecting polymer segments per mag-
netic node particle.

Due to the covalent coupling, homogenous elastomers with a high particle content of up to 35 m% can
be achieved. The mechanical properties of the magnetic node networks strongly depend on the particle vol-
ume fraction. With increasing particle volume fraction, an increasing Young s modulus and a decrease of the
strain at break (Fig. 2 and 3) are observed, attributed to a variation of the crosslinking density and a particle
filler effect.

In addition, by the incorporation of spindle-like hematite particles into these elastomers, direction-dependent
properties become accessible as a key step for the realization of actuators showing a reversible contraction along
one axis.[3] This new type of magnetically responsive material is expected to have promising applications for
dampers or in robotics, where the mechanic properties need to be reversibly manipulated.[4]
Acknowledgment
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Recent investigations have underlined the relevance of studying nanoparticle assemblies in ferrofluids, in order
to optimize the efficiency of biomedical applications or develop new magneto-optical applications.! However,
apart from theoretical predictions and few experimental confirmations, little is known on how to induce dif-
ferent morphologies of particle assemblies. In particular, the idea of tailoring self-assembled and field-induced
structures, with particles of unconventional shape or by mixing ferrofluids with different magnetic anisotropy,
has hardly been explored. Magnetic binary ferrofluids are particularly appealing because they offer an un-
precedented interplay of magnetic dipole interactions.

In this work we investigate how the magnetic properties of a CoFe;0, self-assembled ferrofluid are
modified upon the binary mixing with a MnFe;O4ferrofluid. In the ferrofluid composed of pure 25 nm
CoFe;O4nanoflowers, spectacular zero-field self-assemblies, which have been so far only predicted by
simulations,> have been revealed by cryogenic Transmission Electron Microscopy (Figure 1). When such
CoFe;04 nanoflowers (with strong magnetic anisotropy) are mixed with MnFe,0,4 flowers of similar size (with
low magnetic anisotropy), cryo-TEM-EDX analysis shows that MnFe,0, nanoparticles destroy the chains of
CoFe;04 particles. The influence on collective magnetic properties has been measured at low temperature in
Zero Field Cooled and Field Cooled conditions using a combination of bulk magnetometry and of First Order
Reversal Curve measurements that provide the distribution in coercivities and interparticle interactions in the
frozen phase. In addition, magnetization curves were measured for each type of particles by element selective
X-ray magnetic spectroscopies performed on synchrotron facilities, using a dedicated sample cell allowing to

preserve particle assemblies.?

Our results shed new light on the structuration properties of binary ferrofluids in connection with their mag-
netic properties, and they provide a new set of observables that can allow to constrain simulations of binary
ferrofluids.

1C. Martinez-Boubeta et al., Sci. Rep. 2013, 3, 1652
28. S. Kantorovich et al., Phys. Chem. Chem. Phys. 17, 16601-16608 (2015)
3N. Daffé, A. Juhin et al., Adv. Mater. Interfaces 4, 1700599 (2017)
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The unique properties of magnetic nanoparticles and their interactions with their environment have given
rise to innovative experimental possibilities outside the field of conventional magnetism. One such example
is in the field of energy science, and in particular, thermal engineering using magnetic fluids (ferrofluids). In
particular, research on refrigeration (magnetocalorics) and local heating (magnetic hyperthermia) technology
has garnered much attention in the past decades. In recent years, we have reported another technological
path for exploiting ferrofluids in the field of renewable energy, namely, magneto-thermoelectricity for waste-
heat recovery. An enhanced thermoelectric property of ferrofluids is believed to stem from a combined effect
of the magneto-thermodiffusion of magnetic particles and their self-organization (layered structures) near the
electrodes.

In this presentation, a compilation of experimental results on the thermoelectric and magneto-thermoelectric
effects in ferrofluids based on weak electrolytes will be given. These results are compared to the theoretical
models on the thermoelectric potential production and analyzed in terms of key physical parameters such as the
diffusion coefficient, the Eastman entropy of transfer and the electrophoretic charge number of colloidal parti-
cles. Our current understanding, limitations as well as the possible future direction for magneto-thermoelectric
ferrofluids research will be discussed.

This work received financial support from; ANR TEFLIC (Grant No. ANR-12-PRGE-0011-01), LABEX-PALM (Grant
No. ANR-10-LABX-0039-PALM) and the European Union’s Horizon 2020 research and innovation programme
under grant agreement No. 731976 (MAGENTA).
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In this talk I will review recent progress in the realization of microscale coloidal rotors driven in a viscous
fluid by external, time-dependent magnetic fields. The first part will be focused on the formation and propul-
sion of highly maneuverable colloidal carpets which can be steered via remote control in any direction of the
plane [1,2]. These colloidal micropropellers are composed by an ensemble of spinning rotors and can be readily
used to entrap, transport, and release biological cargos on command via a hydrodynamic conveyor-belt effect.
An efficient control of the cargo transportation combined with remarkable “healing” ability to surpass obsta-
cles demonstrate a great potential towards development of multifunctional smart devices at the microscale.
In the second part I will describe the emergence of long-living hydrodynamic bound states between model mi-
croswimmers, namely hematite microparticles that translate at a constant and frequency-tunable speed close to
a bounding. At high driving frequency, Hydrodynamic interactions (HI) dominate over magnetic dipolar ones,
and close propelling particles couple into bound states by adjusting their translational speed to optimize the
transport of the pair. The physical system is described by considering the HIs with the boundary surface and
the effect of gravity, providing an excellent agreement with the experimental data for all the range of parame-
ters explored. Moreover, in dense suspensions, these bound states can be extended to one-dimensional arrays
of particles assembled by the sole HIs. These results manifest the importance of the boundary surface in the
interaction and dynamics of confined propelling microswimmers [3].

Bibliography
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Magnetic fluids display rich and complex dynamics in response to an external applied magnetic field.

Here, I will present experimental studies showing how the magnetic field tunes the natural oscillations of a
drop [1] and its origami by a folded elastic membrane [2], as well as how it modifies the dispersion relation of
surface waves leading to the first observations of magnetic solitary waves [3], and of a regime of magnetic wave
turbulence [4, 5]. Using a magneticliquid is also an ingenious way to study the interplay between hydrodynamic
instabilities [6], or the macroscopic analogous of the two-dimensional melting of solid-state physics [7].
References

[1] T. Jamin, Y. Djama, J.-C. Bacri and E. Falcon, Physical Review Fluids 1, 021901(R) (2016) Tuning the resonant
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Ferrofluid Spikes

90



International Conference on Magnetic Fluids 2019

top view radial oscillations of a centimetric ferrofluid puddle on a vibrated plate for 4 different forcing
frequencies.jpg

91



International Conference on Magnetic Fluids 2019

Particle rotation driven systems

Wednesday, 10th July - 10:05: Invited Speech Session - Oral - Abstract ID: 77

Prof. Andrejs Cebers, Prof. Mihails Belovs *, Dr. Martins Brics*
1. University of Latvia

Ensembles of externally driven rotating particles constitute a benchmark case in the study of active systems.
Here we review some particular cases. The first example considers the ensemble of rotating magnetic particles
interacting by lubrication forces. At low angular velocity of particle rotation they make ordered structures
with solid body rotation. At higher angular velocities stick-slip motion of external layers with respect to the
internal layers arises. Average stick-slip velocity in dependence on the driving force obeys a square root law.
These results are rationalized by the model of the Frenkel-Kontorova type where, for example, in the case of an
ensemble of 19 particles, 6 particles of the internal layer play the role of substrate the spatial period of which
is twice as large as that of the external layer with 12 particles. Numerical simulations show that at driving
force larger than the critical stick-slip motion of the external layer arises, which occurs by synchronized pairs.
Experimental data on the systems close to the ones considered are discussed.

The second example considers the dynamics of elongated magnetic droplets in a rotating field. According to the
prediction of the simplified model at the frequency of the rotating field above the critical the shock wave of the
tangent angle of the centerline arises, which is caused by the transition to the asynchronous regime of droplet
rotation.

Very interesting transitions from the synchronous to the asynchronous regime take place in the case of motion
of the magnetotactic bacteria in a rotating field, which is considered in the next example. In the synchronous
regime of the puller type bacteria motion they create, due to the attraction caused by the force dipoles acting on
the fluid, ordered structures, which rotate in direction opposite to the direction of rotation of the field. In the
asynhronous regime pairs of bacteria may synchronize to the runaway trajectories characteristic for the single
bacterium.

As the last example a suspension of dielectric particles in the electrical field is considered. In the presence of free
boundaries particle rotations due to the Quincke effect are synchronized and create Couette type macroscopic

flow.
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It is known that the dynamics of nonlinear capillary waves on the surface of a liquid can be quite complicated.
Zakharov and Filonenko (1967) proposed a theory of weak turbulence of capillary waves. According to which,
a stationary wave turbulent motion with an energy spectrum, now called the Zakharov-Filonenko spectrum,
is formed at the boundary of the liquid. Physical experiments [Dorbolo, Falcon, Phys. Rev. E, (2011)] carried
out for ferromagnetic fluids in a magnetic field show that the external field significantly changes the spectral
exponent of the wave turbulence. So far there was no theoretical explanation for this fact.

In the present work, a direct numerical simulation of the interaction of capillary waves on the surface of a
ferromagnetic liquid in an external horizontal magnetic field is carried out. It is shown that the interaction of
oppositely traveling nonlinear waves can lead to the transfer of energy to small scales (direct energy cascade).
In the quasistationary energy dissipation regime, the probability density functions for the slope angles of the
boundary tend to a normal Gaussian distribution (figure 1), and the shape of the boundary acquires a com-
plex, chaotic form (figure 2). The spectrum of surface disturbances in this regime is described by power-law
dependence with the exponent -5/2 (figure 3). In terms of energy, the obtained spectrum coincides with the
Iroshnikov-Kraichnan energy spectrum. This fact indicates the observed wave turbulence of the liquid surface
has related nature with the weak MHD turbulence of the interacting Alfvén waves. In general, the results of
the work are in qualitative agreement with the results of experimental studies [Dorbolo, Falcon, Phys. Rev. E,
(2011)].

PDF

Fig2.jpg

Figl.jpg
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Of considerable interest is the process of mixing fluids, accompanied by a combination of advective flows and
diffusive mass transfer. These mechanisms of mass transfer are comparable in the case of small volumes of

fluid, characteristic of meso- and microfluidic systems.

In the present work, the mixing process during rotation of a magnetic field has been studied numerically. To
identify the mechanisms of influence of the magnetic field on the mixing process, a closed rectangular cavity
is considered, having a horizontal size of 5 mm and a vertical 1 mm. This cavity is % filled with a magnetic
fluid, and 3% with a base fluid. The magnetic fluid is located in the lower part of the cavity. Since the processes
of diffusion and advection substantially depend on the viscosity of fluids, two fluids are considered: water-
based (W) and transformer oil-based (TO) magnetic fluids. The magnetic field is assumed to be uniform with a
period of rotation T. The equations of motion, diffusion, and magnetic field are solved by finite volume method.
The problem is described by dimensionless parameters: the Grashof concentration number Gr. = f.gh®/D?, the
Grashof magnetic number Gry, = uoMs2h?/pD?, the Schmidt number Sc = v/D, the dimensionless magnetic field A
= H/M;.The mixing efficiency in the cavity volume is characterized by the index MI = 1- [(1/N)Y; - 1N (ci/c- 1)*]*2,
where N is the number of points in the region, c is the average concentration. Fig. 1 shows the value of this
index for a TO fluid for time corresponding to 1 second after switching on the magnetic field, 10 s and 100 s. It is
seen that there is an optimal frequency of rotation of the magnetic field, which provides the fastest mixing, and
it varies depending on the time available for mixing. A similar situation is observed for a W fluid, but mixing
in this case is more intense. Note that for a stationary magnetic field (right big markers in Fig. 1 and Fig. 2) TO
fluid practically does not mixes with the base fluid in contrast with the rotating field.
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When an interface of a thin layer of miscible magnetic and nonmagnetic fluids is exposed to a magnetic field,
which is perpendicular to the cell, one can observe a peculiar instability (Fig.1). We call it the magnetic micro-
convection. The instability only develops above a critical field, when pondermotive forces induce flows that
form characteristic finger like patterns across the interface, until diffusion smears the concentration gradients
[1]. The induced flows have promising applications, like magnetic micromixers [2] and surface patterning [3].
Over time we have investigated magnetic micro-convection extensively. We have found that characteristic ve-
locities are proportional to square of magnetic field, while size of initial fingers remains constant. This corre-
sponds well with a theoretical Brinkman model [4]. However, the fluid interface can be largely distorted by a
parasitic gravity induced convective motion, which is faster than diffusion. The density of the magnetic fluid
which has colloidal particles in carrying liquid is larger than that of the carrying liquid alone. It turns out that
the average density difference between both fluids is enough to induce a flow of the denser magnetic fluid
underneath the less dense nonmagnetic fluid.

To stop the parasitic flow, one can turn the experiment sideways. In such a case the denser fluid is below the
less dense. However, this changes the stability conditions. The interface is additionally stabilized by the density
difference. We quantified it and it agrees with an extended model [5].

Another way to stop parasitic flows is by decreasing the cell thickness. We address this issue, discuss results
and compare to the model and previous experiments. Finally, we discuss how diffusion, magnetic properties
and density differences interplay in formation of magnetic micro-convection.

This work has been supported by a PostDocLatvia project 1.1.1.2/VIAA/1/16/197 and French-Latvian bilateral
program OSMOSE project no. LV-FR/2018/5
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Fig.1 development of the magnetic micro-convection fingering pattern.png
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Very concentrated suspensions of iron particles in a polar liquid can be obtained thanks to the use of superplas-
ticizer molecules used in cement industry. At high volume fractions, these suspensions show a discontinuous
shear thickening. The numerical simulations of Mari et al (JOR 2014) were successful in reproducing this be-
havior by introducing frictional forces between the particles. By measuring the electrical resistance of these
suspensions of iron particles of micronic size in different rotational geometries, we have obtained an experi-
mental proof of the formation of a percolating network of frictional contacts associated with the discontinuity,
both in rate and stress controlled modes. In this last case, the rheological curve, including the yield stress and
the stick-slip behavior observed above the critical stress, is modeled with the help of the Wyart-Cates model
(PRL 2014) and of a relaxation equation for the frictional contacts. We shall dicuss the ability of this model to
reproduce our experimental results and more specifically the change of critical stress and critical shear rate
observed in the presence of a magnetic field. At last, we will show that the jamming transition is also present
in a capillary flow, and that it manifests through the formation of a non-consolidated porous medium at the
constriction between the barrel and the capillary. This formation can be monitored by the application of a low
magnetic field , opening potential new applications in the domain of dampers and force control devices.
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Entrainment of a ferrofluid placed in a rotating magnetic field is known as the spin-up phenomenon. It occurs
when the fluid is contained in a cylinder and a uniform field rotates in the circular cross-section. The spin-up
has a fifty-year history: it was first studied by Moskowitz & Rosensweig (1967) experimentally and by Zaitsev &
Shliomis (1969) theoretically. Since then, many have worked to determine mechanisms of spin-up generation,
butstill have not overcome big disagreements between theoretical predictions and observations. Here we revise
the spin-up problem.

The rotating field causes rotation of magnetic particles about their own axes, so each particle becomes the center
of amicroscopic eddy. Itis generally considered that some part of their total spin is converted to the spin-up flow.
The crucial role in the conversion plays a so-called spin viscosity n’, whose value is not known: a discrepancy
between different estimates of the spin viscosity spanning 8-10 (!) orders of magnitude (Finlayson, 2013).
According to our calculations, n’~107°-102° kg m/s, much less than previous estimates. For a ferrofluid with
n’=10"'° kg m/s exposed to a field of 8-12 kA/m rotating at 300 revolutions per second, the theory predicts fluid
rotation at 3-4 revolutions per day, i.e., essentially no fluid flow. This is a consequence of a huge difference
between the total moment of inertia of micro-eddies (radius a) and the macroscopic vortex of characteristic
scale R: their ratio ~(a/R)? is negligible. So, the beautiful idea that the spin-up effect is due to transition of the
latent angular momentum to the visible flow proved to be untenable. Thus one should look for another possible
mechanism of the phenomenon.

The reason for the spin-up in a long vertical cylinder may be magnetization inhomogeneity caused by the ther-
mal effect, that is mainly due to energy dissipation in micro-eddies. At a field frequency of 500 Hz, one obtains
a temperature difference of about 6 K between the axis and the wall of a cylinder and more than 10 revolutions
of the fluid per minute. Experimental results of Pshenichnikov and Lebedev are in agreement with the theory.
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The dynamic magnetic response of a ferrofluid to a weak AC magnetic field was studied using statistical mechan-
ical theory and Brownian dynamics (BD) simulations, taking account of dipole-dipole interactions between the
constituent ferromagnetic colloidal particles, and the presence of a range of particle sizes. Computer simula-
tions were performed for monodisperse and bidisperse systems of spherical particles, with the orientational
relaxation times of the magnetic moments set according to the rotational Brownian mechanism. The viscosity
of the fluid was assumed constant, and the characteristic time of Brownian rotation was therefore dependent
on the particle size. Systems with particle volume concentrations up to 40% and initial Langevin susceptibilities
up to 3.2 were investigated.

The first conclusion is that the effects of interactions are very significant. With realistic parameters, the ampli-
tude of the dynamic magnetic response is enhanced by up to 100%, and the frequency of maximum power loss
was reduced by up to 50%, as compared to the noninteracting case.

The second conclusion is that systematic improvements on the description of interparticle correlations yield
successively accurate predictions for the dynamic magnetic susceptibility. As compared to BD simulations, a
modified Weiss (MW) [1] theory is essentially perfect over the whole range of parameters tested, including in
the region where Weiss theory fails.

The third conclusion is that the effects of particle-size polydispersity are very pronounced. It was demonstrated
that the qualitative appearance of the susceptibility spectra can be changed by including interparticle interac-
tions between small-particle and large-particle components.

The general phenomena described herein are not limited to ferromagnetic particles undergoing Brownian ro-
tation only; they will also occur with superparamagnetic nanoparticles undergoing Néel rotation, and with
paramagnetic micron-sized particles in magnetorheological fluids, the essential features being that there are
strong interparticle interactions, and a separation of reorientational timescales. The MW theory outlined here
can also be applied to magnetic polymers (ferrogels), magnetic particles trapped in biological tissue, and many
other areas of application.

A.0.I. acknowledges support from Russian Science Foundation Grant No. 15-12-10003.

[1] Ivanov A.O., and Camp P.J. Phys. Rev. (2018) 98, 050602(R).
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Hybrid magnetic elastomers (HMEs), i.e. polymeric matrices filled with a mixture of magnetically soft (MSp) and
magnetically hard (MHp) microparticles, have recently attracted a lot of attention because of their potentially
versatile magneto-elastic properties. In the absence of an applied field, interparticle interactions in an HME can
be separated in three groups: MH with MH, MH with MS, and, finally, MS with MS, as they are magnetised by
MH. All these interactions force particles to displace and rotate, thus, giving rise to mesoscopic deformations.
In result, the shape of an HME is determined by the balance of all the intrinsic magnetic and elastic forces.
Here, we analyse deformations of an HME representative volume that consists of a single MHp surrounded by
an elastically bound assembly of MSps, employing two alternative approaches. In the first, mesoscopic one, the
MSp shell is modelled as a magnetisable elastic continuum with given susceptibility and elastic modulus, Fig.1a.
Assuming incompressibility, the shell deformation is obtained by numerical solution of a set of continuum mag-
netoelasticity equations. The second approach is based on the coarse-grained molecular dynamic simulations,
where the MHp is considered as a sphere bearing a fixed central dipole and enveloped in a corona of MSps
linked by elastic springs, Fig. 1b.

Both approaches predict elongation of the sample in the field direction given the latter is coaligned with the
MHp dipole, Fig. 2a. In the field antiparallel to the dipole, both models predict flattening of the sample, i.e.,
widening in the equatorial plane, Fig. 2b. However, whereas in the mesoscopic model the local properties of
the MS shell are invariable, the coarse-grained simulation admits and reveals nonuniform spatial redistribution
of the MSps and their links.

In conclusion, to the best of our knowledge, our results for the first time point out the ability of HMEs for shape
changes (from prolate to oblate and vise versa) under an applied uniaxial field. The deformation becomes more
complex in the field tilted with respect to the magnetization of a MHp.

The work was cofunded by RFBR-DFG grant #19-52-12028; 0.S. and Y.R. were supported by RFBR-DFG project
19-52-12045.
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Fig. 1. Mesoscopic (a) and coarse-grained (b) models of HME. MHp is dark red, magnetically soft
particles are golden. In (b) springs are shown by straight lines.

Fig. 2. Deformation of HME representative volume: (a) applied field is parallel to the central dipole of
MHp; (b) applied field is antiparallel to the central dipole of MHp.
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Magnetic hyperthermia is a progressive method of treatment of cancer and other tumor diseases. The idea of
this method is the injection of a ferrofluid, containing nano-sized ferromagnetic particles covered by special
bio-active shells, into the region with the diagnosed tumor. Due to the shells, magnetic particles are captured
by the tumor cells. Then the particles and, therefore, the tumor cells, are heated by an alternative magnetic
field. Numerous investigations show that magnetic hyperthermia allows heating in vivo tumor region up to
temperatures 42°C - 50°C. In this temperature range the tumor cells die, whereas the healthy cells, being more
temperature resistive, survive. It is the key point of the therapy effect. Obviously, to increase the medical
efficiency of this method, the accurate prediction and the control of the local temperature within the treated
tissue is required.

Experiments demonstrate that magnetic nanoparticles, being embedded into biological cells, as a rule, are
tightly bounded to the tissue and, therefore, are immobilized there. For these particles the most of known
theoretical investigations of this phenomenon deal with the simplest system of non-interacting particles, re-
magnetized according to the Neel mechanism.

Some experiments show that magnetite particles, with diameter in the range 25-30nm, are the most efficient
for these applications. For the particles of these sizes the time of the Neel remagnetization lies in the range .
This is much more than the typical time of the real hyperthermia process, which, usually, is about half an hour.
Therefore, the concept of the Neel remagnetization can not describe the heating of the particles of these sizes.

We present a model of the heat production in a system of the particles, whose Neel remagnetization time greatly
exceeds the actual time of the heating. Effect of magnetic interparticle interaction on the heat production is in
focus of our attention. Our results show that in the case of uniform spatial distribution of the particles in the host
medium, interparticle interaction enhances the thermal effect. If the particles form heterogeneous structures —
the interaction weakens this effect.
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Magnetic gels and elastomers are of interest, as their shape and elasticity can be controlled by external
magnetic fields. So far, the experimental realizations of this behavior make use of two underlying mechanisms:
exerting a force on the magnetic particles through the application of a field gradient, and changing the
interactions between magnetic particles by aligning their moments to an external field. Theoretical studies
and simulations have suggested the presence of a third mechanism for cases in which magnetically blocked
particles act as cross-linkers of the gel. When these particles are rotated by an external field, the polymers
covalently bound to their surface have to follow the rotation. This, in turn, is expected to lead to a strain on the
polymer chains and a shrinkage of the gel.

To our knowledge, this deformation mechanism has not yet been demonstrated experimentally. One obstacle is
posed by counter-acting effects which make it difficult to identify suitable material parameters. As an example,
connecting more polymers to the magnetic cross-linkers increases the deformation stress, but at the same time
makes the material more stiff.

Previous simulations and theoretical models mostly made use of pre-determined network structures. These
tend to be based either on regular lattices or on placing random connections between the particles by means of
a criterion chosen a priori. While a strong dependence of the gel’s magnetomechanical behavior on the network
structure was observed in these studies, it can be hard to pin-point the mechanism causing that dependence.
Therefore, the aim of this contribution is two-fold: first, a scheme for simulating the cross-linking process of
the gel using coarse-grained molecular dynamics is introduced. With this scheme, we generate more realistic
network structures based on properties such as magnetic particle density and polymer properties. Second, the
magnetomechanical properties of the resulting gels are explored. Based on this approach, it should be possible
to more closely link properties of the magnetomechanical behavior of a gel to quantities controllable in the
synthesis process such as the length and polydispersity of the polymers.
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Snapshot of a model gel created by simulating the cross-linking process starting from a solution of polymers
and magnetic particles.png
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Hybrid magnetorheological elastomers (h-MREs) are composites whose filler comprises both magnetically soft
(MS) and hard (MH) micron particles with typical difference in size between the MH and MS ones about an
order of magnitude. The MH micropowder, when being admixed to an elastomer matrix, is in non-magnetized
state. This ensures that before curing the composite, the spatial distribution of both phases is uniform. Finally,
the sample is subjected to a strong field that endows the MH particles with permanent magnetic moments,
which they retain after the field removal.

With the MH component being an ever present source of internal fields, the MH and MS fractions are always
magnetically coupled, and this predetermines unique magnetomechanical functionality of h-MREs. Hereby, we
analyze the effect of the MS phase on the macroscopic remanent magnetization of such composites.

At a first sight, the issue is simple. According to the theory, if to surround an MH core with an MS shell, the
magnetic field outside of this set would be lower than that of the “bare” core. In other words, the surrounding
of an MH particle with a uniform assembly of MS particles causes magnetic screening. Let us compare then
two h-MRE samples (A and B), which are identical except that A does not contain MS phase, whereas B does.
The screening hypothesis readily yields that the field outside of B is weaker than that of A, and the same for
their remanences.

Our experiments, however, evidence the opposite. To account for those observations, we propose a new model
assuming that magnetic “initiation” breaks the spatial homogeneity of the MS fraction in h-MREs. Namely, (i)
the MS particles form dense “bridges” connecting the MH ones; (ii) those bridges work as magnetic circuits, thus
making the local field to exceed the external one; this, in turn, augments the remanence of the MH particles they
are attached to. Presumably, similar structuring is a general feature of any h-MRE.

Development of theoretical models was funded by the RFBR-DFG project 19-52-12045; experiments were accom-
plished with the financial support of the projects BE 6553/1-1, BO 3343/2-1 within SPP1681 and PAK907.
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The work deals with theoretical study of magnetic hyperthermia produced by an immobilized single-domain
ferromagnetic particle under the action of an external oscillating magnetic field.

Usually, in theoretical models, the dynamics of the magnetic moment of an immobilized single-domain particle
is described by the phenomenological Debye equation. This equation can be derived from solution of the corre-
sponding Fokker-Plank equation for the particle moment orientations in quasi-stationary approximation, when
period of the field oscillations is much more than the characteristic Neel time. However, estimates show that for
magnetite particles with the typical diameter 20 nm and more, the opposite relation between these characteris-
tic times takes place. Therefore, for the particles of this size the Debye relation is, strictly speaking, non-justified
and its application requires, at least, careful relation. We present generalization of the quasy-stationary Debye
equation to the case of relatively high frequencies of the applied field (i.e. for the arbitrary relation between
the field period and the Neel time) and analysis of the difference in the predictions of the intensity of the heat
production based on the Debye equation and on the more accurate equation of the particle remagnetization.
Our results show that if amplitude of the applied field is not very small, the traditional Debye approach, leads
to significant deviations (more than an order of magnitude) of the calculated intensity of the heat production
from that based on the statistical Fokker-Plank analysis.
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In this work we investigate numerically the viscosity and normal stress differences of mono- and polydisperse
ferrofluids undergoing both a simple shear flow and a transverse applied magnetic field. The simulations are
carried out by means of a Brownian Dynamics integration algorithm. For all simulations we assume that the
dipole moments are fixed to the magnetic particles. In the case of polydisperse suspensions the particles present
atypical log-normal distribution of magnetic diameters which are covered with alayer of surfactant of constant
width. Thelong-range dipolar interaction between the magnetic moments are computed by Ewald’s summation
technique and the surfactant influence is modeled as a steric repulsive force between pairs of particles. The
attractive van der Walls force is also incorporated in the numerical simulations. The results show that the
increase in viscosity with the magnetic field intensity is strongly dependent on ferrofluid polydispersity and on
the strength of the dipolar interactions. By examining the suspension microstructure into the numerical box,
we can see anisotropic structures like chains of particles for the regimes of low shear rate regime, specially
in the polydisperse cases. The results also indicate the presence of a suspension shear-thinning behavior with
two different shear rate dependence (figure 1). In addition, normal stress differences are observed even in
the absence of dipolar interactions, as a consequence of particle collisions and the anisotropy induced by the
imposed shear (figure 2). The dipolar interactions increase these normal stress differences and make their
dependence on the shear rate nonmonotonic (figure 3). For low shear rates, the dipolar interactions dominate
and the formation of structures like chains in the direction of the magnetic fields leads to an increase in the first
normal stress difference. For very high shear rates, the flow breaks these anisotropic structures and the dipolar
interactions become unimportant.
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The importance of heat management has been emphasized in various industrial fields and cooling technology
of efficiently removing heat is required. Recently, ferrofluid is attracting attention as a new cooling medium
because it has higher thermal conductivity than conventional heat transfer fluid. Furthermore, it has the ad-
vantage of easily moving fluid by using electromagnetic coils or permanent magnets. When a magnetic force is
applied to ferrofluid, the magnetic particles in the fluid are magnetized and then, it changes the physical and
chemical properties of the fluid. For those reasons, the flow of ferromagnetic fluids can be controlled by mag-
netic fields. And the temperature gradient is generated depending on the direction and intensity of the magnetic
field.

In this study, the heat transfer characteristics of oil-based Fe;O4(ferrofluid) by the magnetic field in a square
enclosure were investigated. The magnetic force was adjusted by changing the intensity and direction of the
permanent magnet. The results showed that this change caused the disturbance of the boundary layer of the
ferrofluid that was why the thermal diffusion was increased. Different types of vortices were generated and the
temperature distribution was changed accordingly. When the same heat source was applied, temperatures up to
11% lower depending on the position of the permanent magnet and the direction of the magnetic field. Finally,
the optimum point that has a higher heat transfer rate than the reference model was derived by modifying the
strength and direction of the magnetic field.

Fig. Simulation results for different strengths of the permanent magnet.

Fig.png
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Axisymmetric nonlinear waves in cylindrical ferrofluids
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Axisymmetric nonlinear waves on the surface of a cylindrical ferrofluid column subjected to a magnetic field
are investigated numerically. An azimuthal magnetic field is generated by an electric current flowing along a
stationary metal rod of finite depth which is mounted along the axis of the column. The magnetic field can be
used to suppress the long-wave Rayleigh instability and stabilise a ferrofluid column (Rosensweig 1985).

Two different numerical method are developed and used to compute fully nonlinear travelling solitary waves
and periodic waves (Blyth & Parau 2014, 2019). The first method extends a finite-diffference based method
developed for cylindrical jets by Jeppson (1970). The second method is an AFM (Ablowitz, Fokas & Musslimani
2006) method applicable to studying water waves in a cylindrical geometry. This formulation involves only sur-
face variables and is used to compute fully nonlinear axisymmetric periodic and solitary waves on a ferrofluid
column.

Elevation waves and depression solitary waves obtained by Bashtovoi, Rex & Foigel (1983) and Rannacher and
Engel (2006) using a weakly nonlinear theory are confirmed in the appropriate ranges of the magnetic Bond
number. New nonlinear branches of solitary wave solutions with decaying oscillations are discovered. Limiting
configurations with a trapped toroidal-shaped bubble, static waves or exhibiting a cusp are investigated. A
comparison between our numerical results and experimental observations of Bourdin, Bacri & Falcon (2010) is
also performed.
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Magnetorheological elastomers based on micron-sized magnetic particles in polymer matrices are interesting
for scientists and engineers due to rich set of physical properties valuable for many industrial and biomedical
applications.

Experiments show that the properties of the composites with internal anisotropic structures, formed by the
particles, are greatly different from those of their isotropic analogs. Note, that these structures are created at
the stage of the composite synthesis under the action of an applied magnetic field.

In (D. Gunther, D.Yu. Borin, S. Gunther, S. Odenbach. Smart Mater. Struct. 21 (2012) 015005, 7pp), anisotropic
magnetorheological elastomers were studied by using X-ray tomography. It was established that even small
changes of concentration of magnetic particles led to the formation of completely different types of aggregates.
As, in the composites with low concentration of the particles, chain aggregates were observed. With increasing
concentration of the particles, tubular structures appeared. The quantitative theory of the formation of tubular
structures has not yet been constructed.

In this work the computer simulation method, developed for modeling of the anisotropic heterogeneous struc-
tures, is presented. This method is based on numerical solution of the system of differential equations of all
particles motion. The advantage of the computer experiment is the ability to take into account the magnetic
forces of all particles, without any assumptions about structures.

The magnetic forces was estimated on the basis of the following assumptions:

1. the mutual magnetization of the particles;

2. the uniform magnetization of the particle in its volume;

3. linear magnetization law.

To perform the computer simulations, the software was written for Linux operating system. The source code
of the program was written in Fortran and compiled using gfortran. After executing the program, the required
physical data was calculated and the obtained results was written in the text file. Visualization of the results
was carried out by reading data from the text file with their subsequent graphic processing. We used software
VMD (Visual molecular dynamics) to get the graphic illustration. Some visualization results are presented in
the figures (fig_1.jpg, fig_2.jpg and fig_3.jpg). They reproduce the laboratory experimental results.
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The present article depicts the steady and oscillatory behaviours of the nanoscale ferrite (MFe,04) based
suspensions. The primary objective is to illustrate the determining influence of substituting the M* site in
MFe,04 nano-ferrites by different magnetic metals (Fe/Mn/Co). Anhydrous nanoparticles of requisite amount
(concentration - 40 wt%) were dispersed in the non-polar fluid (silicone oil) and mechanically stirred for ~ 10
mins to obtain a homogeneous suspension. The present experiments were carried out with the help of a rota-
tional rheometer (MCR 102, Anton Paar, Germany), having parallel plate configuration at constant gap of 1 mm.
The suspensions were exposed to four different values magnetic fields (0, 0.35T, 0.7 T and 1 T). The temperature
has been maintained constant at 300K and the typical uncertainty involved in the measurements was within +
5%. The steady rheological behaviours were obtained by measuring the shear stress (fig. 1a) and viscosity (fig.
1Db) as a function of shear rate from 0.01 to 100 s *. The MR suspensions exhibit shear thinning behaviours and
augmented yield characters under magnetic fields (fig. 1). Doping with Mn in MFe, 0, results in superior yield
stress compared to Fe. However, substitution of Co leads to reduced responses compared to Fe;O4 based fluids.
These observations signify that there is a strong dependence of the magnetic moment of the M?** atom (nys,
where n =5, 4, and 3; for Mn, Fe, and Co respectively) upon the respective yield responses. To probe the oscilla-
tory behaviours, frequency sweep tests (frequency spectra range - 1 to 100 Hz, at a given strain of 1%) have been
performed at 1T (fig. 2). It is observed that the doping by the Mn/Co does not result in any significant alterations
of the magneto-viscoelastic responses of the corresponding MR fluids (fig. 2a). However, reduced loss factors
have been noticed in cases of Mn and Co compared to Fe, particularly at higher frequencies; thereby indicating
notable improvements in dissipative characters (fig. 2b). Hence, it can be inferred that overall responses of the
nano-ferrite based MR suspensions is a strong function of the magnetic properties of the dopant atom.
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Paramagneticparticles get magnetized in external magnetic field. Magnetization ofthe particle depends on ex-
ternal magnetic field and particleanisotropy axis direction. If such particles are exposed toprecessing field in
viscous fluid they can form chains or planesdepending on field parameters. Theoretical calculations show field-
parameter range in which particles form chain and in which they formplane. Numerical simulations show that
besides chain and planestructures, particles can also form short chains arranged in plane.

Dynamicsof individual particle in precessing field is known from previousresearch, where it is shown that in
precessing field individualparticle can rotate synchronously with the field or periodically laghehind the field.
Theoretical calculation for particle structures arebased on minimum of mean interaction energy between par-
ticles knowingdynamics of individual particle.In numerical simulations onlymagnetic interaction between par-
ticles and particle interaction withexternal field is taken into account, which is compensated by fluiddrag. Sim-
ulations are done by self-written program.

Thistalk will give insight how theoretical and numerical results areobtained. It will be shown in which cases
particles would obtainchain and plane structures in precessing field. In numericallyobtained results it will
be seen how these chains or planes ofparticle form and will be shown situation when it is hard todistinguish
between these two structures.

Itis crucial to know how to control self-assembly of particles bychanging external field parameters. It can be fur-
ther used forcreating nano scale objects that could be used in medicine and forbuilding materials with unique
proprieties. Model with this kind ofmagnetic particles can also help to explain some behavior of magneticfluid
drops seen experimentally.

This work is supported by PostDoc Latvia project no: 1.1.1.2/VIAA/1/16/060
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Soft magnetic composite materials form an interesting class of materials, that has been connected to both tech-
nical and bio-medical applications. They consist of magnetic nano-/microparticles embedded in a polymer so-
lution or gel. An intriguing feature of these composites is the ability to dynamically change properties such as
their shape and stiffness, by use of an external magnetic field. This behavior originates from the coupling of
the magnetic properties of the embedded particles to the (vico)elastic properties of the surrounding polymer
matrix. Understanding the coupling in depth is imperative when it comes to tailoring the properties of soft mag-
netic materials to the needs of a specific use case. Unfortunately, in many materials, the details of this coupling
are not fully known and difficult to determine experimentally.

We therefore present a computational model for soft magnetic systems, that allows us to study how changes of
the polymer characteristics/interactions affect nanorheological properties. Our simulations use particle-based
molecular dynamics coupled to a lattice-Boltzmann hydrodynamics solver. This very efficient hydrodynamics
solver is well-suited for the mesoscale. Magnetic particles are modeled as so-called raspberry-particles which
consist of discrete coupling points, that are fixed relative to a central bead. The polymers are resolved as bead-
spring chains connected by harmonic bonds, where the beads are also coupled to the fluid.

An important experimental method to assess material properties of soft magnetic systems is AC-susceptometry,
where susceptibility spectra are obtained by measuring a probe’s frequency-dependent magnetization response
to an applied magnetic AC-field. Using appropriate theoretical models (Debye model, Gemant-DiMarzio-Bishop
model etc.), it is possible to extract, for instance, the local viscosity and even mechanical stresses from these
spectra. Our simulation setup allows us to perform comparable measurements, where we use linear-response
theory to obtain the AC-susceptibility from steady-state simulations. By changing single aspects of the system,
like polymer density, polymer length, polymer—particle interaction etc. we study the resulting signature in the
AC-susceptibility spectrum. Moreover, the mentioned theoretical models allow us to derive elastic properties

from the AC-spectra and compare these to direct viscoelastic measurements in the simulation.

o AC-susceptibility for varying polymer length
&%
1.0+ I X Debye fluid
mm xek(NV =1)
0.8 m xok(N = 15)
o XGK(N = 25)
<06
o, oS
Zo4
=
0.2
0.0
10° 100 107
® v/Hz
) ¢ Ac-susceptibility spectra for varying polymer
length.png

Representative snapshot of a simulation.png

114



International Conference on Magnetic Fluids 2019

Magnetic particle rotation driven densely packed swarms

Wednesday, 10th July - 15:20: Poster Session & Coffee Break - Poster - Abstract ID: 180

Dr. Martins Brics !, Prof. Andrejs Cebers !

1. University of Latvia

Swarms of externally driven rotating particles form a benchmark case for active systems [1]. Here we show
some detailed results of [2]. We examine what happens to ensembles of magnetic particles (in single layer
densely packed magnetic spheres) in a rotating external magnetic field. We assume that particles are interacting
by lubrication forces, magnetic dipole-dipole attraction and steric repulsion forces. At low rotational frequen-
cies of the external magnetic field particles make ordered structures and the whole swarm rotates around its
center of mass as a solid body. At higher frequencies stick-slip motion of the most outer layer with respect to all
internal layers arises. Increasing the frequency even more a chaotic motion of particles is observed, although
in this case there exists also some interesting periodic solutions, e.g. in the case of 19 particles, two rings with
7 and 12 particles which rotate in opposite directions are observed. This is opposite to the case of moderate
frequencies when layers also rotated with different angular velocities but in the same direction .

In detail we investigate what is the typical shape of the swarm, how such parameters as rotational angular
velocity of swarm, critical frequency when stick-slip motion start depends on the number of particles in swarm.
Such particles tend to form an ordered hexagonal crystal. The preferred shape of small swarms thus is a perfect
hexagon. However, this structure become less and less stable the more shells of particles are added and thus
other structures which are close to circle are observed. The rotational angular velocity of the swarm and the
critical frequency, when the stick-slip motion starts, depends on the shape of the swarm, but both of them
in general decreases with the increasing radius of the swarm. The analytical calculation for the rotational
angular velocity states, that for large clusters the rotational angular velocity is proportional to 1/r?, which very
well agrees with the numerical simulations.

[1]1]. Yan, S.C. Bae, and S. Granick, Soft Matter11, 147 (2015)

[2] M. Belovs, M.Brics, and A. Cebers, submitted (2019)
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This work is focused on the mathematical modeling of the magnetic properties of an inverse ferroemulsion,
which is a system of nonmagnetic fluid micro droplets (radius 0 5-10 mm), suspended in magnetic fluid car-
rier. Under the action of an external magnetic field these droplets elongate along the applied field direction
[1-2]. This behavior is pronounced for emulsions with rather weak values of the interfacial tension (0 10 N/m)
and provides the growth of emulsion magnetic susceptibility in rather weak external magnetic field (00 -0.5
kA/m) [3]. Further long-tail decline of emulsion magnetic susceptibility is can be explained by the decline of the
magnetic susceptibility of the ferrofluid with the external magnetic field growth [4].

In this work the model of inverse ferroemulsion is presented. Nonlinear magnetization law of the ferrofluid
under the action of an external magnetic field is given by the Modified Mean Field model [3]. The mutual
interdroplet interaction is taken into account by the averaging of the influence of droplets on the internal field
configuration. This idea is same as we use to the modelling the “ferrofluid-in-oil” emulsions [5] and allows
to use the homogeneous effective magnetic field inside the ferrofluid instead real complex configuration of
internal magnetic field. In additional the influence of droplet polydispersity is taken into account. The results
of modelling is provide a good qualitative and quantitative comparison with the experimental data [1-2].
Acknowledgments

The work is supported by the Ministry of Education and Science of the Russian Federation (Project No.
3.1438.2017/PP).
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Hydrodynamicjournal bearings are used pervasively in all types of machine design due to their superior friction
and wear properties. However, a drawback of this machine component is that both friction and wear tend to
be large at low speeds or high loading conditions which may lead to eventual system failure.

One efficient way to overcome this drawback is to use a hydrostatic journal bearing instead resulting in a large
load capacity at low speed or high loading conditions. However, this in turn, has the drawback that it uses a
high-pressure hydraulic supply that is sensitive to failure, basically moving the problem to another component
in the system.

Therefore, hybrid journal bearings are designed that try to combine the performance of hydrodynamic and
hydrostatic journal bearings such that sufficiently low wear and sufficiently high load capacity are achieved for
the complete range of speeds and loading conditions.

This work presents a new type of hybrid journal bearing in which a magnetorheological fluid is used in com-
bination with local magnetic fields, such that the hydrodynamic and hydrostatic working regimes are not com-
promised. The performance is modelled with the use of a FEM model in which the ideal Bingham plastic fluid
model is used such that the behaviour of the fluid in the film is most accurately described. No regularization
method is required. Both the yield stress and the viscosity increase in function of the magnetic field.

The four figures show the pressure distribution in a hybrid journal bearing. The local magnetic field is applied
only in the square shaped annuluses. The supply pressure is applied at the circles at the centre of these an-
nuluses. The four figures present the different pressures resulting from the situation with or without a local
magnetic field and with or without a supply pressure.

The results demonstrate that the efficiency in load capacity is increased significantly by activating the mag-
netic field for both the hydrostatic and hydrodynamic regime. Additional advantage of this concept is that the
local viscous behaviour can be controlled meaning that the behaviour of the bearing can be modified during

operation.
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Magnetorheological elastomers (MR-elastomers) are a class of smart materials, where the embedment of mag-
netic particles in an elastomeric matrix leads to the ability to control the mechanical behavior by the application
of external magnetic fields. A key to gain a deeper understanding of MR-elastomers is the analysis of the internal
particle structure which strongly determines the macroscopic material behavior.

A MR-elastomer with 40 wt% of NdFeB particles was synthesized. The arrangement and the magnetically in-
duced motion of the particles were evaluated by means of X-ray microtomography. The sample was gradually
magnetized up to an external field of 2 T. At each point of magnetization a 250 mT field was applied during
tomography and mechanical testing.

The successive magnetization leads to a non-reversible transition from an isotropic particle distribution to par-
ticle chains. Figure 1 shows a 3D-reconstruction of the particle structure at the initial state (left) and after
application of a 2 T magnetic field (right). The pair correlation function (PCF) provides a convenient method to
analyze the spatial arrangement of particles [1]. For this investigation, a direction dependent implementation
of the PCF was applied to evaluate the anisotropy of the particle structure. This method enables to determine
the point of commencing chain formation. Mechanical characterizations show a significant magnetorheological
effect (MR-effect), an increase of the Young’s modulus in presence of a 250 mT magnetic field. This reversible
effect increases with progressing magnetization and chain formation. The results point out a certain external
magnetic field where both an anisotropic particle structure begins to form and significant MR-effects begin to
occur. This is visualized in figure 2, showing the peak values of the PCF in particle chain direction and MR-
effects for all steps of external magnetization. A particle tracking was performed to evaluate the rotation and
translation of the individual particles [2].

Financial support by DFG in the project 0D18/21 within SPP1681/PAK907 is gratefully acknowledged.

[1] Schumann M, Odenbach S (2017) J. Magn. Magn. Mater. 441, 88-92
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One of the key topics in current research on novel microstructured soft materials and technologies is the fun-
damental understanding of the self-assembly properties of colloidal systems. Cutting-edge experimental tech-
niques allow create the permanent stabilization of small polymer-like aggregates (magnetic filaments). Using
Langevin dynamics simulations, we focus on analyzing in detail their self-assembly under the influence of two
internal parameters: additional pointed attraction and particle sizes. Simple open chains, closed rings and
branched structures with “X” and “Y” junctions are used. To analyze the effect of additional interactions on the
processes of self-assembly in the system of magnetic filaments, we compared the obtained results with data on
conventional dispersions of filaments where only magnetic and steric interactions are presented. Analysis of
data did not reveal new scenarios for the self-assembly of magnetic filaments. Such attraction only stimulates
already known transitions, for example, the formation of long linear structures for chain filaments. Also, we
were interested the impact of particle’s size in the self-assembly. Following the seminal theoretical work on the
effects of polydispersity on the properties of ferrofluids, we consider a bidisperse model as a first approxima-
tion to a polydisperse system. We study four types of individual magnetic polymer chains: consisting of only
large particles; with all large, but one small particle located at one chain end; with two small particles at the
chain ends; with three small particles, two of them at the chain ends and one in the middle. Also we study three
types of individual magnetic polymer rings: consisting of only large particles; half of small and large particles;
four equal parts, which alternate depending on the particle size. Using replica-exchange molecular dynamics
simulations, we study the radius of gyration and magnetic moment of a single magnetic filament in a wide range
of temperatures. We observe that the presence of even a little fraction of small particles can significantly af-
fects magnetic filament structural behaviour. All obtained results will form the basis for developing theoretical
models and provide recommendations for the design of novel magnetoresponsive systems.
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Small angle light scattering (SALS) is a proven method for the investigation of structures on micro- to meso-
scopic length scales. Small angle scattering experiments were successfully used to detect the chain structures
formed by nanoparticles in ferrofluids in the past [1]. The SALS method has the great advantage, that it is easily
realizable in the lab utilizing laser radiation.

In our contribution, we present a study on the structuring processes in a low concentrated biocompatible mag-
netic fluid with clustered particles. Such fluids are typically used for biomedical experiments and contain iron
oxide nanoparticles which are clustered into aggregates with a mean hydrodynamic diameter of about 200
nm. Application of an external magnetic field drastically influences the physical behaviour of the fluid. An
effect directly related to chain formation of the nanoparticles resulting in chains with a dimension of several
micrometers [2]. The existence of these relatively big structures allows us to use SALS with a laser source for the
microstructural characterization of the fluid. Moreover, a combination of a microfluidic chip, an electromagnet
and a magnetic circuit with the SALS-setup provides the possibility to study the fluid under simultaneous influ-
ence of an applied magnetic field and shear flow. In our presentation we will show the investigation of shear-
and field-dependent structural changes in a magnetic fluid by the analysis of the laser light’s scattering pattern
(fig. 1). SALS measurements are accomplished with a full characterization of the fluid using conventional shear
magneto-rheometry, magnetometry, microscopy as well as dynamic light scattering.

Figure 1: Laser lightscattering patterns for the studied magnetic fluid at a magnetic field of B=25mT for various
mechanical load cases: 1-no shear flow; 2 —shear flow (0.25 s) is applied, t=1s; 3—shearflow (0.25 s1) isapplied,
t=10s; 4 — shear flow is interrupted, t=1s; 5 — no shear flow, t=10s;6 — shear flow is interrupted, t>12s.

Financial support by DFG in the project Bo 3343/2-1 (within SPP1681/PAK907) is greatfully acknowledged.
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Nowadays, several methods for reconstructing the spatial distribution of magnetic particles are developed. They
are based on measurements of the dynamic susceptibility and/or magnetolaxometry methodology. An ensemble
of magnetic nanoparticles is used as a sensitive element because they can penetrate into any parts of the body
due to their size. For purposes of medicine the most promising are particles with a relatively large size, on the
order of 20 nanometers and more [1]. However, magnetorheological fluids with such particles have a higher
degree of exposure to the process of agglomeration and sedimentation. The appearing of multicore particles is
a natural step of overcoming obstacles [2]. This type of particles can be described as particles that contain an
ensemble of nanocrystals with varying degrees of packing density, and the spatial structure of this ensemble is
fixed by a polymer shell.

This work is focused on the theoretical investigation of the dynamic response of multicore particles in an al-
ternating magnetic field. Particles are modeled as a cluster from an ensemble of interacting ferroparticles. It
is assumed that the relaxation of the magnetic moments of ferroparticles occurs by a Neel mechanism. The
rotational motion of the magnetic moment of a random ferroparticle is determined from the solution of the
corresponding Fokker-Planck equation. Interparticle dipole-dipole interactions are considered at the level of
the modified first order mean field theory be means of an additional term to the energy of the system [3]. The
obtained analytical solutions for the probability density of the orientation of the magnetic moment of a ran-
dom particle are used to determine the dynamic susceptibility. Two cases of mutual orientation of the external
magnetic field and the axis of easy magnetization are considered. Theoretical results are compared with data
obtained from simulations that was carried out using a molecular dynamics method.

[1] Dutz S. et. alJ. Magn. Magn. Mater., vol. 321, no. 10, pp. 1501-1504, 2009.

[2] Tombéacz E. et. alBiochem. Biophys. Res. Commun., vol. 468, no. 3, pp. 442—453, 2015.

[3] Ivanov A. et. al Soft Matter, vol. 12, no. 15, pp. 3507-3513, 2016
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We investigate the dynamic response of an ensemble of spherical, uniformly magnetized, uniaxial superpara-
magnetic nanoparticles to a weak, linear polarized AC magnetic field. It is assumed that the magnetic easy axis
of all particles is codirectional and it does not change with time. Two cases of mutual orientation of AC and DC
magnetic fields are considered: parallel and perpendicular.

The rotational motion of a particle magnetic moment is described by the probability density which is the solution
of the Fokker-Planck equation. The interparticle dipolar interactions are taking into account with the help of
additional term into the Fokker-Plank equation. This term describes the overall magnetic field produced by all
other magnetic dipoles in addition to an external AC magnetic field. The analytical expression of the probability
density is evaluated and used for the calculation of the real and imaginary dynamic susceptibilities. It is shown
how various features of the susceptibility spectrum of a monodisperse dispersion depend on the concentration,
dipolar coupling constant, the strength of the DC field, parameter of the magnetocrystalline anisotropy, and the
mutual orientation of AC and DC magnetic fields.
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In the past decade, the active study of nanoparticles has opened new perspectives in the physics of soft ma-
terials that properties can be effectively controlled by external magnetic field. The idea of creating magnetic
filaments (semiflexible polymer-like chains of magnetic nanoparticles permanently crosslinked with polymers)
has existed for many decades. These systems have been recently pointed as promising building blocks for the
creation of new magnetoresponsive materials. The advantage of such magnetic supramolecular polymers is
that they can be used as an alternative to nanoparticles in magnetic fluids to obtain a desired and easily con-
trolled response. Moreover, the shape and size of filaments allow filtration and mixing in systems which size
does not exceed hundreds of nanometers. In this contribution, using Langevin dynamics simulations, first we
focused on solutions of filaments, the magnetic nanoparticles in which are not only interacting via dipole-dipole
potential, but also via short-range attractive forces (Lennard-Jones type). Such filaments tend to aggregate in
dense spherical droplet-like clusters. The examples of the filaments and the clusters could be found in Fig. 1
A. The sketch of a linear filament, stretched for the simplicity can be found in Fig.1 B. The resulting composite
soft colloid is placed in the microchannel, where its behavior in the shear flow is investigated, varying a wide
range of system parameters. The thickness of the channel varies from the one comparable to the size of the
nanocomposite magnetic particle to that of 10 radii of gyration. Two values of the magnetic interaction inten-
sity are selected, that correspond to two regimes: the dipole energy is comparable to the thermal one, and the
dipole energy is several times higher than the thermal energy. We also studied several shear-rates. We find the
relationship between magnetic forces, central attraction and shear-rates at which the cluster deforms but does
not break and eagerly follows the flow. This way we study the possibility of transport-based applications based
on the soft colloids made through self-assembly of magnetic filaments.

Fig. 1. A. The cluster of filaments. B. Schematic representation of a single filament.

Fig.1.png
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Self-assembly is a major route by which colloids are able to spontaneously organize into a variety of large scale
structures. Magnetic colloids exhibit field-dependent mechanical response due to complex microstructural
transformations that lead to their directional assembly in various aligned mesophases when subjected to
electromagnetic fields. This self-assembled system represents unique opportunities for a strongly anisotropic
reconfigurable active material susceptible to external stimulation by electromagnetic fields to gain control
over the reversible interaction between colloidal particles. Dynamic self-assembly implies structuralization
outside of the equilibrium. The time-dependent external stimuli are a straightforward and flexible route to

manipulate the internal structure and trigger the phase transformation.

We will report the results of a complex experimental investigation of the structural behavior of a model mag-
netic colloid employing a range of advanced rheological techniques. For the first time we will show evidence of
nano-hydrodynamic instabilities and at least one, possibly two mesophase transformations in magnetic colloids
under dynamic excitation. Additionally, using hybrid molecular dynamics and multi-particle collision dynam-
ics simulations with explicit coarse-grained hydrodynamics to resolve the coupling of collective hydrodynamic
and electromagnetic interactions in colloids outside of equilibrium we observe the self-assembly of magnetic
nanoparticles into a hierarchy of aligned mesostructures and elucidate the nature of their transformation. We
will present quantitative comparison of our simulated rheometric studies with micromechanical models and

experimental data.
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Study of the features of propagation of small amplitude ultrasound wave in magnetic fluid occupies a signif-
icant place in the development of compressible ferrohydrodynamics (FHD), since the results of such studies
make it possible now to appraise existing various FHD equations in a linear approximation, under conditions
of reliable experimental data, of course. The principal aim of the report is overview of the main results ob-
tained in the framework of a new approach to the ideal compressible FHD. An important tool is the concept of
frozen-in magnetization field. The condition of frozen-in magnetization leads to new equation of magnetiza-
tion evolution. We have ignored dissipation entirely, trusting that it can be added later by using the standard
phenomenological methods.

The FHD spectrum consists of three different waves: the Alfvén-type wave, the slow and fast magnetosonic
waves . Thus we have predicted existence of two new waves: the Alfvén-type wave and slow magnetosonic
wave. The Alfvén-type wave in magnetic fluid similar Alfvén wave in perfectly conducting fluid. However
Alfvén-type wave propagating in non-conducting magnetic fluid in an external magnetic field is accompanied
by oscillations of the magnetization.

When an external magnetic field is applied, magnetic fluids develop anisotropic properties, in particular, acous-
tical anisotropy due induced aggregation in linear chains aligned with the direction of applied magnetic field.
We have employed our theory to described the experimental data for the ultrasound velocity anisotropy in
magnetic fluids based on the various liquids using theoretical expression for the propagating velocity of fast
magnetosonic wave and good quantitative agreement between theory and experiment was demonstrated. We
therefore believe that the magnetizable chains are frozen into the fluid motion. The slow magnetosonic wave
is longitudinal mode. It propagates along the magnetizable chains.
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Nowadays many devices based upon magnetorheological fluid (MRF) are developed such as MR brake, MR
damper, and MR clutch. The effectiveness of the developed devices reduces due to some problem such as sed-
imentation and agglomeration of MRF particles. In this research, our focus is on the design and improvement
of the MR clutch. MRF is the main component of MR clutch, so the synthesis of good quality MRF is a prime
concern. In this paper graphite containing MRF is synthesized. Graphite is used as a lubricant in transmission
devices. In this study plate-like, graphite particles are used as an additive in MRF. Magnetorheological fluid 80
(MRF 80), and magnetorheological fluid based on graphite 80 (MRFG 80) are synthesized and characterized.
The MRF 80 and MRFG 80 prepared by carbonyl iron particles (80 % by wt) and graphite (0.5% and 1% by wt).
MREF is characterized or evaluated by Rheometer. Results show the effective use of graphite in MRF. MRFG 80
has a higher value of shear stress than the MRF 80.
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The present work aims to investigate the flow of a ferrofluid undergoing a uniform magnetic field in axial sym-
metry through both theoretical and experimental approaches. The experiments are carried out by means of a
capillary tube flow connected to a syringe pump experimental setup at the creeping flow limit. The uniform
longitudinal magnetic field is applied by means of an electrically activated solenoid. The proposed theoretical
models are solved by means of a perturbation method based on a regular asymptotic solution, as well as numer-
ical integration. The magnetoviscous effect is investigated for a fully developed laminar flow. The equations
are made non-dimensional in order to identify the physical non-dimensional numbers such as the Péclet num-
ber, the particle volume fraction and the parameter of effective applied magnetic field. The theoretical velocity
and magnetization profiles are presented. In addition, the global quantities like wall viscosity and the relative
viscosity are also determined by means of numerical simulation and experiments. The simulations results are
in very good agreement with the experimental data at low Péclet number. In addition, a comparison between
experimental results in capillary flow and rotating disk rheometer indicates a good agreement under the con-
dition of weak magnetic fields. Surprisingly, for a moderate magnetic field, the capillary tube device predicts a
lower magnetoviscous effect, suggesting a possible influence of particle shear induced-migration due to shear

rate gradient.
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Solid walls become increasingly important when miniaturizing fluidic circuitry to the micron scale or smaller.!
They limit achievable flow-rates due to friction and high pressure drop, and are plagued by fouling?. Approaches
to reduce the wall interactions have been explored using hydrophobic coatings®*, liquid-infused porous

surfaces*®, nanoparticle surfactant jamming’, changing the surface electronic structure®, electrowetting®°,

1112 "and atomically flat channels®®. An interesting idea is to avoid the solid walls alto-

surface tension pinning
gether. Droplet microfluidics achieves this, but requires continuous flow of both the liquid transported inside
the droplets and the outer carrier liquid'*. We demonstrate a new approach, where wall-less aqueous liquid
channels are stabilised by a quadrupolar magnetic field that acts on a surrounding immiscible magnetic liquid?®.
This creates self-healing, uncloggable, and near-frictionless liquid-in-liquid microfluidic channels that can be
deformed and even closed in real time without ever touching a solid wall. Basic fluidic operations including
valving, mixing, and ‘magnetostaltic’ pumping can be achieved by moving permanent magnets having no phys-
ical contact with the channel. This wall-less approach is compatible with conventional microfluidics, while
opening unique prospects for implementing nanofluidics without excessively high pressures.

References

1p Tabeling, Introduction to Microfluidics (OUP Oxford, 2005)

2 R. Mukhopadhyay, Anal. Chem. 77, 429 A (2005)

3 B. Zhao, ]J.S. Moore, and D.]. Beebe, Science 291, 1023 (2001)

4T-S. Wong, et al., Nature 477, 443 (2011)

Sw. Wang, J.V.I. et al., Nature 559,77 (2018)

6 D.C. Leslie, et al,, Nat Biotech 32, 1134 (2014)

7 J. Forth,et al. Advanced Materials 30 1707603 (2018)

8 E. Secchi, et al., Nature 537, 210 (2016)

® A. Banerjee, et al., Lab on a Chip 12, 758 (2012)

10 K. Choi, et. al, Annu. Rev. Anal. Chem. 5, 413 (2012).

1'W.C. Lee, Y.J. Heo, and S. Takeuchi, Appl. Phys. Lett. 101, 114108 (2012)
12 E.J. Walsh, et al., Nature Comm. 8, 816 (2017)

13 A. Keerthi, et al., Nature 558, 420 (2018)

14 L. Shang, Y. Cheng, and Y. Zhao, Chem. Rev. 117, 7964 (2017)

15 P Dunne, T. Adachi, A. Sorrenti, J.M.D. Coey, B. Doudin, and T.M. Hermans, 10.26434/chemrxiv.7207001.v1
(2018)

131



International Conference on Magnetic Fluids 2019

Al In-Planem | ~
= 5] =
hi
HoH
W

®

0 0.5
oH (T) antitube (water)

C  Top view (Ferrofiuid)

D Side view

Ferrofluid

Water

Figure 1 basic properties of confined
fluids-01.png

Cc

A rupture by spatula
i!lliiiiziiiiiiiiiiiiii III|I|||||II||I|II
(
healed

antitube p a0f

bead out

P (mbar)
S
S
(unwyju) o

0 0
lass beads L L L
9 0 10 20 30

t(s)

Figure 2 magnetically confined fluids-01.png

132



International Conference on Magnetic Fluids 2019

Modelling and simulation of ferroparticle diffusion in
ferrofluid layers

Wednesday, 10th July - 15:20: Poster Session & Coffee Break - Poster - Abstract ID: 332

Dr. Olga Lavrova ’, Dr. Viktor Polevikov *

1. Belarusian State University

Several mathematical models are developed for equilibrium states of ferrofluid thick layers in externally ap-
plied uniform magnetic fields. To model weakly-, moderately- and highly-concentrated ferrofluids under as-
sumption of uniform particle distribution, the Maxwell’s equations for different magnetization laws could be
considered [5]. The Maxwell’s equations should be coupled with the mass-transfer equation for ferroparticles
when the diffusion of particles is essential [3, 4]. Moreover, the Young-Laplace equation should be additionally
coupled to the above-mentioned equations for the ferrofluid layers with free surfaces [3, 4].

The mass-transfer equation for ferroparticles in weakly-concentrated ferrofluids has an explicit analytical so-
lution for the particle concentration in a static limit for the Langevin magnetization law [2]. The mass-transfer
equation in moderately-concentrated ferrofluids is developed in [1], taking into account magnetic dipole-dipole
and steric interactions between particles. The magnetization law is assumed to follow an expansion over the
Langevin law. The mass-transfer equation in moderately-concentrated ferrofluids could be reformulated in a
static limit as a nonlinear algebraic equation for the particle concentration [3].

Based on the developed mathematical models and numerical techniques for their realization, simulations are
performed for the problem of Rosensweig instability in [4]. It is observed that the onset of instability does not
depend on the diffusion of particles (interacting or not). However, diffusion causes an elongation of peaks in a
long-term range (several days) with the highest concentration in the peak region.

Simulations are performed for the problem of magnetic shielding by a thick ferrofluid layer in [5]. It is observed
that the shielding effectiveness factor is higher for more concentrated ferrofluids.
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This work investigates the effects of an applied magnetic field on the laminar flow of a ferrofluid over a
backward-facing step. Both constitutive equation and global magnetization equation for a ferrofluid are con-
sidered. The resulting formulation consists in a coupled magnetic-hydrodynamic problem. Computational sim-
ulations are carried out in order to explore the physics of the flow and the consistency of theoretical aspects
of our formulation. The unidirectional sudden expansion in a ferrofluid flow is investigated numerically un-
der the perspective of Ferrohydrodynamics in a two-dimensional domain using a Finite Volumes Method. The
boundary layer detachment induced by the sudden expansion results in a recirculating zone, which has been
extensively studied in purely hydrodynamic problems for a wide range of Reynolds numbers. Similar investiga-
tions can be found in literature regarding the sudden expansion under the Magnetohydrodynamics framework,
but none considering a colloidal suspension of magnetic particles out of the superparamagnetic regime in the
framework of Ferrohydrodynamics. The vorticity-stream function formulation is implemented. Our simula-
tions show a clear coupling between the flow vorticity and the magnetization field. We observe a systematic
decay on the length of the recirculation zone as we increase the magnetic parameters of the flow, such as the
intensity of the applied field and the volume fraction of particles. The results are discussed from a physical
perspective in terms of the dynamical non-dimensional parameters. We argue that the reduction of the recir-
culation region is a direct consequence of the magnetic torque balancing the action of the torque produced by
viscous and inertial forces of the flow. For the limiting case of small Reynolds and magnetic Reynolds numbers,
the diffusion of vorticity balances the diffusion of the magnetic torque on the flow. This mechanism controls
the growth of the recirculation region.
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Numerical analysis of magnetic fluid especially for fast dynamic phenomena such as the transition among
interface profiles requires rigorous as well as efficient fluid and magnetic analysis even under largely-deformed
interface profiles. The present research employs the Equation for Interface Motion (EIM) for the fluid analysis,
and the Magnetic Analysis for General Use (MAGU) has been developed for the magnetic analysis. They were
used to analyze some dynamic phenomena. Furthermore, validation of the results was argued from the
standpoint of magnetic laws and energy conservation.

For comparing calculated results and improving the methods, we have developed another magnetic analysis
based on the Indirect Boundary Element Method (IBEM), starting with Green’s theorem, and unknown magnetic
potential ¢ and normal magnetic flux b are obtained separately through the distribution o of monopole on the
boundary. Every boundary composing a two-layered domain of fluid and vacuum is divided into infinitesimal
face elements (FE’s) for area integral. For improving correctness, ¢, b and cgare arranged on the vertex elements
(VE’s) among FE’s instead of on the center of each FE, which requires proper treatment of multiple b’s on the
sharp edge where boundaries cross.

If the interface in the two-layered domain is flat, and a homogeneous vertical magnetic field is applied both on
the top of the vacuum and the bottom of the fluid, then the same field is expected to appear on the interface.
Fig_1 shows such magnetic field vector calculated as above. It was confirmed that ¢ and b are continuous
across the interface, symmetric when rotated at a right angle, and almost homogeneous on the interface with
the value applied on the top and the bottom. After these confirmations, the interface is deformed. Fig 2
shows the magnetic stress calculated from ¢ and b obtained as above, and Fig_3 is the mean curvature of the
interface profile calculated by use of the interpolation method. They are essential quantities closely related
with the magnetic stress difference and the surface tension, and interface phenomena of magnetic fluid can be

understood from their properties. Other quantities for validation process are also ready for calculation.
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Understanding the thermo-hydrodynamics and species transport behavior in microliter droplets has become a
focused area of research in recent times owing to its importance in many industrial and bio-medical applica-
tions. Evaporation of microscale droplets has important applications in inkjet printing, hot-spot cooling, surface
patterning, droplet-based microfluidics, painting, bio-sensing and DNA mapping. The present article reports the
influential role of magnetic field ambience on the evaporation kinetics and internal hydrodynamics of param-
agnetic sessile droplets. Experimental investigations and theoretical analyses were carried out to understand
the modified evaporation dynamics under the applied external magnetic field. In this work, the main focus is on
understanding the complex dynamics of multiphysics system that effects the evaporation process. Experiments
were performed with three different paramagnetic salts dissolved in a polar fluid and by varying the applied
external magnetic field. The change in geometric parameters of droplet such as contact angle, contact radius
and droplet height has been observed over the period of time and enhancement in the evaporation rate has
been found to hold a direct proportionality to the applied magnetic field strength. A magneto-thermo-solutal
Marangoni and Rayleigh advection based mathematical formulation has been proposed. The internal circula-
tion determined from particle image velocimetry (PIV) experiments is found to be in good agreement with the
model predictions. The present study sheds insight into the role of magneto-solutal advection in the evaporation
kinetics of sessile droplets.
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In this work, we present a study on the stability of a 2D plane Poiseuille flow of magnetic fluids in the pres-
ence of an applied magnetic field. The fluid is incompressible and the magnetization of the magnetic fluid is
governed by Shliomis’ equation. Dimensionless quantities are defined and the equations are perturbed around
the equilibrium state. The eigenvalues of the linearised system are studied with respect to the dimensionless
parameters of the problem. We obtain stability diagrams in terms of the dimensionless parameters (hydro-
dynamic and magnetic) and we find that the stability of the flow can change significantly when the magnetic
effects become important, and that this change is strongly dependent on the direction of the applied magnetic
field. Furthermore, we show that the superparamagnetic limit (\tau->0) recovers the same purely hydrodynamic
stability criteria, regardless of the applied field and of the values of the other dimensionless magnetic parame-
ters. Finally, we also study the inviscid (Re -> infinity) limit and we derive the equivalent Rayleigh criterion for
magnetic fluids.
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In this work we study flows of magnetic fluids in a lid driven cavity. We propose a vorticity-stream function
formulation to solve the flow using a finite differences scheme. The magnetization of the magnetic fluid is gov-
erned by Shliomis’ equation and the magnetic fluid is considered as a weakly magnetizable media. Therefore,
the magnetic field can be considered as permanent. We identified the main dimensionless physical parameters
of the problem as the Reynolds number, magnetic pressure coefficient, magnetic relaxation time, saturation
magnetization and the dimensionless intensity of the applied field. The magnetic field is generated by a con-
ductive wire through which a permanent electric current passes. With this well-known geometry, we study the
effects of each of the terms of the magnetization equation on the flow. We observed that the convective term of
the magnetization equation carries magnetization in the flow causing changes in the local magnetization of the
fluid in the steady state. The vorticity term intensifies angular deviations of magnetization and a correlation
between the change of orientation of the magnetization and the signal of the vorticity was noticed. In order to
obtain flows with more intense distributions of velocities and vorticity throughout the cavity, we studied several
configurations of moving walls in the cavity. Significant changes were observed in the flow in the permanent
regime in some cases. It was observed that for high values of the magnetic pressure coefficient, the steady state
regime of the flow is not stationary.
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Colloidal gel particles are nowadays among the most interesting building blocks of magnetoresponsive materials
due to the interesting properties they exhibit, derived from the combination of an internal semiflexible network
structure and the magnetic response led by the inclusion of magnetic nanoparticles within such network. For
instance, while keeping their overall particle structure, these soft materials are able to swell and shrink strongly,
with changes of several times their average volume, and to change in the same proportion the amount of solvent
and smaller particles or molecules they contain. Current experimental techniques allow their synthesis with
characteristic sizes as small as tens of nanometers [1].

Recently, we introduced a minimal computer model of magnetic nanogels based on a coarse-grained represen-
tation of the polymer network, analyzing the effects of the concentration of magnetic nanoparticles and the frac-
tion of polymer crosslinks on the structure and initial magnetic susceptibility of a nanogel particle [2]. Here we
extend that preliminary study to the simulation of a monodisperse suspension of nanogels with ferromagnetic
inclusions. We discuss the zero-field self-assembly properties and magnetic properties of this system depending
on the concentration of nanogels and their magnetic content.

[1] C. Ménager et al., Polymer 45, 2475 (2004).

[2] E. Minina et al., ]. Mag. Mag. Mater. 459, 226 (2018).

Snapshot of a suspension of magnetic nanogels.png
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The lack of investigations that quantifies the magnetization of a dilute magnetic suspension undergoing a shear
flow and a uniform field in the presence of dipolar and hydrodynamics interactions motivates this work. Firstly,
the problem of a single magnetic particle in a simple shear flow in the presence of an external uniform mag-
netic filed is examined. From this solution, we study the influence of non-equilibrium effects on the magneti-
zation at condition of strong flows, including the spinning behavior of the particles (figure 1). Secondly, we use
a non-renormalized cluster expansion in order to derive the magnetization O( ¢?) in a sheared suspension of
non-Brownian magnetic from a solution of a creeping flow problem of two magnetic spherical particles inter-
acting magnetically and hydrodynamically in the presence of a uniform applied magnetic field, where ¢ is the
particle volume fraction. The theoretical results suggest that under condition of strong flows the aggregative
nature of the dipolar interactions cause a decreasing in the magnetization component in the field direction,
thereby generating attractive force in the direction perpendicular do the field. In contrast, the dispersive char-
acter of the viscous hydrodynamic interactions produces a substantial increasing in the same component of
magnetization even under condition of strong flow (figure 2). This is attributed to the misalignment produced
by the hydrodynamic disturbances on the particle dipoles orientated with the flow direction.
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Construction of smart materials with sophisticated magnetic response by incorporating magnetic nanoparti-
cles(NP’s) within permanently cross-linked structures, opens up the possibility for synthesis of more complex,
highly magneto-responsive systems.[1] Construction of appropriate magnetic filaments (MF’s) (MF’s polymer-
like structures in which magnetic colloids are represented as monomers) has recently been made possible using
DNA origami technology,[2,3,4] based on programmable DNA-NP assembly.(see Fig. 1) The principal aim of this
novel technique is to create individual DNA-NP complexes with well-defined binding sites. Such an approach
leverages the benefits of anisotropic and selective interactions, by fabricating enclosures for NP’s with control-
lable (by means of DNA sequence encoding) binding vertices. These vertices determine the self-assembly of
NP’s, and finally, the geometry of the possible superstructures that the enclosures can hybridise into.
Characterisation of both mechanical and magnetic behaviour of magnetic filaments is needed in order to be able
to utilise this new technology appropriately. Equilibrium properties, mobility and the magnetic response of MF’s
are, in part, determined by the topology of the filament, and the magnetic nature of the NP’s. (see Fig. 2) Using
MD simulations, we compare the mechanical and magnetic response of filaments, to static and rotating magnetic
fields, for ferromagnetic and super-paramagnetic colloids within different crosslinking scenarios. Building up
on our analysis of the projection of magnetic moments along the orientating magnetic field direction, on both
the filament and colloid level, we contextualise the implications in terms of in-field magnetic susceptibility. We
quantify the rotating applied magnetic filed induced motion of a filament, depending on the angular frequency
and amplitude of the applied filed, with respect to magnetic nature of the NP’s.

[1] Sanchez, P. A,, et al. Macromolecules 48.20 (2015): 7658-7669.

[2] Liu, W., et al. Nature chemistry 8.9 (2016): 867.

[3] Tian, Y., et al. Nature materials 15.6 (2016): 654.

[4] Tian, Ye, et al. Nature nanotechnology 10.7 (2015): 637.
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Fig. 1 crosslinking of enclosures with complementary binding sites. a)
Negative stained TEM image of arrays of similarly encoded octahedra
cages linked by particles.[4] b) AFM image of complementarily
Fig. 2 magnetic nanoscale filament snapshots with encoded cages, hybridised into linear arrays, with NP’s embedded

ithin th I 2
ferromagnetic colloids for low (a) and high (b) dipole within the enclosures. [2]

moment-magnetic field coupling, and filament with . .
super-paramagnetic colloids in low (c) and high (d) Fig1 1cmf.png
dipole moment-magnetic field coupling scenarios. We

highlight the difference in dipole moment orientation,

magnitudes and orderings between the snapshots.

Fig 2 icmf.png
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Liquid Crystals are materials, which have properties between conventional liquids and solid crystals. Caused
by their bipolar chemical structure, the molecules interact among each other and build anisotropic structures
depending on different conditions as temperature or concentration. The molecules dipole moment is also re-
sponsible for their alignment in magnetic fields. However, since the magnetic properties of liquid crystals
are far weaker than the dielectric ones, strong magnetic fields are necessary for a controlled alignment of the
molecules. Thus, the doping with magnetic particles opens up the possibility to control the molecules orientation
at much lower magnetic fields. In this work, the magnetorheological behaviour of a composite of 4-cyano-4*-
n-pentylbiphenyl (5CB) and CoFe,Os[nanoparticles was investigated. The nanoparticles were electrostatically
stabilized and functionalized with (pro)mesogenic ligands to tune the interactions between the particles and the
5CB-host. The influence of these interactions on the rheological behaviour was focussed and experimentally in-
vestigated. Therefore, the viscosity of the pure and the particle-doped 5CB was measured in a rheometer at
varying shear rates, temperatures and magnetic fields. The results show for both materials a lower viscosity in
the nematic state (fig.1), which indicates a flow alignment of the nematic director, so the ordered molecules can
easier slide of each other. Further, a decreased transition temperature due to the particles was measured and
indicates a lower need for thermal energy for a distortion of the molecular ordering and a local destabilization
of the nematic structure. As a next point, the measured viscosity increase is much higher than the theoretically
expected one regarding the Einstein equations which is caused by a strong anchoring effect of the ligands in
both, the nematic and the isotropic state. The investigations in magnetic fields (perpendicular to the flow di-
rection) at different shear rates show a strongly pronounced magnetoviscous effect (MVE) and a shear thinning
of the pure and doped 5CB (fig 2). This points out a magnetic alignment of the molecules, which interacts with
the flow alignment. Additionally, a clear pronounced Fréedericksz transition threshold was detected. Financial
support by DFG in the project DFG-SPP1681 is gratefully acknowledged.
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Magnetic hybrid elastomers (MHE) are intensively studied as materials perspective for designing controllable
damping devices and acceleration sensors. Among their components, MHE contain magnetically hard and mag-
netically soft fillers dispersed in a polymer matrix. MGE was synthesized which contained a magnetically hard
FeNdB filler (75% by weight) and soft magnetic Fe (25%) in a polymer silicone matrix. The total filler concen-
tration was 32% by volume. In this series of experiments a magnetically hard filler with grain size 20-100 um
and coercive force 9000 Oe was used. In order to identify and determine the specifics of the magnetization of
the elastomer, within the frames of the present study there were used MHE samples containing FeNdB as the
only filler at a concentration of 78% by weight. The viscoelastic properties of MHE were controlled by variation
of the ratio between components A and B of the silicone resin and by addition of silicone oil into the composi-
tion. The magnetic properties of magnetic hybrid elastomers have been investigated. It was shown that they
have a coercive force less than the pure magnetic filler included in the magnetic elastomer. This was explained
by the rotation of the magnetic particles inside the polymer matrix after magnetization.

On the Figs.1-2 show the dependence of the magnetic susceptibility for MGE with an average hardness - 400
kPa. The figures clearly show the processes of re-magnetization (arrow 2) and rotation (arrow 1) of particlesin a
polymer matrix. The processes of rotation and magnetization reversal are seen simultaneously, a consequence
of the equality of the forces of rotation by the magnetic field and the elasticity of the polymer matrix. For a
soft sample, the overall hysteresis curve has an asymmetric form. The arrows show the direction in which the
magnetic field changes. The hysteresis curve depends on the direction of the change in the magnetic field.
Acknowledgments
This work is supported by the (DFG) and the (RFBR) within the projects DFG BO 3343/2-1 and RFBR 19-53-12039.
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Ferrogels are modern smart materials, consisting of magnetic nano — or micron-sized magnetic particles dis-
tributed in a polymer matrix. Combination of the properties of polymer materials with a high response to
the magnetic field offers great opportunities in the various high-tech areas, such as magnetically controlled
dampers and shock absorbers, sensors, artificial muscles, scaffolds for growing of biological tissues and cell
cultures. One of the most interesting features of these materials is their ability to change shape and rheological
properties under the action of an external magnetic field. These magnetorheological effects have been studied
in many experimental works; however lack of their theoretical analysis restrains progress in the field of study
and application of these materials. We present a theoretical study of the influence of macroscopic shear and
longitudinal deformations on stress in magnetic polymer composites in which magnetic particles form linear
chains. Such systems are obtained when the sample is polymerized under the action of an external magnetic
field. The magnetic field in this model is directed perpendicular to the shear and parallel to the tension. Our
results show that the chains break at a certain value of the deformation. In this case, the full stress experiences
a jump down. This effect is observed for both types of the deformation (Fig. 1).

Fig. 1. Shear stress (left) and tension (right) vs. magnitude of the strain.

In addition, our results on the longitudinal deformation quite well coincide with experimental data (see Fig. 2).
Unfortunately, we have not found in literature the similar results for shear deformations to compare with our
modelling.

Fig. 2. Elastic stress and results of measurements of [1] vs. the sample elongation.

References

[1] C. Bellan, G. Bossis, International Journal of Modern Physics B, 16 (2002) 2447-2453.
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Magnetic nanoparticles (MNP) play an important role for many biomedical applications, such as homogeneous
MNP-based bioassays or Magnetic Particle Imaging. The behaviour of the MNP depends not only on their
properties like magnetic moment and hydrodynamic size but also on the properties of their embedding matrix,
proposed that the MNP dynamics are influenced by Brownian relaxation. Thus, the MNP can also be used as
probes for nanorheological investigations [1-3].

Here, we apply different measurement techniques (ac susceptibility (ACS), magnetorelaxometry (MRX) and
Magnetic Particle Spectroscopy (MPS)) to study the MNP dynamics and to derive information on rheological
properties of the medium. The diversity of setups allows us to investigate the dynamics of the MNP in a time
range between s (ACS) up to several seconds (MRX) and in a magnetic amplitude field range between a few
hundred pT (ACS) up to 25 mT (MPS). As samples we use well-blocked Brownian particle as well as multicore
particle systems, which show both Brownian and Néel relaxation. The MNP are suspended in different
glycerol-water solutions as Newtonian system. The figure exemplarily depicts the imaginary parts of the ACS
spectra measured on suspensions of the multicore particles FeraSpin™ XL. The peak at 100 kHz is independent
of the viscosity change and caused by Néel relaxation, while the Brownian maximum continuously shifts with
increasing viscosity to lower frequencies. The dashed lines show the fits with the generalized Debye model,
providing viscosities in very good agreement with the theoretical expectations. Measurements of the same
viscosity series with MPS show a very complex, non-monotonic behavior of the harmonics spectra, which
can be understood when considering real and imaginary parts [4]. Experimental data will be compared to
simulations. In addition, results measured on MNP in viscoelastic matrices (e.g. gelatin) will be presented.

Funding by the DFG via SPP1681 (LU 800/4-3 and VI 892/1-1) is acknowledged.
[1] E. Roeben et al., Colloid Polym. Sci. 22, 2013 (2014)

[2] A. Tschope et al., J. Appl. Phys. 116, 184305 (2014)

[3] H. Remmer et al., Physics Procedia, 75, 1150 (2016)

[4] S. Draack et al., J. Phys. Chem. 123, 6787 (2019)
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In this work we address the question of the universal theoretical expression of high initial magnetic suscepti-
bility of concentrated ferrofluids. On the one hand, the second-order modified mean-field (MMF2) theory [1]
proposes susceptibility as a virial series in powers of density, which is appropriate for describing of the monodis-
perse systems. On the other hand, the extended version of MMF2 theory (MMF2+) [2] good predicts Monte-Carlo
simulation results for the polydisperse ferrofluids, but it doesn’t work in monodisperse case. Here new theo-
retical approach has been developed for calculating of the initial magnetic susceptibility in a form of a fraction,
whose expansion in a Maclaurin series over powers of density exactly coincides with the MMF2+ theory. The
method is based on the Helmholtz free energy, which is re-summed in to logarithmic function.

The theoretical predictions have been tested rigorously against results from Monte Carlo simulations of
monodisperse dipolar hard spheres fluids, and of polydisperse systems with broad particle-size distribution.
It turns out that behavior of the new susceptibility formula is very close to the MMF2 theory for monodisperse
systems; this allowed accurate to describe the simulation data. In the case of polydisperse systems, the new
susceptibility expression approximates the MMF2+ theory and simulation data good enough. The new theoret-
ical approach proves to be more reliable than virial constructions, which are very sensitive to the number of
counted terms.

Moreover, the new susceptibility formula is able to predict the extremely high susceptibility measurements
of dense magnetite ferrofluids at low temperatures [3]. It should be noted that none of the known theories
previously could explain the record-breaking values of magnetic susceptibility [3] even with taking into account
the volume compression of the carrier liquid under cooling and the temperature dependence of the saturation
magnetization of the ferroparticle bulk material.

This work was supported by the Ministry of Education and Science of the Russian Federation [Contract No.
02.A03.21.0006 and Project No. 3.1438.2017/4.6].

[1] A.O. Ivanov, O.B. Kuznetsova, Colloid J. 68, 430 (2006)

[2] A.Yu. Solovyova, E.A. Elfimova, A.O. Ivanov, P.J. Camp, Phys. Rev. E 96, 052609 (2017)

[3] A.V. Lebedev, Colloid J. 76, 334 (2014)
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Magneto-sensitive elastomers are field-controllable composite materials with magnetically switchable proper-
ties. They consist of a soft-elastic polymer network with immersed magnetizable micro-particles. Applying an
external magnetic field, these composites can undergo large deformations. Describing this magneto-induced
deformation represents a challenging task since the behavior strongly depends on initial conditions and as-
sumptions. We will present an approximation scheme based on the dipole-dipole interaction model to describe
the effects of different particle rearrangement mechanisms on the macroscopic deformation behavior. The pre-
sented formalism allows a simplified qualitative analysis of magneto-induced deformation and helps to reveal
some fundamental relations governing the mechanical properties of magneto-sensitive elastomers.
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Magnetoactive elastomers are the systems consisting of magnetic particles distributed in a nonmagnetic elastic
matrix. We consider different models of magnetoactive elastomers using Molecular Dynamics Simulations. One
of them is the system consisting of magnetic particles which have a shape like a “flake”. We take into account
the shape anisotropy of magnetic particles in such a system. In the Fig. 1 you can see a basic model for flake-
like particles, when a magnetic particle is surrounded by non-magnetic ones. In order to introduce the elastic
interactions, we consider fixed nonmagnetic particles which are connected with flake-like particles by harmonic
springs (classical harmonic interaction). We use four springs for each flake-like particle with different rigidities.
We use the soft package ESPResSo to perform computer simulations: we have Langevin dynamics and periodic
boundary conditions. We consider systems with different harmonic spring rigidities and magnetic moments of
dipolar particles.

We use the FORCs (first-order reversal curves) diagrams to study how the matrix influences internal magnetic
interactions. In order to plot the FORCs distribution we use a classical method [C. R. Pike et al., J. Appl. Phys. 85,
6660 (1999)]. We can use this method during study of the magnetic elastomers without known microstructure.
When it is no data about a microstructure in experiments, the FORCs diagrams can provide some information
about it. It is convenient to use the FORCs method in computer simulations because we can find the correspon-
dence between obtained diagram and microstructure implicitly. This is impossible to do during the experiment.
The research was supported by RSF (project No. 19-12-00209).

Fig. 1 - flake.jpg
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Magneto-sensitive elastomers (MSESs), also known as magneto-rheological elastomers, belong to a class of field-
controllable materials with magnetically switchable properties. MSEs are polymer composites consisting of
micron-sized magnetic particles dispersed within an elastomer matrix. In the presence of an external magnetic
field the induced magnetic interactions and the corresponding particle rearrangements change the mechani-
cal properties substantially. Additionally, these rearrangements can steer changes in the macroscopic shape of
the sample, known as the magneto-deformation effect. The application of the magnetic field also introduces a
field-dependent anisotropy with an axis of symmetry along the direction of the field. Thus, in the presence of
a magnetic field we may assume that MSEs can be modelled as a transversely isotropic material. Based on this
hypothesis we aim to derive an effective material model from the magnetic energy of MSE composites in the
dipole approximation. Here, we will present some of our preliminary results in developing a constitutive equa-
tion for MSEs. For this purpose uniaxial deformations are considered in longitudinal as well as in transverse
direction to the applied field and we compare the anisotropic contributions to the stress due to the magnetic
interactions with existing predictions for transverse isotropic materials.
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A two-dimensional system of magnetic colloids with anisotropic geometry (rods) subjected to an oscillating
external magnetic field is studied in this work. Specifically, the structural and dynamical properties of the steady
states are analyzed as a function of the misalignment of the intrinsic magnetic dipole moment of the rods with
respect to their axial direction, and also as a function of the intensity and frequency of oscillation of the external
magnetic field. The system is studied by means of Langevin Dynamics simulations. The misalignment of the
dipole, relative to their axial direction, is inspired by recent experimental and theoretical studies, and this fact
is relevant in the microscopic aggregation states of the system (Fig.1). The dynamical response of the magnetic
rods to the external magnetic field is strongly affected as a function of such a characteristic (Fig.2). Regarding
the synchronization between the direction of the dipole of magnetic colloids and the direction of the external
magnetic field, it is observed that its magnitude as well as the frequency of oscillation are important parameters,
which define very distinct regimes of synchronization. We observed three different well-defined phases (Fig.3)
depending on how synchronized the system are with the external field. A set of steady states diagrams are
presented, showing which magnitude and frequency ranges the different self-organized structures observed
(Fig.4).

FIG. 2 Characterization of % = 60° phases for &2 = 20 for
FIG. 1: Schematic illustration of the interaction between two different w. (H} Dipole-dipole autocorelation function, (h}
magnetic rods with indication of the important parameters of 1__'_”" "‘"“’L”“_‘I’.“ f“""}}“’”-l (l}-(l\‘l? Steady states: (i) w = 5
the pair interaction potential. (it) w= 10 (iii) w=20; (ivjw = 30.
Fig2.png

Figl.png
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To carry out complex measurements of the elasto-magnetic parameters of a magnetic fluid (MF) column in a
strong magnetic field — the frequency of the oscillations, the displacement of the liquid when pressure is applied
as well as measuring the magnetization and viscosity of MF samples — two different experimental setups were
created and described in [1].

A concentration series of MFs based on kerosene was studied. The concentrations of MF-10MF-3 samples are
10.56%, 6.32%, 3.93%, respectively. Figure 1 presents experimental data for the magnetization curves in the
3-750 kA/m intensity range and calculated data obtained from the model theory for the 200-800 kA/m intensity
range. The values of the magnetostatic magnetizationMys, shown in Figure 1 by squares, are calculated by for-
mula (7) in [1]. To obtain Mys, an array of experimental data is used to measure the gradient of the magnetic
field intensity at the base of the MF column and static measurements of the displacement of the MF column
under pressure. The magnetodynamic magnetization M,, is calculated by formula (20) in [1] using the results
of measuring the oscillation frequency of the MF column. These data are shown in Figure 1 by triangles. Exper-
imental results of direct measurement of magnetization (magnetization curve) of the objects under study are
plotted with lines.

The values of magnetization shown in Figure 1, obtained by the method of ‘direct’ determination and calculated
according to the data of static and dynamic experiments for MF-10MF-3 samples are in good agreement.

The viscosity of the samples is calculated by the formula (18) proposed in [2]. To reduce the magnitude of the
errors, the new method was used based on the approximation of the coefficients in formula (18). The depen-
dencies of viscosity on the field are presented in Figure 2. The horizontal line shows the viscosity obtained on
a rotational viscometer.

This work was supported by the project part of the state assignment of the Ministry of Education and Science
Ne 3.2751.2017/PP.

[1] Polunin VM. et al. 2017 MHD 53 471-481.

[2] Polunin V. M. et al. 2018 MHD 54 353-360.
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The MAG-PARIS Code provides a platform for simulation of flow dynamics in a fluid system with a magnetizable
fluid that is driven by an applied magnetic field. MAG-PARIS is developed from the Parallel Robust Interface
Simulator (PARIS) code, which allows simulations of systems with interfaces between two fluids, and also sys-
tems with a free fluid-air boundary.

MAG-PARIS uses single-fluid implementation of the incompressible Navier-Stokes equations, with a color func-
tion to account for the relative proportion of the two fluids (with different magnetic properties) in each fixed-
size, cubic, computational cell. A staggered grid for fluid velocities provides high accuracy in the conservation
of mass for each fluid, which is particularly important in some applications, including magnetic drug targeting.
Local curvature of interfaces, which drives surface-tension, is computed by a height function.

Particular to MAG-PARIS is the solution of the quasi-static magnetic field at each time step. The Laplace equa-
tion for the magnetic potential is solved with prescribed boundary conditions and a spatially varying magnetic
susceptibility (determined by the spatial distribution of the magnetizeable fluid), which is variable in time.

In the code, magnetic forces act in ‘cut’ cells that contain a boundary between the two fluids. Consistent with the
computation of the surface-tension force, the local surface normal (the direction in which the magnetic force
acts) is computed via a discrete gradient of the color function. The force is proportional to the difference in
magnetic susceptibility across the interface and the squared magnitude of the local magnetic field (Korteweg-
Helmholtz formulation of the force density).

As a test case, we simulate deformation of a droplet of magnetic fluid under an imposed, spatially uniform
magnetic field. The magnetic field is distorted by magnetization of the drop, but spatially uniform at the edges of
the computational grid due to the boundary conditions. Starting from a spherical initial condition, the droplet
elongates in the direction of the imposed field and reaches an equilibrium shape. In simulations, we obtain
equilibrium shapes consistent with theoretical predictions and experimental results.

simulation of deformation of a droplet of ferrofluid (magnetic susceplibility: 15, volume: 98 microliter) in a niform vertical simulation of deformation of a droplet of ferrofluid (magnetic susceptibilty: 15, volume: 98 mi
it initial condition o o p

‘magnetic field (150 Alm); time series of approach to equilibrium shape from spherical magnetic field (150 Am); cross-sections showing: (i) outline of the droplet and (i) level curve:

Droplet deformation.png Droplet deformation field.png
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Heavy crude oils are viscoelastic colloidal suspensions whose dispersed elastic phase is attributed to asphal-
tene aggregation mechanisms over a semilJcontinuous viscoelastic matrix of maltenes (saturates, aromatics and
resins). Under certain thermodynamic conditions, these components are prone to selfllassociate and to precip-
itate, which result in dramatic increases in viscosity and nonINewtonian rheological behavior. The aim of the
present research was to evaluate an improved magnetic technology to decrease the high viscosity and viscoelas-
ticity by acting on the aggregation mechanisms; to accomplish this, mixtures of heavy crude oil and ferrofluid
(Ferrotec’s EMG 1300 dry magnetic nanoparticles suspended in kerosene) were exposed to an external magnetic
field (MF). From the rheological characterization, master curves were built applying the time-temperature su-
perposition principle to evaluate the mechanical response of the material (-5 °C-60 °C) and then to model its
behavior, employing the Generalised Maxwell Equation. It was observed that this model fits the experimental
data (R?~0.990). From the relaxation spectrum, it was verified that the structural organization of the material is
coordinated by asphaltene aggregates (>10 wt%), which are responsible for the 95-99% increase of viscosity, as
well as the elastic character. Based on these results, the crude oil was diluted in ferrofluid achieving reductions
of both viscosity (~94%, 35% by nanoparticles at 0.2 wt%) and dynamic moduli. Additionally, it was designed a
characterization methodology employing a uniform static MF in two configurations: 1) a magnetolrheometer
(MCR 302 Physica-Anton Paar) and 2) a flowline system in laboratory-scale. In the magneto-rheometer, it was
observed a magnetoviscous effect, which was potentiated with the increasing mass concentration of magnetic
nanoparticles in the ferrofluid (0.2%; 0.6%; 1.0%; 5.0%). Likewise, it was proved that the crude oil-ferrofluid
mixtures follow the bi-dispersed model, in which a small fraction of large particles (>16 nm) form chains deter-
mining the field-dependent changes of viscosity, in spite of the magnitude of the viscous forces that contribute
to hinder those interactions. On the other side, in the flowline system with a uniform diametral magnetic field
device, an increase in the volumetric flow rate of 35% was observed, as proved by Tao and Huang (2011).
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In the last decades, a new branch of science called magnetic soft matter (MSM) has emerged and rapidly devel-
oped, spurred on by advances in synthesis techniques. These gave rise to the availability of magnetic particles
of a wide variety of shapes, including cubes [1,2], ellipsoids and rods [3,4]. Such colloids are of particular inter-
est as it has become clear that colloidal anisometry can be used as an effective control parameter to tune both
self-assembly scenarios and thermodynamic, rheological and phase behavior of dipolar (magnetic) soft matter
[5].

In this work, we present our first results on the study of charged magnetic discs. We employ molecular dynamics
simulations, using ESPResSo [6]. Our discs are composed of a number of soft charged spheres, where the central
particle in a disc possesses a magnetic moment of a constant length, permanently oriented perpendicular to
the disc surface. In order to investigate the self-assembly and structural properties of the discs we vary the
amplitude of an applied magnetic field, the magnetic dipole and the disc volume fraction. Furthermore, we
analyze at which electrostatic conditions the system exhibits self-assembly or/and field alignment, based on
cluster analysis, RDFs and structure factors calculated parallel and perpendicular to the field.

[1] Rossi, L.; Donaldson, J. G.; Meijer, ]J.-M.; Petukhov, A. V.; Kleckner, D.; Kantorovich, S. S.; Irvine, W. T. M.;
Philipse, A. P. & Sacanna, S. Soft Matter 14, 1080-1087 (2018).

[2] Disch S., Wetterskog E., Hermann R. P., Salazar-Alvarez G., Busch P., Briickel T., Bergstrom L. & Kamali S.,
Nano Lett., 11 (2011) 1651.

[3]Yan M., Fresnais J. and Berret J.-F., Soft Matter, 6 (2010) 1997.

[4] Gunther A., Bender P, Tschope A. and Birringer R., J. Phys.: Condens. Matter, 23 (2011) F5103.

[5] Tierno P, Phys. Chem. Chem. Phys., 16 (2014) 23515.

[6] Fahrenberger, F.; Roehm, D.; KoSovan, P. & Holm, C. Griebel, M. & Schweitzer, M. A. (Eds.) “ESPResSo 3.1:
Molecular Dynamics Software for Coarse-Grained Models” in Meshfree Methods for Partial Differential Equa-
tions VI, Springer Berlin Heidelberg, 2013, 89, 1-23.
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The stability of a ferrofluid centred on a rigid wire is investigated in a fully three-dimensional setting. An
electric current runs through the wire, generating an azimuthal magnetic field. The stability of the system at
zero Reynolds number is explored by solving Stokes equations. We consider an inner and outer ferrofluid with
different magnetic susceptibilities, producing a magnetic stress at the interface of the fluids. When the inner
fluid has a larger magnetic susceptibility, the system is linearly unstable to axisymmetric perturbations only,
and is stabilised by a sufficiently large magnetic field. When the outer fluid has a larger magnetic susceptibility,
we find the system is unstable to axisymmetric and non-axisymmetric modes. Then, considering solely one
column of ferrofluid, whose magnetic susceptibility varies radially, we produce a stability condition for the
axisymmetric system, valid both in the highly viscous and inviscid limits.
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Interactions between magnetic particles and a surrounding polymeric matrix alter the physical properties of
magneto-elastic composite materials [1]. This type of behavior is characteristic for ferrogels or magnetorhe-
ological elastomers, in which the elastic properties of the gel matrix and the rearrangement of the magnetic
particles are significantly coupled to each other. For example, changes in the elastic moduli of almost an order
of magnitude can be induced by external magnetic fields [2]. As an extreme event, the reversible collapse of
initially well-separated particles to a state of virtual touching of the particles has been observed under strong
mutual magnetic attraction [3].

We investigate the dynamics of such touching and reseparation events of magnetic particles in ferrogels
employing a one-dimensional minimal model. Spherical particles carrying induced magnetic dipole moments
are connected by harmonic springs and aligned in a straight configuration [4]. Our continuum theory and
explicit simulations reveal a possible bistability in the energy landscape and various different associated
dynamic scenarios. Depending on the initial conditions, the dynamic processes can take the particles from the
separated to the touching state and vice versa, also inhomogeneously along the system. Especially, although
our particle dynamics is overdamped, we reveal that the long-time relaxation dynamics can be governed by
a shock-wave-type propagation of interfaces between condensed clusters and regions of separated particles.
Other dynamic processes comprise simple relaxation dynamics, pair formation, or shock-wave dynamics of
particle pairs.

In the future, we aim at combining our dynamical characterization with recently developed statistical
means [5] in terms of dynamical density functional theory.

Acknowledgments
This work was supported by the German Research Foundation (DFG) through the SPP 1681 on magnetic hybrid
materials.
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In microrheology, 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 aspect. Sufficiently large colloidal probes sense their environment as a homogeneous continuum
with the macroscopic properties. Below a critical size, however, the structural inhomogeneity is resolved and
the particle motion reflects local properties.

The present study focuses on the size scale effect in the rotational dynamics of Ni nanorods dispersed in
poly(ethylene oxide) solutions. The nanorods were synthesized by the anodized aluminum oxide (AAO) tem-
plate method. The collinear ferromagnetic and optical anisotropy of the nanorods enables optical detection of
their rotation when exposed to an oscillating magnetic field. The molecular weight and solution concentration
of the macromolecules were used as control parameters to access to a wide range of structural length scales in
the nm-regime with an associated broad spectrum of stress relaxation times. Variation of the probe size was
achieved by using colloids of Ni nanorods with different rod length. The apparent local dynamic modulus, de-
rived from oscillating-field optical transmission (OFOT) spectra, was compared with results from macroscopic
reference measurements of the polymer solutions.

In semi-dilute solutions, the local zero-shear rate viscosity was reduced as compared to the macroscopic values.
The relative viscosity decreased exponentially with the ratio Rg/Ly, i.e. the polymer radius of gyration divided
by the nanorod hydrodynamic length, but was independent of concentration in the entanglement regime. The
latter result suggested that correlation length and Edwards tube segment length are of minor importance at
the given nanorod length scales. The local dynamic modulus, measured with nanorods at Rg/L;=0.15, was in
reasonable agreement with reference data from small amplitude oscillatory shear (SAOS) measurements and
calculated spectra based on the Likhtman-McLeish model. With decreasing length of the nanorods, the contri-

bution of entanglements to the local viscoelastic properties decreased.
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Based on the conventional thermal conduction method [1], we have measured the effective thermal conduc-
tivity, ke, for a ferrofluid sample with magnetite particle dispersed in kerosene and stabilized with oleic acid,
having the saturation magnetization Ms,=33 kA/m, the density pr=1210 kg/m® and the volume fraction,p=10.3%.
The measurements were made in the presence of a static magnetic field H, ranging between (0 - 100) KA/m. The
results show that in zero polarizing field, ke of the sample increases by 31% in comparison with the thermal
conductivity of the carrier liquid kr, (kerosene) and increasing further by the growth of the applied static mag-
netic field (figure 1). The obtained experimental results for k.5 of the ferrofluid sample in zero polarizing field
were compared to the computed values of k. using some theoretical models [2] for the thermal conductivity
(figure 2).

Furthermore, we have computed other thermal parameters of the ferrofluid sample, such as: the magnetic
specific heat (Cy) and the effective diffusivity of the ferofluid (D) both in the absence and presence of the
applied static magnetic field [3]. In Table 1, the values obtained for thermal parameters ko, Cy and Dy of
ferrofluid sample, both in zero magnetic field and for two values of H are listed.

The results have a special practical importance suggesting that the investigated ferrofluid may be potential
candidate for the incorporation into the heat transfer devices and other thermal applications.
Acknowledgments.This work was supported by a grant of the Romanian Ministery of Research and Innovation,
CCDI-UEFISCDI, project number PN-III-P1-1.2-PCCDI-2017-0871/47PCCDI/2018-2020, within PNCDI II1.
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Dispersions of superparamagnetic iron oxide nanoparticles (SPION) in transformer oils can exhibit enhanced
insulating properties as compared to pure transformer oils. The increased breakdown voltage of various mag-
netic nanofluids has been proven by numerous researchers. However, partial discharges (PD) in such magnetic
nanofluids have been reported rarely. Herein, we report on an experimental study of PD in transformer oil
with four different volume concentrations of SPION (from 0 to 0.0008 vol%). To observe the PD, a specific high-
voltage setup was designed. Thanks to the small amount of SPION in the oil (transparency), the PD events in the
form of visible corona discharges were visualized by a CCD camera. Furthermore, the PD inception and extinc-
tion voltage, apparent charge and quantities derived from the PD recurrence, as pulse repetition rate and phase
resolved patterns, were analyzed in dependence on SPION concentration. Even though weak concentrations, it
was found that the PD inception voltage increases quasi linearly with increasing SPION concentration but the
extinction voltage is practically unaffected. The pulse repetition rate is decreased as a result of the increasing
SPION concentration. The decreased PD activity is clearly concluded also from the reducing shape and growth
of the visual corona discharge patterns. To interpret the observed suppression of PD in transformer oil-based
magnetic nanofluids, the injected charge trapping on the dispersed nanoparticles is considered. Moreover, a
possible effect of the local magnetic fields around the SPION on the space charge migration is taken into account,

too.
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Under the action of electric or magnetic fields in magnetic fluids a some of optical effects can be detected. Op-
tical effects in transmitted light such as birefringence and dichroism are known. The magneto-optical effect
in reflected light such as magneto-optical Kerr effect (MOKE) remains relatively poorly studied. In this paper,
we present an ellipsometric study of MOKE in reflected light in a kerosene based magnetic fluid with mag-
netite nanoparticles. We investigate the sample with a volume concentration of 0.1%. Sample is produced by
Scientific-Technology Company “Magnetic Fluids”, Naro-Fominsk, Russia. For research, we used the spectral
ellipsometer Ellipse-1891. The magnetic field was created by an electromagnet and was perpendicular to the
plane of the incident and reflected rays. In a magnetic field, the surface of a magnetic fluid is not horizontal
and this hinders the study of reflected light. To prevent this effect, the sample cuvette was covered with an
equilateral glass prism. The angle of incidence of light on the surface of the magnetic fluid was 60 degrees. El-
lipsometry measures two parameters: the amplitude component W and the phase difference A. The polarization
state of the light incident upon the sample may be decomposed into an s- and a p- component (the s- component
is oscillating perpendicular to the plane of incidence and parallel to the sample surface, and the p- component is
oscillating parallel to the plane of incidence). The reflection coefficients of the s- and p- components of light are
denoted by Rs and Ry, respectively. The change in ellipsometric parameters ¥ and A under the action of mag-
netic field was measured. Fig. 1 shows the spectral dependence of changes in parameters in the wavelength
range 400-1000 nanometers. The field dependence of the amplitude parameter change §¥=%y -¥, at magnetic
field strength H about 100 Oe in fig. 2 are shown.

The influence of a magnetic field on a magnetic fluid leads to a change in the ellipsometric parameters of light
reflected. Field dependence of the amplitude parameter change §%(H) is non-linear.
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Surface acoustic waves (SAWs) are used first time to study structural changes in transformer oil-based magnetic
fluids under magnetic fields. The measurement of the attenuation of SAW propagating along magnetic fluid is
showed, analogous to the case of liquid crystals [1], as an effective tool to study such processes in the cases
when the obviously utilized longitudinal acoustic waves [2] are not available. The magnetic particles FeO.Fe; 05
in several different volume concentrations, from 0.05 % to 3.50 %, were added to the transformer oil MOL.
Both linear increasing magnetic field and jumped magnetic field were applied to study structural changes. The
interactions between magnetic field and magnetic moments of nanoparticles lead to the aggregation of mag-
netic nanoparticles and following chain or cluster formations that have the influence on the SAW attenuation.
The measurement of the acoustic anisotropy (Fig. 1) gives additional useful information about the structure of
nanoparticles formations. The effect of the SAW attenuation anisotropy is analyzed by applicable theoretical
model. Temperature of magnetic fluids, as it is demonstrated in Fig. 1, indicates also very important influence
on structural changes due to the change of viscosity and thermal motion with increasing temperature that both
affect the process of cluster creation. Obtained results are compared and discussed.

Fig. 1. Anisotropy measurements of SAW attenuation at 300 mT and temperatures 15, 25 and 35 °C for 2.5 %
magnetic fluid based on MOL.

[1] P. Bury, M. Vevericik, P. Kopcansky, M. Timko, Z. Mitréova, Structural Changes in Liquid Crystals Doped with
Functionalized Carbon Nanotubes.Physica E 103 (2018) 53-59.

[2] Kuadelcik, J., Bury, P, Drga, J., Kopcansky, P., ZaviSovd, V., Timko, M., Structure of transformer oil-based mag-
netic fluids studied using acoustic spectroscopy, Journal of Magnetism and Magnetic Materials 326 (2013) 75-80.
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In this study, the novel polishing method was developed to apply simultaneously magnetic and electric fields on
the flat surface with utilizing a magnetic compound fluid (MCF), which has been proposed as another magnetic
responsive fluid involving magnetic fluid (MF) and magneto-rheological fluid (MR). The authors have clarified
the precise polishing characteristics for flat and cylindrical inner surfaces until now by utilizing the MCF. How-
ever, their polishing efficiency were comparatively low as for high hardness of the polished materials. For this
reason, as we focused on the distinction that MCF has feasibility of having both electric conductivity and di-
electricity according to its components, we aimed to realize the potential of high polishing efficiency on the
tough materials to be polished by utilizing an electric as well as a magnetic field and by introducing the physical
mechanism such as electrorheological fluid (ER) effect.

Our used polishing slurry was an MCF involving abrasive grains and a-cellulose fibers. Figure 1 shows the
schematic experimental device, and Table 1 shows the specifications of our used polishing tool. The polishing
is carried on by the processing force of the magnetic clusters, which are constructed by particles of the MCF, on
the abrasive grains, and by the relative motion of the abrasive grains to the polishing surface.

Figure 2 shows the relationship between the removal amount and the polishing time. The removal amount
does not differ between E = 250 V/ mm and E= 0 V/ mm. However, at polishing timet = 40 min, in the case of
E =500 V / mm, it is more than twice that in the case of E = 0 V/ mm. On the other hand, the time change in
the electric current was found to increase gradually at E = 500 V / mm. Moreover, the increase of the removal
amount by the application of the electric field and the average value of the electric current are suggested to
have correlation.
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The present investigation deals with the systematic analysis of the boundary layer Cattaneo-Christov double dif-
fusion model of both heat and mass transfer in an upper-convected Maxwell nanofluid over an inclined stretch-
ing surface. The upper-convected material derivative has been constructed to frame generalized Fourier’s and
Fick’s phenomenon on behalf of the Cattaneo-Christov model. The highly coupled boundary layer governing
equations including momentum, energy and mass conservation equations are transformed to similarity equa-
tions via appropriate dimensionless variables. The effects of Brownian motion and thermophoresis are taken
into account. Influence of pertinent flow parameters inside the flow regime, namely, magnetic field, fluid relax-
ation parameter, thermal relaxation parameter, nanoparticle concentration relaxation parameter are deliber-
ated through tables and graphs to predict the double diffusive phenomenon. One of the noteworthy outcomes
of this investigation is that the application of external magnetic field leads to a reduction in the velocity of the
fluid. This is due to the fact that magnetic field induces a retarding body force, namely, Lorentz force which has
a tendency to oppose the motion of the fluid. As a result of which a downfall in the velocity profile is perceived.
On the other hand this investigation also authenticates that higher temperature distribution profile is noticed
in the absence of thermal relaxation parameter i.e. for so called Fourier’s law as compared to Cattaneo-Christov
heat flux model. Thus the significance of the current literature is to explore its unique endeavor towards the

generalized version of conventional Fourier’s law and Fick’s law at nanostructure level.
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This work describes the three-dimensional self-assembly of colloidal magnetite nanoparticles from a very
dilute water-based ferrofluid onto a silicon surface and the dependence of its magnetic structure on the applied
field. The nanoparticles used are highly spherical, have a core diameter of 25 nm and a small size distribution.

They were assembled onto a silicon wafer that was coated with an APTES layer.

The detailed characterization of the layering and the magnetization behavior in the layers was achieved us-
ing polarized neutron reflectometry [1]. With additional input from small-angle neutron scattering measure-
ments, a full characterization of the core/shell nanoparticle dimensions, degree of chaining, arrangement of the
nanoparticles within the different layers, and the magnetization depth profile was provided. The nanoparticles
not only wet the silicon surface but also self-assemble into several layers on the functionalized silicon substrate
as can be seen in Fig. 1. The layers which build up are close-packed with concentrations up to 200 times higher
than that in the ferrofluid. These layers are followed by more loosely packed ones. The layering behavior is
field dependent. For both different field cases used is notable that a very dilute loose particle layer, which has a
low volume concentration that nearly matches that of the free ferrofluid, forms between the ferrofluid and the
3D self-assembled particle structure. This layer plays a key role as the magnetization orientation of the entire
stack is triggered by this loose particle layer.

The reason for this behavior is the different remagnetization mechanism of free and bound monodomain
nanoparticles. In bound particles the magnetization might flip via a process known as Neél relaxation whereas
in a liquid suspension, each nanoparticle is able to physically rotate by Brownian motion, which occurs on a
much faster timescale and costs less energy. The competing energetics of the free and bound layers leads to the
partial formation of quasi-domain structures in the latter with a lower net magnetization triggered by dipolar
coupling.

[1] K. Theis-Broehl et al., ACS Appl. Mater. Interfaces, 2018, 10, pp 5050.
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This work aims to reconstruct a continuous magnetization field of a ferrofluid plane flow by using a dis-
crete Langevin dynamics approach for the magnetic particles. The continuous magnetization field is obtained
through a numerical solution of Ferrohydrodynamic equations using a numerical code developed by the au-
thors. It is extremely important to understand the micro-structural behavior of the magnetic particles in or-
der to comprehend the phenomenology of the suspension’s magnetization dynamics. The discrete Langevin
simulations of a collection of magnetically interacting particles takes into consideration hydrodynamic and
magnetic interactions to which the particles are subjected. Hence, the particles interact magnetically through
their permanent magnetic dipole moments and also with an external applied magnetic field. The particles may
be also subjected to hydrodynamic drag, long-range hydrodynamic interactions in creeping flow, and, due to
their small size, to Brownian fluctuations. It is assumed that the dipole moments of the magnetic particles are
fixed to themselves, meaning they rotate along the particle’s angular velocity without delay. For this purpose,
particle rotation, promoted both by Brownian and magnetic torques, is also explored in our simulations. The
equations governing the motion of magnetic particles suspended in a viscous fluid are solved by direct numer-
ical simulations for different Péclet number and dimensionless magnetic field configurations. In order to draw
an accurate comparison between the data obtained through both the continuous and discrete methods, under
the same physical conditions, our governing equations were made non-dimensional. In general, a very good
agreement among the continuous and discrete magnetization profiles was obtained.
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By means of experiments and computer simulations we investigate the phase separation taking place in a shaken
mixture of glass and magnetised steel spheres after a sudden quench of the shaker amplitude. Transient net-
works of steel spheres emerge immediately after quenching and slowly evolve to reach a phase separation.
Such evolution is governed by the interplay between the magnetic interactions of the steel spheres, that make
them to aggregate into clusters, and the collisions with the glass spheres, that play the role of a viscoelastic bath.
In our first work we analyzed the evolution of this system using network specific parameters like the mean
number of neighbours or the network efficiency, uncovering the existence of three dynamic regimes [1]. This
behaviour corresponds to the viscoelastic phase separation of dynamically asymmetric mixtures, firstly studied
by H. Tanaka [2].

Here we present new results for the evolution of the transient networks formed in this system, corresponding
to the case in which it is exposed to a horizontally applied homogeneous magnetic field. With increasing field
strength, the early branched network structures observed at zero field tend to be replaced by linear chains and
elongated clusters. We quantitatively characterize the average orientation of the network edges with respect to
the direction of the applied field and explore the consequences for the magnetisation curves.

[1] Armin Kogel, Pedro A. Sdnchez, Robin Maretzki, Tom Dumont, Elena S. Pyanzina, Sofia S. Kantorovich, and
Reinhard Richter, Soft Matter vol. 14, 1001 (2018).

[2] Hajime Tanaka, J. Phys.: Condens. Matter, vol. 12, R207 (2000).
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The present work deals with the investigation of the oscillatory behaviour displayed by a vibrating sensor unit
made of a magnetoactive elastomer (MAE). Since this type of smart materials consists of an elastic matrix and
micro-magnetic particles, it reveals exceptional magnetic-field-dependent material properties that makes it
promising for designing sensor systems with variable operative range.

The concept of an MAE-based acceleration sensor unit for detection of external mechanical stimuli is considered.
The forced vibration response under the bending of an MAE element subjected to in-plane harmonic kinematic
excitation of the housing is studied. Vibrating elements are made of MAE material with a carbonyl iron powder
content of 30 vol% and an averaged particle diameter of 6 um. They are utilised in the form of a fixed-fixed
beam with a large central part as a seismic mass suspended on two sides. The overall length of the beam is 60
mm. The cross-sectional dimensions of two suspending beams are specified by numerical simulations using the
finite-element method on condition that the basic eigenfrequency of a sample, being far below the second one,
corresponds to the transverse bending.

It is found that the amplitude-frequency characteristics of MAE vibrating units can be changed considerably by
means of a magnetic field. It is produced by two cylindrical magnets that are magnetised axially and positioned
symmetrically above and below the MAE. By varying the distance between the magnets, i.e. the magnetic field
strength, the MAE displays different steady-state responses for the same applied harmonic excitation of its base
(figure 1). As aresult, the resonance occurs at various ranges of the excitation frequency, and the “configuration”
of the MAE unit can be tuned reversibly between the low/high frequency response and the resonance response.
Moreover, the resonance hysteresis is observed depending on whether the excitation frequency increases or
decreases that leads to the appearance of quasi-discontinuous jumps in the response amplitude. The nonlinear
effect of the excitation amplitude value on the response amplitude is investigated.

Financial support by Deutsche Forschungsgemeinschaft (DFG) under the projects BE 6553/1-1, Z1 540-17/3 within
PAK907 and SPP1681 is gratefully acknowledged.
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Hybrid magnetorheological elastomers (h-MREs) are soft polymers filled with a mixture of magnetically soft
(MS) and hard (MH) micropowders. The MH component works as an ever present source of internal magnetic
fields ensuring constant presence of the coupling between the MH and MS particles. At the same time, a soft
matrix of an h-HREs sample allows for displacements of the particles under their mutual interaction. Due to
that, such materials combine the properties of both classical MREs (only MS filler, no remanent magnetization)
and elastically bonded magnets (the filler is exclusively MH).

The intricate mesoscopic coupling of the magnetic and mechanical degrees of freedom in h-MREs predetermines
their unique functionality at the macroscopic scale. However, given the complicated physics of these materials,
to get a reliable understanding of their behavior is a challenging goal. Aiming at that, we discuss magnetization
curves of real h-MREs together with results of their theoretical modelling.

As a key issue, we consider an MH (namely, NdFeB) microparticle embedded in an elastomer and treat it, as
suggested by the experimental evidence, as a tight clot of interacting nanograins, each of which magnetizes ac-
cording to the Stoner-Wohlfarth scenario. Hence, any field-induced rotation of such structure as a whole against
the matrix perturbs both the easy axis direction of and the local field experienced by each nanograin. Our model
shows how the joint effect of those changes modulates the net magnetic moment of the particle and, through
it, affects the angular position of the particle defined by the actual balance of the magnetic and mechanical
torques imposed on it. The developed framework enables one to (i) explain the training effect (non-coincidence
of the first few magnetic hysteresis loops) and (ii) analyze the dependence of reference characteristics (e.g., co-
ercive force and remanence) of the MRE magnetization curves on the mechanical compliance of the matrix,
orientational distribution of the grain easy axes, etc.

Development of theoretical models was funded by RFBR according to the research project 18-32-00817. Com-
puter simulations and experimental measurements were accomplished with financial support by RFBR-DFG
projects 19-52-12045, Bo 3343/2-1 and SO 18/24-1 within SPP1681 and PAK907.
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Theranostics, a fusion of two key elements of medicine — diagnostics and therapy of the organism’s disorders,
promises to bring the efficacy of medical treatment to a fundamentally new level and to become the basis of
personalized medicine. Smart nanomaterials, which combine multiple functionalities in a single agent and can
react to external stimuli to implement a pre-programmed action, could be perfect agents for theranostics.
Recently, we showed [1,2] that nano- and microparticles, virtually regardless of their nature, can be transformed
to autonomous biocomputing structures capable of implementing a functionally complete set of Boolean logic
gates (YES, NOT, AND and OR) and of binding with a target as a result of the computation. The logic gating
functionality isincorporated into self-assembled particle/biomolecule interfaces of the structures and is realized
through their disassembly induced by an input. The use of magnetic nanoparticles (MP) as the basis for the
assembly of biocomputing agents is very attractive due to biocompatibility of the iron oxide particles.

Beside drug delivery applications, the proposed approach for construction of the next-generation smart nanoa-
gents is compatible with many in vitro diagnostics assay formats such as lateral flow, ELISA, homogenous and
3D-solid phase magnetic assays, etc. Cell targeting based on logic-gated biochemical analysis of cell’s microen-
vironment is especially appealing for targeted drug delivery.

Theranostic potential of such MP-based agents can be further enhanced via their combination with our highly
sensitive registration technique of magnetic particle quantification (MPQ), in which MP are magnetized by a
magnetic field generated at two frequencies and their response is recorded at combinatorial frequencies [1,3].
The developed MPQ readers feature record limits of detection of 39 pg of MP in 0.2-ml volume and an extremely
wide 7-order linear range [6]. MPQ can be used to detect magnetic agents in various formats both in vitro (e.g.,
in immunoassays and cytometry applications) and in vivo (real-time studies of pharmacokinetics, investigation
of biodistribution and biodegradation).

1. M.P. Nikitin et al., Nat. Nanotechnol. (2014).

2. A.A. Tregubov et al., Chem. Rev. (2018).

3. M.P. Nikitin et al., Nanoscale (2018).
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Dynamic remote control of cellular functions is still a major challenge in academical and biomedical research.
Recently, we developed a technique, which we referred to as magnetogenetics. With this technique, we demon-
strated magnetic control of the small Rho-GTPase Rac1 by exploiting magnetic microparticles acting as magnet-
ically controllable carrier of a biological function.!”! Here, we present latest developments for magnetogenetic
activation and probing of GTPases by exploiting semi-synthetic magnetic nanoparticles inside living cells. A
ferritin-based nanobiomaterial was developed yielding Magnetic Intracellular Stealth nanoparticles (MagIcS
NPs).”?! These semi-synthetic NPs were not recognized by intracellular degradation machineries, which was a
key pre-requisite for unbiased and specific application inside living cells. In addition, we developed an ad-
vanced magnetite core particle (MCP) coating strategy based on Mms6, an iron-binding protein derived from
magnetostatic bacteria. This approach enabled one-step biofunctionalization of MCPs with mEGFP within 2h,
yielding biocompatible mEGFP coated magnetic nanoparticless of 28nm in diameter. With these tools at hand,
successful magnetic manipulation of targeted proteins on the surface of those particles could be demonstrated
inside living cells. Furthermore, by exploiting re-engineered FRET-biosensors, those magnetic nanobiomateri-
als enabled site-specific and reversible activation of GTPases on a subcellular scale. Overall, magnetogenetic
manipulation by exploiting magnetic nanobiomaterials provide a novel non-toxic tool for magnetic control of
proteins inside living cells.

[1] Subcellular control of Rac-GTPase Signalling by Magnetogenetic Manipulation Inside Living Cells;F.
Etoc, D. LifRe, Y. Bellaiche, J. Piehler, M. Coppey, M. Dahan; (2013) Nature Nanotechnology8, 193-198

[2] Engineered Ferritin for Magnetogenetic Manipulation of Proteins and Organelles Inside Living Cells;D.
Lifde, C. Monzel, C.Vicario, ]J. Manzi, I. Maurin, M.Coppey, J. Piehler and M. Dahan; (2017) Advanced Materials 29
42)
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Magnetic nanoparticles bring multiple assets to the biomedical field, for therapeutic and/or diagnostic ap-
proaches. I will show some of the recent applications that we explored, adopting the materials angle from
the outset. First, we developed magnetic-based methods to manipulate living cells, towards the goal to pro-
vide magnetic artificial tissue replacements [1,2], that can be stimulated on demand [3,4]. Second, we proposed
combined and synergistic cancer solutions by applying multiple stimuli to the same magnetic nanoparticle [5].
In particular, we compared the heating potential of magnetic nanoparticles under magnetic hyperthermia or
photothermia [6,7], with plasmonic nanoparticles under photothermia [8], or the combination of both [9-11].
Finally, we explored whether and how the properties of magnetic nanoparticles can be affected once achieving
their therapeutic mission, as they journey within their cellular targets [12-14].

[1] Advanced Materials. 25, 2611-2616 (2013) [2] Acta Biomaterialia, 37, 101-110 (2016) [3] Phys Rev Lett, 114,
098105 (2015). [4] Nature Communications, 8, 400 (2017) [5] ACS Nano, 9, 2904-2916 (2015) [6] Advanced Func-
tional Materials, 28, 1803660 (2018) [7] Journal of Controlled Release, 279, 271-281 (2018) [8] Advanced Health-
Care Materials, 5, 1040- 48 (2016) [9] ACS nano 2016, 10, 2436-2446 (2016) [10] Nanoscale, 7, 18872-18877 (2015)
[11] Theranostics, 9, 1288-1302 (2019) [12] ACS nano, 10, 7627-7638 (2016) [13] Advanced Functional Materials,
27,1605997 (2017) [14] PNAS 10.1073/pnas.1816792116 (2019)
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Magnetic fluid hyperthermia (MFH) enables the controlled release of therapeutical heat using magnetic
nanoparticles (MNP) as heating agents. The MNP are excited in an externally applied alternating magnetic
field (AMF). The excitation energy is transformed into heat via magnetic relaxation of the MNP. This heat is
then dissipated into their immediate surroundings, e. g. a tumor, facilitating the therapy of organ-confined
cancer. Treatment efficacy relies on MFH efficiency to generate heat, which is dependent on the MNP interac-
tion with their environment. Here, different approaches of modelling this interaction well as corresponding
in vitrostudies are discussed with respect to two different applications: MFH after magnetic targeting of MNP
to a tumor site and MFH through inductive heatable stents with incorporated MNP for treatment of endolumi-
nal tumors. For these applications, MNP are restricted in their mobility and form clusters, which influences
their magnetic relaxation and heating behavior. Using theoretical modelling techniques, sets of parameters
are predicted which match field amplitude and frequency to MNP size and magnetic properties for optimized
MFH efficiency. For the magnetic targeting application, the MNP interaction with tumor cells and its impact
on heating efficiency is estimated by heating experiments on MNP immobilized in hydrogels, mimicking the
settings in cellular environments such as binding to cell membranes and agglomeration inside lysosomes. Such
hydrogels have tunable material properties that allow to quantify the effects of clustering and immobilization
on particle heating. Further, the general feasibility of MFH is addressed with in vitro MFH experiments carried
out with pancreatic tumor cells. Besides the obvious bulk temperature cytotoxic effect, the so-called nanoheat-
ing effect, i. e. heat developed up to 100 nm away from the MNP surface, is demonstrated. For the inductive
heatable stents, different MNP are investigated concerning their concentration, immobilization and agglomer-
ation effects on heating efficiency. The dipolar particle-particle interaction and the effective anisotropy energy
increase for MNP agglomerates, directly influencing their non-linear dynamic magnetic susceptibility. Since
hyperthermia and magnetic paticle imaging (MPI) rely on the non-linear dynamic magnetic susceptibility, the
same behavior is observed in both techniques. So, the imaging performace of the stents is also presented.

Inductive heatable stents left and magnetic nanoparticle interaction effects on heating behavior right .png
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This communication will report the preparation of poly(ethylene oxide)-block-poly(e-caprolactone) (PEO-b-PCL)
polymer vesicles via a nanoprecipitation method and the loading of hydrophobically coated ultrasmall super-
paramagnetic iron oxide (USPIO) nanoparticles of two different core sizes (4.2 nm and 7.6 nm) into the mem-
brane of these nanovesicles, whose thickness was measured precisely by small angle neutron scattering (SANS).
Spherical nano-assemblies with a high USPIO payload and a diameter close to 150 nm were obtained as con-
firmed by dynamic light scattering (DLS), transmission electron microscopy (TEM) and cryo-TEM. Vesicular
structure of these hybrid nano-assemblies was confirmed by multi-angle light scattering (MALS) measurements.
Their magnetic properties (specific magnetization and relaxometric Outer Sphere diameters) were evaluated
from their T; and T, water spin relaxation times measured at 20 and 60 MHz, (both at 37°C) and from the fitting
of their nuclear magnetic relaxation dispersion (NMRD) profiles versus Larmor frequency (or field). The size of
USPIO entrapped in the membranes of PEO-b-PCL vesicles has a strong impact on their magnetic properties. It
affects both their longitudinal (r;) and transverse (r;) relaxivities and thus their magnetic resonance imaging
(MRI) sensitivity, either as positive or negative MRI contrast agents. Acid-catalyzed hydrolysis of PCL membrane
also influences their relaxivities as shown by measurements carried out at pH 7 vs. pH 5. The experimental ry/ry
ratio is a very sensitive property to monitor membrane hydrolytic degradation in vitro, as correlated with inde-
pendent chromatographic analysis of the PEO-b-PCL copolymer chains. To conclude, this study brings a proof
of concept of potential non-invasive monitoring of local drug delivery by nanomedicines, and will be highly
suitable to help in vivo preclinical of potential MRI-guided nanotherapies under development.
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Molecularly imprinted polymers (MIP) are cross-linked polymer networks presenting very specific recog-
nition sites for a template molecule. MIP presenting high adsorption capacity and high specificity toward
biomacromolecules are of great interest for biotechnologies. Synthetic pathways were developed to obtain
protein imprinted polymers (PIP), used for analytical purposes’, but also to enhance nanoparticles stealth?. A
great interest is nowadays focused on their use in nanomedicine, e.g. for in vivo protein targeting®, because
conventional methods employed to target cells have proved to be very effective but difficult to produce,
requiring either animal hosts or expensive and time-consuming synthetic methods. Coupling PIP to magnetic
nanoparticles*offer the possibility to detect and manipulate proteins in vitro or in vivo. It can also open
a whole new field of application by taking advantage of their magnetic hyperthermia properties. Indeed,
when submitted to an alternating magnetic field (AMF), maghemite nanoparticles (y-Fe;Os3) induce a local
temperature increase that can be used to denature proteins trapped inside the coupled imprinted polymer
(Fig. 1.

In this field, we developed a novel synthetic pathway, which was successfully employed to synthesize magnetic
PIP°. Adsorption properties of the obtained nano-objects were carefully assessed and attention was paid to the
fate of trapped proteins, before using y-Fe, 03 @PIP particles to target cells expressing green fluorescent protein
(GFP) and induce cells fluorescence loss through the application of an AMF (Fig. 2).

Moreover, using this novel process, first results were obtained concerning the ability of magnetic CD44
imprinted polymer to target cells overexpressing CD44 (a glycoprotein overexpressed on the surface of
circulating tumor cells) at their surface. We showed that the magnetic PIP targeted 80% of cells presenting
CD44 when only 15% of cells were targeted with the same magnetic polymer without the CD44 imprints.
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Microalgae harvesting remains a challenge due to small cell size, low cell density in water, and large amount
of water to remove. Among recent techniques for microalgae harvesting, magnetic separation with magnetic
nanoparticles provides a promising method because of simple operation, fast separation, low running cost and
energy saving. Here we report an efficient magnetic separation technology using Fe;O4 nanoparticles harvest-
ing marine or fresh water microalgae from culture broth. Recovery capacity of these nanoparticles was af-
fected by microalgal growth phase and reached the peak value when the microalgal growth reached its maximal
biomass. The recovery efficiency of microalgal cells from the culture medium reached more than 95% within
4 min. Electrostatic attraction and cell aggregation was beneficial for harvesting the algal cells. Reuse of the
culture medium obtained from magnetic separation gave similar biomass production in comparison with that
from centrifugation separation after 5 recycles. A magnetic separator, which consisted of permanent magnet
drum, separation chamber and scraper blade, was applied for efficient microalgae harvesting. The harvesting
efficiency of Chlorella ellipsoidea cells reached more than 95% within forty seconds in each batch operation
of microalgae harvesting. In the continuous operation of microalgae harvesting, the harvesting efficiency de-
creased with increasing the liquid flow rate through the separation chamber and remained more than 95% at
the liquid flow rate less than 100 mL/min. The developed magnetic separator together with functional magnetic
nanoparticles provided a promising method for efficient microalgae harvesting in practice.

Magnet drum Scraper blade

Figure 1.png
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Understanding the dynamic magnetic behaviour of nanoparticles is crucial for developing techniques such as
magnetic hyperthermia; an experimental thermal cancer treatment that uses magnetic nanoparticles to channel
the energy from an external high-frequency AC magnetic field in order to kill cancer cells. As heating can
only occur where nanoparticles are present, the technique provides a truly local effect and significant results
can be obtained by accumulating nanoparticles within tumors. In principle the effects should occur at the
cellular level, where the nanoparticles can heat the cells directly in order to trigger cell death. However, to
date this approach has proved somewhat disappointing because it seems the dynamic magnetic properties and
consequently heating power (specific absorption rate) of the nanoparticles can change once they are associated
with cells [1].

In this talk I will discuss how developing a full understanding of the interactions of nanoparticles with their
local environment is essential to achieve effective cellular level magnetic hyperthermia within real biological
systems. Within this context I will describe the results of our recent work using inductive AC magnetic suscep-
tometry and magnetometry to probe the high-frequency magnetic response of nanoparticles under different
environmental conditions, including in situ measurements of nanoparticles associated with live cells. Here we
found that the AC hysteresis loop area (and consequently SAR) of the nanoparticles, depended on their aggrega-
tion state due to a reduction in their effective anisotropy [2]. I will also discuss our development of a scanning
magneto-optical system for high-frequency AC magnetometry and AC magnetic susceptibility measurement.
The system configuration is based on modulation of the Faraday effect and measurement of Faraday rotation
of the transmitted polarised laser light (488nm) using a balanced detector. The AC electromagnet can generate
up to 50mT at frequencies up to 500MHz. This method opens up new possibilities for understanding dynamic
magnetic response in situ.

[1] R. Di Corato et al., Biomaterials 35 (2014) 6400-6411.
[2] D. Cabrera, et al., ACS Nano 2018, 12, 3, 2741-2752.
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Hydrogels are three-dimensional, hydrophilic networks of flexible polymer chains swollen by water or biolog-
ical fluids. Due to their resemblance to the extracellular matrix of living tissues, hydrogels have been success-
fully used in many biomedical applications. Hybrid hydrogels can be prepared by combination of polymers
with inorganic nanoparticles, which can endow them with new, intriguing properties. An example is the em-
bedment of ferromagnetic nanoparticles within the hydrogel network, which results in magnetizable hydrogels
that combine the typical flexibility of soft matter with a significant magnetic response, a unique characteristic
that is not met by any natural material. What is more, the embedment of ferromagnetic nanoparticles within
the hydrogel network also provides with a powerful tool to act on the microstructural and macromechanical
properties of hydrogels. In particular, for fibrin-based hydrogels we found that the polymer precursors an-
chored on the nanoparticle surface, resulting in a perfect integration of the nanoparticles in the polymer net-
work. This anchoring allowed actuation by magnetic forces during polymer assembly, which could be used to
induce alignment of the polymer fibers along the desired direction, giving rise to anisotropy at the microscopic
scale. For hydrogels based on fmoc-diphenylalanine (Fmoc-FF) peptides, we demonstrated that Fmoc-FF pep-
tides adsorbed on the surface of the magnetic nanoparticles, and that application of a magnetic field during
peptide assembly resulted in columnar structures aligned along the magnetic field direction, perfectly inte-
grated within the hydrogel network. For both the fibrin-based and the peptide-based hydrogels, the observed
changes in microstructure resulted in enhanced macromechanical properties with respect to nonmagnetic hy-
drogels. Finally, we used the fibrin-based hydrogels as scaffolds for the generation of artificial tissues. We did
not find significant differences in cell proliferation in magnetic hydrogels with respect to nonmagnetic ones.
However, the artificial tissues based on magnetic hydrogels demonstrated to be more resilient, in terms of me-
chanical strength, than those based on nonmagnetic hydrogels for the total duration (30 days) of the cell growth
experiments.

Acknowledgements: project FIS2017-85954-R (Ministerio de Economia, Industria y Competitividad, MINECO,
and Agencia Estatal de Investigacion, AEIL Spain, cofounded by Fondo Europeo de Desarrollo Regional, FEDER,
European Union).
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Micro Magnetic Arrays, or MMAs, consist of a matrix of soft ferromagnetic elements that can be activated re-
motely using an external magnetic field. This technology was developed to overcome low throughput and repro-
ducibility limitations of standard methods. MMAs were made using conventional micro fabrication techniques
and subsequently carefully characterized using MOKE, Stokes and Magneto-optical measurements. In combi-
nation with magnetic fluids injected or uptaken by the cell population such technology can be used in a variety
of in vivo and in vitro studies. Here we show an example of intracellular pathways activation and cell attraction
using fluorescent coated magnetic nanoparticles.
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Magnetic nanoparticles are widely studied for biomedical applications, such as drug delivery, magnetic reso-
nance imaging, biosensing or magnetogenetics. Among the diversity of magnetic nanoparticles, core-shell par-
ticles with a silica shell around a magnetic core are of particular interest, due to their biocompatibility, stability
and their ease of functionalization. In this presentation, 2 examples of biomedical applications of y-Fe; O3 @SiO,
core-shell nanoparticles will be presented.

In the first example, part of the MAGNEURON European project, we used magnetic nanoparticles that are bio-
functionalized to trigger neurons’ differentiation and growth along the direction of an applied external mag-
netic gradient. To this goal, maghemite (y-Fe;03) nanoparticles were synthesized by an inverse co-precipitation
process and then used to synthesize y-Fe,0s@SiO, core-shell nanoparticles. These particles were optimized in
terms of size, charge and magnetization to obtain the optimal balance between colloidal stability and magnetic
properties to facilitate intracellular motion. The magnetic y-Fe,Os@SiO; nanoparticles were then functionalized
either with a HaloTag ligand or with Green Fluorescent Protein (GFP) by click chemistry, in order to interact
specifically with intracellular proteins able to trigger different pathways in the cell. For that purpose, MNPs
were then microinjected in the cell (fig.1-b) and showed intra-cellular biased diffusion toward a micro-magnet
(fig. 1-e). The magnet can then be used to displace target proteins, attached to the MNPs inside the cell (fig.
1-f,g)., and trigger signaling events.

In the second example, the same kind of nanoparticles were used in a lab on chip dedicated to microRNA de-
tection. For a pre-concentration step, these colloidal particles were grafted with DNA probes that will allow
a very fast capture of the aimed miRNA in the patient sample. Then, the confinement and the release of the
extracted miRNA can easily be done thanks to the magnetic properties of the particles. In a model experiment,
double-stranded DNA was grafted onto the nanoparticles surface. We demonstrated that by using mild mag-
netic hyperthermia conditions, without any elevation of the global temperature, dehybridation was as efficient
as by global heating at 95 °C.
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Nano- and microswimmers are becoming a powerful and versatile option towards their use in biomedical ap-
plications. Among the mechanisms that swimmers may use to gain motion, one can distinguish between self-
propulsion and external stimuli.[1] As for the former, enzymes have emerged as a convenient engine to sustain
motion, due to their ability to perform specific reactions in biological conditions, and thus propel the swim-
mer. Additionally, magnetic nanoparticles have already shown their potential to be used as heat generators,
and their capability to release heat in a controlled manner in biological environments.[2] Therefore, decorating
nanoswimmers with magnetic nanoparticles may result in a clever strategy to locally heat up a specific area
without damaging the surrounding tissue.

Hence, we herein present i) the assembly of a novel nanoswimmer that combines collagenase, as the enzyme
able to promote motion, and manganese ferrite nanoparticles, because of their high saturation magnetization
and low coercive field at room temperature; ii) the mobility analysis in collagen gel, as a proof-of-concept for
guaranteeing its motion in a complex matrix; iii) the swimmer-cell spheroid interaction; and iv) the controlled
heat delivery inside the cell spheroids, resulting in a decrease in cell viability (Figure 1).

Figure 1. Schematic illustration showing the swimmer internalization inside the cell spheroid through active
cleavage of collagen fibres, to eventually release heat upon applying an alternating magnetic field (AMF).
References

[1] P. S. Schattling, M. A. Ramos-Docampo, V. Salgueirifio, B. Stadler, ACS Nano 11 (2017) 3973.

[2] Q. A. Pankhurst, ]J. Connolly, S. K. Jones, J. Dobson. Phys. D: Appl. Phys. 36 (2003) R167.
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Magnetite nanoparticles (MNPs) have gained increasing interest in the last years because of their possible appli-
cations in the biomedical field, as they can be manipulated by an external magnetic field and at the same time
functionalized as active drug transport vehicles. While there are many ways to prepare (quasi)spherical MNPs
with controlled size and homogeneity [1], less attention and success has received the synthesis of particles with
elongated shape (magnetic Nanorods, MNRs) which are homogeneous and well-stabilized in aqueous media.
Nevertheless, it has been found that some advantages can be ascribed to MNRs for the applications mentioned.
For instance, they show longer residence time in the gastrointestinal tract, greater capacity to overcoming rapid
clearance by the reticuloendothelial system and higher bioavailability, as compared with spherical nanoparti-
cles [2, 3].

In this work, two different synthesis methods (hydrothermal and co-precipitation) were used to obtain MNRs, as
illustrated in Figure 1. The particles were coated with biocompatible polymers and loaded with the anticancer
drug doxorubicin (DOX). In addition, they were used as magnetic hyperthermia agents, providing a multifunc-
tional nano-tool for potential treatment of cancer.

The adsorption of the polymer and drug were carried out using the Layer-by-Layer technique. Evidence of the
polymer coating and the drug loading will be presented. The DOX release rate was evaluated both in presence
and absence of the ac magnetic field, that is, with or without simultaneous hyperthermia. It was found that DOX
release was faster under magnetic field, as observed in Figure 2, demonstrating a clearly beneficial synergy
between the two treatments.

Acknowledgements. Financial support from MINECO Ramén y Cajal Programme (RYC2014-16902) and Junta
de Andalucia (PE2012-FQM694), Spain, is gratefully ackowledged.
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Magnetic nanoparticles embedded in complex materials can be used as tracer particles to investigate structural
and magnetic transitions of the hybrid material. In temperature-dependent magnetization measurements, mag-
netic cobalt ferrite nanoparticles are shown to enable the detection of structural phase transitions in fluid en-
vironments by recording the thermomagnetic response under the influence of weak magnetic fields. Changes
in the nanoparticle mobility, that are linked to structural changes in the particle environment, allow the ex-
amination of the melting and freezing behavior of a solution, as well as glass-like transitions. The results are
crosschecked by differential scanning calorimetry (DSC).

In this work, various polyethylene glycol (PEG) solutions are studied. Starting with the investigation on non-
entangled PEG, the complexity of the polymer solution is slowly increased by varying the polymer molar mass
from 4.000 g/mol to 300.000 g/mol (see figure) and the polymer concentration from 2 m% to 25 m%. The cobalt
ferrite particle content within the samples is tailored from 0.038 m% to 1 m% to be more sensitive to the glass
transition. It was found that an increased particle content suppresses the glass-like transition, but higher ap-
plied magnetic fields highly accentuates the glass transition in temperature dependent magnetization curves.
Furthermore, the high-temperature magnetization branch is fitted by the Langevin function and normalized to
the particle concentration, providing information on the effective magnetic moment and the particle diameter,
respectively.

By comparing the magnetization results to DSC results, a temperature shift and the limits of detecting second
order phase transitions of the DSC method are observed. The melting and crystallization peaks in DSC curves
are analyzed to examine the enthalpy change and the eutectic concentration of PEG300k.

This work is supported by the DFG (SPP1681, FOR1509).
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Magnetic fluid hyperthermia (MFH) offers an alternate treatment option for fighting against cancer due to
its potential biocompatibility, minimal side effects and efficient treatment modalities. It has gained scientific
attention due to the flexibility of synthesizing chemically stable, inherently low toxicity, multifunctional
particles that targets to different sites and optimum heat triggered modalities to kill the cancer cells without
affecting healthy cells. Due to this, MFH has already reached to the clinical phase in last decade. Though few
iron-based MNPs have reached up-to clinical trials for the treatment of glioblastoma and prostate cancer, in the
present study auto-tunable temperature sensitive iron-based magnetic nanoparticles have been synthesized
and their primary effects have been observed on cervical cancer cell line HeLa. The specific absorption of
magnetic fluid was analyzed using induction heating at 350 kHz frequency applicator. The cytotoxicity of the
optimized magnetic fluid was analyzed on HeLa with and without magnetic field applicator by performing
MTT assay. The cytotoxicity assay after induction heating the magnetic fluids showed cell death up to 75%
(Figure 1). The preliminary analysis revealed significant efficacy the synthesized magnetic fluid to caused cell
death due to hyperthermia. In future such type of magnetic fluid can be used for localized treatment of cancer
under magnetic field.

Figure 1: Cell viability of magnetic fluid with and without induction heating.
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Janus particles (JPs) with engineered magnetic properties show significant potential for controlled motion in
fluids by external dynamic magnetic fields. Previous work has mainly focused on JPs with either softmagnetic!
or perpendicular to plane magnetized caps on non-magnetic particles?, where it was demonstrated that they can
be used, e.g., for catalytic self-propulsion in non-biocompatible media like H,0,. Here, we introduce an exchange
bias (EB) thin film system on spherical non-magnetic particles as functionalized JPs. In the caps of these JPs
magnetic moments are aligned due to a competition between the unidirectional anisotropy originating from
the EB and the shape anisotropy of the curved thin film. This paves the route towards a new class of anisotropic
colloidal particles, in which the magnetic state of the hemispherical cap can be tailored by means of individually
accessible anisotropy contributions.

The magnetic properties of the Janus particles were experimentally studied by magnetic force microscopy and
MOKE magnetometry to investigate the magnetic moment arrangement within the cap. Hereby the formation
of uncompensated magnetic net charges within the opposing equatorial regions along the anisotropy axis has
been revealed. These experimental results were corroborated by micromagnetic simulations, in which further
tailoring of the JPs’ magnetic properties with respect to the strength of the EB field and the uniaxial anisotropy of
the cap’s ferromagnetic material was analysed. Probing the dynamics of the JPs by exposing them to a spatially
and temporally shaped magnetic stray field landscape in a microfluidic environment resulted in a superposition
of controlled translational and rotational movements. These findings emphasize the potential use of this particle
type for biomolecular interaction analysis and yield the foundation for further research with respect to particle
design and motion manipulation via external stimuli.

1. Baraban, L. et al. Fuel-Free Locomotion of Janus Motors: Magnetically Induced Thermophoresis. ACS Nano
7, 1360-1367 (2013).

2. Baraban, L. et al. Catalytic Janus motors on microfluidic chip: Deterministic motion for targeted cargo
delivery. ACS Nano 6, 3383-3389 (2012).
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Magnetic nanoparticles (MNPs) have been well studied and widely applied in many fields of science thanks to
their unique properties and low toxicity. In nanomedicine, MNPs play several roles such as contrast agent for
magnetic resonance imaging (MRI), targeting agent for drug delivery or heating agent for hyperthermia. In
this work, nucleic acid delivery systems based on magnetic cationic liposomes (MCLs) were developed with an
objective to fabricate a multifunctional non-viral vector for gene therapy. 10 nm citrated y-Fe,O5 particles was
used, and two different techniques, reverse phase evaporation and cosolvent sonication, were employed for
liposome preparation. Characterization of the MCLs were carried out by dynamic light scattering, transmis-
sion electron microscopy image and relaxivity measurement at 7T. The cationic liposomes then were tested for
their ability to make complex (lipoplex) with plasmid encoding luciferase (pFAR4-Luc). Lipoplex formation was
monitored by gel retardation assay and Picogreen® assay. Results show that both strategies produced magnetic
cationic liposomes of less than 200 nm with narrow size distribution and highly positive charge of more than +
60 mV. Enhancement of r, and r,/r; was obtained with these two kinds of magnetic liposomes compared to free
MNPs. Moreover, agarose gel electrophoresis and Picogreen®assay pointed out a high ability to make complex
with pDNA of both formulations. These results suggest an opportunity for using these MCLs to integrate MRI
and magnetically targeted gene delivery for theranostic strategy.
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Clinical translation of magnetic field hyperthermia (MFH) requires optimization and accurate characterization
of magnetic nanoparticle (MNP) heating agents. Conversely, a research effort is underway to minimize heat
dissipated by MNP during Magnetic Particle Imaging (MPI), to ensure patient safety.

Macroscopic calorimetry of energy dissipation by liquid suspensions of MNP was conducted under different
excitation fields (frequencies 23-177 kHz) and field amplitudes (0-16 mT). Additional calorimetry at 25 kHz was
conducted with different excitation axis and static gradient field arrangements within a preclinical MPI scanner.
The gradient induces a field-free-point (FFP) at the scanner’s centre.

Non-zero SARs were recorded at all frequencies and field arrangements. Increasing the MPI scanner excitation
to 2D and 3D excitations was associated with an increase in the SAR. For 1D excitations, introduction of static
field gradients produced a focusing of the SAR at the FFP with an overall lowering of the SAR at all points,
consistent with existingliterature. For 3D excitations, a similar focusing was observed. However, the addition of
a static field gradient produced an enhancement of the SAR at the FFP, creating more heat than in the gradient’s
absence.

Dilute MNP immobilized in gelatin were used to study localized effects, when the MNP concentration was too
low for macroscopic heating. Temperature-dependent magnetic particle spectroscopy (MPS) measured the mo-
bilization of MNP during gelatin melting. A trend towards particle mobilization at lower temperatures at larger
MPS excitation amplitudes was interpreted as evidence of localized nanoscale heating effects in the absence of
macroscopic heating.

Under certain conditions, complex multi-axis field excitations in the presence of static gradient fields can pro-
duce enhanced SARs. Our results provide intriguing possibilities for boosting the efficiency magnetic field hy-
perthermia therapy and suggest that significant care should be taken in the development of field sequences for
non-damaging MPI field sequences. Furthermore, MPS measurements of MNP in gelatin suggest that localized
hotspots may be a consideration for MPI safety, regardless of the macroscopic sample temperatures.

Figure (a) Comparison of SAR for 1D and 3D excitations (25 kHz, 12mT), with 0 and 2.5 T/m gradients. (b) MPS
of gelatin melting with increasing excitation amplitudes.
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Supramolecular hydrogels are a particular type of gels formed by a low molecular weight solid (amino acids
or peptides). These hidrogels are capable of self- assembly through non-covalent interactions, forming a three-
dimensional reticular structure that immobilizes the macroscopic flow of water (up to 99% water) [1]. These
hydrogels are of special importance because they possess biocompatibility, biodegradability and a high poros-
ity, important characteristics for cell growth. In addition, thanks to its great versatility, they allow the intro-
duction of different peptides, some of which, such as arginylglycyl aspartic acid, promote cell growth [2]. They
also allow the introduction of magnetic nanoparticles (MNP), which stimulate the adhesion, proliferation and
differentiation of cells [3].

Despite the clear advantages of peptide hydrogels, they have the disadvantage of their low mechanical strength,
which limits the applications in clinical situations. This work focuses on overcoming this limitation; in order to
do that, the peptide hydrogels have been combined with high molecular weight polymers, which allows bene-
fiting from their advantages, avoiding their inconveniences. Furthermore, combining these hybrid hydrogels
with MNP, their mechanical properties can also be modified.

To achieve the formation of these hybrid hydrogels, the peptide solution is prepared by the pH-switch method
and then, the polymer solution (alginate or agarose) is added. Figure 1 shows an environmental electron mi-
croscope image of one of these hybrid hydrogels. The next step is the introduction of MNP. The final goal is to
have hydrogels with physiological pH, for this, cell culture medium is diffused once the gel is formed.

Once prepared, hybrid hydrogels are studied as artificial matrices for cell growth both on the surface and in
three dimensions. Its cytotoxicity, viability and cell proliferation are evaluated by several standard tests: analy-
sis of cell morphology; permeability of the nuclear membrane by quantification of DNA release. The mechanical
properties of hybrid hydrogels are studied by rheological measurements.

Acknowledgements: project FIS2017-85954-R (MINECO and AEIL Spain, cofounded by FEDER, European Union).
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A variety of liquid crystals themselves are prominent examples of materials in which organized self-assembly
forms spontaneously on different scales. Self-assembly of molecules is the fundamental basis of the morphogen-
esis of diverse and complex biological structure in all systems of living organisms. Structure of amyloid fibrils, a
primary cause of many neurodegenerative disorder, for example, is an interesting model for elucidating liquid
crystal phase behavior of biological anisotropic colloidal suspensions.

Development of bio-inorganic hybrid nanomaterials with advanced properties that improve functionality is re-
ceiving considerable interest due to the possibility of achieving biocompatibility and triggering novel nanotech-
nological applications. Much endeavor has been devoted to synthesizing biotemplated magnetic nanomaterials
not only attributing to their potential use in medical diagnostics as contrast agents, biosensing and therapeu-
tic agents, but also for their relevance in high-density data storage units. Particularly, magnetic hybrids offer
potential capability to achieving high spatial order and alignment which is a highly desired feature in many
applications.

In our study, hen egg white lysozyme, a well characterized monomeric protein homologous to human lysozyme,
was chosen as a model of protein to prepare bio-inorganic hybrids formed by lysozyme fibrils doped with mag-
netic nanoparticles. The interaction between magnetic nanoparticles and lysozyme amyloid fibrils as well as
their consequential structures were studied. Our results showed that the interaction depends on the size and
concentration of particles [1] and that dendritic structures resembling microflower morphology are formed dur-
ing drying process and its final structure is highly dependent on the size and shape of magnetic nanoparticles

[2].

[1] N.Tomasovicova, P-S. Hu, C-L. Zeng, ]. Majorosova, K. Zakutanska, P. Kopcansky, Dual size-dependent effect of
Fe;04 magnetic nanoparticles upon interaction with lysozyme amyloid fibrils“ Disintegration and adsorbtion,
Nanomaterials 9 (2019) 37, doi:10.3390/nano9010037

[2] N. Tomasovicova, P. S. Hu, C. L. Zeng, M. Hurakova, K. Csach, J. Majorosova, M. Kubovcikova, P. Kopcansky, Dy-
namic morphogenesis of dendritic structures formation in hen egg white lysozyme fibrils doped with magnetic
nanoparticles, Colloids and Surfaces B: Biointerfaces 161 (2018) 457-463, DOI:10.1016/j.colsurfb.2017.10.038
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Superparamagnetic iron oxide nanoparticles have been exploited for several bio-medical applications. Mag-
netic fluid hyperthermia (MFH) is one such application, where under a radio-frequency alternating mag-
netic field (RFAMF), superparamagnetic nanoparticles (SPM MNPs) generate heat due to Neel-Brown relaxation
losses, thereby aiding in cancer therapy. However, in practical applications, magnetic nanofluids are to be in-
jected into the cancerous tissues whose viscosity is several times higher than aqueous media, generally used for
probing heating efficiency. This drastically modifies the heating efficiency due to partial or complete abrogation
of Brownian relaxation, leading to a lowering of hyperthermia efficiency. As an alternative, we propose in-situ
orientation of MNP for enhancing the heating efficiency.Experiments were performed on tetramethyl ammonium
hydroxide (TMAOH) coated SPM Fe304 MNP of size ~ 9 nm. To mimic tissue like environment, agar (concentration
~0.5-4 wt. %) was added to the aqueous magnetic nanofluids, which were then subjected to RFAMF induced heating
under a fixed frequency of 126 kHz and three different RFAMF amplitudes. It was observed that specific absorption
rate (SAR) decreased with increasing medium viscosity (from Fig. 1), after attaining a maximum at 1 wt. % agar
concentration, where the product of circular frequency (w) and effective relaxation time (t) is nearest to the unity.
This is accordance with Rosensweig’s linear response theory and theoretical data obtained from dynamic hystere-
sis loop modelling also reveals similar behaviour. To mitigate the lowering of SAR at higher medium viscosity, we
performed in-situ orientation of the MNP under a static bias field of 80 Gauss, which were then subjected to RFAMF
induced heating (shown in Fig. 2). SAR was found to enhance by ~ 29 % at RFAMF amplitude of 33.1 kAm™ (MNP
concentration = 8 wt. %). Under the action of the static magnetic field, the MNPs form linear chain like structure
due to head-on aggregation along the direction of the external field, which leads to an increase in anisotropy energy
density resulting in an enhancement of SAR, which was also verified from theoretical modelling based on dynamic
hysteresis loops. This study will be immensely helpful for designing efficient candidates for MFH.
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Meltable biopolymers are currently under research toward clinical applications. In a previous work, meltable
biocomposites containing magnetic nanoparticles (MNPs) were prepared and could potentially find application
as a magnetically remote controlled matrix for drug release!!!. Based on this, meltable biomaterials with dif-
ferent magnetic segments are desirable, which allow the melting of specific areas of the composite and, thus,
make it possible to apply them in the field of microtechnological systems, such as actuators.

For this purpose, the polysaccharide dextran was chosen. In order to generate different magnetic microsec-
tions, a crosslinkable unit (coumarin) is attached to the dextran!®!, which can create a kind of barrier in the
material by means of photochemical reaction by irradiation with UV-light. The barrier should lead to an accu-
mulation of MNPs in a magnetic field gradient that allows local melting in an AC magnetic field. The material
was furthermore esterified with palmitic acid (Fig. 1) to adjust the melting temperature.

Precipitated MNPs were coated with oleic acid and mixed with the crosslinkable and meltable dextran ester. A
MNP content of ca. 2% allows a magnetically heating above the melting temperature™. Hysteresis parameters
are Hc=3.2 kA/m, Mr/Ms=0.07, Ms=1.2 Amz/kg. The cross-linking behavior of dissolved dextran ester is shown
by UV-Vis spectroscopy. Under UVA irradiation, a decrease of the typical absorption bands of coumarin (289 nm
and 319 nm) was observed (Fig. 2). The further characterization of the composites is under progress.

Figure 1: Desired structure of the dextran, esteri-fied with palmitic acid and coumarin.

Figure 2: UV-Vis spectra of dextran ester dissolved in CHCl; during UV irradiation
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We report the synthesis and characterization of ZnyFes 50504 nanoparticles with x being 0, 0.05 and 0.36 with
an application potential in theranostics as a contrast agent for T,-weightened nuclear magnetic resonance imag-
ing (MRI) and magnetic particle imaging (MPI), which exploits the nonlinear magnetization characteristics of
superparamagnetic nanoparticles to localize their spatial position. The particles’ morphology and size distri-
bution as observed via transmission electron microscopy corresponds well to the log-normal distribution with
mean diameters being ~11 nm. The distribution of cations in Zn-doped magnetite nanoparticles, >’ Fe hyperfine
parameters and magnetic response is investigated in-depth by means of in-field Mdssbauer spectroscopy (MS),
XRD, XRF, AAS and SQUID magnetometry at various temperatures. The distribution of non-magnetic Zn cations
within the tetrahedral (A) and octahedral [B] sites significantly influences the predominant A-B magnetic inter-
actions, causing the change in magnetic structure and giving rise to novel magnetic properties. Regardless of
the Zn preference to occupy A sites in bulk material, the synthesis of nanoparticles at temperatures below 300
°C by controlled two-step thermal decomposition, followed by rapid cooling, leads to metastable cation distri-
bution. Based on the analysis of MS spectra, the Zn?* cations evenly populates A and B crystallographic sites.
The subsequent coating of magnetic cores (x=0.36) by diamagnetic amorphous silica shell of varying thickness
(5-9 nm) provides colloidally stable particles whose transverse relaxivity (r;) is analyzed with respect to the
temperature and applied magnetic field (0.5-11.75 T). The encapsulation at higher temperatures takes advan-
tage of NPs being in a superparamagnetic regime, leading to lower clustering and, consequently, preparation
of single-core coated magnetic nanoparticles with homogeneous silica coating, which saturate in relatively low
magnetic fields. The presence of zinc atoms in the structure led to an overall increase of saturated magnetiza-
tion and transversal relaxivity compared to magnetite/maghemite NPs. The highest observed r; value of about
324 Fe mM st at 3 T is slightly higher than those previously reported for other contrast agents with iron oxide
cores. A preliminary attempt for MPI with these NPs has been made. The work is financially supported by Czech
Science Foundation (grant number 19-02584S).
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Magnetic iron oxide nanoparticles (MNPs) are considered as a very interesting material due to their unique
properties such as high surface/volume ratio, almost endless coating modifications, specific magnetic properties
and low toxicity. Moreover, MNPs can generate heat in an alternating magnetic field (AMF) caused by the loss
mechanisms. In this study, the MNPs were synthetized and stabilized by biodegradable, biocompatible and
bioactive polymer chitosan (Chit). Complex physico-chemical characterization of chitosan coated MNPs (Chit-
MNPs) dispersed in water was performed using various methods to determine their structure, morphology,
magnetic and bioactive properties.

The nanoparticle heat production in the AMF is a promising feature used for hyperthermia cancer treatment.
The experimental evaluation of the specific absorption rate (SAR) of both unmodified MNPs and modified Chit-
MNPs was determined by calorimetric measurement. The SAR values reached approx. 5.1 Wg? for MNPs and
6.45 Wg™ for Chit-MNPs, respectively at the highest applied field (7.8 kAm™) and frequency f = 190 kHz.

It was found that nanoparticles can affect the protein amyloid aggregation associated to amyloid diseases as
Alzheimer s disease or diabetes mellitus. Therefore, we focused on the investigation of the Chit-MNPs abil-
ity to disrupt a-lactalbumin amyloid fibrils (LAF) using ThT assay and AFM microscopy. It was observed that
fluorescence intensity is substantially decreased in presence of Chit-MNPs (Fig. 1) suggesting their significant
ability to reduce the amount of a-lactalbumin amyloid aggregates. The obtained results indicate their possible
application in the treatment of diseases associated with protein amyloid aggregation.

Fig. 1.ThT fluorescence spectra of 10 uM native a-lactalbumin (red dotted line) and 10 pM a-lactalbumin fibrils
(LAF) alone (red solid line) and LAF after 24 h incubation with Chit-MNPs at ratio Chit-MNPs: LAF = 7:1 (blue
dashed line); 2:1 (green dash-dot-dashed line) and 1:2 (black dash-dot-dot-dashed line).
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Treatment of cancer by magnetic hyperthermia is a complementary therapy that may accompany the standard
surgical techniques, chemotherapy and radiation therapy. Following this reason, the paper presents the results
of the effect of therapeutic-like irradiation of a water based magnetic fluid. The aim of the study is finding out
whether the hyperthermia characteristics of the ferrofluids change after irradiation; in other words whether
magnetic hyperthermia can be involved in the therapy plan, in the same period of time as the radiation therapy.
The irradiation of the sample was done both with photon beam and with electron beam, using a linear acceler-
ator (VARIAN 2100SC) [1], at the High Energy Radiotherapy Center Timisoara, at energy values of 10 MeV and 9
MeV, respectively.

The ferrofluid sample was introduced into the water phantom (simulating the insertion of the sample into the
human body) and the exposure to radiation was similar to a real treatment plan (i.e. a dose of 50 Gy in 25
sessions). The experimental arrangement is shown in Figure 1 for photon irradiation.

Investigation of therapeutic-like irradiation effect on magnetic hyperthermia characteristics of the ferrofluid
was done by specific loss power (SLP), heating rate (HR) and specific absorption rate (SAR) determination, both
before irradiation and after irradiation. These parameters were computed from complex magnetic susceptibil-
ity measurements (in the 1 kHz to 2 MHz range). In addition, the heating rate was measured with a radiofre-
quency field heating system (with the amplitude of 8 kA/m and frequency of 100 kHz) [2].
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During magnetic hyperthermia magnetic nanoparticles placed in AC magnetic field become the source of heat.
It has been shown that in water suspensions (magnetic fluids) particles move freely and easily generate heat.
However, high heating power in aqueous suspensions may not translate into efficient heating in the cellular en-
vironment. In tissues of different mechanical properties nanoparticles movement will be limited and generated
heat will only slightly increase their temperature. Therefore it is crucial to conduct magnetic fluid hyperthermia
experiments in conditions highly similar to human body.

The effect of tissue-mimicking phantom compressibility on effectiveness of magnetic hyperthermia was inves-
tigated on agar phantom. The mechanical properties of agar-gel on a large extent depends on the mesh-size
network (pore size), which is related to the agar concentration. With increase in agar concentration, the pore
size decreases. The mechanical properties of prepared phantoms were controlled by acoustic technique that
allows to measure the compressibility.

In this study, we evaluated how the mechanical properties (compressibility) affect the magnetic losses in the
alternating magnetic field. The heating effect was examined in particles suspension (magnetic fluid) and gel
phantom with various compressibility. We demonstrated that environment in which nanoparticles are em-
bedded affects the temperature increase during the magnetic hyperthermia. The lower the compressibility,
the lower the thermal effect of magnetic hyperthermia. Specific absorption rate values (SAR) also proved our
assumptions that tissue-mimicking phantom compressibility affects the magnetic losses in the alternating mag-
netic field.

This work was supported by a Polish National Science Centre grants: NCN/2015/17/B/ST7/03566 and
NCN/2017/27/N/ST7/00201.
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Hyperthermia is a very promising anti-cancer medical treatment, that involves increase in tissue temperature
up to 41-45°C. Such generated heat exceeds physiological temperature of 36.6°C and in consequence leads to
several changes in the tumor tissues. Weaken by the heat, cells are more susceptible for other cancer thera-
pies like radiotherapy or chemotherapy. Temperature increase in the tissues can be applied through different
mechanisms. It can be induced by ultrasounds, radio waves or alternating magnetic field. Magnetic fluids due
to sensitivity to magnetic field are the source of heat in the magnetic hyperthermia. Moreover, magnetic fluids
can be used as a sonosensitizing material in ultrasound hyperthermia. Magnetic nanoparticles are the cause of
additional scattering of ultrasound wave which becomes the source of supplementary ultrasound attenuation.
This additional attenuation consequently leads to higher increase in temperature during ultrasound hyperther-
mia.

The novelty of our research concerns combining the ultrasound sonication with magnetic hyperthermia. To
investigate the magneto-ultrasonic thermal effect tissue-mimicking phantoms, doped with magnetic fluid, are
simultaneously irradiated with the focused ultrasonic wave and the alternating magnetic field. During this
magneto-ultrasonic heating, thermal effect of magnetic hyperthermia will be improved due to ultrasound son-
ication. Ultrasound impact will increase the size of pores in phantoms similarly as in sonophoresis treatment.
This will enable activation of Brown thermal mechanism, responsible for heat generation in magnetic hyper-
thermia, beforehand blocked by the gel matrix of phantom. The preliminary results have shown that more
effective thermal effect can be observed during magneto-ultrasonic heating than in magnetic or ultrasound
hyperthermia. Therefore, coupling of magnetic and ultrasound hyperthermia gives possibility for developing
new, innovative thermal therapy which can have an application potential in treating cancer at alower magnetic
fluid concentration and in shorter exposure time.

This work was supported by a Polish National Science Centre grants: NCN/2015/17/B/ST7/03566 and
NCN/2017/27/N/ST7/00201.
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Dispersions of magnetic nanoparticles in complex fluids such as polymers and gels is an exciting system in soft
matter physics [1]. The coupling of viscoelastic properties of gels and magnetic properties of micro- or nano-
size magnetic particles results in a magnetic field (MF) dependent mechanical response. Ferrogels represent a
distinct class among magnetic stimuli-responsive materials.

Here, we investigate the structure, dynamics and the magneto-optical response of isotropic and anisotropic
fibrillous organoferrogels with magnetic nanoparticles (MNPs). We use 12-HOA as a gelator known to form an
LC phase with helical nanofilaments in mixtures with oils. In the gelator fibres, molecular dimers are packed
in a fashion resulting in twisted layers as reported for bent-core mesogens. [2, 3]

We investigated two types of fibrillous ferrogels with a) mobile MNPs and b) with MNPs coupled to the gel
network via hydrogen bonding. In the case of mobile particles, the gels exhibit a significant magnetooptical re-
sposnse with complex temporal dynamics on the timescales ranging from microseconds to hours. The response
is strongly affected by the anisotropy of the gel network structure. Mdssbauer spectroscopy studies demonstrate
the effect of the anisotropy on the mobility of single magnetic particles.

In contrast, the gels with weakly bound particles show suppressed magnetooptical response in magnetic fields
below 300 mT and a yield behaviour in stronger fields. This behaviour is driven by the elastic response of the
network and the diffusive dynamics of MNPs. We discuss the role of the anisotropy on the nanostructure and
dynamical properties of the gels.

[1] M. Zrinyi, et al., Polymer Gels and Networks, 5, 415, (1997).

[2] M. Laupheimer, et al,, J. Chem. Phys. 142, 204905 (2015).

[3] H. Nadasi et al., Soft Matter, submitted
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Recently, a huge quantity of studies of magnetic nanoparticles in the field of magnetic hyperthermia (MH) exists.
In general, the principle of MH is very simple. Magnetic nanoparticles have permanent magnetic orientations.
Due to the application of alternating magnetic field (AMF) the energy needed to magnetic moments reorien-
tation is dissipated and converted to heat. The main effort is aimed to maximize the sample heat generation
into the surrounding environment. This can be achieved by varying the applied magnetic field intensity and
frequency, provided that different safety criteria are obeyed. The simplest way is to increase the concentration
of magnetic particles in the sample. On the other hand, it is often counterproductive from the viewpoint of later
elimination of the particles in the human body. In this study, we want to show how to improve the heat pro-
duction of the sample in AMF at the same particle concentration. Magnetite superparamagnetic nanoparticles
(MNPs) were modified by dextran coating with a different molecular weight (DEX, n = 40000, 70000 and 150000
Da) forming stable magnetic fluids. Dextran is a polysaccharide produced by bacteria well known in a variety
of biomedical applications. Time-dependent temperature (T vs. t) measurements on the synthetized biocom-
patible magnetic fluids (DEX,-MNPs) in AMF were conducted. As it is visible in Fig. 1 with increasing molecular
weight the heat output of the sample was obviously higher. Magnetic particles with longer dextran molecules on
the surface do not track the changes in the magnetic field and thus generate higher energy losses compared to
MNPs with shorter DEX chain. Additionally, samples’ magnetization on a cryogen-free superconducting magnet
was measured. The obtained curves at room temperature (298 K) up to 5 T were well saturated, however with
a different level of saturation magnetization (1.31 emu.g?, 1.48 emu.g” and 1.61 emu.g” for DEX150000, DEX70000
and DEXyg000, respectively). Thus, it was found that the saturation magnetization decreases with increasing
length of the DEX chain.
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Magnetic iron microparticles were embedded in shape memory polymer films through solvent casting.[1-2]
These composites exhibit bifunctional responses because they can be actuated by both magnetic fields and light,
which triggers photothermal heating and softens the polymer, thus modulating its magnetic responsiveness.
Temporary shapes obtained through combined magnetic actuation and photothermal heating can be locked at
room temperature by switching off the light and removing the magnetic field. Subsequent illumination over
the transition temperature in the absence of the magnetic field drives recovery of the permanent shape and
the structures can be reconfigured.[3] In cantilevers and flowers, multiple cycles of locking and unlocking are
demonstrated. Scrolls show that the permanent shape of the film can be programmed, and they can be frozen in
intermediate configurations. Bistable snappers can be magnetically and optically actuated, as well as biased, by
controlling the permanent shape. Grabbers can pick up and release objects repeatedly by combining magnets
to reset the grabber and light to drive release of the object. Simulations of combined photothermal heating and
magnetic actuation are useful for guiding the design of new devices. Simultaneous reconfigurability and remote
operation is an important capability for soft robotics, which enables untethered in vivo and space applications.
References

[1] S. R. Mishra, M. D. Dickey, O. D. Velev, J. B. Tracy,Selective and directional actuation of elastomer films using
chained magneticnanoparticles. Nanoscale 8, 1309-1313 (2016).

[2] M. M. Schmauch, S. R. Mishra,B. A. Evans, O. D. Velev, J. B. Tracy, Chained iron microparticles for directionally
controlled actuation of soft robots. ACS Appl. Mater. Interfaces 9, 11895-11901 (2017).

[3] S. R. Mishra, J. B. Tracy, Sequential actuation ofshape memory polymers through wavelength-selective pho-
tothermal heating of goldnanospheres and nanorods. ACS Appl. NanoMater. 1, 3063-3067 (2018).
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In this study, we perform numerical simulations of granular chute flows in 2D in which some of the particles are
magnetic and, therefore, interact among themselves through magnetic forces and torques. We change the volume
fraction of the magnetic particles and compare the results with those obtained for similar flows without magnetic
particles. We observe that the force chains on the initial (static) state are altered by the presence of the magnetic
particles. However, our results indicate that the range of flow heights and inclinations for which we obtain a steady
follow is not affected by the presence of magnetic particles. This can be attributed to the simulation protocol that
was used. The influence of the volume fraction of magnetic particles on the steady-state velocity profiles different
combinations of height and depth of the flow was analysed. Finally, segregation of magnetic particles happened
for flows in which either the volume fraction or the strength of the dipoles of the magnetic particles was high. This
Magnetic Brazil Nut Effect needs to be studied further.
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Inductive heatable hybrid stents with incorporated magnetic nanoparticles (MNP) are developed for local hyper-
thermia treatment of endoluminal tumors. By application of an alternating magnetic field (AMF) a temperature
of ca. 43 °C is generated at which tumor cell death via apoptosis is induced. In this way, tumor tissue in close
vicinity to the stent can be destroyed.

In this study, we investigate the effects of MNP immobilization, concentration and agglomeration inside
polypropylene (PP) matrices on hyperthermia efficiency. Two different PP matrices with incorporated MNP,
compounds and fibers, are analyzed and compared to dispersed MNP and MNP immobilized in hydrogels. The
compounds were produced by melt spinning PP pellets mixed with freeze-dried MNP and the fibers by melt
spinning of these compounds. The synthesized MNP were stabilized with lauric acid and consist of iron oxide
cores with a diameter of (10.2 + 2.4) nm and a saturation magnetization of (99.4 + 0.8) Am?/kg(Fe). All samples
were exposed to an AMF at H = 14 kA/m and f = 100 kHz and the intrinsic loss power (ILP) was determined.
We analyzed the ILP values for dispersed MNP in water compared to MNP immobilized in polyacrylamide hy-
drogel as well as for incorporated MNP in PP compounds and PP fibers with various MNP concentrations. The
results show an ILP decrease of approx. 20 % for the immobilized MNP in hydrogel, of approx. 65 % for the com-
pounds and of approx. 73 % for the fibers. This can be explained by partial blocking of Brownian relaxation
of MNP for the hydrogels and a full blocking for the PP matrices. Further, larger agglomerates formed during
the freeze-drying and melt spinning process may have an influence on the heating efficiency. Figure 1 shows a
linear ILP decrease and temperature rise increase with MNP concentration in the PP fibers, which would allow
a controlled adjustment of therapeutical heat.
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In this work, we present a simplified model problem to study particle agglomeration in magnetic granular mate-
rial (MGM). We study magnetic and mechanical interactions in systems composed by 2 and 3 magnetic particles
in 2D, and analyse the influence of various factors on the dynamics of the systems. The key parameters are those
associated to the particles propreties (mass, radii and dipole strength) and to geometric configuration of initial
conditions (particles radii and distance ratio, initial configuration). Our models are mostly based on soft-sphere
models, and magnetic interactions are modelled considering particles as perfect point-dipoles. We analyse the
formation of aggregates, study their configurations and obtain a surprise fractal aggregation diagram on parti-
cles initial configuration space.
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Additive manufacturing processes have become increasingly more important for the manufacturing of individ-
ual implants over the last years [1, 2]. A new approach in this field is the utilization of hydrogels compounded
with stem cells and magnetic micro-particles [3]. By applying an alternating external magnetic field, these hy-
drogel structures will be deformed cyclically. This cyclic deformation stimulates the cells to divide and differen-
tiate [2], whereby a healing should be encouraged. Our research is focused on the interactions between matrix,
particles, cells and magnetic field. A key challenge in this study is to establish a correlation between macroscopic
deformation and microscopic particle structures. We use X-ray micro computed tomography (uCT) to determine
the macroscopic geometry and the deformation of hydrogel samples as well as the particle structures and parti-
cle motions on a microscopic scale. Model samples with a simple and defined geometry like scaffolds (fig. 1) or
like beams are placed in a specially designed magnetic field setup that is scanned in a laboratory uCT system in
two consecutive measurements with and without a magnetic field. The three-dimensional uCT data can alter-
natively be used for a purely macroscopic analysis. The mechanical and magnetic properties of the magnetic
hydrogels depend, among other things, on the matrix material, the particle size and the particle concentration.
We performed tensile tests, showing that higher particle concentration increases the Youngs modulus. Fur-
thermore a higher particle concentration increases the saturation magnetization, wherefore stronger magnetic
forces are acting on the sample in a magnetic field. These partly opposing effects are investigated in parametric
studies, to optimize material composition and magnetic field configuration. Preliminary results of our studies
will be presented. Financial support by the SAB and the ESF for the project ESF-NFG IndivImp is gratefully
acknowledged.

[1] Ahlfeld “Development of a clay based bioink for 3D cell printing for skeletal Application” Biofabrication 9
(2017) 034103

[2] Schneider “Mesenchymale Stammzellen und ihre Interaktionen mit Biomaterialien - Anwen-
dungsmoglichkeiten im Tissue-Engineering” Pathologe 2011 [Suppl 2] 32:296-303 DOI 10.1007/s00292-
011-1485-4 Online publiziert: 10. August 2011, © Springer-Verlag

[3] Zhao “Active scaffolds for on-demand drug and cell delivery”, PNAS vol 108 (2011) p67-72,
www.pnas.org/cgi/doi/10.1073/pnas.1007862108

10 mm

Figure 1 x-ray images of a magnetic hydrogel scaffold without a and with b in an inhomogeneous magnetic
field h top 44 kam h bottom 51 kam .jpg
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We present a novel and simple technique to measure the gelpoint of Nanocomposite (NC) hydrogels based on
poly(N-isopropylacrylamide) (PNIPAm) and inorganic clay (Laponite® XLS) nanoparticles for mechanical stiff-
ness and loaded with nanowires (g = 120-200 nm, length: 1- 20 um) for detecting the phase transition. It is
already known to use tracer particles for micro rheological examinations [Backes 2015]. Tschope et al utilized
nanorods for magneto-optical measurements to determine viscosities and shear moduli and compared them
with macroscopic values obtained by conventional shear rheometry [Tschope 2014]. Nanowires - visualized
by electro-microscopy in Figure 1 - are produced by template-assisted electrodeposition. The gelation is based
on a free radical polymerization with potassium persulfate (KPS) and N,N,N’,N’-Tetramethyl-ethylenediamine
(TEMED). We propose a novel measurement technique to determine the phase transition by using a laser (A=
650 nm), a digital detector and a rotating magnetic field (Figure 2). Due to the external magnetic field, the
nanowires rotate in the monomeric solution, reflect the laser beam and cause a visual laser pulse in the beaker.
In the experiments, a 120 rpm rotation speed of the stir plate allows a setup which is sensitive enough to vis-
cosity changes through the dag force of the fluid, but also slow enough to be detectable with a digital detector
at 240 Hz frame rate. The images from the detector are analysed and detect the area change of the laser pulse.
During gelation, the laser pulse weakens until a continus laser beam is visual. In Figure 3, the peak-area-change
of the laser is shown which highlights a zero peak-area-change in the solidified gel.The intensity of the signal,
respectively the signal quality, depends on the nanowire concentration.The gelation times obtained from the
measurements were compared to macroscopic values obtained by conventional rheometry [Borin 2009]. Char-
acteristic features were found for both measuring methods, but with differences in the gelation time due to the
lower mechanical influence of the nanowires.

Financial support by DFG in the RTG 1865/1 is gratefully acknowledged.
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Figure 1 transmission electron microscopy image
of the nanowires used.png
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The development of nanobioscience has highlighted remarkable properties of nanoparticles (NPs) to better con-
trol and understand intracellular processes with direct consequences on migration, division or cell death. Mag-
netic nanoparticles (MNPs) have singular properties that are powerful tools at the cell scale. However, one of
the drawbacks to use MNPs at the cellular level is their trapping in endosomes, following their internalization
by endocytosis due to the size of these objects. This internalization path is not specific to MNPs, it has been
described for a large number of nanoparticles regardless of their composition, charge or surface functionaliza-
tion. The trapping of MNPs in endosomes is a limit for their applications as vectors of drugs and for their use in
the recruitment of proteins of interest.

Besides, cell-penetrating peptides (CPPs) are able to vectorise in cells bioactive compounds, such as peptides,
proteins, or nanoparticles. These peptides are able to go through biological membranes by endocytosis pathway,
but also by translocation pathway.

Poly-Arginine peptide, first CPPs examined in this study, was synthesized on a solid support using Fmoc solid-
phase method and the final product was purified with a reverse phase HPLC and the correct mass was verified
using MALDI-TOF mass spectrometer. Maghemite nanoparticles (g-Fe,Os) were synthesized by co-precipitation.
Stability and physical size of the MNPs were analysed using dynamic light scattering (DLS) and transmission
electron microscopy (TEM).

These magnetic nanoparticles were incorporated into two magnetic nanoplateforms of different size and com-
position: core-shell particles (Fe,O;@SiO; diameter, 40 nm) and liposomes (phospholipid vesicles made of
DDPC/DSPC/DSPE-PEG encapsulating MNPs, 250 nm) (Figure 1). They were functionalized with DBCO (diben-
zocyclooctyne) to allow grafting of the CPPs-azide at their surface by click chemistry (Figure 2).

This project use the ability of CPPs to penetrate by translocation to promote direct MNPs access to the cytosol.
The cell localization studies will be made by fluorescence optical microscopy under a magnetic field gradient
where MNPs present in the cytosol will have a mobility in the field and could be visualized.
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Figure 2: Scheme of magnetic nanoparticles (core-shell or liposomes) with CPP grafted at their surface
by click chemistry
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Magnetic nanoparticles (MNPs) are considered promising components of the systems designed for targeted drug
delivery, magnetic resonance imaging, hyperthermia, separation of biological fluids (particularly, for the diag-
nosis of various pathologies in vitro).

The goal of this study was to fix protein macromolecules on the surface of MNPs and adapt modern instrumen-
tal physicochemical methods (ferromagnetic resonance (FMR), differential scanning calorimetry (DSC), dynamic
light scattering, UV / visible spectrophotometry, fluorescence measurements, etc.) to study of the heterogeneous
systems containing particles of different sizes and composition, which are involved in interactions with biolog-
ical molecules or other particles in various media.

In this work, particles with sizes ranging from tens to hundreds of nanometers were synthesized by coprecipita-
tion of iron (II) and (III) salts in alkaline medium or by partially reducing iron (III) to (II) at elevated temperatures
in ethylene glycol. The particles were modified by serum albumin using the free radical approach presented
in [A.V. Bychkova, et al.,, Free-radical cross-linking of serum albumin molecules on the surface of magnetite
nanoparticles in aqueous dispersion, Colloid J., 2013, Vol. 75 (1), pp 7-13. DOI: 10.1134/S1061933X13010031]
and immunoglobulin G. The effect of pH and buffer composition on the protein adsorption on the surface of
MNPs has been studied. The thermodynamic description of the interaction of proteins with MNPs in liquid dis-
persion media was carried out. New approaches based on competitive adsorption processes induced by other
blood proteins (fibrinogen and immunoglobulin G) were developed to assess the stability of the protein coat-
ings. The study of these interactions and the coating thickness on individual MNPs is important when creating
artificial functional systems and predicting their behavior in biological fluids.The work was funded by the Rus-
sian Science Foundation project No. 18-73-00350. The part of research devoted to the development of DSC and
other methods applications to the competitive adsorption processes was carried out within the framework of
the government task (themes 0084-2014-0001, State reg. No 01201253311, and 0084-2014-0005, State reg. No
01201253307). For FMR measurements we used the devices of the Core Facility of N.M. Emanuel Institute of
Biochemical Physics, Russian Academy of Sciences “New Materials and Technologies”.
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structure as promising inducers of magnetic
nanohyperthermia

Thursday, 11th July - 15:20: Poster Session & Coffee Break - Poster - Abstract ID: 436

Dr. Yuliia Shlapa ', Dr. Sergii Solopan ', Prof. Anatolii Belous !

1. V. I. Vernadskii Institute of General and inorganic Chemistry of the NAS of Ukraine

Due to the unique properties, magnetic nanomaterials are of particular interest concerning their promising
application in medicine. One of the possible directions for their application is magnetic nanohyperhtermia
(MH) -1local heating oncological tumors with previously injected magnetic nanoparticles (NPs) under the action
of an alternating magnetic field (AMF) to 43 — 45°C. At present, magnetite Fe;0, NPs are actively studied as
promising inducers of MH since they satisfy the main requirements to such materials. However, Fe;0, has a
significant drawback — high Curie temperature value (585°C), which can lead to the uncontrolled heating NPs in
AMF. In this case, (La,Sr)MnOs; manganite (LSMO) with the perovskite structure is one more alternative material.
Interest to LSMO is caused by the dependence of its Curie temperature on the chemical composition that can
allow controlling the heating temperature of NPs without any additional means of thermoregulation.

In this study, LSMO NPs were synthesized by sol-gel method. Application of such method for obtaining LSMO NPs
can provide uniform distribution of metal ions in polymer matrix that is important for obtaining single-phased
crystalline product in one stage. By means of 'H NMR spectroscopy it was established that LSMO precursor
forms through formation of metal complexes with citric acid and ethylene glycol used for synthesis. According
to X-ray diffraction data, an amorphous non-magnetic powder was formed after synthesis; obtaining crystalline
structure requires the additional heat treatment. It was established that crystalline perovskite structure of
LSMO begins to form at 600°C and NPs become completely crystalline after treatment at 800°C.

Morphology of NPs was investigated by TEM microscopy. It was established that NPs are weakly agglomerated
with average size of 30 — 35 nm and narrow size distribution. To estimate the heating efficiency of NPs in
AMF, magnetic fluids based on LSMO NPs and aqueous solution of dextran were prepared. It was found that
LSMO NPs effectively heat up in AMF (specific loss power is 38 W/g) and heating temperature becomes stable
in some time. Obtained results have significant value since they allow recommending LSMO NPs for further
investigations as the inducers of MH treatment.
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Energy input by under-field rotation of particles drives the systems to emergent non-equilibrium states. Here
we consider the suspension of rotating magnetic particles interacting by cohesion and lubrication forces [1].
Cohesion forces are due to time averaged dipolar interactions. Estimates show that the suspension of hematite
particles because of their modest magnetic properties is especially interesting for observing different bifurca-
tions in non-equilibrium states. Experiments with the suspension of hematite cubes are carried out in a rotating
field (frequency range [0.5 —-100] Hz; field strength 23 Oe). Particles with size [1.5 — 2] pm are synthesized ac-
cording to the method [2]. At 0.5 Hz, we observe the formation of rotating swarms of magnetic particles (Fig.
1a) with angular velocity less than that of the individual particles, which are single cubes or chains of several
cubes. Swarms near to each other merge due to the action of cohesion forces similarly to liquid droplets.
Increasing the frequency up to 10 Hz, at constant magnetic field (H = 23 Oe), the swarms shrink to smaller
circular shapes with cubes tightly packed inside them (Fig.1b), while some individual cubes begin to separate
from the swarms. Further increasing the frequency up to 20-50 Hz, the swarms break apart (Fig. 1c). For
a field rotating at 100 Hz, swarms totally dissolve. Closer observation of the dynamics of swarms show the
development of edge currents on the surface of swarms as predicted in [1]. Measured angular velocity of swarms
is in quantitative agreement with the theoretical model of [1]. It is interesting to note that hematite particles
with peanut or ellipsoidal shapes do not form the swarm:s.

The work is financially supported by PostDocLatvia project no. 1.1.1.2/VIAA/1/16/018 (for O. Petrichenko)
and no. 1.1.1.2/VIAA/1/16/197 (for G. Kitenbergs), French-Latvian bilateral program OSMOSE project no. LV-
FR/2018/5 and by Grant No.1.1.1.5/ERANET/18/04 of the European Regional Development Fund.

[1] M. Belovs, M. Brics, and A. Cébers, Phys. Rev. E, 99 (2019) 042605-1.
[2] T. Sugimoto, et al. Colloids Surfaces A: Physicochem. Eng. Aspects, 70 (1993) 167.

(@) f=05Hz

(b) f=10Hz () f=50Hz

Infig. l1a to Ilc bars are respectively 40um, 30 pm, 20 pm.

Swarms in a rotating magnetic field. h is constant 23 oe . optical microscopy images magnification is 40x .jpg
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From microscopic to macroscopic interaction: Nickel-particle
doublet movement in an elastomer matrix under exertion to
magnetic field
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To obtain strong magneto-rheological effects, the particles inside Magnetorheological elastomers (MREs) have to
rearrange in position and orientation under the action of an applied magnetic field. Strong magneto-rheological
effects require a high volume fraction of the magnetic material, resulting in particle distances below one particle
diameter.

Particles in distances close to contact experience a magnetic interaction deviating from the dipole approxima-
tion. Even small particle displacements then can locally generate high deformations of the matrix.

To study the interaction and movements of magnetic particles in distances close to contact we reduced the
system to a small number of superparamagnetic nickel particles embedded in a cross-linked PDMS-matrix. As
the magnetic forces not only depend on the distance between the particles but also on their position relative to
the external field, a slowly rotating magnetic field is used.

Extending previous studies [1], we resolve particle attachment and detachment (Fig. 1) and measure the angles
between the particle axis and external field for every position. These jumping events depend on parameters
like the elastic modulus, equilibrium distance, and particle size. In agreement with the theoretical prediction
of comparable particle systems, the dipole approximation lacks to describe the experimental results. Higher
order multipoles seem to play a role [1,2,3]. For a quantitative picture, we use the same particles and elastic
modulus of the matrix and place the particles at different equilibrium distances. We extract the angle at which
magnetic forces are zero (Fig. 2). These angles decrease with decreasing equilibrium distance.

In addition, we investigate the influences of a third particle. There are similarities to the two particle systems.
But the hysteresis loop is altered due to matrix mediated crosstalk of the attachment and detachment events.
Small variations for the ideal geometry play here an important role in the movement of the particles (Fig. 3).
[1] Puljiz, M.; Huang, S.; Auernhammer, G. K. and Menzel, A.; Soft Matter (2018) 14, 6809-6821,

[2] Biller, A.; Stolbov, O. and Raikher, Y.; Journal of Optoelectronics and Advanced Materials (2015) 17, 1106-1113
[3] Biller, A.; Stolbov, O. and Raikher, Y. Journal of Applied Physics (2014) 116, 114904
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Controlling human blood clot dynamics with magnetic
nanoparticles
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Heart attacks and strokes triggered by unwanted blood clotting remain one of the leading caused of mortality
and morbidity in Europe. Current pharmacological treatments involve the administration of anti-platelet ther-
apies to control thrombus growth, and in severe cases, the application of thrombolytic enzymes to try to break
down the clot in. However, both approaches lack specificity, leading to major bleeding events in some patients.
Upon blood vessel damage, blood platelets activate by adhering to the subendothelial matrix. This initial stage
is characterised by a significant rise in the platelet’s cytosolic calcium concentration, which triggers their activa-
tion. Platelets contain a complex series of tunnels called the open canalicular system (OCS) which are formed by
infolding of the plasma membrane. We have previously suggested that the OCS lumen may provide a transient
calcium store that promotes platelet aggregation by maintaining cytosolic calcium rises. Here we demonstrate
that iron oxide nanoparticles coated with the known calcium chelator, citrate (Cit-IONPs), can act as selective
calcium nanochelators. These nanochelators buffer the calcium accumulations that occur in the OCS and con-
trol clotting dynamics. Transmission electron microscopy revealed that Cit-IONPs are exclusively taken up by
activated platelets into the OCS (Figure 1). Pretreatment of human platelet suspensions with Cit-IONPs inhibits
thrombin-evoked cytosolic calcium rises to 41.8 + 4.0 % of control (Figure 2; n = 6, P < 0.05) and impairs platelet
aggregation ans clot retraction (Figure 3).

These magnetic nanoparticle-based calcium nanochelators could potentially provide additional clinical func-
tions beyond those offered by traditional anti-platelet therapies. Use of a magnetic nanoparticle core would
allow their recovery using external magnetic gradients in a technique known as blood magnetic filtration. Ad-
ditionally, these magnetic nanoparticles could be used as contrast agents to facilitate the imaging of blood clots
and the filtration of emboli from the peripheral circulation as well as enable the adjuvant use of magnetic hyper-
thermia to disrupt blood clots. Therefore, citric acid coated nanoparticles deliver a promising wide-available,
low-cost prototype for the development of new multi-functional clinical tools to diagnose and treat acute car-
diovascular events.
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Smart model incorporates computational modelling and computational testing. Starting from guidelines design,
the simulation methodology involves model building and testing, up to real experimentation for data compari-
son and final implementation of new patterns.

This modelling technique is applied to determine the heating profile of SPIONs injected into ex vivo tissues form-
ing clusters, under the application of an external alternating-magnetic-field. In vitro experiments are carried
out in parallel to obtain nanoparticles data, to strengthen model validation and to provide real comparison
terms for the computational simulation.

A physical characterization of SPIONs has been provided, exploiting the Rosensweig’s model of Intrinsic Loss
Power, combined into Pennes’ bioheat equation. This allows for a complete description of the thermal exposure
to which the body is subjected during hyperthermia treatment. Image processing, performed through MATLAB
Image Processing Toolbox on mice liver sections, guaranteed to define the working geometries from where to
start the investigation of real injection scenarios.

Experimental work was carried out adopting solutions and phantom samples of 1% Agarose gel as hosting me-
dia for SPIONSs, allowing to explore different features of the two families of single-core nanoparticles under
investigation. Through COMSOL Multiphysics, a FEM analysis was performed, to apply the bioheat equation
dynamically over the entire simulation environment. The smart model was developed and tested, performing
high-profile and deep-level studies of heat diffusion spectrum, potential thermal ablation and damage estima-
tion (CEMys analysis).

SPIONs with different hydrodynamic diameter, hosted in different media are considered in this work. Results
show, for each sample, the correlation coefficient evaluated between the in vitro measurement versus the value
obtained through the computational simulation. Agarose samples coefficients showed a strong agreement, with
correlation coefficient values in the range [0.934+0.975], while solution samples showed a very strong correla-
tion, with values in the range [0.972+0.989].

The set of analysis performed would provide an evaluation of the spectrum of best operational conditions for
hyperthermia treatment. The intrinsic-value of a smart model approach lies in its large applicability: it can be
extended to a wide and diverse range of experiments and constantly empowered with new data.

Correlation analysis between in vifro experiment and in silico model

Hydrodynamic . . SPIONs Correlation

diameter Hosting media concentration coefficient
70 nm Water 5 mg/ml 0.986
100 nm Water 5 mg/ml 0.989
70 nm Water 10 mg/ml 0.972
100 nm Water 10 mg/ml 0.982
70 nm Agarose 1% 5 mg/ml 0.934
100 nm Agarose 1% 5 mg/ml 0.944
70 nm Agarose 1% 10 mg/ml 0.975
100 nm Agarose 1% 10 mg/ml 0.966

Correlation analysis results.png
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Life cycle of iron oxide nanoparticles in human stem cells: the
case of magnetosomes assimilation, from degradation to
neosynthesis
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The magnetosomes, magnetic nanoparticles biosynthesized by the magnetotactic bacteria, are made of a mag-
netite core with high levels of crystallinity and surrounded by a lipid bilayer that protects as well as stabilizes
them. Their versatile and biocompatible nanostructure has found many possible applications in nanomedicine
(MRI contrast agent, magnetic hyperthermia, photothermal therapy, drug delivery), while their intracellular
stability and toxicity has been poorly reported, especially in the long-term. After implementing their use in
tumor-targeted photothermal therapy,! we investigated their fate upon internalization in human mesenchymal
stem cells using magnetic measurements, high-resolution electron microscopy, and synchrotron-based X-ray ab-
sorption spectroscopy for a direct and quantitative assessment of the magnetosomes transformations in cellulo.?
Remarkably, all measurements converge to the demonstration that intracellular magnetosomes experience an
important dose-dependent biodegradation over time, with up to 70% of their initial content degraded within the
first days upon incorporation. Surprisingly, two scenarios then emerged following this degradation, depending
on the stem cells physico-chemical environment. In 3D spheroids, with the addition of growth factors stimulat-
ing the chondrogenic differentiation, the magnetosomes degradation is associated with an extensive magnetite
to ferrihydrite phase transition. In contrast, in 2D monolayers, a de-novo biosynthesis of magnetic nanoparti-
cles is observed, based on the iron released over the magnetosomes degradation and associated with the mag-
netization recovery. We recently demonstrated this remarkable capacity of human stem cells to biosynthesize
magnetic nanoparticles upon degradation of chemically-synthesized iron oxide nanoparticles,® it can now be
extended to magnetosomes.

We thus evidence for the first time that magnetosomes can have a true intracellular cycle in human cells, where
they are first degraded, then either assimilated in the physiologic iron metabolism and stored as ferrihydrite,
or transformed into magnetic nanoparticles.

1. Plan Sangnier, A. et al. Targeted thermal therapy with genetically engineered magnetite magneto-
somes@RGD J. Control. Release 279, 271-281 (2018).

2. Curcio, A. et al. Magnetosomes intracellular degradation in human stem cells results in iron state transition
from magnetite to ferrihydrite. Submitted (2019).

3. Van de Walle, A. et al. Biosynthesis of magnetic nanoparticles from nano-degradation products revealed in
human stem cells. Proc. Natl. Acad. Sci. 116, 4044 LP-4053 (2019).
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The controlled fabrication of nanoscale and micronscale objects is without doubt one of today’s central goals in
science and technology, key to the fabrication of advanced industrial and consumer goods, building technologies
and optical devices. [1]

A convenient fabrication methodology at such dimensions is self-assembly, that is, the spontaneous creation
of ordered structures from individual components. [2] In this presentation we detail how superparamagnetic
microdevices with precise actuation characteristics can be fabricated from the magnetic-field induced assembly
of superparamagnetic microshapes held in preprogrammed arrays.

Starting from said arrays that hold a single shape designwe use two parameters to manipulate assembly: the
array pitch and the angle of an applied homogenous magnetic field in relation the array axis. We demonstrate
the effect of these parameters by producing a range of assemblies which we tabulate in ‘phase diagrams’. [3]
In doing so, we derive a set of design rules from which to assemble specific structures that can be remotely
actuated with external magnetic fields — such as swimmers and beaters — and demonstrate how their design
can be rigorously controlled by the assembly method. Finally, we detail our attempts to engineer polymer links
between our microshapes to enhance the flexibility and actuation performance of their assembled architectures
in response to oscillating magnetic fields.

[1] K. Ariga, et al., Sci. Technol. Adv. Mater., 2008, 9, 014109

[2] G. M. Whitesides, B. Grzybowski, Science, 2002, 295, 2418

[3] Tavacoli et al. Materials, 2017, 10, 1291
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Introduction

Magnetic drug targeting is a promising approach in cancer therapy. Therapeutic substances bound to magnetic
nanoparticles are concentrated in a target region by manipulating the particles with an external magnetic field.
However, the accurate control of ferrofluids motion still represents a challenge. Mathematical models are a
powerful tool to predict flow-mediated ferrofluid mass transport to support patient-specific therapy planning.
We present a computational fluid dynamic model to predict the transport of a ferrofluid concentration in a
steady fluid flow under the influence of an external magnetic field. By reproducing the setup of experimental
investigations™, the model is verified by comparing the outcome of the simulation to the experimental results.
Methods

In our model, developed in COMSOL Multiphysics, the advection-diffusion equation was implemented to de-
scribe the ferrofluid mass transport and coupled to the Maxwell equations to describe the magnetic field. A
two-way coupling approach® has been employed to consider the fluidic drag on the particles as well as the mag-
netic momentum transfer from the accelerated nanoparticles towards the fluid. A setup comprising a steady
flow through a Y-branched tube and a permanent magnet in specific positions'!! was emulated in the model. The
time-dependent ferrofluid behaviour was simulated and the targeting efficiency, i.e. the fraction of ferrofluid
attracted to the branched tube by the magnet, was computed for selected magnet positions.

Results

Simulation results (Fig. 1and2) reproduced the uptake pattern described for the experiments mentioned above.
We observed that the targeting efficiency increased with the magnetic fluid volume force on the ferrofluid de-
termined by the distance of the magnet. However, bringing the magnet too close to the tube leads to a drop in
the efficiency due to obstruction of the branched tube by ferrofluid being kept below the magnet.

Conclusion

The presented numerical model proved to be representative for the experimental observations. Quantitative
deviations to the experimental results can be explained by the neglection of particle scale phenomena, e.g.
particle-particle interaction, particle clustering acting as additional local magnetic field sources.

References

[1] Gitter et al.,, ] Mag Magn Mat 323, 2011

[2] Fratzl et al., Soft Matter 14, 2018
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Chains of ferromagnetic nanoparticles in biological shear
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Magnetic nanoparticles have shown significant potential in biomedicine for applications such as targeted drug
delivery, magnetic resonance imaging and magnetic hyperthermia [1]. Development of these applications re-
quires understanding the behaviour of magnetic nanoparticles in vasculature and biological tissue. It was
shown that the nanoparticles in vascular flow subject to external magnetic field form stable chain-like aggre-
gates [2]. Their hydrodynamic behaviour in biological fluids depends on the chain orientation, which result
from a competition between the particle-fluid and particle-magnetic field interactions.

We investigate the orientational stability of magnetic nanoparticle chains in a static magnetic field and under
shear flow. We consider a chain of ferromagnetic uniaxial particles coupled by dipolar interactions. The parti-
cles may have a layer of non-magnetic surface coating. The stable orientations of magnetic chains in the flow
result from the competition between the magnetic field and fluid torques. The magnetic torque is calculated
numerically in a self-consistent manner, accounting for the magnetic hysteresis which, given that particles are
ferromagnetic, is essential. The torque produced by the shear flow is evaluated using a slender-body theory
approach [3], which is shown to be more accurate than using Stokes drag formula for individual particles. The
orientational and mechanical stability of chains is then determined the balance condition between particle
dipolar attraction force and the fluid force.

We calculate the stable chain orientation for arbitrary strength of the applied magnetic field, biologically rel-
evant shear rates, chain length and particle properties, and the thickness of non-magnetic surface coating. By
considering the chain stability condition, we evaluate the critical shear rate that destroy the chain, as well as
the critical chain length.

The present model can be used for modelling the magnetic nanoparticle chains in more complex biological
flows. It can be also relevant for other magneto fluidic problems, which rely to particle chain formation.

[1] Q.A. Pankhurst, N.T.K. Thanh, S.K. Jones, and ]J. Dobson, J.Phys. D, 42, 224001, 2009.

[2] L. Agiotis, I. Theodorakos, S. Samothrakitis, S. Papazoglou, 1. Zergioti, and Y. Raptis, J]. Magn. Magn. Mater.,
401, 956-964, 2016.

[3] G. K. Batchelor, J. Fluid Mech., 44, 419440, 1970.
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Magnetic drug delivery has been shown to carry drugs to tumors in both shallow areas just beneath the skin
and in hard-to-reach areas, such as the back of the eye or inner ear. Less effort has been put into realistically
implementing a control system that moves magnetic fluid regions to a specified, possibly deep, location within
the body. In particular, most practical control systems rely of some form of sensing (i.e. to locate the magnetic
fluid) yet most current studies have relied on the use of videocameras for sensing and to validate magnetic fluid
control strategies. In transitioning these systems for use on cancer patients and in opaque regions of the body,
non-visual sensing and control systems are needed.

In this paper, we create an innovative method of passively imaging carriers in real time using low cost readily
available magnetometers in a geometric array and without using visual feedback. An algorithm is developed to
use the magnetometers data to track the position of a permanent magnet and a ferrofluid droplet in real time,
validating the approach. Our sensing system could be easily developed into a handheld medical device. More-
over, our device bridges the gap between the research done on magnetic drug therapy in idealized settings and
the more realistic conditions found in vivo.

Figure 1 shows the 4 magnetometer array used for sensing the location of a ferrofluid droplet within the central
petri dish; a single external (control) magnet is also shown. In figure 2 we show an example field due to a
magnetized drop of ferrofluid in the presence of the field of one magnet. Figure 3 shows the visual sensing
system used as a baseline for development of magnetometer sensing and control.

To close the loop, data obtained from the magnetometer sensing algorithm will next be integrated into the
magnetic field control algorithm. In addition, the magnetometer array can be redesigned to locate the magne-
tometers on different planes to restrict the localization solutions even more, while the algorithm and controls
can both be extended easily to three-dimensional space.
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Shape-changing smart materials are able to reversibly deform in response to an external stimulus such as
temperature, pressure, or electric and magnetic fields. 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 cylindrical shaped
polyacrylamide hydrogel composites. During polymerisation a magnetic texture was imprinted by alignment
of the anisotropy axes in magnetic fields of predefined geometry. If the nanorods are directed perpendicular
to the long cylinder axis, the composite is forced to a torsional deformation [1]. Composites with a magnetic
texture component parallel to the long axis, perform a bending deformation in a transversal magnetic field.
Both deformation patterns were measured by video microscopy and data were analyzed assuming a continuum
model with volume-distributed torques.

Aiming at a high volume fraction of isolated magnetic nanoparticles, we used a magnetic gradient field to collect
core-shell nanorods with adsorbed gelatin in a thin 2D layer. The magnetic texture inside the layer is tunable
by the geometry of the permanent magnet setup. A coaxial configuration of a NdFeB cylinder inside a hollow
cylinder of reverse magnetization was investigated as a particular example. The geometry of the stray field
was determined experimentally by optical transmission measurements with linearly polarized light and was
compared with a finite elemente simulation. With the field-guided assembly, we realized a nanocomposite layer
with circular texture of the magnetic anisotropy. Application of a homogeneous magnetic field perpendicular
to the surface of the sample generated a bowls like deformation which was measured by video microscopy.

[1] Schopphoven, C. et al, Arch Appl Mech, Issue 1, pp 119-132.
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Magnetic Anisotropy Due to Self-Assembled Particle Chains
Enhances Magnetic Heating and Torques
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Magnetic-particle/polymer composites have been developed for applications ranging from magnetic nanopar-
ticle hyperthermia (MNH) to magnetic actuation. In many cases, the microenvironment of the magnetic par-
ticles may have a dramatic effect on performance. In nanoparticle hyperthermia, for example, it is becoming
increasingly apparent that interparticle magnetic interactions in concentrated ensembles may dominate the
individual attributes of constituent nanoparticles [1]; similarly, in magnetic actuators, interactions between
magnetic particle pairs may influence the direction and magnitude of applied magnetic torques.[2] In this
work, we investigate the effects of self-assembled chains of magnetic nano- and microparticles in magnetic-
particle/polymer composites. Magnetic nanocomposites were composed of magnetite particles (7-nm) dispersed
in a polydimethylsiloxane-co-aminopropylmethylsiloxane matrix [3] and ordered into chain-like structures un-
der the influence of a uniform 300-G magnetic field prior to crosslinking. Subsequent exposure to RF magnetic
fields (80-460 kHz, 164-300 G) resulted in substantial improvement in heating rates relative to unchained materi-
als. Likewise, self-assembled chains of 4 to 100-um iron particles in thin films of polyurethane and polydimethyl-
siloxane resulted in a directionally-dependent enhanced heating as well as enhanced magnetic torques leading
to more facile actuation. In both nano- and microparticle composites, magnetic anisotropy due to particle chain-
ing was quantified with torque magnetometry, and measured anisotropy energy was shown to correlate well
with enhanced RF heating and enhanced performance of actuators.

References

[1] B. A. Evans, M. D. Bausch, K. D. Sienerth, M. Davern, Non-monotonicity in the influence of nanoparticle
concentration on SAR in magnetic nanoparticle hyperthermia. JMMM 456, 559-565 (2018).
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Our study is to report the in vitro characteristics, cell viability and activity of iNOS gene in when carboplatin
is added in a conjugated to PSI (polysuccinimide). PSI is a biodegradable and biocompatible polymer and has
promising properties as a drug delivery material. We have examined the expression of the iNOS gene, be-
cause it has shown to play an important role in both cancer cell survival and inhibition. We synthesized PSI
and conjugated it with carboplatin to create a modified chemotherapeutic agent. We were able to confirm
that the carboplatin was successfully conjugated to the PSI through NMR experiment. In order to achieve a
water-soluble modified anticancer agent, we conjugated further modifying groups (Ae) to the PSI-carboplatin
conjugate. To confirm the biological characteristics of the conjugated carboplatin, SKOV-3 cell and CHO cell
were treated with the conjugate alone and in combination with paclitaxel and topotecan, which are used in
conventional chemotherapy. The cell viability, carboplatin conjugated polymer showed less cytotoxic effect
than carboplatin. However, when we examined the cell survival rate, paclitaxel in combination with the carbo-
platin conjugated polymer treatment showed inhibition in the growth of ovarian cancer cells. Cytotoxicity tests
on normal ovarian cancer cell showed no effect on the growth in the group treated with paclitaxel in combi-
nation with carboplatin conjugated polymer. In the mRNA expression study of INOS, there was no expression
when treated with paclitaxel alone in cancer cells, but it was confirmed that the combination of carboplatin
conjugated polymer with paclitaxel resulted in overexpression. Expression studies of the INOS protein showed
normal expression of the protein in all groups, but in the case of the combination of carboplatin conjugated
polymer with paclitaxel, there was no protein expression compared to the mRNA.

In conclusion, it is possible to confirm the possibility of a newly synthesized compound through the conjugating
of the polymer and the inorganic compound platinum. The carboplatin-polymer conjugate and the paclitaxel
treatment displayed anticancer activity on ovarian cancer cell and no toxic effects on normal ovarian cancer
cells, resulting in the development of candidate anticancer drug that remains effective while eliminating severe
side effects.
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Hyperthermia cancer treatment exploits the lowered heat resistance of cancerous tissues compared to normal
tissues [1]. Nanoparticles-mediated hyperthermia treatment is a promising cancer therapy that enables selec-
tive heating of cancerous tissues to slow or stop tumour growth whilst also increasing tumour sensitivity to
chemotherapy and radiotherapy [2]. Importance of magnetic hyperthermia determines the growing interest in
development of various magnetic nanocomposites and consequently necessitate the need for development of
efficient characterisation tools capable of assessing nanoparticles at relevant clinical conditions.

Generally, magnetic characterization of magnetic nanoparticles is performed using inductive coil-based setups.
However, such measurements are limited to lower frequencies where the heating of the sensing coils can be
minimised. Further, coil based methods provide only averaged measurements and information on local envi-
ronmental factors is lost.

Here we present a new magneto-optical and fluorescence microscopy capable of performing high-frequency
magnetometry and susceptibility measurements of magnetic nanoparticle colloids in hyperthermia condition.
The added fluorescence lifetime feature allows us to simultaneously measure magnetisation dynamics, tem-
perature and biological changes in the cellular environment independent of the dye concentration. This could
advance our understanding of magnetisation dynamics, heat generation and relaxation mechanisms in cellular
environments upon exposure to alternating magnetic fields which in turn lead to optimisation of nanoparticles’
design for magnetic hyperthermia cancer treatment.

We use the same laser (wavelength: 488 nm) to excite the fluorescent dye and measure the magnetization dy-
namic. The laser intensity is modulated at high frequency (20-40MHz) to measure the fluorescence lifetime and
the polarization axis is modulated at the frequency of the applied magnetic field through the Faraday effect. The
rotation of the polarization is proportional to the projection of the magnetic nanoparticle magnetization along
the direction of the light propagation. Our electromagnet can generate magnetic fields relevant for magnetic
hyperthermia, with an amplitude as high as 50 mT up to 500kHz and frequencies up to 1 MHz for low amplitude
AC susceptibility measurement while keeping an optical access to the sample.

[1] H. Mamiya, Journal of Nanomaterials, 2013(2013) 17.

[2] A]. Giustini, A.A. Petryk, S.M. Cassim, J.A. Tate, I. Baker, P.J. Hoopes, Nano LIFE, 1(2010)
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The remarkable magnetic properties of spinel ferrite magnetic nanoparticles (MNPs) make them suitable for
a broad spectrum of biomedical applications [1]. In particular, manganese and zinc ferrites are nowadays
thoroughly investigated as both hyperthermia and magnetic relaxation enhancement agents.

Multicore manganese and zinc ferrites MNPs with a diameter around 80 nm were synthesized by means of
a polyol method, using chloride magnetic precursors, sodium acetate and ethylene-glycol (figure a) [2]. X-ray
diffraction patterns clearly reveal the formation of spinel phase cubic ferrites, while the position of all diffrac-
tion peaks ascribe to MnFe;04 and ZnFe; 0, MNPs. However, a small percent (10%) of ZnO is detected in the case
of ZnFe, 04 MNPs. Both types of MNPs exhibit a ferrimagnetic behavior at room temperature, the MnFe; O, MNPs
displaying a higher saturation magnetization (figure b). The evolution of specific absorption rate (SAR) on the
external alternating magnetic field amplitude of both types of MNPs presents a sigmoidal shape (figure c) [2,
3]. Upon dispersion in water, MnFe, O, MNPs exhibit a remarkable saturation SAR value of 1000 W/ggevn, While
ZnFe,0,MNPs display only 650 W/grezn. SAR values depend on the concentration of MNPs and considerably
decrease when both MNPs are dispersed in highly viscous/solid PEG8000. Toxicity assays (standard MTT) per-
formed on four cell lines revealed almost no toxicity for both MNPs up to a concentration of 0,05 mg/ml. Upon
an increase in the concentration (up to 0,2 mg/ml), a significant drop in the cell viability is recorded: 15% for
MnFe;0,MNPs and 35% for ZnFe,0, MNPs. The cellular uptake experiments show that both types of MNPs pen-
etrate the cells through endocytosis, in a time dependent manner and escape the endosomes (figure d). It was
also observed the biodegradation of the MNPs inside cells, while some cells were found to be dead.

This research was supported by the Romanian Ministry of Research and Innovation, CNCSIS-UEFISCDI, through
research projects No. PN-III-P1-1.1-TE-2016-0967 and No. PN-III-P4-ID-PCCFF-2016-0112, NanoTEX.

1. C.Xu and S. Sun, Advanced Drug Delivery Reviews, 65, 732 (2013).
2. C.Iacovita et al.,Nanoscale Research Letters, 10:3914, 1-16 (2015).
3. C.Iacovita et al., Molecules, 21, 1357 (2016).
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Magnetic nanoparticles of transition metal ferrites (MFe,04, M = Mn, Co, Ni etc.) having a spinel structure
are of great interest for their properties, which are novel in comparison with the corresponding bulk mate-
rials. In particular, they exhibit superparamagnetic behavior attributable to the nanometric size of the par-
ticles. They find applications in miniaturized devices such as magnetic storage devices, photomagnetic ma-
terials and in biomedical applications such as site specific drug delivery, hyperthermia treatments, MRI, etc.
Many preparation technologies of manganese ferrites such as sol-gel, auto-combustion, thermal decomposition,
chemical co-precipitation, hydrothermal, ball milling, reverse micelle synthesis, solid-phase reaction, thermally
activated solid state reaction and pulsed laser deposition have been developed to prepare the single-domain
Fe-Mn nanoparticles. Among these methods chemical co-precipitation method has the advantage of better con-
trol on particle size and size distribution. We have synthesized Fe-Mn ferrite nanoparticles with composition
Fe;xMnyFe;04, (x=0, 0.3, 0.5, 0.7, 1) by chemical co-precipitation method.

The nanoparticles have good crystallanity with average crystallite size of the order of 10-12nm. From TEM anal-
ysis it is seen that the sample contains nanoparticles with the average particle size of 10nm. Formation of the
spinel Fe-Mn ferrite was also supported by Fourier Transform Infrared Spectroscopy. The VSM study reveals su-
perparamagnetic nature of the sample with negligible remanence and coercivity. The saturation magnetization
(Ms) values are in the range of 30emu/g to 45emu/g. The Fe-Mn nanoparticles exhibited specific absorption rate
(SAR) of about 78.85W/g at physiological safe range of frequency 289 KHz and amplitude 15kA/m. In vitro bio-
compatibility study of Fey 3 Mng;Fe,04 nanoparticles was carried out using L-929 mouse fibroblast cell line MTT
assay purchased from APT Research Foundation, Pune, India. The study showed dose-dependent cell viability.
The synthesized nanoparticles are found suitable for hyperthermia application.
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The development of platforms for controlled drug release has generated the development of different materials
as liposomes, micelles and organic-inorganic hybrids (OIHs). Among the OIH used as drug delivery, siloxane
cross-linked macromers known as ureasil-polyether (U-PEO) are an emerging option. These materials present
good thermal stability, exhibits hydrophilic characteristics and present different chemical group [1]. Due to
these properties, U-PEO has a high capacity to encapsulate ionic species, polar molecules and nanoparticles.
Magnetic nanoparticles (MNP) such as maghemite y-Fe, 03 or magnetite Fe;O,4 are a class of highly suitable nano-
materials for use in biomedical applications, due to their biocompatibility and superparamagnetic properties.
The combination of both materials has led to U-PEO/y-Fe,03; nanocomposites, with a high potential for applica-
tions in drug release [2].

Here, we report the synthesis of nanocomposites formed by the conjugation of U-PEO matrix loaded with cur-
cumin (CUR) and y-Fe;03;. These syntheses were realised with or without the application of a magnetic field
inducing the orientation of the nanoparticles, to control the rate and direction of the CUR diffusion.

SEM images of the samples synthetized in presence of the magnetic field present parallel lines with length of
several micrometers. EDX analysis showed that these lines are due to the chaining of the y-Fe;Osinside the
matrix (Figure 1). Nevertheless, it was not possible to observe the presence of lines in the SEM images of the
nanocomposites prepared without magnetic field, indicating that the y-Fe,Oswere well-dispersed (Figure 2). The
2-D SAXS images for a sample synthetized with a magnetic field displayed an anisotropic structure (Figure 3),
while the 2-D SAXS images for a sample prepared in absence of field showed isotropic characteristics (Figure 4),
thus confirming the SEM results. The next steps of the work are to perform CUR diffusion assays to investigate
that the anisotropy generated by the presence of the nanoparticles plays an important role in the diffusion
process.

[1] C. Santilli, L. Chiavacci. L. Lopes, S. Pulcinelli, A. Oliveira, Chem. Mater., 2009, 21, 463.

[2] Caetano, B.; Guibert, C.; Fini, R.; Fresnais, J.; Pulcinellj, S.; Menager, C.; Santilli, C. RSC Advances 2016, 6,
63291.
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Herein we report the design of an optimized nanohybrid for cancer tri-therapy featuring a maghemite (y-Fe,03)
nanoflower-like multicore nanoparticle conceived for efficient magnetic hyperthermia (MHT) and a spiky cop-
per sulfide shell (ONF@CuS) with a high near infra-red (NIR) absorption coefficient suitable for photothermal
(PTT) and photodynamic therapy (PDT) (Curcio et al., 2019). The unprecedented spiky-like IONF@CuS nanohy-
brids were obtained through a template sacrificial synthesis method by tuning polyvinylpyrolidone (PVP) con-
centration during the synthesis leading to increased IR absorption (Wu et al., 2015). Their structural properties
were characterized by combining complementary UV-Vis-IR absorption, TEM, SEM, HR-TEM, EELS, XRD, and
NTA. Tests carried out for nanohybrid aqueous dispersion demonstrated the impressive efficiency of IONF@CuS
nanohybrids to convert light (conversion coefficient » 42%) and magnetic stimulation (SAR » 350 W g-1) into heat
as well as to induce concurrent reactive oxygen species (ROS) formation upon laser irradiation. Such capabil-
ities were also confirmed in cellular environment by in vitro tests and at the organism level by in vivo tests
in a murine tumor model. Notably, complete tumor regression was obtained for the PTT mode at low Cu con-
centration. Overall, these results allowed determining windows of applicability for each therapy individually
or in combination. Altogether, the obtained data evidence the successful synthesis of a unique tri-therapeutic
nanoparticle introducing prospective of clinical relevance such as reduced nanoparticle administered dose, re-
duced magnetic field frequency, reduced laser power exposure, possibility of serial heating cycles and therapy
monitoring by photoacoustic (PA) and magnetic resonance imaging (MRI).
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Experimental research on surfaced ferrofluid thermophoresis in a porous medium has revealed an influence
of excess surfactant on surfaced nanoparticle thermal transport.[1] A ferrofluid with magnetite nanoparticles
surfaced with oleic acid is used. Increasing concentration of excess surfactant, unbound to the particles, results
in a decrease of Soret coefficient, corresponding to a decrease in the tendency of particles to move away from
higher temperatures. With sufficient surfactant concentration, particle transport direction is inverted, Soret
coefficient changing from positive to negative and the particles now moving towards higher temperatures.

In order to investigate the nature of of this phenomena, series of experiments to characterize the ferrofluid’s
behaviour in non-isothermal conditions have been performed. The effects are originally observed within a
porous layer subjected to a temperature difference but isolated to mass transport. Ferrofluid flow with various
surfactant concentrations through an analogous porous layer, but allowing for mass transport through the layer
has been investigated. In order to determine the effects of a porous environment, nanoparticle thermophoresis
in a free fluid outside of a porous environment is measured using Forced Rayleigh scattering.

The results of ferrofluid flow through the porous layer agree with the decrease of Soret coefficient observed
in a closed layer. Soret coefficient measurements in free fluid don’t show such a change, suggesting that the
observed effect are related to the presence of porous material. Dependence of Soret coefficient on temperature
has emerged as an important effect in both cases.

References:

[1] V. Sints, E. Blums, G. Kronkalns, K. Erglis, M.M. Maiorov, International Journal of Heat and Mass Transfer,
125, pp. 580, 2018
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BACKGROUND:The Water Memory (WM) hypothesis was first suggested by Benveniste in 1988 and it gener-
ated a great number of controversial scientific reactions. Since then, several publications have begun to explore
the memory capacity of water based on its capacity to store energy. Posteriorly, it was concluded that water has
the capacity to store and release substantial amounts of charge. The Fourth Phase of Water theory explains that
it stores energy by order and charge separation. It was also demonstrated that the collective dynamics can arise
in colloidal systems subjected to electromagnetic fields (EMF). The majority of in vitro research of therapeutic
action of EMF are performed with cells immersed in aqueous colloidal solutions. This scenario is not repeated
in clinical use.

AIM: To analyze if WM hypothesis can be used for biomedical applications of EMF the first step was to perform
a design experience of a new medical device for clinical use.

METHODS: The project was conducted as part of a Master’s Dissertation in Clinical Research at Hospital de Clini-
cas, Porto Alegre, Brazil. An interdisciplinary team of professionals composed by biologist, clinicians, architect,
physicist and design engineer, who were part of the design experience that generated a patent “AuBento”.
RESULTS: The new device acts as a camera where the patient comes in full contact with the pre-defined colloidal
aqueous solution. These solution is prepared by receiving a pre-defined charge of EMF in a personalized manner
according to the set of patient’s symptoms. During the session, the patient is not directly influenced by a new
source of EMF. He is floating in the liquid and listening to music. The fluid flow is produced by a low-frequency
active sonar, to stimulate patient relaxation. When the session ends, the solution is discarded. With each new
patient, the process restarts.

CONCLUSIONS: This study explores the hypothesis that EMF can also be stored in water and it can be used for
medical applications. Future research for proper clinical validation of this new device may allow the demon-
stration of the possible benefit of this nanotechnology to increase quality of life and symptom control in patients.
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The most unique feature of temperature-sensitive magnetic fluid (TSMF) is that the thermal flow behavior is
actively controlled by means of magnetic field. In view of transporting thermal energy, there exists a heat
pipe. With modern technology applying to heat pipes the technical challenge is actively under way. The con-
ventional heat pipe (with wick structure), however, has a limitation that maximum heat transport distance is
approximately 10 m for an advanced heat pipe. With this aspect the device using TSMF has not only a great po-
tential of high performance heat transport ability, but also long distance energy (heat) transporting capability.
Taking into account of the advantages of thermo-magnetic properties, a prototype heat transport device using
TSMF is newly designed for recovering low to high temperature available heat. In the present study, a closed
loop heat transport device is newly constructed for transport thermal energy in long distance as schematically
shown in the first figure. From measurements, it was shown that volumetric flow rate Qm increases as heat
source temperature T is increased as show in the second figure. It is also verified that the heat transport device
transports heat with self-driving pressure for a channel length of more than L = 10 m. In order to examine self-
driving capability the self-driving pressure APm is also estimated by measured magnetic field strength, which
is approximated by a fitting function. When the applying magnetic field strength is altered with the function,
the predicted self-driving pressure APm can well predict the data gained in the experiment, and suggests higher
heat transporting capability, as shown in the third figure.
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Abstract

In this study, we investigate ferromagnetic composites made of ABS thermoplastic matrix fulfilled with iron
oxide particles (Fe304). The low frequency induction heating effect (LFIH) in such composites is mainly due
to the hysteresis losses linked to the magnetic domain’s wall motions under low frequency alternating mag-
netic excitation fields [1]-[3]. Therefore, LFIH can be used as varicose veins treatment. In the future, the LFIH
method will probably outclass the existing treatment methods as its performances in terms of precision, cost
and applicability seem much better [4].

For the hysteresis characterization of the magnetic properties and validation of the LFIH method, samples with
different shapes and particle volume fractions were built. Magnetic properties such as hysteresis cycles, perme-
ability, remnant inductions, and coercive fields ... were measured using the experimental test bench illustrated
in Fig. 1. For the validation of the LFIH method, a specific experimental test-bench was developed. This new
set-up is shown in Fig. 2. An alternative magnetic field with significant amplitude under a frequency range
varying from a few hundred Hz to 2.5 KHz was generated by an inductor made of 8 strong permanent magnets
located on a high speed electric motor rotating output shaft.

A significant temperature increase of the ferromagnetic composite was observed by the thermal camera after
5 minutes, as illustrated in Fig. 3 a). To highlight the ferromagnetic composites induction heating effect, a com-
parison with electrically conductive but non-ferromagnetic samples was performed. In Fig. 3 b), as opposed
to the ferromagnetic composite, the conductive sample exhibited a very weak response to the magnetic field
excitation and no temperature variation was observed.

The temperature variations of the ferromagnetic composites confirmed their potential as local heating and heal-
ing treatment for medical applications. Characterizations under simultaneous magnetic and thermic excitation
also revealed very stable magnetic properties (stable permeability can been achieved on a very large tempera-
ture range) confirming the reliability of the developed composite magnetic properties.
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Figure 1. experimental setup for the magnetic Figure 2. experimental setup for the induction
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The aim of this study was to prepare bidisperse magnetorheological fluids (MRFs) with reduced sedimentation,

oxidation, and improved chemical stabilities. For this purpose, carbonyl iron was subjected to surface modi-

fication and combined with surface active nano-scale iron oxide nanoparticles. Particles and the MRFs were

analyzed by transmission electron microscopy (TEM), scanning electron microscopy (SEM), vibrating sample

magnetometer (VSM) and FTIR. The magnetorheological properties of bidisperse MRFs were examined under

an applied magnetic field using a tween-gap parallel-plate-type Rheometer both in rotational and oscillatory

modes. In addition, the yield stress behavior of the prepared samples was examined in various temperatures.
Obtained results were compared with 140-CG MRF from Lord Corp. as the benchmark. Results showed that the
synthesized bidisperse MRFs represent a comparable rheological behavior when compared to 140-CG MRF but

with improved stability.

Key words: Magnetorheological fluids, superparamagnetic iron oxide, bidisperse MRFs, yield stress

Bidisperse MRFs

Code

140-CG MRF LORD

140-CG

83wt%(CI_LA+12wt%SPION_PAA+3wt%PVA of total oil gram) in hydraulic oil | MRF-8

83wt%(CI_LA+12wt%SPION_PAA+3wt%PVA of total oil gram) in mineral oil MRF-9

83Wt%(CI_LA+12W1%SPION_PAA+3Wt%PVA of total oil gram) in paraffin MRF-10
B4W%(CI_LA+OWt%SPION_PAA) in hydraulic ol MRF-11
84wt%(Cl_LA+12wt%SPION_PAA+3wt%PVA of total oil gram) in hydraulic oil | MRF-12
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One of the most outstanding changes that can be produced with magnetic fields in magnetic suspensions is
the change in their viscosity. Two different processes have to be distinguished. On the one hand, the so-called
rotational viscosity where the magnetic field hinders the rotation of the particles in a shear flow through the
alignment of the magnetic moment of magnetic hard particles, resulting in an increase in viscosity. This effect,
theoretically described by Shliomis, can achieve a maximum percentage viscosity increase equal to one and a
half times the volume concentration of the magnetic particles.

The viscosity changes can be much greater if the magnetic particles interact and form large structures such as
chains. This effect is well known from magnetorheological suspensions in which micrometer sized particles are
suspended and effects can be generated that can easily be used for technical applications like damping systems
or clutches.

Also in ferrofluids changes of viscosity by structure formation have been proven. The formation of chains not
only leads to a significantly increased viscosity change but also to non-Newtonian effects such as visco-elasticity
or normal stress differences. However, the effects here are orders of magnitude smaller than in magnetorheo-
logical fluids and they are extremely sensitive to mechanical loads, which means that they can only be detected
at very low shear rates.

A question that has always been of interest in this context concerns suspensions of magnetic particles where
the carrier liquid is a non-Newtonian liquid. Especially when such carrier media contain larger structures such
as non-magnetic particles, liquid crystal molecules or cells, the question arises what the interaction between
these objects and the structures formed by the magnetic particles looks like.

Using the example of mixtures of blood with magnetic nanoparticles it will be shown that the viscosity increase
is many times higher than in pure ferrofluids and that shear stability increases significantly. For the medical
application of ferrofluids, this is a significant change in the overall situation. The increase in viscosity in the
magnetic field changes the flow processes and thus the efficiency of biomedical applications.
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Magnetic fields can manipulate non-magnetic/diamagnetic objects provided these objects are immersed in a
medium of significantly higher magnetic susceptibility (e.g. solution of a paramagnetic salt or suspension of
magnetic nanoparticles). Besides levitating a frog (for which an Ig-Nobel was once given to a future Nobel lau-
reate), this phenomenon has been used in the assembly of macroscopic components as well as formation of
colloidal arrays of various compositions. Along these lines, the first part of my talk will focus on the use of mi-
cropatterned static magnetic fields to drive formation of both mono-component and multi-component colloidal
arrays, colloidal molecules, three-dimensional assemblies, and even arrays of bacteria and colloid-bacteria hy-
brids. These assemblies can comprise up to hundreds of millions of regularly positioned components. In the
second part of the talk, I will focus on using magnetic fields to trap and manipulate individual non-magnetic
microobjects. In the system we have recently developed, the microobjects (colloids or live cells) are immersed
in a high-susceptibility solution (HoNOs; or Fe;O4/dextran nanoparticles, respectively) subject to a uniform mag-
netic field (~ 20 mT) produced by an external electromagnet. A sharp coaxial “pen” comprising tungsten core
surrounded by a layer of Ni/Fe supermalloy is the working element of the system — when the external field is
on, the pen creates a local minimum in the magnetic fluid beneath its tip, thus creating a trap for nonmagnetic
objects; when the external filed is off, the trap vanishes. What is remarkable about this trapping mode is that
the strength of the trap can be regulated by the electromagnet’s field, and its shape, by the cross-section of the
magnetic pen. Capitalizing on these advantages, I will show how to address not only individual colloids or living
cells, but also create traps with which entire colloidal formations (e.g., lines of particles) can be manipulated or
traps in which colloidal clusters can be controllably crystallized. Many of the capabilities of our electromagnetic
traps cannot be realized with optical trapping approaches.
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Among the nanomaterials, magnetic nanoparticles (NPs) have gained a considerable attention because of their
applicability in several areas such as catalysis, biomedicine and environmental applications [1,2]. Using het-
erogeneous nanostructures as core/shell bimagnetic NPs, different characteristics can be combined in a unique
object, which may contribute to the fine tuning of their physical and chemical properties. Then, it may lead to
improvement of the whole of their performances [1,2]. As magnetic anisotropy and magnetization are structure-
dependent for both core and shell, satisfactory knowledge of the detailed structure in such NPs has become the
subject of primary interest for understanding their behavior in biomedical and technological applications [3].
In this talk, we will review the details of the local structure of core/shell NPs made of Zn ferrite, Mn ferrite
and mixed Zn-Mn ferrites cores recovered by a thin layer of maghemite [4, 5]. By crossing synchrotron X-ray
diffraction and absorption with neutron diffraction and magnetization measurements, we will show how the
structure of bimagnetic core/shell NPs influences their magnetic features. Perspectives about the challenges to
improve the applications in several fields will be finally reported.

Acknowledgments: this work was supported by Brazilian agencies CNPq (INCT-FCx, 465259/2014-6), CAPES and
FAPDF (PRONEX, 0193-001194/2016) and by contracts CAPES/COFECUB n°714/11 and PICS n°75939 from CNRS
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Magnetic fluids or ferrofuids (FF) are colloidal suspension of magnetic nanoparticles in a liquid carrier. When
a material is illuminated with a high-intensity light, typically nanosecond, picosecond and femtosecond pulsed
laser beam, its refractive index n, and absorption coefficient B depend on the light intensity I. The Z-Scan (ZS)
nonlinear optical and the Small-Angle X-Ray Scattering (SAXS) techniques are used to investigate the structure
and nonlinear optical properties of magnetite nanoparticles dispersed in a colloid and trapped in thin films.
The nonlinear refractive index (n;) and the two-photon absorption coefficient () were measured as a function
of the intensity of an external applied magnetic field H. Different relative orientation of the field with respect to
the light-polarization direction were investigated. When the external magnetic field is applied to the colloidal
sample (H parallel to the light-polarization direction), the two-photon absorption coefficient increases with the
field, ranging from B= 1.5 cm/GW (without field) to B= 2.4 cm/GW (2700 Oe). For the field direction perpendic-
ular to the light polarisation direction, B decreases to f= 1.0 cmm/GW (2700 Oe) and after remains stable. These
values allowed us to evaluate some elements of the third-order nonlinear optical susceptibility tensor x®. The
SAXS experiments revealed that when the field is applied, small linear aggregates are formed in the direction
of H. Considering that the nanoparticles rotate to align their magnetic moment parallel to the applied field di-
rection, and the particle’s magnetic moment is aligned along the 01110 lattice direction of the nanoparticle’s
crystalline structure, our results indicate an optical anisotropy in magnetite. The calculated third-order nonlin-
ear optical susceptibility, along the 01110direction, is Imy®xxxx=2.0(3)x102°m?/V?, while its average along the
other two orthogonal directions is (Imy®yyyy+ IMy®xxx)/2 = 0.9(3)x102°m?/V2, For the thin-film sample, how-
ever, the n; and B values do not change when the field of 1600 Oe is applied. Within the experimental error,
n, does not seem to change with field for the colloidal samples [1,2]. Support:CNPq, FAPESP, CAPES, INCT-FCx
and NAP-FCx
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The fabrication of micrometric magnetic materials and their integration into portable devices reveal great inter-
ests for telecommunications, automotive, biomedical and space applications, but still remain highly challeng-
ing. These compact systems being fabricated through multistep technological processes, the permanent magnet
(PM) integration should be implemented without altering the complex architecture of the device. The present
state-of the-art is not satisfactory due to technological and material limitations.

The bottom-up approach for nanostructured permanent magnets is an interesting alternative route to the clas-
sical rare earth metallurgy. Indeed, the recent progresses in the magnetic nanoparticle synthesis allow a good
control of the particle size, shape and chemical composition. Co NRs presenting a diameter in the range of 10-30
nm and an aspect ratio varying between 5 and 20 were synthesized by the polyol process (inset Figure 1a) [1].
Dense assemblies of aligned Co NRs were prepared by the controlled evaporation of a concentrated suspen-
sion under an external magnetic field [2], leading to performant magnets competing in the permanent magnet
panorama [3].

Taking benefits of this know-how, micrometric magnets were fabricated at predefined location by a magne-
tophoresis process. Highly concentrated Co NR suspensions were magnetically aligned on a patterned substrate
presenting pairs or arrays of electrodeposited Ni blocks. The soft ferromagnetic Ni blocks effectively serve as
flux concentrators, inducing local magnetic field gradients which drive the Co NR assembly. This process leads
to individual micrometric Co NR magnets and magnet networks exhibiting in-plane or out-of-plane magnetiza-
tion depending of the applied magnetic field direction (Figure 1). Multiple scientific issues raise from this new
approach, which was recently patented [4], especially concerning the drying of ferrofluids where magnetic and
capillary forces are competing.

In-plane Co NR assemblies of length and thickness comprised in the range of 50-500 um were prepared. These
hybrid magnets generate sufficient magnetic stray field to actuate by Laplace force a Si microcantilever con-
taining an AC current loop.

m—100 i

Micrometric co nr assemblies with out-of-plane or in-plane magnetization.png
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Dispersion of nanoparticles of different materials in a carrier fluid has been a subject of intensive investigations
over decades due to their potential applications in heat transfer and electronic cooling systems. A possibility
to induce and control the heat transfer process by means of an external magnetic field opened a window to
a spectrum of promising applications including enhancement of heat transfer for cooling of high power elec-
tric transformers, and magnetically controlled heat transfer in energy conversion systems. Mn-Zn ferrites are
among the most widely used electromagnetic materials for a broad category of applications including heat trans-
fer enhancement and energy conversion devices. This paper describes the synthesis and characterization of
oleic acid coated Mn-Zn-Dy ferrite nanoparticles for temperature sensitive ferrofluid and their application in
heat transfer device. The effect of rare earth cation substitution on structural and magnetic properties of Mn-Zn
ferrite is investigated.

In the present study, the chemical route was used to synthesize oleic acid coated MngsZngsDyxFe, 504 (x=0, 0.05,
0.1, 0.15 and 0.2) nanoparticles. The XRD study reveals the single crystalline phase of all samples with size
between 6 to 8 nm. The lattice parameter increases with increase in Dy concentration. The observed particle
sizes from TEM analysis are in good agreement with XRD values. From the magnetization studies it is observed
that the saturation magnetization and Curie temperature decreases with increase in Dy-concentration and can
be correlated to modifications in the A-B exchange interactions as a result of the structural modifications due
to Dy-substitution. An experimental set up (prototype) is developed for the investigation of heat transport. A
considerable enhancement in heat transfer is observed with the application of magnetic field. The better results
are obtained for the composition MngsZngsDyo1Fe; 904. Reduction in the Curie temperature and higher values
of pyromagnetic coefficient makes them suitable for the preparation of temperature sensitive ferrofluid for heat
transfer applications.
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The micro miniaturization techniques such as CMOS and MEMS/NEMS fabrication technology paved the way
of on-chip transformers on a silicon wafer. Therefore realization of micro-transformers on a chip which can
be fully integrated with other electronic circuits such as, DC/DC converters, RF MEMS, biosensors and mobile
power delivery applications are crucial. Also miniaturization of switched mode power supplies (SMPS) has
become the main focus for developing future generation power supplies, which uses micro transformers, also
known as power supply in package (PSiP) and power supply on chip (PwrSoC). This investigation is an attempt
to fabricate on-chip ferrofluid core transformers without using conventional electroplating and wire bonding
used for the construction of coils in micro transformers. Transformer losses negatively affect the performance
of the transformers especially at high frequencies. Among all the transformer loss, core loss is the major con-
tributing factor and substantially interrupts the coupling between primary and secondary winding. Core losses
due to eddy currents and hysteresis loss can be considerably reduced by employing superparamagnetic ma-
terial as core. Ferrofluid exhibit superparamagnetism, with zero remanence and coercivity, and marked as a
good thermal management liquid. The transformer design adopted here consists of two overlapped coils on top
of each other around a hollow core chamber. In the middle of the internal coil, there is a thin hollow chamber
core of thickness 0.5um sandwiched between two insulation layers. Contact pads are given at the two ends of
the coils for external circuitry connections. The top view of the micro-transformer is presented in figure 1. The
process include 9 levels of lithography corresponds to 9 separate optical masks. The optical images of one de-
vice after each level of fabrication is shown in figure 2 and 3. The transformer performance with an aqueous
ferrofluid, synthesized in the lab, is evaluated and compared with that of a transformer with an air core. The
inductance and quality factor measurement is done in the low frequency regime using a precision impedance
analyzer. The details involving the fabrication steps along with initial results will be presented here.

Figure 1.jpg

Figure 2.jpg
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Ionic liquids (ILs) are a wide class of solvents, purely constituted of ions, which can be liquid at room tempera-
ture. They strongly differ from classical molecular solvents. Our work aims at developing new thermoelectric
materials based on IL-ferrofluids that are versatile, cost-effective and non-toxic to assist the economically and
environmentally sustainable energy transition [1]. We first present a simple model-system of IL-ferrofluid based
on citrate-coated maghemite nanoparticles (NPs) dispersed in ethylammonium nitrate [2]. Then more complex
Il-based systems are studied varying parameters such as IL-anions or IL-cation [3], NP coating and temperature.
Simultaneous Dynamic Light Scattering and Small Angle Neutron Scattering measurements are performed at
PAXY spectrometer in ORPHEE-LLB-Saclay-France in a controlled oven at 295K<T<473K to study the colloidal
stability and the interparticle interaction in the dispersions.

Thermoelectric applications [4,5] require precise determination of several transport coefficients of the NPs un-
der a thermal gradient, namely Ludwig-Soret (thermodiffusive) and Seebeck (thermoelectric) effects which are
interlinked in such ionic systems. On applying a temperature gradient OT on the dispersions, Soret effect in-
duces a volume fraction gradient of the NPs (Soret coefficient defined as ®S;0T=-0&) and Seebeck effect induces
an internal electric field E (Seebeck coefficient defined in stationary conditions as Se>T0T=E) . By forced Rayleigh
scattering [6], we determine the mass diffusion coefficient Dy, and the Soret coefficient St of the NPs as a function
of temperature (295K<T<461K) for the IL-ferrofluids.
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Development of advanced technologies for better waste-heat management is an important key step for the sus-
tainable energy production. Thermogalvanic cells containing liquid electrolytes are emerging as promising
candidates for low-grade thermal energy harvesting as they provide a cheap and scalable route for directly
converting heat into electricity without producing harmful emissions or consuming toxic materials. In fact, liq-
uid thermogalvanic cells are known to produce thermoelectric voltage (often called the Seebeck voltage) that is
one to two order of magnitude larger than the solid thermoelectric modules for a given heat input. Today, the
particularly challenging aspect of thermogalvanic cells is achieving a power performance. To this end, ionic-
liquids with high ionic conductivity and/or nanofluids containing highly charged colloidal particles are actively
studied.

In this work, ionic liquid based ferrofluids are studied as novel electrolytes in thermogalvanic cells. We have
investigated the influence of the thermodiffusion of magnetic nanoparticles (charge stabilized) under a tem-
perature gradient on the open-circuit output voltage as well as power output of the thermogalvanic cells. Fur-
ther insight into achieving higher thermoelectric conversion efficiency by tuning the concentration of magnetic
nanoparticles is reported.

This work is supported by European Union’s Horizon 2020 research and innovation programme under the grant
agreement No 731976 (MAGENTA).

265



International Conference on Magnetic Fluids 2019

Effect of the nanoparticles coating on the colloidal stability of
ferrofluids

Friday, 12th July - 13:30: Invited Speech Session - Oral - Abstract ID: 433

Dr. Kalliopi Trohidou !, Dr. Nikolaos Ntallis 1, Dr. Marianna Vasilakaki®, Dr. Dino Fiorani?, Dr.
Davide Peddis *
1. NCSR "Demokritos”, 2. Struttura della Materia-CNR, 3. Univ. Genoa, Dept. Chem. &amp; Ind. Chem. and Struttura della
Materia-CNR

Ferrofluids consisting of ultra-small magnetic nanoparticles offer a potential breakthrough as next-generation
heat transfer fluids. A drawback for using ferrofluids in practical applications is the difficulty in maintain-
ing colloidal stability [1].

In our effort to obtain colloidal stability and dispersibility of nanoparticles in liquids, we study the effect of lig-
ands bonding [2] on their charge distribution and their magnetic properties, using a multi-scale modeling ap-
proach. We performed DFT electronic structure calculations using the VASP package [3] for the charge distribu-
tion and their microscopic magnetic parameters. The DFT results were used as input in our mesoscopic model
of an assembly of interacting nanoparticles [2,4]. Two examples will illustrate the new possibilities offered by
the coatings of the magnetic nanoparticles in ferrofluids for applications.

First ultra-small spherical CoFe;04 nanoparticles coated with Oleic acid (OA) [2] were studied. Our results com-
pared with those for the uncoated nanoparticles show that: (a) the charge distributions obtained for the coated
particles result to a slower reduction of the electric field with the distance, (b) the saturation magnetization and
the blocking temperature increases whereas the coercive field decreases, in the OA sample. Our results are in
very good agreement with recent experimental findings [2].

Next, we study ultra-small MnFe,0, nanoparticles covered by albumin. Our calculations show that the albu-
min coating enhances the charge and reduces the saturation magnetization and the surface anisotropy in the
nanoparticles leading to lower values of the coercive field from the uncoated ones, in agreement with the exper-
imental findings [4]. The albumin coated clusters, formed during the coating process, give high irreversibility
temperatures and they exhibit a super spin glass (SSG) behavior. Remarkably the magnetisation curves provide
evidence that the strength of the dipolar interactions is not affected by the albumin coating.

[1] M.Mamusa, J.Sirieix-Plénet, R. Perzynski, F. Cousin, E. Dubois, V. Peyre, Faraday Discuss 181(2015), 193

[2] M. Vasilakaki, N. Ntallis, N. Yaacoub, G. Muscas, D. Peddis, K.N. Trohidou, Nanoscale, 10(2018), 21244.

[3]1G. Kresse, J. Furthmuller, Comput. Mater. Sci. 6 (1) (1996), 15.

[4] M. Vasilakaki, N. Ntallis, M. Bellusci, F Varsano, R Mathieu,D Fiorani, D Peddis and KN Trohidou, submitted
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Microfluidic manipulation of magnetic nanoparticles is a smart tool for various environmental and biomedical
applications, such as water remediation from pollutant molecules (heavy metals, pesticides, ...), high-sensitivity
immunoassays, cancer treatment by controlled drug delivery, hyperthermia or mechanical destruction of cells,
protein purification, gene transfection, etc. In most of these applications, magnetic nanoparticles bear on their
surface adsorbed molecules (either pollutants or biomolecules), which should either be delivered to the target
site (drug delivery, gene transfection) or be extracted from the solvent (immunoassays, protein purification,
water remediation). Unfortunately, these technics have strong limitations related to low efficiency of the
magnetic manipulation of nanoparticles because of their strong Brownian motion and low efficiency of their
separation from the suspending fluid (magnetic separation) under flows in microfluidic devices. However,
molecules adsorbed on the nanoparticle surface often reduce repulsive colloidal interactions between
nanoparticles and provoke a weak agglomeration of nanoparticles. Such agglomeration in the absence of
applied magnetic field leads to an increase of the effective size of nanoparticles (or rather primary aggregates)
and, once the magnetic field is applied, the magnetic force acting on primary aggregates is strongly amplified
as compared to the situation of single non-aggregated nanoparticles. In this case the adsorbed molecules not
only fulfill their function in water remediation or biomedical applications but allow a drastic enhancement of
nanoparticle manipulation by magnetic fields, thereby broadening the application fields of nanoparticles.

In the present work, we consider two different systems which follow the aforementioned behavior: iron oxide
nanoparticles (of an average size of 8 nm) with either methylene blue (MB) dye adsorbed on their surface or
monoclonal antibodies (AB) grafted on their surface and destined for realization of immunoassays. Dynamic
light scattering (DLS), zeta-potential measurements along with experiments on kinetics of primary (at zero field)
and secondary (field-induced) aggregation and microfluidic magnetic separation allow assessing the quantita-
tive effect of the surface coverage of nanoparticles by MB or AB on the efficiency of nanoparticle clustering and
magnetic separation in the presence of external magnetic fields as low as ~5-10 mT.
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catalysts for oxidative degradation of organic pollutants by
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The discharge of highly coloured wastes from effluents of textile, paint, ink and cosmetic industries, could be
extremely hazardous for the environment and human health [1]. For example, this contaminated water can be
very harmful for the aquatic environment due the obstruction of light, causing distress of biological processes,
and also these pollutants can be degraded into toxic compounds with hazardous aftermaths to human health
[2]. Therefore, the need to eliminate them is a great concern nowadays and magnetic nanoparticles have been
proposed as good candidates to be used as catalyst or adsorbents in these water remediation processes. These
materials offer the advantages of high surface area, easy separation by means of a magnet and high heating
capabilities under an alternating magnetic field for the improvement of reaction yields in catalytic processes
[3].

In this project, the design and assembly of superparamagnetic nanoreactors (NRs), with high surface area, were
successfully performed and they were evaluated as magnetic heterogeneous Fenton catalyst. The NRs were fully
characterized and the morphology and properties of the material were obtained by X-ray diffraction, transmis-
sion electron microscopy, Fourier transform infrared spectroscopy, vibrating sample magnetometry, thermal
gravimetric analyses and Brunauer-Emmet-Teller measurements. Azo dye methyl orange (MO) was used as the
selected organic pollutant for the batch experimentation and its equilibrium adsorption capacity with the NRs
was analysed. The decolorization rate of as prepared aqueous solutions of MO was measured after performing
the reaction with H,O, and with NRs as catalyst. The magnetic magnetite (Fe?*Fe®*,0,4) core of the NRs allowed
the formation of non-selective oxidants hydroxyl radicals for the MO oxidation. The decolorization yield as well
as the oxidation efficiency were calculated by analysing the data obtained in the reaction batch experimenta-
tion.

References
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[2] N. Mohammadi, et al., J Colloid Interface Sci.362 (2011) 457-462.
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Energy conversion devices are indispensable for our life. Among the energy conversion devices, diesel engines
have advantages such as high energy density of fuels, low fuel consumption, and relatively low CO; emission.
Therefore, diesel engines are most popularly used in various applications. Instead of the advantages of diesel
engine, emission of diesel exhaust gas is one of serious environmental issues. Diesel particulates in the emission
cause the respiratory disease and air pollution such as PM; s issue in recent years. One of the removing tech-
nologies of diesel particulates, which is widely used for automobiles, is a diesel particulate filter (DPF). However,
its pressure loss degrades the engine performance, and the fuel consumption becomes higher.

In the present study, a plasma-based ferrofluid filter for removing diesel particulates from exhaust gas are
proposed to solve the issue. The principle of diesel particulate removal is provided and discussed. The
proposed technology uses both of the Brownian diffusion and the electrostatic force, which are effective for
the collection of sub-micron particulates. In addition, the use of a ferrofluid overcomes the essential problem
of re-entrainment that emerges in collection of low-resistive particulates such as diesel particulates. The
plasma-based ferrofluid filter has little pressure drop, which is the main problem with conventional DPFs,
in the diesel particulate removal.Prior to the development of the plasma-based ferrofluid filter, fundamental
characteristics of diesel particulate removal using a ferrofluid and nonthermal plasma discharge are inves-
tigated. A model plasma-based ferrofluid filter and its evaluation system are established. Figure shows the
plasma-based ferrofluid filter. The nonthermal plasma discharge is dielectric-barrier discharge (DBD) with the
discharge voltage of 9 kV. Equations for evaluating the collection efficiency are provided. In the present paper,
the experimental results and discussion on the performance of the proposed ferrofluid filter are reported. The
removal efficiencies are evaluated in different particulate diameters, which are 0.3, 0.5, 1.0, 2.0, 5.0, and 10.0
um. The results confirm the feasibility of diesel particulate removal, and reveals that the removal efficiency is
higher than 85% for particulates having a diameter more than 0.5 um.

Plasma-based ferrofluid filter.jpg
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Flocculation is a physicochemical process during which colloidal particles in suspension agglomerate and form
bigger particles called flocs. Thanks to their large size, the flocs are characterized by an appreciable settlement
rate, which allows their separation from the liquid phase. This method is especially used in water treatment.
However, this process is generally limited by the relatively slow decantation of the flocs under gravity, due to
their low density. Our work consists in studying the replacement of conventional flocculating agents by mag-
netic nanoparticles, to facilitate the decantation step. The objective was first to treat model colloidal aqueous
suspensions composed of beidellite platelets by maghemite nanoparticles, the obtained magnetic flocs being
recovered using a magnet.

Our work has been carried out according to the following procedure (figure 1). First, maghemite nanoparticles
(NPs) were synthesized, sorted into different sizes, and dispersed in acidic solutions. Those dilutions were then
added to suspensions of size-sorted beidellite platelets. The flocculation was immediately observed due to the
electrostatic interactions between the positively charged nanoparticles and the negatively charged clay lamel-
lae. The flocs were then left to settle in presence of a Nd-B-Fe magnet (figure 1). In comparison to gravity, the
settlement rate of the flocs resulting from the magnetic field gradient was up to 100 times faster.

First, we will describe our results about the physicochemical conditions (pH, concentration and sizes of the
nanoparticles and clays...) allowing the formation of the flocs. We will also give an estimation of the settlement
rates of the flocs, depending on the way of decantation (magnet or gravity), and on the various parameters varied
during the flocculation. Afterwards, we will present our experiments to determine the multiscale structure of
the flocs. A first description of their organization has been obtained by cryo-TEM (figure 2), SAXS (figure 3),
SANS and Small Angle Scattering curves recomputed by analysis of the optical micrographs.

Finally, we attempted to apply this method to natural waters originating from the Seine River. We evaluated the
evolution of turbidity (figure 4), iron concentration and total organic carbon after addition of the maghemite
nanoparticles and settlement using a magnet.
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A combination of renewable energies and water electrolysis has been attracting much attention as an
environmentally-friendly method to produce hydrogen, which has been expected as promising future energy
storage and carrier media. In the present study, a new method which has the potential to dramatically en-
hance the water electrolysis efficient was proposed by utilizing the magnetic buoyancy. Using water-based
magnetic fluids as an electrolyte and directly electrolyzing them in the presence of inhomogeneous magnetic
fields should enhance the desorption of gas-bubbles absorbed on electrodes. We investigated the effect of mag-
netic field strength on the water electrolysis process by a dynamic impedance method. Figure (a) shows the
Nyquist plot obtained by the dynamic impedance method. The tested electrolyte was a water-based magnetic
fluid adding Na,SO4 with 0.1 mol/L. When the magnetic field intensity increases (decreasing the distance be-
tween a permanent magnet and the working electrode, L), Zg. decreases, which represents that the resistance
in the water electrolysis becomes smaller. The equivalent circuit in Figure (b) fits the experimental data well,
resulting in that it is possible to divide the whole resistance into the charge-transfer and solution resistances.
The charge-transfer resistance dramatically decreases with the magnetic field strength, while the solution resis-
tance doesn’t change. This phenomenon explains that the magnetic buoyancy sufficiently enhances the bubble
desorption, resulting in the water electrolysis enhancement.
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Magnetic field induced dynamic self-assembly (MFIDSA) can be regarded as one of non-contact manipulation
method under special category of micro-scale or nano-scale fabrication technique, which is confined to mag-
netic materials. This study is focused on MFIDSA process of nonmagnetic materials in inverse magnetic fluids
by using the experimental technique and numerical method. To explore the controllability of MFIDSA process, a
series of experiments by using the inverse magnetic fluids comprising of nonmagnetic polystyrene spheres with
different particle-size distributions were carried out. The relations of the strength of external magnetic field,
the average length of self-assembled chain-like structure, and the particle-size distributions of nonmagnetic
polystyrene sphere were investigated experimentally. Meanwhile, to reveal the interaction mechanisms behind
the self-assembling behaviors of nonmagnetic materials, an immersed boundary lattice Boltzmann method has
been applied to simulate the multi-physical field coupled multiphase flows in MFIDSA process. The present
work shows that the average length of self-assembled chain-like structure is mainly determined by the strength
of external magnetic field, irrespective of the particle-size distribution of nonmagnetic materials. The coin-
cident results of the experiments and numerical simulations provide a guidance on how to manipulate the
nonmagnetic materials to form the chain-like structures by magnetic field.
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The recycling of waste materials is essential for society’s transition to a circular economy, and a novel recycling
technology based on magnetic density separation is being developed in a Dutch nation-wide program (NWO-
TTW Perspectief program P14-07 [1]). Nonmagnetic solid materials dispersed in a ferrofluid will levitate in
external magnetic field, reaching specific floatation heights that depend mainly on the buoyant mass densities
of the materials and the precise height dependence of the magnetic field strength. Using a well-engineered and
well-characterized magnetic field, materials with a large range of densities can be separated with high precision,
see Figure a. In such an application, it is crucial for the ferrofluid to have excellent colloidal stability in external
magnetic field, and it must be aqueous if the objective is to separate plastics.

In this research, the colloidal stability of aqueous ferrofluids in external magnetic fields is evaluated from time-
dependent transmission profiles of X-rays [2,3] and visible light. Sedimentation rates and equilibrium concen-
tration profiles of the colloidal iron oxide nanoparticles were determined on a neodymium magnet and up to 25
T at the High Field Magnet Laboratory in Nijmegen [4], at different gradients from 0 to >100 T/m. For the most
stable ferrofluids, both the time-dependent and final equilibrium profiles agree with numerical simulations that
take into account the spatial dependent magnetic field and nanoparticle polydispersity. Less stable ferrofluids
phase separate within seconds, see Figure b, as expected from the formation of large dipolar structures [5].
References:
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During the past decades, the use of magnetic micro- and nanoparticles for microfluidic applications, e.g. lab-on-
a-chip devices with particles acting as structure materials for 3D assembly, molecular transporters, microsen-
sors or contrast agents in medical diagnostics has seen an ever-evolving interest. While most of these magnetic
particles are colloidal, mainly spherically shaped particles, either because of synthesis simplicity, or because
they attempt to imitate living organisms found in nature, more diverse shapes remain largely unexplored. How-
ever, when it comes to hydrodynamic behaviors e.g. transport in a liquid environment, varying the particles’
geometries introduces a well of untapped potential for control of motion characteristics. Here, a major challenge
is to individually address the particles’ shape and magnetic properties, since the latter is usually influenced by
the former. Thus, being able to tune the magnetic texture of the particles becomes crucial. To achieve a desired
magnetic functionality with respect to the particles’ remanent magnetization, independent on their geometry,
surface functionalization with magnetic thin films was employed. Here however, energy minimization typically
hinders the presence of arbitrary patterns for deliberate particle sizes and geometry. Our approach is, there-
fore, to introduce an exchange bias (EB) system since that enables us to control the strength and the direction
of this additional unidirectional anisotropy. The resulting particles have a defined remnant magnetic state that
can be exploited to control their spacial orientation, as well as their rotational and translational behavior when
in a magnetic environment.

Here, we introduce nonspherical shape-designed particles with extruded 2D shapes, molded from polymethyl
methacrylate via reverse nanoimprint lithography and subsequently coated with an EB thin film system via
sputter deposition. The particles’ properties were characterized by Kerr magnetometry and MFM to unravel
the strength of the EB effect and their magnetostatic charge distribution pattern. The latter relates on how well
the anisotropy is preserved along the particles’ shape. Corroborated by micromagnetic simulations, we observe
that, although the magnetic texture wraps itself along the borders of the particle geometry, the anisotropy is
generally aligned along the imposed unidirectionality which produces a large remanent magnetic moment and
therefore, the opportunity for precise particle actuation.
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An experiment is performed to measure the thermomagnetic convection effect in a prototype immersed coil. A
magnetic fluid (Midel vegetable oil - CoFe, 04 Cobalt ferrite magnetic fluid) with nanoparticles volume fraction
of 5% is used as a coolant for this purpose. The test cell consists of a copper coil, in the form of a two-wire con-
ductor, chosen to obtain two identical coaxial resistors. The coil entirely immersed in ferrofluid is set into an
Aluminium tank closed at the top by a PVC cap. When the directions of the currents flowing in the two resistors
of the coil are opposite, the generated magnetic fields are compensated in the device and the thermomagnetic
convection effect is deactivated. On the other hand, if the current directions are the same, a magnetic field is
applied in the test cell and the thermomagnetic convection effect is activated. In both configurations, the same
amount of heat is dissipated by the Joule effect at the solenoid.

Two sensors are inserted in the fluid and at the coil respectively, to show temperature evolution during ex-
periment progress. The current direction in each resistor is initially the same, then reversed every 60 minutes
to activate/deactivate the magnetoconvection. The results corresponding to the time evolution of the coil tem-
perature show reproducible crenelations with equal amplitude of 2,2°C approximately. Hence, when the ther-
momagnetic convection is active, the coil temperature decreases, revealing the impact of the thermomagnetic
convection in the cooling operation.

The same process is numerically tested, with a 2D axisymmetric model of the setup, using the finite element
method. We use the magnetic fluid properties deduced from the experiment to improve the cooling efficiency
of the coil. Due to the presence of an additional magnetic force, the fluid flow around the coil is modified. As
a result, a new convection cell arises in the ferrofluid, and cools down the heated coil. Experimental results
in agreement with numerical ones prove that the proposed model and the applied boundary conditions are
appropriate for the modelling of the actual setup.

Index Terms—Cooling, Ferrofluid, Finite Element Method, Electromagnetic Device, Thermomagnetic Convec-
tion, Magnetic Body Force
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Vapor-compression refrigeration system (VCRS) technology has practical limitations to improve against environ-
mental destruction such as destruction of ozone layer and global warming. Recently, proposals and researches
on new cooling technologies to replace these past cooling technologies have been underway. Magnetocaloric
effect (MCE) is a magneto-thermodynamic phenomenon where the temperature changes when material is ex-
posed to changing magnetic fields. These properties can be combined with cooling technology. The cooling
technology with MCE has been used in a variety of cryogenic applications, such as cryogenic technology in
space science, liquefaction of hydrogen or other fuel gases. In this study, we investigated the MCE properties
of antiferromagnetic GdVO, with nanostructures synthesized by a microwave-assisted hydrothermal method.
The magnetic transition temperatures (Neel Temperature, Ty), effective magnetic moment, magnetic entropy
changes, and relative cooling power (RCP) were obtained from MPMS measurements. It was found that GdVO,
nanocrystals have an intrinsic antiferromagnetic-paramagnetic second-order phase transition for GAVO, indicat-
ing that they can be applied for cryogenic magnetic cooling materials such as hydrogen gas liquefaction [1].
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Ferrofluids are colloidal fluid suspensions of superparamagnetic nanoparticles. Under certain conditions, fer-
rofluids undergo symmetry-breaking transitions that manifest themselves in extraordinary patterns in the pres-
ence of magnetic fields. These include hexagonal, square array, labyrinth and so forth. These patterns collapse
upon removal of the magnetic field. In our work, we establish methods to make permanent patterns from
ferrofluidic media. We show that pattern formation depends on the magnetic nanoparticles, solvent media
and surface energy of the substrates. The as-assembled spike-like structures exhibit hierarchies of patterns
over length scales spanning nanometers to millimeters. We theorize how magnetic nanoparticles assemble into
macroscopic spike-like structures under magnetic fields. We explore magneto-chemo-mechanical controlover
soft magnetic media to create new kinds of functional matter.
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In this paper we research a new active medium, which electrophysical and optical properties can be controlled
by a weak electric field. This medium is a nanoscale near-electrode layer of a concentrated magnetic fluid.

» Experimental methods for calculating the thickness and refractive index of the ITO electrode and a thin
electrode layer of a concentrated magnetic fluid by the interference of reflected rays were developed.

* The influence of the formation of near-electrode layers on the electrical properties of a cell with a mag-
netic fluid was established. Since the thickness of the layers depends on the voltage on the electrodes,
the charge, capacity, and resistance measured in the cell, as measured by the discharge current, depend
on the voltage on the electrodes.

o Itis shown that the near-electrode layer is an excitable active medium capable of forming an impulse in
response to an external effect. An excitable medium consists of a large number of individual elements
(elementary areas of the electrode layer or particle ensembles), each of which is an autonomous source
of energy

¢ In the studied medium we researched self-organization — an autowave process and propagation modes
of autowaves in the near-electrode layer of magnetic fluid: “fast” and “slow” autowaves, relaxation self-
oscillations. (Figure 1)

» The propagation of autowaves in a medium with local heterogeneity is researched. It is shown that the
region around the local heterogeneity has a refractory period R;, which differs from the refractory period
R, of the medium. Therefore, the wave front reaches the section with refractoriness R; and gets broken.
An arrhythmia occurs in the oscillations between the whole surface of the cell and the area around the
local heterogeneity.

» The autowave synchronization in the near-electrode layer of a magnetic fluid was experimentally re-
searched for the first time. The possibility of practical application of this phenomenon for modeling the
operation of a cardiac pacemaker is shown. (Figure 2)

* A mathematical model of the autowave process is constructed. The model is implemented as a computer
simulation in the software for modeling physical processes COMSOL Multiphysics 5.2.
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This work is devoted to an experimental study of kinetics of phase separation of a magnetic colloid under AC
rotating magnetic fields. To this purpose, we use citrate-coated maghemite nanoparticles (medium size 8 nm)
dispersed in distilled water and slightly destabilized by either adsorption on their surface of a methylene blue
molecules or addition of salts, both screening electrostatic repulsion between nanoparticles and leading to pri-
mary aggregates of amedium size of about 100 nm. In the presence of a DC magnetic field or an AC unidirectional
sinusoidal magnetic field, of an intensity 5-10 kA/m, the primary isotropic aggregates are attracted to each other
and form long needle-shape aggregates of a typical length of 0.1-0.5 mm during a timescale related to a trans-
lational diffusivity of nanoparticles and the suspension supersaturation. Once they reach a maximal length
related to homogeneity of the chemical potential across the suspension, some aggregates coalesce with each
other in order to decrease the surface energy but the coalescence is strongly slowed down by repulsive mag-
netic dipolar interactions, such that in practice the phase separation is not accomplished during a few hours.
However, when a rotating sinusoidal magnetic field of the same amplitude is applied, the needle-like aggregates
(appearing a few minutes after switching on the field) coalesce very quickly due to their collisions as they syn-
chronously rotate with the field and form circular gear-like aggregates of a millimetric size with a relatively
weak internal volume fraction of nanoparticles. We focus on fundamental understanding of this phenomenon
tuned by Mason and Péclet numbers, as well as by magnetic nanoparticle concentration and suspension su-
persaturation. From the practical point of view, the obtained results open new perspectives for controlling
the field-induced aggregation which may be applied in co-operative magnetophoresis, immuno-agglutination
assays and magnetically assisted thrombolysis.
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Bubble behavior in the magnetic fluid is one of the most important issues to understand characteristics of
gaseous-liquid two-phase flow for basic fluid science such as often found in energy transport device, in which
boiling-bubble in magnetic fluid affects the heat transport efficiency significantly. Among many applications of
magnetic fluid with gaseous phase, knowledge of gas bubble in magnetic fluid is essential. However, no detailed
dynamic behavior of bubble have yet fully verified and discussed due to the difficulty of visual observation.

In the present study, in order to understand the dynamics behavior of gas bubble in magnetic fluid, bubble
released from single orifice in magnetic fluid is investigated by using near infrared light source with long wave-
length of 800-1000 nm as shown in Fig. 1. Surface tension of magnetic fluid, which is key factor to determine the
bubble characteristic, is also investigated by a maximum bubble pressure method. Based on the visualization
measured, it is found that the detached frequency of bubble increases and the bubble diameter decreases by
applying magnetic field. This is caused by the magnetic body force, so called the magnetic ejection force, acts on
growing bubble in the same direction as buoyancy force. The measurement of the surface tension and contact
angle of magnetic fluid show that the surface tension and contact angle increase simultaneously with increase
of applied magnetic field. This is caused by that the Maxwell stress which acts on the interface surface of mag-
netic fluid, and resultantly gaseous-phase affects to increase the apparent surface tension. From the results of
the visualization, it is found that a bubble released from single orifice in magnetic fluid is largely promoted by
not only the magnetic ejection effect, but also the change of the surface tension.
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Numerical simulations were carried out to explain the behavior exhibited in experimental work on the disso-
lution process of silicon into a germanium melt. The axisymmetric model equations, namely the equations of
conservation of mass, momentum balance, energy balance, and solute transport balance were solved numer-
ically. Measured concentration profiles and dissolution height from the samples processed with and without
the application of magnetic field show that the amount of silicon transported into the melt is slightly higher in
the samples processed under magnetic field, and there is a difference in dissolution interface shape indicating
a change in flow structure. This change in flow structure was predicted by the present model. In the absence
of magnetic field a flat stable interface is observed. However, in the presence of an applied field the dissolu-
tion interface remains flat in the center but curves back into the silicon source near the edge of the wall. This
indicates a far higher dissolution rate at the edge of the silicon source.
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The tunable rheological properties like yield stress, viscosity, etc., under the magnetic field in magnetorheo-
logical fluids were utilized to exploit their use in different applications. The detail, understanding of thermal
transport properties of this fluid and influence of particle shape, size, and other parameters, remains limited.
There are few studies in the literature on thermal conductivity of iron-based MR suspensions. In this work,
non-spherical shape (flake-shape) iron particles based magneto-rheological (MR) fluid thermal conductivity is
experimentally investigated using the hot-wire method. The data is compared with the commercially avail-
able Lord’s MRF-122EG MR fluid. Under the magnetic field, thermal conductivity increased by 20% compared
to spherical shape commercial MR fluid having nearly 20% higher volume fraction of iron particles. This en-
hancement results from the larger contact area of flake-shape particles when they form a chain, which helps
to transport heat quickly. The magnetic nanoparticles of size 6.5 nm were added to this MR fluid in varying
magnetic weight fractions and studied for their influence on thermal conductivity.

The increase of magnetic nanoparticle concentration enhances the thermal conductivity and increases field re-
versibility. To analyze the variation of torque with the magnetic field, an empirical relation has been developed
based on the variation of yield stress with the field.

k (H) = k(H=0) Tanh (H/H¢) + k(constant) .... (1)

Here the H. is a critical value of the field, above which the TC starts showing the constant value and k is a
constant. The line in Figure 1 represents fit to the equation (1). The observed increase in TC and low hysteresis
losses attributed to the friction reduction in flake-shaped iron particles in the presence of nanoparticles.
Figure 1. Variation of thermal conductivity with the field for 122EG (left) and Flake shaped particles (right). The
filled symbol is for decreasing field. The line is fit to equation (1). For lord sample, the H.

is 60kA/m while for Flake shaped particles it is 29 kA/m

Acknowledgment: Authors are thankful to CHARUSAT for providing research support.
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There are much demands to control viscoelastic properties by external means. Magneto-viscoelastic fluid which
can be substantiated by mixing polymeric material into magnetic fluid as a model fluid, is a premising functional
fluid whose viscoelastic properties can be controlled by magnetic field. In order to gain fundamental knowl-
edge, in view of examining the effect of chancing viscoelastic properties to the flow characteristics, the flow
of magneto-viscoelastic fluid is investigated in sudden contraction and expansion channel. experiments are
conducted by measuring pressure difference between the contraction and expansion section, under applying
magnetic field at the contraction section as shown in Fig. 1. As in this report, the numerical analysis for con-
sidering the influence of the internal flow mode on the pressure loss is performed by the VOF method. The
governing equations of system are continuity equation, momentum equation including effect of magnetic field
and constitutive equation of viscoelastic fluid. It was known that the pressure loss varies with size of the vor-
tex region around sudden contraction part and sudden expansion part, and it is strongly affected by applying
magnetic field.
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The deformation of a magnetic fluid in an applied magnetic field can be used to create directional motion. In
this work, the statics and motion of a spherical body with magnetizable material (body), partially immersed in
a magnetic fluid (MF) with a free surface, on a horizontal plane in a uniform vertical applied magnetic field H
are considered experimentally and theoretically.

The statics experiments are made with water-based MF and the body in a non-magnetic medium in a rectangular
vessel. The vessel with fluids is placed in a uniform vertical magnetic field H of Helmholtz coils. The maximum
H is turned on, and the body levitates in the MF (see Fig. 1). Then the field value H is decreased by some step.
The dependencies of the levitation height of the body on H are plotted.

The dynamic experiment is carried out as follows: the body, which levitates in the MF drop (~ 0.01 ml) in uniform
vertical H, is displaced for some distance from the initial position. A thin MF layer remains behind the body
(see Fig. 2). Then we free the body and observe a horizontal motion along the layer.

The problem of the equilibrium of the spherical magnetizable body in the MF drop is solved, considering the
gravity, the dependence of the magnetization on the magnetic field, without surface tension. An analytical
expression for the magnetic force acting on the body in a non-inductive approximation is found. A program for
calculation of this force and the MF shape is written. The dependence of the levitation height on the applied field
H is plotted numerically. The expression for the horizontal component of the magnetic force acting on the body
from the thin rectangular MF layer is obtained analytically. Using this expression, the motion of the body along
a MF layer is calculated taking into account the viscous force. A comparison of theoretical and experimental
results is made.

This work was supported by the RFBR grants 18-31-00066 (experimental and numerical investigations), 18-501-
12011.
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When magnetic field is applied to a magnetic fluid (MF) for long time, inner magnetic particles form clustering
structure, and this clustering structure grows from time by time. Therefore, surface tension of MF is possible to
change with the influence of growth of clustering structure. For long time use of MF application, it is important
to clarify the contribution of clustering structure to surface tension change of MF after application of magnetic
field. In this study, we measured surface tension of water-based and kerosene-based MF by maximum bubble
pressure method (MBPM) to investigate the contribution of growth of clustering structure and by Wilhelmy
method to consider the influence of magnetic field direction.

Figures 1 and 2 show the experimental apparatus of MBPM and one result of water-based MF by applying 68mT
measured by MBPM, respectively. To argue the contribution of growth of clustering structure, magnetic field is
applied for 2, 60, 120 and 600 min to MF before the measurement. We defined this time as Ty(cluster growing
time).

In MBPM, surface tension can be determined every generation of the bubble. Therefore, in the case of no mag-
netic field, the surface tension of MF does not change naturally with elapsed time except for first few seconds
as shown in Fig.2. On the contrary, the surface tension gradually decreases with elapsed time in case of T =
60 and 120 min, but hardly changes forTy = 2 min. This indicates that the clustering structure grows largely
for Ty = 60 and 120 min by applied magnetic field and it breaks down by generated bubble. This means that it
is possible to evaluate the contribution of clustering structure to the surface tension change by MBPM. On the
whole, when a magnetic field is applied to MF, the surface tension increases. The increase of surface tension
compared withT = 2 min indicates the contribution of clustering structure to surface tension changes of MF as
shown in Fig. 2. However, entirely different result was obtained for T= 600 min. Further detailed discussion
and other results will be held in the presentation.
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Ferrofluid has been used in many fields, such as microfluidics, droplet formation, and heat transfer, due to its
potential to be attracted in the presence of a magnetic field. Droplet formation, itself has many applications such
as emulsions, 3D micro-printers, MEMS, and electro-sprays. In this study, the mechanism of ferrofluid droplet
formation from the nozzle in the presence of an alternative magnetic field has been investigated. Also, the
magnetic field was applied at different angles with respect to gravity. The effect of the alternating magnetic field
and the angle on the produced droplet volume, satellite droplet, and droplet formation frequency have been
studied for the first time. The results showed that with increasing magnetic flux density, the volume of droplets
in both DC and AC cases decreases, while the droplet formation frequency increases. It was also observed that
by using a DC magnetic field for all angles, the droplets formation accompanied by a satellite droplet, while in
the presence of the AC magnetic field the satellite droplet was omitted. So, a new regime of droplet formation
was observed. Also, by tuning the alternating magnetic field, a larger droplet with respect to DC magnetic field
was detected. Besides, by increasing duty cycle droplet volume decreases while by increasing applied magnetic
frequency, droplet volume increases. Interestingly, it was shown that by increasing the angle from zero to 90
degrees the volume of the produced droplet has a minimum in 45 degrees.

Experimental setup schematic.jpg

The forces applied to the ferrofluid droplet.jpg
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In this work we explore the physics of an elliptic flow of a magnetic fluid subjected to a temperature gradient.
The flow is produced by density stratification promoted by the imposed thermal boundary conditions. The ge-
ometry in which the fluid is bounded is a narrow rectangular cavity. When an external magnetic field gradient
isimposed, secondary currents appear due to magnetic susceptibility stratification. When combined with mag-
netic field gradients this setup leads to an equivalent magnetic buoyancy mechanism. This phenomenon, known
as magnetic convection, modifies the flow s convective heat transfer rates. We explore this problem using scal-
ing arguments and numerical simulations. We also present a conceptual design of an experimental bench,
which is being assembled by our Research Group in order to experimentally investigate this problem. Both,
numerical code and experimental bench, were designed, implemented and operated by the authors. Our results
report a controllable increase on the convective heat transfer rates due to the application of the magnetic field.
We also validate previous scaling analysis done by members of our group. This heat transfer increase due to
magnetic effects could be applied in numerous engineering process, specially those regarding optimization of
heat exchangers. However, the focus of our work lies on the physical discussions regarding the mechanisms
behind the observed heat transfer increase and on the quantification of those rates. Particularly, we argue that
a vorticity production mechanism, related to magnetic susceptibility gradients induced by thermal stratification
seems to be the primary cause of the observed phenomenon.
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Mixing remains an important problem for development of successful microfluidic and lab-on-a-chip devices.
Due to the low Reynolds numbers laminar flows are typical in microfluidic devices, therefore mixing happens
only because of the slow diffusion process. One possible way how to accelerate diffusion in microfluidics is
by generating magnetic micro-convection, an instability happening on the interface of miscible magnetic and
non-magnetic fluids in a Hele-Shaw cell under applied magnetic field.

In this study the fluids are brought together in a microfluidics chip, that has a specific rectangular shape with
two inlets and one outlet. The experimental system (Fig.1.) is made so, that the microfluidics chip stands ver-
tically and the denser magnetic fluid is under the water in order to exclude the parasitic convection.The fluids
are pumped in and out of the microfluidics chip using two synchronized syringe pumps, that can be quickly
stopped. This allows to obtain a sharp and motionless interface, which is a novelty comparing to our previous
work [1] where micro-convection at different flow-rates was studied and the critical field for motionless regime
could only be extrapolated. The density difference of two fluids changes gravitational influence, while coil sys-
tem allows to change external magnetic field. The study is conducted both- experimentally and by simulations.
Experimental image series of the instability development for various field strengths can be seen in FIG.2. We
can see both how finger-like instability develops over time and that the mixing length of two fluids increase by
increasing the external magnetic field.

Both simulations and experiments confirm the mixing length of both fluids is limited by gravity and can be
expanded by increasing magnetic field. We quantify dependence of mixing length and address its origins.

[1] G.Kitenbergs, A.Tatulcenkovs, L.Pukina, A.Cebers, EPJE, 41,138 (2018)
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Magnetocaloric refrigeration is considered as a viable environmentally-friendly alternative to vapour compres-
sion refrigeration system. By suspending nanoparticles of the magneto-caloric material in a heat transfer fluid,
a magnetic refrigerator can be built with no moving parts by utilizing magnetic pumping. The present study
investigates such a system by using space and time varying magnetic fields (in the order of 100 mT) to pump
magnetic fluid (for example - a flow rate of 0.13 ml/s at 20 mT is obtained over a height difference of 17 mm).
The performance map of such a magnetic pump is characterized for different profiles of the varying magnetic
field created by direct current coupled to a pulse generator, and by alternating current at frequencies less than
50 Hz. The usage of higher frequencies is restricted due to heating effect caused by viscous dissipation be-
tween nanoparticle chains and the suspended fluid, which is detrimental to the cooling effect produced by the
magneto-caloric effect.
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A magnetic fluid (MF) seal enables mechanical contact-free rotation of a shaft and hence has excellent durabil-

ity. The performance of an MF seal, however, decreases in liquids. We developed an MF seal that has a “shield”
mechanism. Factors limiting the seal life and their solution methods were studied.
(a) Factor limiting seal life: MF flowing away. Three types of MF seal were installed in a rotary pump (Fig. 1).
Seal A was a conventional seal, and seal C was a seal with a shield. Seal A failed after 6 and 11 days. Seal C
showed long-term durability (217 and 275 days). The shield prevented MF from flowing away with fluids and
hence prolonged seal life.

(b) Factor limiting seal life: mixing of MF and liquids. Mixing of MFs and water was studied (Fig. 2). Six mL
of an MF and 50 mL of distilled water were poured into a beaker. The liquids were stirred for 5 days (Group B)
and for 10 days (Group C). The saturated magnetization of the MFs decreased by—7.4% (Group B) and—15.5%
(Group O). These results suggested mixing of MF and water and deterioration of the MF, which would reduce
seal life.

Two types of shield were placed in MF seals installed in rotary pumps (Fig. 3). One shield (Seal D) had a
small cavity space and the other shield (Seal E) had a large cavity space. Seal D showed a longer life (110+ days,
ongoing), while Seal E failed after 28, 31 and 32 days.

When a rotary pump is connected to an afterload, water flows into the shield space until air pressure in the
shield space reaches the afterload pressure. The volumes of water that flowed into the shield space were
estimated to be almost zero in the case of Seal D and about 0.12 L in the case of Seal E. Less water in contact
with the MF prolonged the seal life (Seal D).

In conclusion, a shield mechanism prolongs an MF seal life by preventing the MF from flowing away and
mixing with liquids.
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Evaporation of sessile droplets is a way to organize suspended particles and create surface coating. Many studies
have demonstrated that suspensions with various compositions can give rise to qualitatively different dried
patterns.

An external and constant magnetic field applied to superparamagnetic colloidal suspensions induces the for-
mation of chains. These chains are the result of the competition between Brownian motion and magnetic inter-
actions. We have shown that these chains can form ribbons due to lateral aggregation between long chains [1].
In oscillating or rotating fields, a panel of structures (rotating chains, aggregates, ...) can be observed due to the
superimposed effect of hydrodynamic interactions.

In this presentation, we combine magnetic interaction and evaporation process to obtain several dried patterns
with superparamagnetic colloids. We show the various patterns obtained with zero, constant, rotating, and
oscillating magnetic fields [2]. Moreover, we identify different flow stages during the evaporation thanks to
particle image velocimetry analysis.

[1] A. Darras, J. Fiscina, M. Pakpour, N. Vandewalle, and G. Lumay, Ribbons of superparamagnetic colloids in
magnetic field, European Physical Journal E 39, 47 (2016)

[2] A. Darras, F. Mignolet, N. Vandewalle, and G. Lumay, Remote-controlled deposit of superparamagnetic col-
loidal droplets, Physical Review E 98, 062608 (2018)
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Gas-liquid systems of various kinds can be found in many technological processes and devices in industry, en-
ergy and instrument engineering. The use of magnetic fluid as a liquid medium opens up broad prospects for
fairly simple control over the processes of the formation and dynamics of gas-liquid systems and the processes
of heat and mass transfer in such systems. In this paper, the installation used in [1] is upgraded by using a
transparent channel and video recording system with special software developed in LabView. A concentration
series of MFs based on kerosene was studied. The concentrations of MF-10MF-4 samples are 10.56%, 6.32%,
3.93%, 2.08%, respectively. Figure 1 shows the result of video recording of the air cavity in MF-1 in a flat chan-
nel. It can be seen from the figure that the upper part of the gas-MF interface intersects the isolines of the
magnetic field intensity modulus of 35 kA/m.

Figure 2 shows a graph of the dependence of the air cavity volume on time; the time when the air cavity touches
the bottom of the flat channel is taken as a reference point. Vertical segments on the graph reflect the moment
of a sharp change in the volume of the gas cavity, associated with the separation of the gas bubble. It can be seen
from the graph that a small number of gas bubbles of large diameter is formed in the low concentrated MFs,
the bubble detaches earlier. On the contrary, concentrated MFs are characterized by the formation of a large
number of bubbles of small diameter. The data obtained for MF-1 sample coincide with the data obtained in [1]
using acoustic-magnetic method for experimental setup with a cylindrical tube filled with MF. This system has
prospects as a basis for creating new types of gas meters.

This work was supported by the grant of the President of the Russian Federation MK-1393.2019.8 and the
basic part of the state assignment of the Ministry of Education and Science of the Russian Federation No.
3.8949.2017/BP.

[1] Polunin V M, Ryapolov P A, 2018 MHD 54 211-224
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We will present our work on controlling the motion and stopping of individual water-based ferrofluid droplets
due to a wedge-shaped surface tension gradient and a uniform magnetic field.[i]

Uniform DC magnetic fields applied parallel to the surface tension gradient direction allow the droplets to spread
freely in the direction of the gradient regardless of the strength of the field. However, weaker uniform magnetic
fields are enough to pin a droplet and prevent it from spreading down the surface tension gradient direction
when the magnetic field is applied perpendicular to the gradient. This combined effect can be thought of as a
‘valve’ that can be used to control the flow and stopping of individual ferrofluid droplets on horizontal surfaces,
as seen in the Fig. 1 below.

Fig. 1: Uniform magnetic fields applied perpendicular to a surface tension gradient prevent a ferrofluid droplet
from moving down the gradient, while parallel magnetic fields almost have no effect on the motion.
Furthermore, our studies show that the contact angle varies substantially around the perimeter of ferrofluid
droplets placed on unpatterned horizontal surfaces in a uniform magnetic field. The contact angle variation
depends on the direction relative to the magnetic field and on the wetting properties of the surface. This is in
sharp contrast with the behavior of nonmagnetic liquids as well as magnetic liquids in the absence of a magnetic
field. We will present our results, offer possible explanations/models of this behavior and discuss the possible
interplay between the effects of magnetic fields and surface tension gradients on ferrofluid droplets’ contact
angles.

[i] T. Ody, M. Panth, A.D. Sommers, K.F. Eid, Langmuir 2016, 32, 27, 6967-6976
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The motion of liquid drops on solid surfaces is attracting a lot of attention because of its fundamental impli-
cations and wide technological applications. Here we present a comprehensive experimental study of the in-
teraction between gravity driven ferrofluid drops on very slippery oil impregnated surfaces and a patterned
magnetic field. The shape of ferrofluid drops can be significantly deformed by the application of a magnetic field
[1]. This magnetic interaction may eventually lead to the division of the drop [2]. From a dynamic point of view,
the drop speed can be accurately tuned by the magnetic interaction and, more interestingly, drops are found
to undergo a stick-slip motion whose contrast and phase can be easily tuned by changing either the strength of
the magnetic field or the ferrofluid concentration [3]. This motion is the result of the periodic modulation of the
external magnetic field and can be accurately analyzed because the intrinsic pinning due to chemical defects is
negligible on oil impregnated surfaces.

1. C. Rigoni, M. Pierno, G. Mistura, D. Talbot, R. Massart, J.C.Bacri, A. Abou-Hassan, Static magnetowetting of
ferrofluid drops, Langmuir 32, 7639-7646 (2016).

2. C. Rigoni, S. Bertoldo, M. Pierno, D. Talbot, A. Abou-Hassan, G. Mistura, Division of ferrofluid drops induced
by a magnetic field, Langmuir 34, 9762-9767 (2018).

3. C. Rigoni, D. Ferraro, M. Carlassara, D. Filippi, S. Varagnolo, M. Pierno, D. Talbot, A. Abou-Hassan, G. Mistura,
Dynamics of ferrofluid drops on magnetically patterned surfaces, Langmuir 34, 8917-8922 (2018).
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Absorption is one of the fundamental unit operations in industrial processes; it is particularly used for gas
purification. Absorption is a phenomenon of dissolution of a gaseous compound into a liquid solvent. Constant
research is carried out for finding and characterizing new absorption fluids with higher absorption capability
and selectivity, less energy requirements for regeneration, and lower environmental impact. In the present
work, the potential use of ferrofluids as absorption means for separating gaseous mixtures of paramagnetic
and diamagnetic components has been investigated for the first time. The effect of an external magnetic field
has been investigated to understand how it can enhance the absorption capability of the ferrofluid.

The solvation of ferromagnetic particles into a solvent changes its magnetic and thermodynamic properties
(density, viscosity...). The purpose of this work has been studying the variation of the solubility of gaseous
oxygen, a paramagnetic molecule, in a ferrofluid in the presence of an external applied magnetic field.

An experimental apparatus (Fig. 1), based on the static-analytic method, has been designed and built for mea-
suring the oxygen solubility in organic solvent with and without an external magnetic field. Samples of the
liquid phase have been withdrawn using a ROLSI® sampler and analyzed through a gas chromatographic tech-
nique. The experimental apparatus has been validated by comparison of the measured solubility of gaseous
oxygen in liquid n-octane with literature data (Fig. 2).

The apparatus allowed to study the system within a large range of pressure (3-60 bar) and temperature (5-80°C).
The magnetic field was produced by a magnetic coil settled around the equilibrium cell. The ferrofluid used in
this study was composed of n-heptane, as solvent, (99.5% purity) and ferromagnetic nanoparticles. Two types
of nanoparticles were studied; the EMG1200, with a fatty acid coating, and the EMG1300, with a dispersant
polymer coating, both supplied by the company FerroTec. Preliminary tests on the solubility of gaseous oxygen
in the ferrofluid composed of n-heptane and EMG1200 have revealed no influence of the magnetic field on the
solubility.

The experimental developments will be applied in the future to different ferrofluids and extended temperature

and pressure conditions.
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Figure 1. Scheme of the experimental apparatus. Pressure / bar
(1): Oxygen cylinder; (2): vacuum pump; (3): driving motor; (4): pressure transducer; (5):
temperature probe; (6) ROLSI® sampler: (7): bath; (8): gas chr (9): pivot: Figure 2. Solubility measurements of oxygen in n-octane at 298.15 K at various pressures.
(10) electromagnetic coil; (11): polymer beads; (12): equilibrium cell.

(®): literature data [1]; (0): this work.

Fig 1 - scheme of the experimental apparatus.jpg Fig 2 - solubility of 02 in n-c8.jpg
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As a new type of material, the nonlinear optical property of magnetic fluid (MF) presented under Gaussian
laser beam (GLB) has caused attention. The theoretical study and application about this are however, still at the
beginning. This paper studies the thermal lens effect of MF under Gaussian laser beam. GLB passes through the
MF sample and forms the diffraction ring in the far field, indicating that the MF sample behaves like a thermal
lens. The laser beam passing through the MF sample causes a radial temperature change in the sample and thus
a radial refractive index change, which makes the MF sample a thermal lens. According to the experimental
result, we do the numerical simulation based on the Fresnel-Krichhoff integral and the heat transfer equation,
analysis different far-field diffraction patterns that might present when laser beam passes through nonlinear
medium, which in this case, the MF sample. This nonlinear optical property of MF could be applied on optical
instruments like filter and grating.
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Thermodiffusion, observed in aqueous salt solutions by Soret and Ludwig 140 years ago, is a process of (ionic)
mass flow induced by a temperature gradient. Previous works [1-4] have shown that the Soret coefficient (ST) of
maghemite nanoparticles (NPs) dispersed in polar media depends on all the details of the NP/solvent interface
and that charged NPs induce a Seebeck contribution to ST. In particular, at room temperature, positively
charged NPs, thermophilic in water (ST<0), become thermophobic (ST>0) when dispersed in Dimethylsiloxane
(DMSO) at similar ionic strength.

Using Forced Rayleigh Scattering the temperature-dependence of thermodiffusion properties of charged
maghemite NPs dispersed in water/DMSO mixtures at different proportions xw of water is studied. These
optically-absorbing NPs dispersed at volume fractions 0<2.5% are submitted to a temperature gradient by
imaging a 2D grid in the colloid which induces a concentration grating owing to Ludwig-Soret effect [4]. These
two arrays can be decoupled due to different characteristic response-times and are studied by diffraction of a
non-absorbing laser beam. ST of the NPs is measured in stationary conditions and mass diffusion coefficient
(Dm) is obtained by suppressing the temperature modulation.

Whatever [, xw and T, Dm is ruled by interparticle interaction (determined by X-ray scattering), and solvent
viscosity, while ST depends on interparticle interaction, the NP/solvent one (SNP, Eastman entropy of transfer)
and on Seebeck contribution. In solvent mixtures with high proportions of water or DMSO and for T close to
room temperature, ST is dominated by SNP. SNP>0 whatever T for xw<0.3, and changes its sign from negative
to positive at T=45°C for xw>0.8. Adding DMSO molecules in water and/or increasing temperature induces
huge changes in the H-bond organization of the molecular solvent.

The authors thank F. Clement, A. Helary, A. Anfry for their help in experiments. This work is supported by
the European Union’s Horizon 2020 research and innovation programme under grant agreement no 731976
(MAGENTA).

[1] C. Filomeno et al, J.Phys.Chem C 121, 5539-5550 (2017)

[2] R. Cabreira-Gomes et al, 20, 16402-16413 Phys.Chem.Chem.Phys. (2018)
[3] M. Kouyaté et al, Phys.Chem.Chem.Phys. 21, 1895-1903 (2019).

[4] M. Sarkar et al, EPJE, (2019).
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Today, the removal of pollutants from effluents is always a challenge in the environmental field. Among the
methods used for the water treatment, we focus here on adsorption and advanced oxidation processes whose
efficiency strongly depends on the chosen materials and on the way to recover them after the depollution pro-
cess. Magnetically assisted solid-liquid separation has been applied to water treatment processes for along time,
since this technique allows an easy separation and recycling of the waste solids resulting from the depollution
step, through the simple use of a magnet or electromagnet’.

In this framework, we present here few examples illustrating how the composition of magnetic nanomateri-
als can be tuned for obtaining an efficient removal of organic or inorganic pollutants followed by a fast and
complete separation of the resulting waste solids from the effluent.

We showed how magnetic-silica microspheres and nanospheres obtained by sol-gel in water-in-oil emulsions
(figure 1) can be applied as heterogeneous catalysts in Fenton and photo-Fenton processes for the oxidation of
organic micropollutants in water or solid-liquid slurries.

We have also developed a wide range of magnetic adsorbents by encapsulation of magnetic nanoparticles in
a biopolymer matrix. The biopolymer and the compound coencapsulated with the magnetic nanoparticles are
chosen according to the targeted pollutant. For example, the encapsulation of a magnetic Molecularly Imprinted
Polymer (MIP) in an alginate matrix led to a magnetic adsorbent, which could selectively adsorb p-nitrophenol
(PNP), an industrial pollutant. Before being introduced in the millimetric alginate beads, MIP are prepared in
presence of PNP, which acts as a template that serves as a mold for the formation of pollutant binding sites
(Figure 2).

To investigate the efficiency of our different magnetic nanomaterials for the removal of pollutants, batch ex-
periments were carried out to show the effects of different parameters such as initial pollutant concentration,
contact time, pH...

REFERENCE

[1] Ritu D.Ambashta and Mika Sillanpdd, Water purification using magnetic assistance: A review, Journal of
Hazardous Materials 2010, 180, 38
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Magnetic fluids significantly change their properties when they interact with magnetic field. This phenomenon
can be utilized in several ways (microfluidics, bioanalysis, magnetic actuators), but in most cases the interac-
tions between magnetic droplets and its environment should also be considered.

The interactions between liquid-solid and liquid-gas phases can be characterized by measuring the contact angle
between the surface and the magnetic liquid droplet. It is important to know the properties of the surface and
the conditions of the measurement (temperature, humidity).

In our research we used water based magnetic fluids containing nanosized (~10 nm) magnetite particles (Fer-
rotec EMG700). We investigated the magnetic field induced deformation of droplets containing different con-
centration of magnetite nanoparticles on different surfaces. The contact angle measurements were conducted
on droplets placed on hydrophobic (silicone rubber coated silicon wafer) and hydrophilic (uncoated silicon
wafer) surfaces. The maximum field strength was 73 kA/m. The droplets were photographed using a micro-
scope camera and the contact angles were determined by LabVIEW software. The measurements were made in
a closed system with temperature and humidity sensors. The experimental data are discussed in the framework
of perturbation theory.
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In this work, an experimental method based on ultrasound has been developed for determining the stability of
magnetic fluids. The development of this procedure implies the choice of the optimal set-up; the acquisition and
processing of data; and the correlation of the ultrasonic physical quantities (flight time and attenuation) with
magnetic fluid stability parameters. Through the new technique, the stability of different formulated MR fluids
has been evaluated, and likewise, this technique has been compared with other techniques already known to
determine the stability of magnetic fluids. The results show that the new procedure has advantages over other
techniques, since it is less sensitive to the adjustment parameters of the set-up, and the induced disturbance is

insignificant.
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Magnetically controllable fluids paved way to the new branch of Ferrohydrodynamics. To investigate the
Rosensweig instability on a horizontal free surface of a ferrofluid under the influence of a normal uniform
magnetic field is very interesting. The instability mechanism occurs when the applied magnetic field exceeds
the stabilizing forces such as surface tension and gravitational forces. When the applied magnetic field greater
than the critical field a static periodic pattern appears on the free surface of a ferrofluid. When the applied field
was increased in a quasistatic way the flat surface changed to ridges. Further increase in the magnetic field re-
sulted in a transition to a hexagonal pattern, the wave number remains constant and amplitude grows when the
field exceeds the critical field throughout the first threshold. When the applied magnetic field reaches a second
threshold value the hexagonal pattern disappears and square pattern appears. But when the applied magnetic
field reduced to obtain a hexagonal pattern, the comeback of the hexagons occurs at a higher field than before
due to the inverse hysteresis. The hexagonal pattern is a stable state and square pattern is a metastable state
induced by compression of the hexagonal pattern.

In the present work FesOsnanoparticles are synthesized by controlled chemical co- precipitation. Structural
studies were carried out by X- ray diffraction. The DLS method is employed to determine the hydrodynamic
radius of the colloidal particles. The FTIR spectra indicate coating of surfactant on the particles. Surface tension
of the fluid is measured by Pendant drop method (a) and is correlated with instability measurement as shown
in Fig. 1.
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Lithography as a way to write a pattern on a substrate has wide range of applications in micro and Nanofabri-
cation. A patterning process usually requires designing and printing out a photomask which adds complexity
and increases the fabrication cost and time. Mask free lithography can tackle this drawback. Magnetizing a
ferrofluid by external field and favoring from dipole-dipole interactions trigger spontaneous self-assembly and
formation of cone-shape pillars known as Rosenweig instabilities [1], these patterns can be used for lithography.
Ferrofluid lithography has been previously introduced to mold cone-shape ferrofluid pillars for modification
of polymeric surfaces such as PDMS, but has not been fully discussed and optimized [2,3]. Moreover, we have
observed that introducing a polymeric viscous liquid on self-assembled ferrofluid increases surface tension,
which plays an important role on energy minimization and as the result increasing the pattern irregularity and
size of pillars.

Herein, we describe an approach to improve ferrofluid lithography, avoiding the surface tension effect of liquid
polymer by drying the ferrofluid pattern. A drop of 5 mL ferrofluid (EMG900) was dropped on top of a glass
slide kept at 2 mm from a permanent magnet (1cm cubic NdFeB magnet with 450 mT magnetization) and let
it dry at room atmosphere. Subsequently a UV curable liquid polymer was poured on top of the pattern and
cured for 30 minutes by 365 nm wavelength UV light. Afterwards, the glass slide was removed, and the residual
ferrofluid was washed out to obtain a mold of cone-shape cavities. Dried ferrofluid showed enough mechanical
stability and the volume and size of the pillars decreased in some extent. Additionally, by positioning a second
permanent magnet above the ferrofluid pillars they were tilted 40 degree from the vertical axis. In this way
lithography of titled pillars could be done which is not easy to do with conventional lithography techniques.
This technique does not require any complex tools and skills and it is highly cost effective.

Refrences:

1 R. E. Rosensweig, Ferrohydrodynamics. Courier Corporation (2013)

2 S. Palacin ,et al.,,Chem. Mater.1996,8,1316-1325
3 B. B. Yellen, et al., Nanotechnology 15 (2004) S562-S565
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In the recent decades, massive industrial revolution of textile dyes brought a serious environmental pollution,
especially for water. Synthetic dyes gave warning not only for the environment but also for human health
because of their existence in wool, textiles, papers, and leathers. As environmentally friendly biocatalysts,
laccases can degrade a broad range of industrial toxic contaminants. However, the industrial applications are
limited due to the low stability and poor reusability of free laccases.

Enzyme immobilization can reduce the restrictions by increasing the stability, durability and realizing contin-
uous operations. Up to now, laccase has been successfully immobilized on various kinds of carriers, such as
microspheres, nanoparticles, nanofibers and membrane. Among these carriers, the specific magnetic parti-
cles can be produced by immobilization of an affinity ligand on the surface of prefabricated magnetic beads,
which can be quickly separated from the reaction medium and controlled by applying a magnetic field; then
the catalytic efficiency and stability properties of the enzyme can be greatly improved.

In the current study, functionalized magnetic graphene oxide (MGO) support attached with No,Na-Bis
(carboxymethyl)-L-lysine hydrate (NTA-NH,) and chelated with Cu?** were synthesized for laccase immobiliza-
tion (Figure 1). The Cu®*-chelated MGO (MGO-NTA-Cu?") exhibited the highest adsorption capacity of 177 mg/g-
support for CotA laccase among all synthesized nano-composites. The maximum activity recovery of laccase
using MGO-NTA-Cu®" was 114%. The catalytic properties of MGO-NTA-Cu-CotA laccase were significantly im-
proved in comparison with those of free laccase. MGO-NTA-Cu-CotA laccase showed efficient decolorization
rate for Congo red (CR) reached 100 % after 5 h reaction at 60 °C and pH 8. MGO-NTA-Cu-CotA laccase retained
89.4 % of its initial activity after 10 consecutive cycles. These MGO-NTA-Cu?* supports provide promising poten-
tial for large-scale laccase immobilization in practice.

CotA Laccase

Figure 1.png
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Problems caused by bubble are always inevitable in acceleration sensor with magnetic fluid (ASMF) and in-
fluence the performance of the sensor. In this paper, the behavior of single bubble in ASMF is investigated.
The relationship between output voltage ( Uy) and acceleration (a) of the sensor without bubble is studied the-
oretically, and it can be clearly found that the linear law is obeyed approximately. Moreover, the formula of
total force of the single bubble in ASMF is derived. To analyze the force on the bubble, simulation analysis is
utilized by emulating the normal magnetic field strength on the boundary of the bubble. Finally, experiments
are presented with different volume fractions of bubble (ranging from 0 to 0.135). Experimental results show
that Uy is linear to a when there is no bubble or the bubble is relatively small. It also shows that bubble greatly
influences the linearity of the sensor. The difference between experimental results and the theoretical analysis
is less than 6.25%.
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Magnetic droplets are known to exhibit various interesting configurations under the influence of external
magnetic fields. As these phenomena are described by a simple model of a magnetic fluid that cannot in general
be solved analytically, in recent years some 3D boundary integral equation solutions for magnetic droplet of
such configurations have been explored [1], however the question of the droplet dynamics is still a wide field to
explore, in particular, for arbitrary fluid viscosity ratios and non-equilibrium shapes in time-varying magnetic
fields.

In this paper, we present an algorithm for simulating 3D magnetic droplet dynamics in external magnetic fields
by solving boundary integral equations for arbitrary liquid viscosity ratios. This approach relies on multiple
mesh stabilization mechanisms and integral equation regularization schemes. The algorithm is tested against
a variety of benchmark cases, for example relaxation of an ellipsoidal droplet, stretching in a shear flow and
deformations of a spherical droplet in a homogeneous magnetic field.

[1]1]. Erdmanis, G. Kitenbergs, R. Perzynski, A. Ceébers (2017) Magnetic micro-droplet in rotating field: numerical
simulation and comparison with experiment. Journal of Fluid Mechanics, 821, 266-295.
Figure from Ref. 1. Magnetic droplet configurations in a rotating magnetic field.
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Research on magnetic particles dispersed in a fluid medium, actuated by a rotating magnetic field, is becoming
increasingly active for both lab-on-chip and bio-sensing applications [1]. In this study, we experimentally inves-
tigate the behaviour of ferromagnetic filaments in a rotating field which are interesting for possible applications
as mixers in microfluidics. Filaments are synthesized by linking micron-sized functionalized by streptavidin
ferromagnetic particles with biotinized DNA strands.

The experiments are carried out by using different filaments lengths, magnetic field strengths and frequencies.
The deformed shapes are characterized by the angle between the tangent at the filament center (9) and magnetic
field (H). It has been shown that longer filaments tend to deform having ‘S’ like shape compared with shorter
ones, hence are more flexible as expected. An example of filament deformation can be seen in figure 1. Figure
2 shows the experimental results for the angle 9 as a function of the frequency at different field strengths.
Increasing the frequency for fixed field strength increases 9 until reaching an angle of 90 degrees before the
transition to asynchronous regime. It is found that the slope coefficient in the angle 9 linear dependence on the
frequency is proportional to 1/H as shown in figure 3. The effect of the filament size was investigated and it is
found that the longer filaments have larger & with respect to the magnetic field direction for a given frequency.
Hence, a lower critical frequency fc is required for the transition to asynchronous regime. Above the transition
to asynchronous regime the shape of the filaments becomes three dimensional.

References

[1] - Moerland, C., van IJzendoorn, L. and Prins, M. (2019). Rotating magnetic particles for lab-on-chip applications
—a comprehensive review. Lab on a Chip, 19(6), pp.919-933.
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Magnetophoresis and Brownian diffusion are natural processes taking place in magnetic fluids in the presence
of inhomogeneous magnetic field. As a result, the concentration of magnetic particles ® does not remain ho-
mogeneous and concentration gradients appear. One of the main criteria determining the behavior of these
processes is the ratio U of the magnetic energy of a particle to its thermal energy.

On the other hand, the magnetic and thermophysical properties of the magnetic fluid depend on the concentra-
tion of particles, such that the following phenomena can appear:

1) the dependence of the magnetic fluid magnetization on @ leads to a change of the magnetic volume force Fp,
acting on volume;

2) the dependence of the fluid viscosity n on @ (which can be described by the approximation of Krieger-
Dougherty n=n(®=0)(1-1,35®) %) leads to a change of the viscous stresses in the fluid and the forces of viscous
friction F; on the solid boundaries;

3) the dependence of the effective thermal conductivity of the magnetic fluid A on ® (which can be described
by the Maxwell’s formula

Ae(D)= Ae[2+€-2D(1-8)]/[2+e+D(1-€)], where ¢ is the ratio of thermal conductivity of a base fluid A; to the thermal
conductivity of solid particles) leads to a change of heat fluxes Q in a non-isothermal fluid.

These changes can be characterized by coefficients representing the ratio of the above quantities to their values
in a fluid with a uniform concentration of particles ®y: km=Fm(®)/Fn(Po), ke=F(D)/F(Do), kq=Q(P)/Q(Dyo).

On the basis of the diffusion equations, and taking into account phase transitions in magnetic fluid, calculations
of the particle concentration distribution and of the above coefficients for the finite volume of magnetic fluid
held by a locally inhomogeneous magnetic field in the gap between rotating coaxial cylinders with different
temperatures (see picture in figure 1) have been carried out. The results of calculations as a function of the
energy ratio U are presented in the figure 1.

The results of an experimental study of diffusion processes in a thin layer of magnetic fluid are also presented
(see figure 2).
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We measure the Kelvin-Helmholtz-Instability in between a resting layer of ferrofluid and a laminar flow of
magnetically neutral fluid. It has been predicted by Rosensweig (1985) that a homogeneous magnetic field,
oriented horizontally, is stabilizing the liquid interface. To test this prediction we apply in a closed flow channel
a local periodic perturbation of the interface by magnetic or mechanic means (see Fig. 1, KHI_setup). From the
measured growth and decay rates of the interface undulations (see Fig.2a, KHI_growth_rate) we determine
the critical flow velocity for various driving frequencies and applied magnetic fields (cf. Fig. 2b). In this way
we confirm quantitatively the stabilizing effect of the horizontal field. Moreover we measure the dispersion
relation of the interface.
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