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Abstract

Magnetic nanoparticles (MNPs) are extensively researched and utilized in
various applications, including biomedicine, sensors, and materials science.
In some cases, there is a preference for soft materials over rigid particles,
leading to an increased interest in magnetic soft matter materials, such as
magnetic hybrid microgels (MMGs). This thesis explores the preparation,
characterization, and applications of MMGs with different sizes, shapes, and
compositions by using ellipsoidal maghemite MNPs as the foundation for
incorporating specific magnetic properties into microgels.

The first focus is on the synthesis of small anisotropic MMGs utilizing
a precipitation polymerization method. These microgels feature a single
MNP core surrounded by a thermoresponsive microgel shell. The nanoscale
structures exhibit tunable dipolar interactions and anisotropic properties,
making them ideal tracers in dense microgel systems. By utilizing these
MMGs to investigate complex phase behaviors and dynamics, the findings
provide valuable insights into the relationship between microgel dimen-
sions, softness, and dynamic phase behavior.
Additionally, emphasis is placed on the development of rod-shaped MMGs
as pre-programmable building blocks for tissue engineering applications.
Using the PRINT technique, rod-shaped MMGs are created with adjustable
magnetic properties by incorporating and pre-aligning MNPs during syn-
thesis. This approach allows for precise control over magnetic behavior,
enabling the design of multi-directional scaffolds that guide cell growth.
This positions pre-programmed rod-shaped MMGs as promising materials
for advanced tissue engineering applications, such as wound healing,
regenerative medicine, and drug testing platforms.
Finally, the exploration of larger MMGs focuses on their potential role as
microactuators in active microfluidic devices. The fabrication of complex-
shaped MMGs is achieved using stop-flow lithography in combination with
a magnetic field, allowing for the creation of intricate 3D geometries with
precise nanoparticle pre-alignment. These MMGs exhibit strong magnetic
properties, making them suitable for actuator applications.
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Kurzzusammenfassung

Magnetische Nanopartikel (MNP) werden ausgiebig erforscht und in
verschiedenen Anwendungen eingesetzt, darunter in der Biomedizin,
der Sensorik und der Materialwissenschaft. In einigen Fällen werden
weiche Materialien gegenüber starren Partikeln bevorzugt, was zu einem
gesteigerten Interesse nach magnetischen Materialien wie magnetischen
Kompositmikrogelen (MMGs) führt. Diese Arbeit erforscht die Herstellung,
Charakterisierung und Anwendung von MMGs mit verschiedenen Größen,
Formen und Zusammensetzungen durch die Verwendung von ellipsoiden
MNPs als Grundlage für die Entwicklung spezifischer magnetischer Eigen-
schaften in unterschiedlichen Mikrogele.
Der erste Schwerpunkt dieser Dissertation liegt auf der Synthese von kleinen
anisotropen MMGs. Diese Mikrogele weisen einen einzelnen MNP-Kern auf,
der von einer thermoresponsiven Mikrogel-Hülle umgeben ist. Die Struk-
turen weisen kontrollierbare dipolare Wechselwirkungen und anisotrope
Eigenschaften auf, was sie zu idealen Tracern in dichten Mikrogelsystemen
macht. Die Verwendung dieser MMGs zur Untersuchung des komplexen
Phasenverhaltens liefert wertvolle Einblicke in die Beziehung zwischen
Mikrogelgrößen, Konzentration und dynamischem Phasenverhalten.
Ein weiterer Schwerpunkt ist die Entwicklung stäbchenförmiger MMGs als
programmierbare Bausteine für Tissue-Engineering-Anwendungen. Mithilfe
der PRINT-Technik werden stäbchenförmige MMGs mit einstellbaren mag-
netischen Eigenschaften hergestellt, indem MNPs während der Synthese
vorausgerichtet eingebaut werden. Dieser Ansatz ermöglicht eine präzise
Kontrolle des magnetischen Verhaltens und damit die Entwicklung von mul-
tidirektionalen Gerüsten, die das zielgerichtetes Zellwachstum fördert. Dies
positioniert vorprogrammierte MMGs als vielversprechende Materialien für
fortschrittliche Tissue-Engineering-Anwendungen wie Wundheilung und
Medikamententestplattformen.
Abschließend wurden größere MMGs auf ihre potenzielle Rolle als Mikroak-
tuatoren in aktiven mikrofluidischen Geräten untersucht. Die Herstellung
komplex geformter MMGs erfolgt mittels Stop-Flow-Lithographie in Kom-
bination mit einem Magnetfeld, was die Produktion komplexer 3D-Formen
mit einer präzisen Vorausrichtung der Nanopartikel ermöglicht. Diese
MMGs weisen starke magnetische Eigenschaften auf, wodurch sie sich für
Aktuatoranwendungen eignen.
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Chapter 1

Introduction

Starting from a young age, most of us learn playfully how to use magnets,
whether as compasses to find our way (or at least the north) or as mag-
netic tiles to build our dream castles. As we grow older, this curiosity of-
ten translates into a deeper interest in the scientific and technological realm
of magnetic systems with similar concepts. Magnets are extensively utilized
across various fields, including robotics, nanotechnology, material science,
and biomedicine [1–3].

At the micro- to nanometer scale, colloidal systems present exciting op-
portunities for magnetic applications, especially when non-magnetic mate-
rials are combined with magnetic systems. Magnetic nanoparticles, in par-
ticular, have been widely studied for their potential applications in track-
ing tools, magnetic tweezers, and cancer treatment [4, 5]. Despite significant
research on hard magnetic materials, the creation of magnetically function-
alized soft matter remains a unique challenge. Soft matter refers to materi-
als that exhibit large deformations in response to small external forces, typi-
cally governed by a balance of weak to moderate intermolecular interactions.
These materials often exhibit self-organization, particularly in systems like
liquid crystals and colloids, though not all soft materials exhibit this behav-
ior. Examples for soft matter include polymers, gels, liquid crystals, colloids,
foams, and emulsions [6, 7].
Introducing magnetism into soft materials requires a delicate balance be-
tween incorporating magnetic components while maintaining the desirable
properties of the soft material. In this thesis, a specific class of soft mag-
netic materials will be explored: magnetic hybrid microgels. These materials
are formed by combining non-magnetic polymer networks with magnetic
nanoparticles [8–10]. A primary challenge in creating these materials lies in



2 Chapter 1. Introduction

the synthesis process. Various methods have been employed for the prepa-
ration of magnetic hybrid microgels, such as polymerization in the presence
of magnetic nanoparticles or post-modification of pre-synthesized microgel
particles [8, 9]. Hybrid magnetic microgels offer significant advantages in
diverse applications, such as targeted drug delivery, environmental remedi-
ation, and microactuation [1, 11]. The integration of magnetic responsiveness
with the inherent softness of microgels enables precise control over their be-
havior in response to external stimuli, such as magnetic fields. This makes
them ideal for use in applications like magnetic separation or biosensing [12].
Moreover, their magnetic properties can be harnessed for controlled drug re-
lease, where the microgel structure is engineered to respond to both pH vari-
ations and magnetic fields, enabling targeted and efficient drug delivery [5].
The multifunctionality of magnetic hybrid microgels thus opens up new pos-
sibilities for advanced biomedical and environmental applications.

Despite the significant progress in creating and characterizing magnetic
hybrid microgels, there are still open questions and challenges that need to
be addressed. For instance, understanding the interactions between magnetic
nanoparticles and their response to magnetic fields is critical for improving
and fine-tuning the properties of these materials. This thesis will consider
different synthesis methods for differently sized and shaped microgels ap-
plicable for different properties, starting on a colloidal level on the same size
scale as the MNP cores up to non-diffusive microgels suitable for microactu-
ation.
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Chapter 2

Scientific Background

2.1 Hybrid Microgels

In recent research developments, soft materials have gained a large focus
as they harbor significant benefits for many applications, for example, in
medicine and other life sciences. In these fields, hydrogels and especially
their smaller brethren, micro- or nanogels, stand out. They combine softness
from a swollen polymer network, leading to human tissue-like properties,
with the possibility of introducing "smart" properties into the system [13].
Nano- and microgels are sized in the nano to micrometer range and are de-
fined as intermolecularly cross-linked polymer networks. They can be con-
sidered "smart" materials as they can respond to external stimuli, including
a wide variety of external forces like temperature or pH changes, external
magnetic or electric fields, or light pulses leading to changes in size, shape or
softness, the release of cargo, or translational or rotational motion [13]. There
are various ways of introducing stimuli-responsiveness into microgels, start-
ing from the monomers used either as a pure monomer (e.g., N-isopropyl
acrylamide) or as comonomers (mixture of two or more monomers), different
types of cross-links (e.g. photo- or enzymatically degradable), or the integra-
tion of nanoparticles creating hybrid materials [13, 14].
Depending on the type of nanoparticle (NP) used, the hybrid microgels can
react to different stimuli such as light (gold NPs) [15], electrical (silica NPs)
[16, 17] or magnetic fields (MNPs) [18, 19]. Gold nanoparticles are often used
in combination with poly(N-isopropyl acrylamide) (PNIPAm) microgels, as
these undergo a volume phase transition (VPT) at 32 °C due to the properties
of the used monomer. This causes the microgels to shrink when heated above
the VPT temperature (VPTT). By introducing gold either as nanoparticles in-
side the network [20] or as a layer on the surface of the microgel [21], local
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heating with a laser enables local changes in the size, shape and softness of
the system via plasmon effects.

A B

C D

FIGURE 2.1: Schematic overview of hybrid microgels: A) PNIPAm ribbons with
a one-sided gold coating, bending depending on the swelling degree of the mi-
crogel part. Reprinted with permission from American Chemical Society, Nano
Letters [21]. B) Silica nanoparticles can be used as an anisotropic template for syn-
thesizing anisotropic microgels. Reprinted with permission from Royal Society of
Chemistry, RSC Advances [16], C) PNIPAm microgels with a polystyrene core and
silver nanoparticles integrated as switchable catalytic "nanoreactors." Reprinted
with permission from American Chemical Society, The Journal of Physical Chem-
istry B [22]. D) Hybrid microgels used as a precursor for metal nanoparticle fabri-
cation. Reprinted with permission from American Chemical Society, ACS Applied
Nano Materials [23].

Zhang et al. used this principle to produce PNIPAm ribbons coated on
one side with a layer of gold. In this way, they created a hybrid material that
behaves like a bimetallic strip that bends depending on the swelling of the
microgel part. The gold layer enables the microgel to de-swell through local
laser-induced heating of the sample [21].
Silica nanoparticles can serve as core templates for synthesizing microgels
and enable the production of microgels in different sizes and shapes. Schmitt
et al. used mesoporous SBA-15 nanoparticles with varying aspect ratios as
templates to obtain microgel particles with disk- and rod-like shapes [16].
Hybrid microgels are also being developed as carriers or "nanoreactors" for
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catalytic purposes. If the metal nanoparticles (the catalytic centers) are inte-
grated into a thermoresponsive network, the catalytic activity of such a sys-
tem can be modulated by temperature changes since the accessibility of the
catalytic centers changes in the collapsed state [22]. Vescovo et al. fabricated
hybrid microgels as a precursor for the fabrication of noble metal/metal ox-
ide nanoparticles. They used microgels as scaffolds for nanoparticle synthe-
sis [23], forming the nanoparticle centers via precipitation and removing the
microgel scaffold via calcination at 500 °C.
Building on the discussion of hybrid microgels with different nanoparticle
materials, the following sections focus on the specific case of magnetic hy-
brid microgels.

2.2 Magnetic Nanoparticles

Magnetism is one of the fundamental physical forces. Magnets or magne-
tized materials exert an attractive or repulsive force on magnetic objects in
their vicinity. This force is expressed through interactions between magnetic
dipoles and charges. The introduction of the general principles of magnetism
and the different types is based on the work of N. Wiberg, "Lehrbuch der
Anorganischen Chemie" [24]. Magnetic fields surrounding magnetic materi-
als are responsible for the attractive and repulsive forces. The strength and
direction of these forces depend on factors such as the magnitude and ori-
entation of the magnetic moments involved and their separation distance.
Generally, one can distinguish different types of magnetism depending on
the orientation of the spins inside the material.

BA C D

FIGURE 2.2: Scematic representation of the magnetic spin orientation for A) para-
magnetism, B) ferromagnetism, C) antiferromagnetism and D) ferrimagnetism.
Reproduced from "Lehrbuch der Anorganischen Chemie" [24].
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Diamagnetism is characterized by the fact that no magnetic moments are
present in these materials without an external magnetic field. The magnetic
moments are only temporarily induced by the influence of an external mag-
netic field on fully occupied electron shells. Although all materials can ex-
hibit diamagnetism, its effect is negligible compared to other types of mag-
netism within materials with another kind of magnetism.
In paramagnetism, the materials possess inherent magnetic moments even
without an external magnetic field. This magnetic behavior arises from un-
paired spins of electrons. As the orientation of these magnetic moments is
randomly distributed in a material, no overall magnetic moment of the mate-
rial can be observed. Within a magnetic field, these molecular magnets align
themself and create a macroscopic magnetization of the material. As soon as
the external magnetic field is removed, the movement of molecular magnets
(induced by the ambient temperature) randomizes the orientation again, and
the macroscopic magnetization is gone. Paramagnetic materials only display
weak magnetic properties compared to ferromagnets.
Ferromagnets exhibit spontaneous magnetization below their Curie temper-
ature. In this state, permanent magnetic moments align parallel to one an-
other. However, it is essential to note that the coupling of spins only extends
over small areas, known as "magnetic domains." In the absence of an exter-
nal magnetic field, these randomly oriented domains result in no observable
macroscopic magnetization in ferromagnets. Nevertheless, when exposed to
an external magnetic field, the magnetic moments of the magnetic domains
align with the field, producing a macroscopic magnetization that does not en-
tirely disappear upon removal of the magnetic field, a phenomenon referred
to as remanence or residual magnetism. This behavior distinguishes ferro-
magnets from paramagnets, where the macroscopic effect vanishes entirely
without an external field (Figure 2.2).
Ferrimagnetism shares many similarities with Ferromagnetism. However,
the main distinction lies in the presence of two different magnetic centers.
If these centers have unequal strengths and their magnetizations point in
opposing directions, the net magnetic force is reduced, but the magnetic do-
mains maintain a uniform magnetization. Consequently, Ferrimagnetism ex-
hibits behaviors that are comparable to Ferromagnetism.
Lastly, Antiferromagnetism describes a material with two magnetic centers
of equal strength that spontaneously align in an antiparallel fashion, result-
ing in the extinction of net magnetic moments. The antiparallel alignment is
perfect at absolute zero (0 K), leading to a Diamagnetic material. However,
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as the temperature rises, the material exhibits ferrimagnetic properties.
For nanoparticles made of ferro- or ferrimagnetic materials, there is a unique
magnetic property known as superparamagnetism [25]. In their bulk state,
these materials transition to a paramagnetic state when heated above the
Curie temperature. However, when the particle size is smaller than the mag-
netic domain size, these materials can be considered macroscopically param-
agnetic even below the Curie temperature. This property results in a mate-
rial that does not exhibit magnetic remanence. According to the "macrospin
approximation", individual nanoparticles behave as if they are macroscopic
magnetic spins, with thermal fluctuations allowing for Brownian relaxation
(rotational diffusion) and Neel relaxation (reorientation of the magnetic mo-
ment) after the magnetic field is removed.

Magnetic nanoparticles (MNPs) are typically produced from various ma-
terials, sizes, and shapes, and the type of magnetism they exhibit depends on
the material composition and size.
For instance, most iron oxides demonstrate ferromagnetic or superparamag-
netic behavior when scaled below a specific size, while manganese MNPs are
paramagnetic [26]. Depending on the application, different magnetic proper-
ties might be desired. Two primary approaches are utilized for MNP synthe-
sis: top-down and bottom-up methods [12]. Top-down strategies entail re-
ducing bulk materials into smaller fragments. Common techniques include
ball milling, laser abrasion and thermal evaporation. In contrast, bottom-up
approaches involve targeted synthesis of nanoparticles from scratch through
self-assembly or chemical reactions. The choice of fabrication method de-
pends on the requirements for the synthesized MNPs, such as size, shape
or polydispersity. Overall, bottom-up methods can be regarded as more tar-
geted and precise, while top-down methods tend to have high throughput.

Among MNPs, iron oxides such as magnetite (Fe3O4) and maghemite
(γ-Fe2O3) are the most commonly used, but variety of non-iron oxide mate-
rials have been explored for magnetic nanoparticle synthesis, such as ferrites
(e.g. CoFe2O4 or CuFe2O4) [27, 28] or paramagnetic manganese [26]. Among
iron oxide nanoparticles, spherical superparamagnetic iron oxide nanoparti-
cles (SPIONs) are the most widely studied type of MNPs due to their tun-
able size and highly magnetic properties [5]. They can be synthesized us-
ing a variety of bottom-up techniques, such as co-precipitation or thermal
decomposition of organometallic compounds. Recently, there has also been
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increasing interest in synthesizing nonspherical iron oxide nanoparticles, in-
cluding rods, wires, platelets, and nanocubes [29]. These anisotropic struc-
tures exhibit unique magnetic properties that can be harnessed for various
applications.

The incorporation of magnetic nanoparticles is essential for synthesizing
hybrid magnetic microgels. In this thesis, we utilize single crystal α-Fe2O3

hematite nanoparticles, which possess a distinctive ellipsoidal shape and ex-
hibit a weak magnetic moment oriented perpendicular to their long axis [30,
31]. We transform these nanoparticles into the stronger magnetic γ-Fe2O3

maghemite. Ellipsoidal maghemite nanoparticles have a magnetic moment
oriented along their long axis, making them particularly suitable for intro-
ducing defined magnetic properties into hybrid microgel materials [10].

2.3 Magnetic Microgels

Introducing magnetic properties into microgel systems is essential for var-
ious applications, especially in medicine, where a significant challenge lies
in regenerating specialized tissue such as nerves or cartilage. These tissues
require scaffolds to guide cell growth in a specific direction, i.e. connecting
separated nerves. Magnetic microgels can be employed for bottom-up assem-
bly of these scaffolds, thereby promoting cellular growth and maintaining
biocompatibility, depending on the monomer utilized for microgel synthe-
sis [18, 32]. Additionally, magnetic microgels are researched, among others,
for applications in drug delivery. Their magnetic properties enable targeted
transportation of microscale containers to desired locations, where the encap-
sulated drugs are subsequently released [32]. Moreover, magnetic microgels
can act as local heaters upon exposure to an alternating magnetic field, trig-
gering drug release [33], or functioning as magnetic actuators.

2.3.1 Synthesis of Magnetic Microgels

There are different possibilities for introducing magnetic properties into a
microgel system. The magnetic nanoparticles (MNP) can, for example, be
dispersed into the precursor solution [18] and physically trapped inside the
network, can be formed inside the microgel [34], or a microgel shell can be
grafted on top of the nanoparticles leading to single core microgels [9, 35]. All
of these methods lead to magnetic hybrid microgels varying in size, nanopar-
ticle loading and magnetic responsiveness.
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However, the most straightforward approach involves mixing pre-
fabricated microgels with dispersions of MNPs [8]. This method is well
suited for incorporating small, spherical MNP into microgels with large pore
sizes. Still, microgels created in this manner are sensitive to the leaking of the
MNP over time or inhomogeneous distribution inside the microgels due to
diffusion limitations. The uptake of charged MNPs into oppositely charged
microgels is more pronounced and can prevent leaking.

A variation of this method was reported by Zhang et al. using function-
alized microgels and MNPs, effectively coating only the outside of microgels
with covalently bonded nanoparticles (Figure 2.3 A, [36]).

D

C

B

A

FIGURE 2.3: Synthesis options for magnetic microgels include: A) coating of the
microgels with covalently bond MNPs (Reprinted with permission from Ameri-
can Chemical Society, Langmuir [36]), B) traping of the nanoparticles inside the
network during the microgel synthesis (Reprinted with permission from Royal
Society of Chemistry, Polymer Chemistry [37]), C) grafting of microgel networks
on functionalized MNP cores (Reprinted with permission from John Wiley and
Sons, Advanced Materials [9]) and D) in situ synthesis of iron oxide MNPs in-
side a NIPAM-co-GMA (NG) microgel matrix (Reprinted with permission from
Springer Nature, Colloid and Polymer Science [38]).
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Incorporating larger MNPs into a microgel with this method can be chal-
lenging due to the mesh size of microgels. Therefore, another option is to dis-
perse the nanoparticles into the precursor solution, which consists of an ini-
tiator, monomer, and crosslinker, and fabricate the microgel structure around
the nanoparticles. This can be done without modification of MNP, leading
to homogeneously trapped nanoparticles inside the microgel (Figure 2.3 B)
[37, 39]. It is also possible to functionalize the magnetic nanoparticles with
3-(trimethoxylsilyl) propyl methacrylate (TPM) and graft the microgel net-
work on top of the nanoparticles. Thereby, the nanoparticles can be used as
templates for the microgels [35, 40, 41], effectively creating a core-shell micro-
gel with a solid, magnetic core, or multiple nanoparticles can be covalently
bonded to the microgel, ensuring that they stay inside the network (Fig-
ure 2.3 C) [9, 42]. Both methods result in magnetic microgels without the pos-
sibility of leaking the magnetic nanoparticles. Last, Suzuki et al. have shown
the in situ synthesis of magnetic nanoparticles inside a microgel network
(Figure 2.3 D). For the microgel matrix, NIPAM and glycidyl methacrylate
(GMA) were copolymerized and cross-linked with BIS, leading to a core-shell
structure with predominantly GMA in the core. The nanoparticles were fab-
ricated inside the microgel by functionalizing the GMA core with sulfonate
groups and subsequent precipitation of iron oxide [38].

2.3.2 Anisotropic Magnetic Microgels as Model Systems

Microgels have frequently been proposed as model systems for a variety of
systems, e.g. as model soft colloids in concentrated dispersions [43–45], or
for biological systems like proteins [46, 47]. Anisotropic microgels are par-
ticularly interesting in this regard, as they can emulate anisotropic colloidal
materials. The phase behavior of anisotropic nanomaterials is complex, and
for many applications, controlling the ordering and packing of the particles is
crucial [48, 49]. In simulations, Frenkel et al. have shown four distinct phases
for ellipsoidal materials with an aspect ratio up to 3: isotropic, nematic, plas-
tic and solid [50]. An advantage of thermoresponsive anisotropic microgels
lies in their adjustable properties, such as softness and aspect ratio, enabling
a single model system to accommodate a range of experimental parameters
and, therefore, different phases depending on the temperature. Incorporating
magnetic properties into anisotropic microgels presents additional benefits.
External magnetic fields can be used to align the magnetic particles and facil-
itate nematic or smectic ordering, enhancing the control over phase behavior
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and particle assembly [51]. This can be transferred to microgels. Additionally,
the variable shell thickness of thermoresponsive microgels allows finetuning
of other properties, including dipolar interactions, as dipolar interactions are
ranged-dependent. This further expands their applicability and research po-
tential.
Anisotropic magnetic microgels can be synthesized through a range of meth-
ods described in Section 2.3.1, especially using anisotropic MNPs as cores
for the microgel synthesis [35, 40, 41] and the PRINT and SFL methods, de-
scribed in Chapter 6 and 7, respectively.

2.4 Magnetic Microactuators

In the context of magnetic actuation for microscale materials, there are three
distinct modes of action: deformation, translation and rotation. Deforma-
tion refers to the alteration in the shape of a material when subjected to
an external magnetic field. This makes it useful for various applications,
such as microgripper systems or mechanical triggers. At the macro scale,
so-called magnetic shape memory polymers (MSMP) have been developed.
These materials consist of magnetic components that enable bending when
exposed to external magnetic fields through magnetic materials fixed to a
non-magnetic anchor or differently magnetized local domains [52, 53]. Re-
cently, efforts have been made to downscale comparable systems into micro-
scale applications, resulting in several notable advancements. For instance,
Lan et al. [54] demonstrated the fabrication of micro-sized shape memory
polymer chains consisting of a polyurethane nickel composite, while Li et al.
have shown the use of magnetic fields to influence the shape of Liquid crys-
tal elastomer micro-structures [55]. Wang et al. [56] have fabricated magnetic
micropillars that bend under the influence of a magnetic field, creating a mi-
crostructured stimuli-responsive "smart" surface (Figure 2.4 A). In the case
of translational motion, the minimal case is applying a strong enough field
gradient on a sample, thereby dragging magnetic materials toward the mag-
netic field (magnetophoresis) [57]. Thereby, no specific shape or distribution
of the magnetic material is necessary, only a strong enough magnetic field to
overcome the drag forces in the medium. Recent developments in the field
of microrobotics have steered in a more complex direction, relying on micro-
rollers or swimmers. Microrollers or surface rollers often work on the prin-
ciple of magnetic spheres or rods, actuated by a rotating magnetic field (xz
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plane), rolling along a surface [58], i.e. blood vessels [59]. For such systems,
among others, magnetic Janus particles [60–62], Pickering emulsions [63] and
nanorods/-tubes [64, 65] were developed for such applications. Rolling along
a surface has an advantage over dragging in terms of the required forces (Fig-
ure 2.4 B).

A
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D

FIGURE 2.4: An overview of different microactuators: Deformation: A) mag-
netic micropillars filled with magnetic nanoparticles bend under an external
magnetic field. The composite contained 15 vol.% nanofillers of SPIONs coated
with functionalized silica shells (Fe3O4@SiO2, average diameter of 30 nm). Scale
bar = 20 µm. Reprinted with permission from Elsevier, Extreme Mechanics Let-
ters [56]. Translation: B) Pickering droplet stabilized with 1 µm polystyrene-Fe3O4
composite beads as microroller. Reprinted with permission from American As-
sociation for the Advancement of Science, Science Advances [63]. C) Artificial
bacterial flagella driven by a rotating magnetic field. Reprinted with permission
from American Chemical Society, Chemical Reviews [58]. Rotation: D) Dumbbell-
shaped micro tweezer for contact-free trapping through rotation. The dumbbell
particle consists of two polystyrene microbeads connected with a magnetic nickel
nanowire. Reprinted with permission from John Wiley and Sons, Advanced Func-
tional Materials [66].
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Consequently, a weaker magnetic field can be employed when rolling.
Magnetic actuation has also been applied to the development of so-called mi-
croswimmers, which rely on shape anisotropy or deformation for movement.
Depending on the shape, magnetic material and deformability mechanism,
there are different propulsion mechanisms possible. One of the most com-
monly used is the rotation of helical bodies [59, 67, 68]. These systems work
on a system inspired by bacteria flagella movement and consist of a body
often shaped like a screw and sometimes a "head" attached to it. Due to a
rotational movement induced by a rotating magnetic field of either the body
or the head, depending on which is magnetic, the cork-screw-like part of the
microswimmer generates forward propulsion. An additional static magnetic
field can be used for stirring in some cases (Figure 2.4 C, [58]).
The last type of magnetic actuation is a rotational actuation. While a rotation
of magnetic materials in macroscale is nothing new and is used in a variety
of applications already, i.e., magnetic stirrers, electro engines and others, mi-
croscale rotators are still a challenging field of development, with possible
use cases in microrheology[69], microfluidics [70, 71] and contact-free mo-
tion [72]. The principle of rotating magnetic materials works similarly to mi-
croswimmers and microrollers as it also relies on rotating or alternating mag-
netic fields [69, 73]. In contrast, microscale rotators are stationary systems
that are either fixed or confined in place or freely rotating around themselves.
The shape can vary from spherical particles [74], assembled particles into an
anisotropic shape [66, 75], rod-shaped probes [69, 73] to cylinder or propellor-
shaped rotators. These are mostly actuated by a rotating magnetic field (xy
plane), and their rotation speed is, among others, dependent on the balance
between magnetic torque and the drag and friction forces (Figure 2.4 D).
These different actuators can be used for various applications, e.g., for bio-
medical applications such as drug delivery and cancer treatment.

2.5 Biomedical Applications

Biomedical applications are gaining significant interest in the biomedical field
due to the aging populations, public health challenges and increasing cases
of hard-to-treat diseases like cancer. Magnetic microgels have a wide range of
potential applications in this field, some of which were briefly mentioned in
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Section 2.4. In this section, these possibilities will be explored in greater de-
tail. Magnetic microgels have a significant application in drug delivery sys-
tems. They work by incorporating drugs into the microgels, which can then
be directed to specific areas in the body through magnetic guidance. This
approach improves the effectiveness of therapy while also minimizing side
effects by limiting exposure to healthy tissue [76]. The magnetic nanoparti-
cles also allow for a collapse of thermosensitive hybrid microgels, leading to
a remotely triggered and targeted release of the drugs [77–79].
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FIGURE 2.5: Biomedical applications of magnetic microgels: A) Schematic of a
combined hyperthermia and drug therapy for cancer treatment. Reproduced with
permission from Royal Society of Chemistry, Nanoscale [80]. B) Magnetic micro-
gels used as contrast agents for Magnetic Resonance Imaging (MRI) enhancement.
Reproduced with permission from American Chemical Society, ACS Nano [81].
C) Aligned magnetic microgel rods embedded within a hydrogel matrix that mim-
ics the extracellular matrix form an Anisogel. This structure can be utilized to
guide cell growth along the alignment of the microgels. Reprinted with permis-
sion from Wiley, Advanced Healthcare Materials [82].
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Following the same principle, magnetic microgels are also investigated
for magnetic hyperthermia therapy. In this context, exposure to an alternat-
ing magnetic field induces heat generation within the microgel, which can
be harnessed to destroy cancer cells or bacteria (Figure 2.5 A) [80]. These
magnetic microgels are designed with a hydrogel matrix that enhances bio-
compatibility by protecting the magnetic core from direct interactions with
biological systems [83].
Additionally, magnetic microgels have significant applications in diagnostic
imaging due to their magnetic properties. Magnetic nanoparticles are com-
monly used as contrast agents in Magnetic Resonance Imaging (MRI) be-
cause they enhance signal intensity, image quality, and resolution. Magnetic
microgels can be engineered to mimic the properties of these contrast agents,
enabling specific targeting of certain areas within the body. Wang et al. have
advanced this technology by developing a multifunctional microgel system
compatible with both ultrasonic and magnetic resonance imaging techniques
(see Figure 2.5 B) [81]. This hybrid microgel consists of magnetic nanoparti-
cles and enzymes (catalase and superoxide dismutase) encapsulated within
a glycol chitosan matrix. The integrated enzymes are responsive to patholog-
ical stimuli (H2O2, O2

• – ), enabling catalytic reactions that generate oxygen
bubbles and thereby increasing contrast in ultrasonic imaging. SPIONs incor-
porated into the microgel can be utilized for MRI, allowing the integration of
both imaging modalities to enhance diagnostic capabilities.
Tissue engineering is a multidisciplinary field focused on developing func-
tional tissues and organs to replace or repair damaged or diseased ones. Mag-
netic microgels have emerged as promising scaffolding materials in this area
due to their unique properties, particularly their magnetic responsiveness.
Instead of using scaffolds composed of large-scale hydrogels, the microgels
are used as microscaled building blocks for tissue engineering scaffolds (Fig-
ure 2.5 C) [82, 84, 85]. The ability to manipulate magnetic microgels using ex-
ternal magnetic fields simplifies the creation of complex three-dimensional
structures for tissue engineering applications. This is especially beneficial
when working with cells that require specific microenvironments or arrange-
ments, such as neuronal cells. Rose et al. have created an Anisogel by inte-
grating magnetically aligned rod-shaped microgels with a hydrogel designed
to mimic the extracellular matrix. These Anisogels have demonstrated the
ability to direct cell growth along the aligned microgel rods. In this config-
uration, the microgels serve as barriers that do not support cell ingrowth,
contrasting with the surrounding hydrogel [19, 37]. The magnetic properties
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also allow for additional mechanic stimuli and release of therapeutic agents
[86].
Magnetic microgels also have potential applications in water treatment and
environmental remediation due to their high adsorption capacity and ease
of separation using magnets. They can be utilized to remove heavy metals,
pollutants and other contaminants from wastewater or soil [87, 88].

2.6 Scope of the Thesis

This thesis focuses on the complete size range of hybrid magnetic micro-
gels (MMGs), from small ellipsoidal microgels measuring a few hundred
nanometers to microgel rods sized 5x5x50 micrometers and complex-shaped
impellers approximately 100 micrometers in diameter (Figure 2.6). The syn-
thesis, conversion and characterization of ellipsoidal magnetic nanoparticles
(MNPs) and their integration into microgels are studied to explore various
applications. The resulting magnetic microgels exhibit unique properties that
make them suitable for diverse purposes. A short overview of the methods
used within this thesis and their theoretical background is given in Chapter 3.
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FIGURE 2.6: Schematic representation of the MMGs fabricated and studied in this
thesis. Left to right: small ellipsoidal microgels, with a single nanoparticle core and
a thermoresponsive PNIPAm shell, rod-shaped microgels with pre-programmed
magnetic moments and impeller-shaped microgels fabricated via stop-flow lithog-
raphy.

Chapter 4 focuses on the magnetic nanoparticles and sheds light on the
synthesis, conversion and characterization of ellipsoidal iron-oxide nanopar-
ticles, starting from weakly magnetic ellipsoidal hematite nanoparticles syn-
thesized through a precipitation method. Subsequently, the conversion of
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these nanoparticles into ferromagnetic maghemite MNPs is investigated, and
the ellipsoidal MNPs and their dipolar self-assembly are characterized using
electron microscopy and scattering methods. Depending on the non-magnetic
shell (silica and microgel) around MNPs, the dipolar interactions between
the particles and, therefore, their behavior under a magnetic field change
significantly. Furthermore, Chapter 4 reports on the synthesis of a minimal
magnetic microgel system consisting of silica-coated MNPs with a thermore-
sponsive PNIPAm microgel shell, allowing for finetuning magnetic dipolar
interactions through swelling and deswelling the shell.

In Chapter 5, the phase behavior of small ellipsoidal MMGs, with sizes
around a few hundred nanometers, in dense microgel dispersions is investi-
gated in bulk and at the interface. The ellipsoidal MNP core facilitates easy
detection in scattering and allows orientation tracking when exposed to an
external magnetic field, providing valuable insights into the dynamics and
phase behavior of microgels close to the glass transition. Therefore, SAXS
measurements under static and rotating magnetic fields are conducted at dif-
ferent field strengths, probing the rotation and relaxation behavior of free,
partly and fully arrested microgels.

Chapter 6 delves into the development of microgel scaffolds for tissue en-
gineering for biomedical purposes, such as wound healing or drug testing
devices. Therefore, the fabrication of rod-shaped magnetic microgels with
pre-programmable magnetic properties is studied using particle replication
in a non-wetting template (PRINT). It is revealed that the magnetic behav-
ior of rod-shaped MMGs can be pre-programmed by incorporating and pre-
aligning ellipsoidal MNPs during the synthesis, allowing the creation of multi-
directional scaffolds to promote cell growth, making them promising candi-
dates for controlled tissue development. The findings from this chapter also
showcase a promising proof of concept, indicating the ability to align micro-
gels within a dynamic magnetic field. This technique opens up the possibility
of creating intricate 3D scaffolds with enhanced control and precision.

Finally, large complex-shaped magnetic microgels, produced in a contin-
uous high throughput method, were studied in Chapter 7. The magnetic hy-
brid microgels were fabricated using stop-flow lithography (SFL), allowing
every 2D shape to be elongated into the third dimension. This study involved
the pre-alignment of MNPs in a magnetic field, followed by the cross-linking
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of microgels around them. By applying a remote magnetic field, these MMGs
can create a strong microscopic flow on demand. This capability opens up
possibilities for applications in micro-robotics and lab-on-a-chip devices. For
example, this chapter discusses the development of an active microfluidic de-
vice consisting of an impeller-shaped MMG fixed inside a microfluidic chan-
nel.
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Chapter 3

Methods

3.1 Thermogravimetric Analysis (TGA)

This section provides a short introduction to thermogravimetric analysis
based on the work of Prime et al. [86]. TGA is a powerful analytical tech-
nique used to study the thermal behavior of materials, particularly their de-
composition or changes in mass with temperature. It involves heating a sam-
ple under controlled conditions and measuring its mass loss as a function of
temperature. Typical temperature ranges from room temperature to 1000°C
are possible, and the setup is usually coupled with a gas flowing through the
furnace, varying from inert gases like nitrogen or argon to reducing (hydro-
gen) or oxidizing (oxygen or air) atmospheres. The TGA can provide valu-
able insights into the thermal stability, purity, composition, oxidation states
and decomposition mechanisms of materials.
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FIGURE 3.1: Schematic of a TGA device.

In this study, TGA was employed to precisely control the transformation
of hematite (α-Fe2O3) into maghemite (γ-Fe2O3). Further details on the ex-
perimental procedure can be found in Chapter 4.
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3.2 Scattering Methods

Determining the size, structure and dynamic behavior of small objects
presents challenges, particularly as microscopy methods have limitations
such as the diffraction limit and extended illumination times. However, scat-
tering methods offer a viable solution, overcoming some of these limitations
and providing valuable insights into various aspects of small-scale objects.
In this section, the general principles of a range of scattering methods are de-
scribed, detailing Dynamic Light Scattering (DLS), Small-Angle X-ray Scat-
tering (SAXS) and Differential Dynamic Microscopy (DDM) [89–91].
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FIGURE 3.2: Schematic representation of scattering.

The minimal requirements for a scattering experiment are a coherent inci-
dent beam, a scattering medium and a detector. The incident beam can con-
sist of light, neutrons or X-rays. Some of the incident beam passes through
the sample (primary beam), while a part of it is scattered at the sample (sec-
ondary beam). Depending on the radiation used as the incident beam, the
scattering is based on different interactions: Light scattering through varia-
tions of the refractive index or dielectric properties, X-rays through the elec-
trons of the sample and neutrons scattered by the nuclei. The scattering vec-
tor q is defined as the difference between the scattered and the primary beam,
and it depends on the wavelength λ of the incident beam, the reflective index
of the medium n0 as well as on the scattering angle 2θ (Equation 3.1).

q =
4πn0

λ
· sin(θ) (3.1)

Depending on the scattering method used, the average scattering intensity
either reveals structural information or information on the dynamic behavior.
The following sections will provide detailed examples of both.
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3.2.1 Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) works on the principle of intensity fluctua-
tion of scattered light to determine the diffusive behavior of a sample. There-
fore, the scattering intensity is measured time-dependently along a fixed scat-
tering angle. The light scattering from a suspension of colloidal particles ex-
hibits speckles due to interference between light scattered by individual par-
ticles. The intensity of the scattered light at any given point in the far field
fluctuates randomly with time as the particle positions change due to Brow-
nian diffusion. This signal contains information about the particle motions,
particularly their speeds – the faster the particles diffuse, the more rapidly
the intensity fluctuates. The information can be extracted from the intensity
fluctuations from the time correlation function (Equation 3.2) [90],

⟨I(q, 0)I(q, τ)⟩ ≡ lim
T→∞

1
T

∫ T

0
dtI(q, t)I(q, t + τ) (3.2)

with starting time t, lag time τ and the corresponding intensities I(q, t) and
I(q, t + τ) at a scattering vector q. The time correlation function of the scat-
tered intensity is defined by

g(2)(q, τ) ≡ ⟨I(q, t)I(q, t + τ)⟩
⟨I(q)⟩2 (3.3)

Considering the normalised time correlation function of the scattered field
g(1)(q, τ), the ’Siegert relation’ can be derived (Equation 3.4).

g(2)(q, τ) = 1 + β [g(1)(q, τ)]2 (3.4)

with β being a correction factor for experimental setups. For ’point detectors’,
that detect areas as small as a single speckle β → 1. For identical interacting
spheres, the intermediate scattering function f (q, t) is defined as equal to the
field correlation function g(1)(q, τ).

f (q, t) ≡ g(1)(q, τ) (3.5)

For polydisperse spheres, the measured intermediate scattering function
f M(q, τ) is defined analogously to f (q, τ) in Equation 3.5. It can be described
as the sum of intensity-weighted exponentials, each corresponding to a scat-
tering object.

f M(q, t) =
∫

dD P(D)e−Dq2 τ) (3.6)
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with the normalized intensity-weighted distribution of diffusion constants
P(D). Equation 3.6 can be resolved with the cumulant method [92], deriving
f M from a Taylor series (Equation 3.7).

ln f M(q, t) = −Dq2τ +
1
2
(

D2 − D2

D2 )(Dq2 τ)2 + ... (3.7)

Considering narrow size distributions, the series is ended after the second
cumulant and the mean diffusion coefficient D can be determined through
fitting with Equation 3.7. The diffusion coefficient is represented by the first
cumulant, while the polydispersity can be determined by comparing both cu-
mulants. Analog to ideal spheres, an apparent hydrodynamic radius RH,app

can be calculated with the Stokes-Einstein equation (Equation 3.8).

RH,app =
kBT

6πηD
(3.8)

with the Boltzmann constant kB, Temperature T and the viscosity of the sol-
vent η. DLS alone is insufficient to determine the dimension of anisotropic
particles, but it can be used to determine the quality of the dispersion if the
particle dimensions are known.

3.2.2 Small-Angle X-Ray Scattering (SAXS)

Small-angle X-ray scattering (SAXS) is a well-established method for deter-
mining the structure of nanoparticles [90]. Analogous to light scattering, SAXS
depends on the scattering of X-rays at the electrons of the sample. As evident
from Equation 3.1, X-ray scattering can be used to resolve larger q ranges and,
therefore, smaller size scales compared to light scattering due to its smaller
wavelength (λ ∼ 0.1 nm) [90].

The scattering intensity of a SAXS measurement can be defined as Equa-
tion 3.9,

I(q) = NV2 ∆ρ2 P(q) S(q) (3.9)

with the particle number density N, scattering volume V and scattering con-
trast ∆ρ. Form factor P(q) and structure factor S(q) both contribute to the
overall scattering intensity. The form factor P(q) contains information on the
internal structure of single uncorrelated particles, while S(q) accounts for
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the distribution of particles depending on their number density and inter-
particle interactions.

☼x
particle

2D detector

FIGURE 3.3: Schematic representation of small-angle X-ray scattering of ellipsoidal
particles. Reproduced from "Small angle scattering of X-rays[93].

The form factor of an ellipsoid [94] can be described as

P(q) =
[

∆ρV
3(sin qr − qr cos qr)

(qr)3

]2

(3.10)

with scattering contrast ∆ρ, volume V of the ellipsoid and

r =
[

R2
eq sin α2 + R2

pol cos α2
]1/3

(3.11)

with the radii Rpol (polar) & Req (equatorial) and the angle α between Rpol

and q⃗. The structure factor S(q) can be defined as shown in Equation 3.12.

S(q) =
1
N

N

∑
j=1

N

∑
k=1

⟨e−iq(Rj−Rk)⟩ (3.12)

In the case of highly diluted systems, the structure factor is equal to 1 [90].
Experimentally, the structure factor can be determined through the ratio of
two measurements, one highly diluted and the other the desired concentra-
tion.

S(q) =
⟨IS(q)⟩conc

⟨IS(q)⟩dil

Ndil
Nconc

(3.13)
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Details on the experimental setups used for SAXS in this work can be
found in the respective experimental Sections 4.2 and 5.2.

3.2.3 Differential Dynamic Microscopy (DDM)

Differential Dynamic Microscopy (DDM) is a recently developed method for
investigating the dynamics of colloidal particles [95, 96], offering an alter-
native to traditional scattering techniques such as dynamic light scattering
(DLS). Unlike those, DDM is executed on a relatively simple setup that com-
prises a standard microscope and a high-speed camera. This simplicity al-
lows the utilization of this technique without extensive technical knowledge.
Furthermore, DDM can be employed on turbid samples and samples under
flow, making it suitable for studying anisotropic diffusion behaviors [30].
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FIGURE 3.4: Schematic of the principle of DDM measurements. A) An image stack
is recorded, and B) for each pixel, the difference is calculated depending on the
time interval ∆t. C) Fourier transformation and radial averaging yields in the
DDM matrix D(q, ∆t). D) The intermediate scattering function f (q, ∆t) can be de-
rived from the DDM Matrix dependent on Noise B(q) and Amplitude A(q).

Figure 3.4 illustrates the fundamental principles of Differential Dynamic
Microscopy (DDM) measurements. To obtain meaningful data from this tech-
nique, a sequence of images is acquired and analyzed by comparing individ-
ual frames. The analysis hinges on calculating the intensity difference for
each pixel between successive frames, as described by Equation 3.14 [91].

∆I (⃗r, t, ∆t) = I (⃗r, t + ∆t)− I (⃗r, t) (3.14)
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Here, I (⃗r, t) represents the intensity of the pixel at a given spatial posi-
tion r⃗ and time instant t. By computing the difference in intensity between
adjacent frames with a time interval ∆t, we obtain the temporal contrast
∆I (⃗r, t, ∆t).

Subsequently, the time-averaged 2D spatial Fourier transformation of the
temporal contrast is calculated and denoted as the DDM matrix D(q, ∆t).
This matrix can be expressed in terms of its amplitude A(q), time-independent
noise B(q) and the intermediate scattering function f (q, ∆t) (as per Equa-
tion 3.16).

D(⃗q, ∆t) = 2⟨| Î (⃗q, t)|2⟩t

[
1 − ⟨ Î∗ (⃗q, t) Î (⃗q, t + ∆t)⟩t

⟨| Î∗ (⃗q, t)|2⟩t

]
(3.15)

D(q, ∆t) = A(q) [1 − f (q, ∆t)] + B(q) (3.16)

A(q) and B(q) can be determined by analyzing the behavior of D(q, ∆t) at
short and long times. For short times, ∆t to 0, the system remains essentially
unchanged and the correlation function f approaches f (q, ∆t → 0) = 1.
In this case, D(q, ∆t → 0) approximates B(q), representing the time-
independent noise or background signal. On the other hand, for long times,
∆t to ∞, the system becomes completely decorrelated and D(q, ∆t → ∞) cor-
responds to A(q) + B(q).

The analysis of the intermediate scattering function f (q, ∆t) depends on
the system under investigation. For dilute Brownian particles, a cumulative
analysis is typically employed. However, in some cases, a single exponential
fit (Equation 3.17) does not consistently provide accurate results. Therefore,
a stretched exponential function (Equation 3.18) can be used, which offers
better flexibility for characterizing complex relaxation processes.

f (q, ∆t) = e
−∆t

τ (3.17)

f (q, ∆t) = e−
(

t
τ

)α

(3.18)

with the stretching exponent α. The relaxation time τ, as defined in Equa-
tion 3.19, can be derived from the intermediate scattering function f (q, ∆t),
and it is proportional to the diffusion coefficient D of the examined particles.
The choice between a single exponential or stretched exponential fit depends
on the specific system’s behavior. It can significantly impact the accuracy of
the results obtained from the DDM matrix analysis.
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τ =
1

Dq2 (3.19)

The methodology for calculating the DDM matrix D(q, ∆t) was adapted
from the work provided by Germain, Leocmach and Gibaud [91] and con-
ducted via DDMsoft [97].

3.3 Microscopy

Microscopy is a widely used imaging technique for examining and observing
objects or structures that are too small to see with the naked eye. There are a
variety of different microscopy methods for different sizes and materials. The
most commonly used technique is bright field microscopy, in which the sam-
ple is illuminated from below with white light and can be viewed through an
objective lens, allowing for high resolution when examining transparent or
semi-transparent samples. With this method, the resolution is limited by the
wavelength of visible light. This is described by the Abbe limit Equation 3.20
[98].

d =
λ

2 · NAObj
(3.20)

where d is the achievable resolution, defined as the minimum distance be-
tween two lines that can still be resolved as separate lines, and numerical
aperture of the objective NAObj. There are a variety of techniques for imaging
smaller objects, such as electron or confocal microscopy. These are described
in the following sections.

3.3.1 Confocal Microscopy

Confocal microscopy represents a significant advancement in optical imag-
ing technology, enabling high-resolution, three-dimensional visualizations.
This technique improves image contrast and resolution by employing a con-
focal configuration often combined with fluorescence microscopy. This con-
figuration ensures both the excitation and detection beams intersect at a sin-
gle focal point within the sample, effectively rejecting out-of-focus light and
improving image clarity.
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In confocal microscopy, a focused laser beam is employed for excitation
and detection. The laser beam passes through the objective lens to illumi-
nate a small focal volume within the sample. Subsequently, the reflected or
fluorescent light emitted from this volume is collected by a pinhole situated
in the detection pathway, filtering out-of-focus light. Through scanning in
xyz-directions, a 3D image is recorded. However, confocal microscopy does
present some limitations, such as reduced field-of-view, longer acquisition
times and photobleaching. The confocal technique achieves high resolution
by using a narrow focus point, capturing only a small sample slice to limit
background interference [99, 100].

laser

detector

pinhole

dicromatic 
mirror

scanning
mirrorobjective

lense

focal point

FIGURE 3.5: Schematic of the principle of confocal microscopy. Excitation light is
colored in green and emission light in blue.

Details on the used setups can be found in the experimental section of the
respective chapters.

3.3.2 Electron Microscopy

Electron microscopy (EM) represents a powerful tool for studying structures
and materials beyond the reach of optical microscopy due to their dimen-
sions and contrast. This imaging technique can achieve significantly higher
resolution than its optical counterpart by employing an electron beam. Elec-
trons have a smaller wavelength compared to visible light, leading to a higher
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resolution (Abbe Limit, Equation 3.20). The two most common forms of elec-
tron microscopy are scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), each with unique applications and capabilities.

In SEM, a focused electron beam is raster-scanned across the surface of a
sample, generating backscattering and secondary electrons collected by de-
tectors. These electrons carry topographical information about the sample’s
surface, yielding high-resolution images of the sample’s surface and, in the
case of organic materials, the insides close to the surface. The resolution is
in the low 10 nm range. SEM can be employed to image a wide range of
samples, including metals, ceramics and polymers. As can be seen in the
schematic (Figure 3.6 A), the electrons are produced and accelerated by an
electron gun and an anode, and with condensing lenses and scanning coils,
the electron beam is targeted onto the sample. In contrast to SEM, TEM em-
ploys a thin sample specimen with electrons passing through it to form an
image. A focused electron beam is transmitted through the sample, and the
diffracted electrons are collected by a projector lens and focussed onto an
imaging detector. Thus, not only the surface but also the inner structure of
the sample can be detected by TEM. For high-resolution TEM, a resolution
below 0.1 nm can be achieved [98].
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FIGURE 3.6: Schematic of the principle of A) scanning and B) transmission electron
microscopy. Reproduced from [101, 102]

Further details on the different instruments used in this thesis are pro-
vided in the experimental sections of the chapters.
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Chapter 4

Characterization and
Self-Assembly of Anisotropic
Hybrid Magnetic Microgels

4.1 Introduction

Magnetic microgels (MMGs) are nano- to micrometer-scaled hydrogels that
exhibit magnetic properties primarily through the incorporation of magnetic
nanoparticles (MNPs) [18, 31, 57]. These hybrid materials have garnered sig-
nificant attention due to their unique properties and potential applications in
various fields, including biomedicine and environmental technology [57, 103,
104]. Encasing MNPs within a soft polymer matrix creates a type of magnetic
soft matter that is particularly beneficial for applications requiring enhanced
biocompatibility or cellular interactions. A key strength of MMGs lies in their
versatility: by tailoring the polymer network with specific monomers, MMGs
can be functionalized with features such as thermo- or pH-responsiveness
or to enhance their compatibility with cells and biomedical applications [18,
103].

The basic version of MMGs features a single magnetic nanoparticle as
the core. These microgels enable the study of dipolar interactions between
MNP cores and their self-assembly. As dipolar interactions are sensitive to
the inter-particle distance [105], it is challenging to control their strength. To
address this limitation, thermosensitive poly(N-isopropyl acrylamide) (PNI-
PAm) microgel shells are utilized to modulate the shell thickness, thereby in-
fluencing the inter-particle distance and, consequently, the strength of dipo-
lar interactions [41, 106, 107].
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Dagallier et al. have synthesized magnetic microgels using ellipsoidal
hematite nanoparticles as iron oxide cores, exhibiting weakly magnetic mo-
ments perpendicular to the nanoparticle’s long axis [41, 106]. These ellip-
soidal hematite MNPs were prepared via a precipitation reaction and exhibit
defined aspect ratios according to the procedure described by Ocaña et al.
[108]. Consecutively, these nanoparticles were coated with silica before graft-
ing thermoresponsive PNIPAm shells on top [41], creating magnetic micro-
gels with tunable dimensions and aspect ratio. When subjected to a strong
magnetic field (700 - 1000 mT), these microgels align according to their mag-
netic field but do not show dipolar interactions. Converting the nanopar-
ticle core from hematite to maghemite enhances the magnetic strength, as
demonstrated by Malik et al. [10]. This transformation alters the direction of
the magnetic moment to align with the long axis of the ellipsoidal MNPs.
Incorporating these maghemite nanoparticles into a PNIPAm microgel shell
allows for studying thermally switchable dipolar assemblies.

The present chapter focuses on the preparation of ellipsoidal magnetic
nanoparticles and the synthesis of a basic magnetic microgel system consist-
ing of a single magnetic core encapsulated by a microgel shell. The study
explores the process from preparing weakly magnetic ellipsoidal hematite
nanoparticles to enhancing their magnetism through conversion to maghe-
mite and, ultimately, the synthesis of a complete MMG system. Various char-
acterization techniques are employed to investigate each step of this process,
including thermogravimetric analysis (TGA) for assessing the conversion
process of hematite nanoparticles to maghemite, electron microscopy (TEM
& SEM) for determining the dimensions of individual ellipsoidal MNPs and
observing the collective response of MNPs to magnetic fields. Dynamic light
scattering (DLS) and differential dynamic microscopy (DDM) are employed
to investigate the dynamic behavior of MNPs and MMGs, and small-angle
X-ray scattering (SAXS) to study the structural organization of MNPs and
MMGs through dipolar interactions. The results demonstrate an anisotropic
hybrid microgel system with defined magnetic properties, where dipolar in-
teractions can be tuned by the non-magnetic shell.
In summary, this chapter details the synthesis, characterization and dipolar
assembly inside a magnetic field of a core-shell MMG system.
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4.2 Experimental Section

4.2.1 Materials

All materials in this section were used as provided by the respective supplier.
Ammonia solution (28-30%), potassium peroxydisulfate (KPS), sodium dihy-
drogen phosphate monohydrate (NaH2PO4), tetra-ethyl orthosilicate (TEOS)
and hydrochloric acid (HCl) (fuming, 37%) were acquired from Merck KGaA,
Germany. N, N’-methylene bisacrylamide (BIS), N-isopropyl acrylamide (NI-
PAm), polyvinylpyrrolidone (PVP) and tetramethylammonium hydroxide
(TMAH) (25 wt%) were purchased at Sigma Aldrich, Germany.

4.2.2 Hematite Synthesis

The ellipsoidal hematite nanoparticles were prepared following a process
previously described by Ocaña et al. [108]. Therefore, iron (III) perchlorate
hydrate (Fe(ClO4)3) was dissolved in water with urea and sodium dihydro-
gen phosphate monohydrate (NaH2PO4). Ultrasonication ensured proper dis-
solution and mixing, and the closed bottle was heated to 98 ◦C for 24 h.
The nanoparticles were purified by multifold centrifugation and solvent ex-
change. In this thesis, two different batches of hematite cores were used, one
provided by Thiago Ito (H1) and the other by Anne Nickel (H2) [109]. The
nanoparticle dimensions were assessed by electron microscopy and small-
angle X-ray scattering. From TEM micrographs, around ~ 70-100 nanopar-
ticles were measured to determine the dimensions. For H1, the TEM images
were conducted after the conversions to maghemite, while H2 was measured
directly after the nanoparticle synthesis. SAXS measurements on the core,
core-shell and hollow shell were analyzed to support those measurements
and precisely determine the long and short dimensions of the magnetic core
and the thickness of the microgel shell using a polydisperse core-shell ellip-
soid model.

4.2.3 Silica Coating

To stabilize and further functionalize the magnetic nanoparticles, a silica coat-
ing is applied following a two-step procedure, first described by Graf et al.
[110] and conducted analog to previous publications [10, 17, 105]. First, the
hematite cores dispersed in EtOH (23.5 ml, 2.13 wt%) were stabilized by
adsorbing PVP at the surface of the nanoparticles. Therefore, 700 ml of a
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0.12 wt% PVP (avg. MW: 40k) solution was added to the core dispersion
while sonicating and stirring for 5 h and consecutively stirring for another
19 h without sonication. The stabilized cores were purified through fivefold
centrifugation (90 min, 5000 rpm) and solvent exchange (1x H2O & 4x EtOH).
The silica coating is applied to the iron oxide cores in a second step. There-
fore, 500 mg of the hematite cores stabilized by PVP are dispersed in a three-
neck flask with 1055 ml of EtOH and 105 ml H2O. Under sonication and
stirring (overhead stirrer), 444 µl TMAH (25 %) was dropwise added to the
dispersion. A mixture of 4.43 ml TEOS and 3 ml EtOH was added dropwise
in three steps (each 1/3 of the total) after 30, 50, and 70 minutes, respec-
tively. The mixture was sonicated for another 110 minutes and stirred only
for the consecutive 21 h. The stabilized cores were purified through fivefold
centrifugation (90 min, 5000 rpm) and solvent exchange (5x EtOH) and were
concentrated to a volume of 45 ml. The silica coating was only applied for
H2, as H1 was provided as a silica-coated freeze-dried powder (SCH1).

4.2.4 Transformation from Hematite to Maghemite

The conversion is a two-step procedure via the structure of magnetite and is
conducted within a thermobalance.
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FIGURE 4.1: Gas flows and heat settings for the conversion process inside a ther-
mobalance.

An Al2O3 TGA crucible was used for the process. SCH1 was provided as a
freeze-dried powder, while SCH2 and SCH3 were dried at 80 ◦C in the oven.
First, the silica-coated hematite particles are reduced to magnetite at 360 °C in
a hydrogen atmosphere with nitrogen as carrier gas (N2:H2; 40:10 ml min-1)
for 24 h and consecutively re-oxidized to maghemite at 240 °C in an N2:O2
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mixture of 40:10 ml min-1 for 15 h (Figure 4.4). The conversion is conducted
in a SETSYS 16/18 thermobalance for higher control over the conditions and
to observe the mass loss of the different conversion steps separately. The ther-
mobalance is connected to a gas mixing system consisting of multiple mass
flow controllers.

4.2.5 Disolution of the Silica Shell

Especially for SCH1 and SCM1, respectively, the dissolution of the silica shell
was necessary to properly disperse the particles, as they contain large aggre-
gates after the conversion. Therefore, the silica coating was etched by adding
400 µL of 1 M NaOH solution per 5 mL of 1 wt% maghemite dispersion and
mixing for one week — the silica dissolution proceeds according to the mech-
anism of a catalyzed hydrolysis reaction. Repeated centrifugation cycles with
solvent exchange were conducted to purify the maghemite dispersion, first
with ethanol and then with water.

SiO2 + 2 H2O OH−
−−→ Si(OH)4 (4.1)

4.2.6 Microgel Synthesis

The microgels were synthesized using a two-step process. First, the magnetic
nanoparticles (SCM3) are functionalized with TPM. Therefore, 145.3 mg of
SCM3 were dispersed in 23 mL ethanol through 15 mL ultra sonification and
transferred into a 50 mL three-neck flask. 2.5 mL of ammonia solution was
added under stirring with an overhead stirrer. After a dropwise addition of
0.39 mL MPS, the reaction solution was stirred for 24 h. Afterward, the so-
lution was heated for 1 h to 80 ◦C. The functionalized MNPs were purified
through repeated centrifugation with solvent exchange and redispersed in
3 mL ethanol. In the second step, the microgel was synthesized around the
maghemite cores. The 3 mL functionalized nanoparticles were sonicated for
30 min before mixing with 402.3 mg NIPAm, and 26.4 mg BIS were dissolved
in 150 mL of bidistilled water and 0.66 mg MRB dissolved in 15 mL. Another
60 mL of water was added to the three-neck flask. The reaction solution was
degassed for 1 h with nitrogen gas while stirring at 250 rpm and heating to
60 ◦C. 31.3 mg KPS, used as the initiator, was dissolved in 10 mL H2O and
degassed for 1 h. After heating the reaction solution to 80 ◦C, the initiator
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was dropwise added while stirring. After 4 h, the reaction was stopped by
removing the heating. After adding the initiator, the solution changes color
to a more milky orange, indicating the formation of microgels. The produced
microgels were purified using repeated centrifugation.

4.2.7 Preparation Dipolar Chains

The alignment of the ellipsoidal nanoparticles to an external magnetic field
was checked through SEM measurements. Therefore, field emission scanning
electron microscopy micrographs were recorded of the dipolar chains formed
by the ellipsoidal nanoparticles as shown in Figure 4.8 and 4.9. A droplet of
the nanoparticle dispersion (0.05 wt%) was placed on top of a cleaned silica
wafer, letting it dry under ambient conditions inside Halbach arrays of differ-
ent strengths. Depending on the field strength, the ellipsoidal nanoparticles
form dipolar chains that align strongly with the magnetic field. For scatter-
ing experiments on dipolar chains, nanoparticle dispersions were exposed to
a magnetic field inside a custom-built sample holder.

4.2.8 Scanning Electron Microscopy

The samples were prepared by drying 20 µl of the batch on freshly cleaned
silicon wafers at room conditions. The wafers were sonicated for 15 min in
isopropanol and cleaned in air plasma for 15 min. For investigations of the in-
fluence of a magnetic field, the drying process was conducted inside Halbach
arrays, creating different strong magnetic fields. The SEM measurements
were performed using a JSM-7800F field emission scanning electron micro-
scope (Jeol) with secondary electron (SE) and backscatter detectors (BSD).
Acceleration voltages were varied from 5 – 15 keV depending on the desired
contrast and penetration depth for soft matter composites.

4.2.9 Transmission Electron Microscopy

The TEM images were conducted on different instruments. For the MNPs,
the TEM and EFTEM imaging were performed on a FEI Tecnai F20 instru-
ment operated at 200 kV. Therefore, 10 µL of the diluted MNP dispersions
was dropped on a Formvar-carbon-coated 3.05 mm Plano-EM 200 mesh cop-
per grid and dried at ambient conditions.
The cryo-TEM images of the anisotropic magnetic microgels (SM-1) were
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conducted at the Heinrich Heine University Düsseldorf. The samples (4 µl)
were dropped onto a copper grid (Lacey TEM Grids) and instantly freeze-
dried using a Cryo Plunger Leica EM GP2 and liquid nitrogen to preserve
the swollen state of the microgels. Consequently, the nanoparticles were im-
aged using a Jeol JEM-2100Plus (200 kV) with a Gatan OneView 4k Camera.

4.2.10 X-ray Diffractometry

To exclude the leftover hematite after the conversion to maghemite, X-ray
Diffractometry (XRD) measurements were conducted on a D2 Phaser (Bruker)
powder X-ray analyzer. To achieve a proper measurement with a very low
sample amount, a special "Si low background" sample holder was used. A
few droplets of 0.2 wt% bare nanoparticles in EtOH were dropped onto the
silicon surface of the sample holder. The data analysis was conducted using
"Match! - Phase Analysis using Powder Diffraction" [111].

4.2.11 Dynamic Light Scattering

In order to examine the size and distribution of magnetic microgels, dy-
namic light scattering experiments were carried out utilizing an advanced
ALV 5000 goniometer equipped with a 633 nm laser, digital hardware cor-
relator, and two sensitive avalanche photodiodes. A toluene bath was used
in combination with an external programmable thermostat (Julabo F32) for
temperature control. The samples were highly diluted for the DLS characteri-
zation at 20 ◦C to ensure accurate measurement results. Swelling curves were
recorded from 20 ◦C to 50 ◦C and back down to 20 ◦C in incremental steps
of 2 ◦C. The angular measurements ranged from 30 ◦to 90 ◦at 5 ◦intervals,
with a measurement duration of 1 minute at every angle. The diffusion co-
efficients were determined via cumulant analysis, whereby the second-order
cumulant was plotted against q2, and the diffusion coefficient is the linear
regressions’ slope.

4.2.12 Differential Dynamic Microscopy

DDM measurements were performed using a Nikon TE 300 inverted micro-
scope equipped with a FLIR Blackfly model FLIR-BFS-U3-04S2M-CS cam-
era. For each measurement, image stacks of 10000 frames were recorded at a
frame rate of 500 fps. The samples were prepared using 8 µl of the sample en-
closed between two glass slides separated by a spacer that is approximately
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120 µm thick. The glass slides were thoroughly cleaned by ultrasonication in
isopropanol for 15 minutes. The analysis was conducted with DDMsoft [97].

4.2.13 Small-Angle X-Ray Scattering

The SAXS measurements were conducted at the CoSAXS beamline at the
MAX IV Laboratory in Lund, Sweden, with the Eiger2 4M detector at a dis-
tance of 14.8 m and a beam size of 150 x 140 µm for the non-magnetic ex-
periments and 150 x 110 µm for the magnetic experiments (12.36 keV). The
samples were filled into 1.5 mm thick quartz glass capillaries (mark tubes,
Hilgenberg GmbH) and sealed with hot wax. For the magnetic SAXS exper-
iments, a custom-developed sample holder setup (Figures A.1 & A.2) con-
sisting of a 3D-printed base plate and a thermally controllable aluminum
sample holder with attachable Halbach arrays was used. The capillaries for
this holder were shortened to 30 mm after filling them. The data analysis is
based on a data reduction script provided by the local contact adapted for
2D analysis and the core-shell ellipsoidal model of SASView [94] to fit the
radially averaged SAXS curves.

4.3 Results and Discussion

4.3.1 Hematite Particles and Conversion to Maghemite

As a basis for the magnetic microgels studied in this work, magnetic nanopar-
ticles (MNPs) of an ellipsoidal shape were used. Starting from ellipsoidal
hematite particles, the nanoparticles were first silica-coated and consecu-
tively converted to maghemite for more defined and stronger magnetic prop-
erties [10].

The two batches of hematite particles H1 and H2 have similar dimen-
sions with the small axis deq = 51.2 ± 6.0 nm and 56.0 ± 7.7 nm and a
long axis dpol = 260 ± 29 nm and 248 ± 43 nm, respectively. These val-
ues have been confirmed through SAXS measurements (Figure 4.3 & 4.7).
Hematite (α - Fe2O3) is an antiferromagnetic material at room temperature
with a rhombohedral lattice structure [112]. Ellipsoidal nanoparticles made
from hematite exhibit a weak magnetic moment perpendicular to the short
axis of the particles [10, 113] and do not form dipolar chains. In literature,
a saturation magnetization of 0.12 Am2 kg−1 [10] is reported for comparable
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hematite nanoparticles. Maghemite (γ - Fe2O3), in contrast, is a ferromagnetic
material with a spinel structure comparable to magnetite (Fe3O4). Ellipsoidal
nanoparticles made from maghemite have a significantly higher magnetic
saturation (72 Am2 kg−1 [10]), and the magnetic moment is fixed along the
long axis of the nanoparticles (Figure 4.2). Maghemite nanoparticles form
dipolar chains when exposed to a magnetic field.

A B

B B

FIGURE 4.2: Schematic of ellipsoidal A) hematite and B maghemite nanoparticles
aligning parallel and perpendicular, respectively, to a magnetic field. Hematite
nanoparticles can still rotate around the short axis, while the maghemite nanopar-
ticles aligned with their long axis are "locked" in direction. This schematic does not
show dipolar interactions, as hematite nanoparticles do not form dipolar chains,
while maghemite nanoparticles exhibit complex dipolar interactions (Figure 4.8)

These MNPs have several advantages over hematite nanoparticles. On
the one hand, the particles present a much stronger response to magnetic
fields, allowing the use of less magnetic material while resulting in a similar
magnetic response. On the other hand, the magnetic moment along the long
axis allows for a fixed position of the nanoparticles in a magnetic field. At the
same time, hematite ellipsoids can still rotate around their axis (Figure 4.2)
[114].

For the conversion from hematite to maghemite, the nanoparticles are
coated with a silica shell. The silica coating is applied following the method
described by Graf et al. [110]. Therefore, the hematite cores are stabilized with
PVP and subsequently coated with silica through the controlled addition of
TEOS and TMAH.

The hematite batch H1 was provided as freeze-dried powder already with
an applied silica coating (SCH1). These nanoparticles could not be redis-
persed with the silica shell intact, possibly because they were freeze-dried
to store them. Consequently, SCH2 and SCH3 were dried in an oven before
the conversion and could be redispersed afterward. For the second batch,
the nanoparticles were coated, as detailed in the experimental section, in two
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batches, SCH2 and SCH3. In the following, the bare hematite nanoparticles,
before applying the silica coating, are called "H", silica-coated nanoparticles
are described as "SCH" or "SCM", depending on whether the core consists of
hematite or maghemite, and bare nanoparticles with a consequently etched
silica shell are described as "ES_H" and "ES_M" (etched silica).
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FIGURE 4.3: A) Scattering curves and respective fits with a core-shell ellipsoidal
model [94] for bare hematite (ES_H2), hollow silica shells (SC_H2) and silica-
coated hematite particles (SCH2). B) Schematic showing a silica-coated MNP.

Analogous to the measurements for the bare nanoparticles, the dimen-
sions of SCH2 and SCH3 are determined. The silica shell is around 20 nm and
15 nm thick, respectively, and has seemingly a uniform thickness around the
particles. To evaluate the core dimensions, small-angle X-ray scattering data
was fitted using the core-shell ellipsoid model of Sasview [94]. The overview
of the fit results can be seen in Table 4.1, and detailed fit parameters can be
found in the appendix (Table A.1).

TABLE 4.1: Core dimensions of bare and silica-coated hematite MNPs determined
by electron microscopy and SAXS fits (Schematic in Figure 4.3 B).

ES_H2 SCH2 SCH3
TEM SAXS TEM SAXS TEM

deq [nm] 56 ± 8 47 103 ± 9 99 87 ± 9
dpol [nm] 248 ± 43 248 296 ± 43 284 274 ± 44

p [ ] 4.4 5.3 3.2 2.9 3.2

The scattering data of the cores, the hollow silica coating and the com-
plete particles were fitted using consistent sizes and densities in scattering
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lengths (Figure 4.3 A). While slightly deviating, these are in good agreement
with the measured values.

The maghemite nanoparticles are prepared by converting the silica-coated
hematite ellipsoids to maghemite through a two-step procedure. First, the
silica-coated hematite powder was heated to 130 °C and kept at this temper-
ature for several hours (I) to completely remove the remaining water from
the sample, indicated by a mass loss. Following a second heating period to-
wards the reduction temperature (360 °C), an equilibration period under a
N2:O2 atmosphere is used to burn all remnant organic contaminations.
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FIGURE 4.4: Exemplary representation of the oven heat profile (black) and mass
changes (red) for the conversion process of SCH2/SCM2. The arrows indicate the
start of the reduction (II) and reoxidation (III) period, respectively.

The reduction process (II) of hematite (α - Fe2O3) to magnetite (Fe3O4) is
conducted at 360 °C with a N2:H2 gas flow of 40:10 mL min−1. These condi-
tions are maintained for 24 h to ensure the complete reduction of hematite to
magnetite. Due to decreased oxygen content in the crystal structure, a mass
loss was observed during the reduction. Completely converted silica-coated
magnetite particles (with a magnetite/particle mass of roughly 40 %) are
around 3 % lighter than the initial silica-coated hematite particles. The re-
duction reaction from hematite to magnetite is shown in Equation 4.2. Con-
secutively, the system is cooled down to 240 °C still under N2:H2 atmosphere
to prevent reoxidation to hematite. The oxidation of magnetite to maghemite
(γ - Fe2O3) is conducted at 240 °C in a 40:10 mL min−1 N2:O2 gas flow. While
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the oxidation reaction seems to be completed after a short time (III), a reac-
tion time of 15 hours was set for this period to ensure complete oxidation.
The oxidation reaction of magnetite to maghemite is shown in Equation 4.3.

3 α-Fe2O3 + H2
360 ◦C−−−→ 2 Fe3O4 + H2O (4.2)

4 Fe3O4 + O2
240 ◦C−−−→ 6 γ-Fe2O3 (4.3)

The resulting maghemite nanoparticles are strongly magnetic and have
a darker reddish-brown color compared to the bright orange-brown of
hematite. The TEM images (Figure 4.5 B & C) show an evident change in the
nanoparticle structure between hematite and maghemite. While maghemite
can’t be distinguished from magnetite in XRD measurements, an analysis
performed on ES_M2 shows no traces of residual hematite after the con-
version, with all peaks of the analyzed sample (Figure 4.5, black) matching
those of the maghemite reference (blue) [111]. Additionally, specific peak
positions of the hematite reference (green) are not reflected in the sample,
confirming the absence of hematite and the successful conversion from
hematite to maghemite. Collectively, it can be assumed that the conversion
was successful and complete.
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FIGURE 4.5: A) X-ray diffraction analysis of converted nanoparticles (black) shows
no remaining hematite (green, reference) [111] after reduction and reoxidation and
matches the pattern of maghemite (blue, reference) [111]. TEM micrographs of B) a
hematite MNP (H2) and (C) a maghemite nanoparticle (ES_M1). Scale bar: 50 nm.

For SCM1, the redispersion of the silica-coated maghemite particles af-
ter the conversion was impossible, even through extensive ultrasonication.
It can be assumed that the particles are backed together after the conversion
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process. Redispersion was possible for SCM2 and SCM3, suggesting that the
freeze-drying process of SCM1, in contrast to drying in an oven at 80 ◦C, al-
tered the surface in a way that promoted irreversible aggregation during the
conversion process. Nevertheless, to redisperse the magnetic nanoparticles,
the silica shell was etched from the core in a catalyzed hydrolysis reaction by
adding 1M NaOH. To confirm the full dissolution of the shell, EFTEM mea-
surements were conducted, and the silicon and iron mappings were checked.
The respective micrographs in Figure 4.6 clearly show a bare iron (oxide)
nanoparticle with no leftover silica. For SCM2 and SCM3, the silica shell was
etched only for a part of the MNP batch, while the majority were used as
silica-coated MNPs.
TEM analysis of the maghemite nanoparticles confirms that the overall di-
mensions remain similar. However, the particle appears to be much rougher
or porous (Figure 4.5 C & 4.6); this is reflected in the SAXS analysis (Fig-
ure 4.6).

A B CFe Si

FIGURE 4.6: EFTEM micrographs of ES_M1 with A) normal TEM, B) energy fil-
tered iron map, and C) silica map, the respective elements are indicated as brighter
spots on these images.

Analogous to the SAXS experiments on hematite particles, experiments
were conducted on bare ES_M1 particles to validate the dimensions deter-
mined from TEM images (Table 4.2).

TABLE 4.2: Core dimensions determined by electron microscopy and from SAXS
fits for bare maghemite nanoparticles ES_M1.

ES_M1
TEM SAXS

deq [nm] 51 ± 6 49
dpol [nm] 260 ± 29 260

p [ ] 5.1 5.3
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The SAXS measurement was done with a 0.2 wt% maghemite dispersion
in water. For fitting the same ellipsoidal model of the SasView [94] was used.
Still, unlike the measurements conducted on H2, the fit does not properly
catch the data very well at high q values (Figure 4.7), possibly because of
structural features within maghemite such as domains or pores. In this case,
porous maghemite particles are assumed to improve the quality of the fit.
Previous works have shown significant porosity for particles comparable to
the used hematite precursor particles [113, 115]. Ellipsoidal pores with di-
mensions of dpol = 8 nm and deq = 3.5 nm are modeled using SasView.
Combined with an improved fit for lower q values, the porous system bet-
ter represented the data. Furthermore, the model is very insensitive to the
long axis of the ellipsoidal particles. Therefore, the long axis dpol was fixed at
260 nm as determined from TEM.
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FIGURE 4.7: SAXS measurements of a 0.2 wt% dispersion of ellipsoidal maghemite
particles ES_M1 (□). The scattering curve was evaluated for ellipsoidal particles
with ellipsoidal pores ( ). In addition to ellipsoidal maghemite particles ( ),
ellipsoidal pores (dpol = 8 nm & deq = 35 nm; ) need to be considered (back-
ground ( )). Jointly, these effects result in a modulation of ellipsoidal maghe-
mite particles with ellipsoidal pores, agreeing with the experimental data.

DLS and DDM were used to check the dispersion of the different nanopar-
ticle batches. For this purpose, theoretical diffusion coefficients were calcu-
lated from the determined dimensions and compared with the experimen-
tally obtained values.

For ellipsoidal particles, theoretical isotropic diffusion coefficients can be
calculated from the dimensions as described by Martchenko et al. [31] build-
ing on the work of Perrin [116] as the friction coefficients fp for a prolate
ellipsoid depends on the length dpol and the width deq (Equation 4.4).
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fp =
3π · η0 · dpol

√
p2 − 1

p · ln(p +
√

p2 − 1)
(4.4)

with the solvent viscosity η0 and the aspect ratio p = dpol/deq

The Einstein relation gives the relation between friction coefficient and
diffusion coefficient (Equation 4.5). By applying a weighted mean (Equa-
tion 4.6), the diffusion coefficients can be weighted for the volume of the
measured particles.

DT =
kBT

fp
(4.5)

< D >=
∑i Di · V2

i

∑i V2
i

(4.6)

The bare hematite particles tend to aggregate strongly without stabilizing
PVP, which, in turn, changes the diffusion coefficient. Therefore, only silica-
coated and bare maghemite nanoparticle dispersions were checked this way.
As the size of the nanoparticles is assumed to be equivalent for hematite
and the corresponding converted maghemite nanoparticles, is the size de-
termined from hematite TEM images used to compare with bare maghemite
nanoparticles (Table 4.3).

TABLE 4.3: Diffusion coefficients, calculated from dimensions determined by TEM
micrographs and measured with DLS at 20°C

Dcal Dmeas
[°C] [10−3 m2s−1] [10−3 m2s−1]

H1/ES_M1 3.70 3.65
H2/ES_M2 3.49 3.23

SCH2 2.52 2.40
SCM2 2.52 2.51
SCM3 2.82 2.46

The good agreement between the calculated and measured values con-
firms a proper dispersion of the MNP batches.
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4.3.2 Dipolar Interactions

In literature, the magnetic moment of the ellipsoidal maghemite nanoparti-
cles is assumed to point along the long axis. Using the saturation magnetiza-
tion σS = 72 Am2 kg−1 [10] determined for similar MNPs, the magnetic mo-
ment µ can be estimated via µ = σS · m. This results in µ = 1.15 · 10−15 Am2

for maghemite MNPs with an average mass of mES_M2 = 1.6 · 10−17 kg.
The magnetic moments of the MNPs should preferably align homogeneously
with the magnetic field to achieve the highest effect when incorporating mag-
netic nanoparticles in a microgel network. Still, when two MNPs are in close
proximity, they can exhibit a dipolar interaction interfering with their orien-
tation to a magnetic field. The interaction energy Ed of randomly distributed
spherical nanoparticles is dependent on the distance d separating them and
can be approximated with Equation 4.7 [117].

Ed ≈ µ0 · µ2

4π · d3 (4.7)

with the magnetic permeability in vacuum µ0. It has been shown that com-
parable magnetic nanoparticles exhibit a strong magnetic response and can
form highly ordered dipolar chains at low magnetic fields in the range of
150 mT [118]. As the interaction energy depends on the distance between the
MNPs, the dipolar interaction should be influenced by the silica-coating and,
later on, by a microgel shell.

SEM micrographs of aqueous dispersion of ES_M1 and SCM2 dried
under a homogenous magnetic field were recorded to determine the field
dependence of the dipolar chain formation. For the SEM measurements,
samples of 0.05 wt% nanoparticle solution were dried while exposed to a
homogeneous magnetic field set by Halbach arrays of different strengths.
As expected, the nanoparticles are increasingly self-assembling into dipo-
lar chains with increasing field strength (Figure 4.8) and the orientation of
the magnetic chains is in good agreement with the magnetic field orientation.

However, the alignment of the nanoparticles does not fully match the di-
rection of the magnetic field, even at significantly higher field strengths. This
suggests a complex interplay of close contact dipolar interactions. Even a
weak field of 1 mT leads to some chain formation, confirming the high mag-
netic response of the MNPs. For higher B, nearly all nanoparticles assemble
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into dipolar chains. At 10 mT, the nanoparticles inside the chains are mainly
oriented parallel to the chain. With further increasing field strengths, the par-
ticles are increasingly arranged as side-to-side bundles packed together as
chains. At high field strengths of 200 mT, the MNPs form dipolar chains from
side-to-side stacked ribbons that partly twist around each other (Figure 4.8).

200 mT70 mT10 mT1 mTB

-0.030.080.72S  = 0.721

FIGURE 4.8: Dipolar F formed by bare ellipsoidal MNPs through dipolar interac-
tion inside a magnetic field (1 - 200 mT). While the chains orient along the magnetic
field lines, the orientation of the nanoparticles’ alignment does not fully match the
direction of the magnetic field, especially at higher field strength. Scale bars: upper
row 500 nm; lower row 5 µm.

We ascribe this assembly to the combination of the anisotropy of the par-
ticles with strong dipolar interactions. Interestingly, such an arrangement is
somewhat reminiscent of a smectic assembly. Further investigation, includ-
ing computer simulations, should be conducted to support this observation.
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When silica-coated MNPs are subjected to a magnetic field, the chain
types forming at higher field strengths are significantly different (Figure 4.9).

200 mT70 mT10 mT1 mTB

-0.030.080.72S  = 0.721

FIGURE 4.9: Dipolar chains formed by silica-coated ellipsoidal MNPs through
dipolar interaction inside a magnetic field (1 - 200 mT). Chains and MNPs ori-
ent mostly along the magnetic field lines. Scale bars: 500 nm.

In this case, no side-to-side stacks are observable, and particles align with
the long axis along the magnetic field and the chain direction. At higher field
strengths above 70 mT, almost all MNPs are part of dipolar chains again. The
changes are due to weaker dipolar interactions as the silica coating works as
a non-magnetic spacer, increasing the distance between the magnetic cores.
For low field strengths, the chains are similar to experiments with bare MNPs
but with a clearer tendency to tip-to-tip ordering.

To quantify the change in the chain structure, the orientational order pa-
rameter S1 is determined.

S1 =
3 · cos2 α − 1

2
(4.8)

For the order parameter calculation, the angle α between the ellipsoidal
nanoparticles’ long axis and the dipolar chains’ orientation (as an indicator
of the magnetic field direction) was measured for around 100 nanoparticles
in one section of the chain. However, the overall order parameter might be
different since the analysis is performed in the dried state on a surface and
may be subjected to additional drying effects. Additionally, it was not pos-
sible to create a 3D representation of the nanoparticle arrangement within
the chains. A first-order parameter was derived for bare (ES_M1) and silica-
coated (SCM2) MNPs (Figure 4.10). For nanoparticles without silica-coating,
a significant decrease in the order parameter can be observed between weak
fields, S1 = 0.72 for 1 and 10 mT, and higher field strengths, S1 = 0.08 and
S1 = −0.03 for 70 and 200 mT, respectively. This indicates a better alignment
to the magnetic field at lower field strengths. At the higher field strength, the
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diminution of the first-order parameter is ascribed to the dipolar assembly of
the maghemite nanoparticles into side-to-side stacks with ribbon-like long-
range ordering. This effect is most likely related to a complex field-dependent
dipolar self-assembly of the maghemite nanoparticles. In contrast, the silica-
coated nanoparticles have a nearly constant order parameter S1 ≈ 0.8 - 0.9,
corresponding to a good alignment to the magnetic field and the dipolar
chains’ orientation (Figure 4.10).
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FIGURE 4.10: Dipolar interactions between magnetic nanoparticles. The orienta-
tional order parameter of bare (ES_M1, □) and silica-coated (SCM2, □) magnetic
nanoparticles changes with the magnetic field strength.

In addition to the SEM measurements, a set of experiments in cross-polar-
ization was conducted. In cross-polarization, the analyzer and polarizer are
set up perpendicular to each other to ensure complete extinction of the light.
Only additionally polarized light is detected through this setup (Figure A.4).
The dipolar chains can polarize light depending on their orientation. When
exposed to a rotating magnetic field of 70 mT, the dipolar chains rotate at a
rotation speed up to the maximal motor speed of 90 rpm. The chain sizes de-
pend on the field strength B, the exposure time, and the angular frequency
ωMF (in the case of a rotating magnetic field). Two Helmholtz coils were uti-
lized for the cross-polarization experiments to create a rapidly switchable,
homogeneous magnetic field. The linear polarizers were adjusted to maxi-
mize intensity when the dipolar nanoparticle chains were aligned with the
magnetic field. Switching on the magnetic field leads to an increase in inten-
sity if dipolar chains are formed. These experiments were conducted with
weak magnetic fields between 0 and 4.5 mT, showing that chain formation
already occurs for field strengths as low as 0.5 mT.
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4.3.3 Microgel Synthesis

An MMG consisting of a single MNP core and a microgel shell around it
can be considered the minimal model of an MMG system. How to create
a microgel around a silica particle has been widely discussed in literature
[17, 35, 119]. An established method is functionalizing the silica with TPM
and subsequently performing the microgel synthesis according to the desired
polymerization method (e.g., radical polymerization, ring-opening polymer-
ization). In this case, the silica coating was functionalized using TPM, and
a PNIPAm microgel shell was synthesized using a free radical precipitation
polymerization with KPS as an initiator.

+T
-T

FIGURE 4.11: Schematic of a thermoresponsive hybrid microgel with an
anisotropic magnetic nanoparticle as the core.

PNIPAm microgels are thermosensitive and swell and deswell with tem-
perature. The microgel network collapses when the temperature increases
above the volume phase transition temperature (VPTT), resulting in an over-
all decrease in particle size.
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This process can generally be studied via dynamic light scattering, and
the hydrodynamic radii can be calculated for spherical particles. In the case of
anisotropic microgels, the Stokes-Einstein-Equation is no longer valid, only
leading to an apparent hydrodynamic radii that gives an indication of the
size but not the exact dimensions. Therefore, instead of RH, the diffusion
coefficients are used to represent the swelling curve (Figure 4.12 A). As a
guide of the eye, the diffusion coefficients of the non-thermosensitive silica-
coated nanoparticle cores calculated as described in Equation 4.4 - 4.5 are
shown as well.
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FIGURE 4.12: A) DLS (■) and DDM (▲) measurements of the swelling behavior
of the thermoresponsive MMG SM-1 and calculated diffusion coefficients for the
non-thermoresponsive MNP core SCM3 (•). B) The swelling curve represents the
thermoresponsive shell thickness dshell estimated from the dimensions of the inor-
ganic core SCM3 determined by TEM and the experimentally determined diffu-
sion coefficients of the MMGs.

When combining theoretical and experimentally determined diffusion co-
efficients for MNP and SM-1, respectively, the microgel shell thickness can be
estimated under the assumption of uniform shell thickness. In the swollen
state, the microgel shell is 110 nm thick, and in the collapsed state, it is 30 nm
thick. Using these values, the hybrid microgels measure between dpol ≈
494 nm and deq ≈ 307 nm in the swollen state at 20 ◦C, and dpol ≈ 334 nm
and deq ≈ 147 nm in the collapsed state at 50 ◦C, resulting in a swelling ratio
Q of 6.1 (Equation 4.9). The aspect ratio changes from 1.6 to 2.3 between the
swollen and the collapsed state.

Q =
V20◦C,MMG − VSCM

V50◦C,MMG − VSCM
(4.9)
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In addition to the DLS measurements, Cryo-TEM and AFM images were
used to check the microgel shell around the MNP cores. The Cryo-TEM im-
ages show a slight shadow around the clearly visible cores. The dotted line
in Figure 4.13 A indicates the calculated shell thickness in the swollen state.

A B 72.5

70.0

67.5

FIGURE 4.13: A) Cryo-TEM micrograph of SM-1, showing the silica-coated MNP
core and a diffuse microgel shell. The calculated shell thickness is indicated by the
dotted line. Scale bar: 200 nm. B) AFM phase image of SM-1, showing the MNP
core and the spread microgel shell as a fried egg shape. Scale bar: 500 nm.

The shell dimensions cannot be determined from the Cryo-TEM images
because the borders of the microgel cannot be clearly differentiated. In con-
trast to that, the AFM micrograph (Figure 4.13) depicts microgels adsorbed
on a silica wafer exhibiting a fried egg shape with the nanoparticle core and
the flattened microgel shell visible in the phase image. Neither of the meth-
ods clearly shows the shape of the MMGs but proves the core-shell structure
of MNP and microgel shell.

The small-angle X-ray scattering of these MMGs is dominated by the in-
organic core rather than the polymer shell due to the significantly higher
electron density found in the core. This property allows the particles to serve
as tracers for the entire microgel system, either as a numeric indicator to pre-
cisely determine the volume fraction [120] or, in the case of anisotropic cores,
as director for the microgel orientation. Analogous to the fits used for ES_M1,
the bare MNP cores (ES_M2) and the full microgel system (SM-1) can be fit-
ted considering a core-shell ellipsoid model for maghemite and silica-coating
and ellipsoidal pores for the high q region. The considered pores have dimen-
sions of deq = 19 nm and dpol = 8 nm. Analogous to the bare hematite particles
(Table A.1), the maghemite cores have a short axis of deq = 47 nm and a long
axis of dpol = 248 nm with a silica coating thickness of ~20 nm.



4.3. Results and Discussion 51

-210 -110
-2

10

010

2
10

4
10

 ES_M2
 

SM-1

 Fits

I 
[a

.u
.]

-1
q [nm ] 

FIGURE 4.14: Small-angle X-ray scattering data of A) MNP core (ES_M2, green)
and (B) MMG system (SM-1, black).

4.3.4 Magnetic Field directed Assembly

One of the underlying motivations for creating magnetic microgels is the
possibility of aligning the MNP cores and, consequently, the MMGs inside
a magnetic field. This property allows for a microgel assembly supported
by magnetic fields. In the case of SM-1, when exposed to a magnetic field,
the magnetic microgels behave similarly to their nanoparticle cores due to
comparable magnetic properties; they align their long axis with the magnetic
field. Analogous to the silica-coated MNPs, the dipolar interactions change
with the shell due to thickness and repulsive interactions, leading to an in-
creased distance between the magnetic cores. When exposed to a strong mag-
netic field, the microgels align, and some form small tip-to-tip dipolar chains,
but the chains are significantly smaller than those formed by the nanoparti-
cles. In dried SEM images (Figure 4.15 C), the microgel shells are not visible,
but the orientation and structures formed by the MMGs can be observed. It
is possible that part of the dipolar chains are forming during the drying pro-
cess, as the microgel shell is shrinking, and therefore, the distance between
the cores gets smaller. Additionally, the MMGs forming the dipolar chains
tend to have larger cores (average volume V = 8.91 ± 3.41 · 104 nm3) than
the MMGs that are not part of a chain (V = 1.63 ± 0.52 · 105 nm3). At the same
time, the orientational order parameter of the chain MMGs (S1 = 0.98) is
slightly larger as well (S1 = 0.82, free MMGs). This is consistent with the
overall higher MNP volume, as the magnetic moment is influenced by the
mass of the magnetic material, leading to a stronger magnetic response of
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larger MNPs.

B CA

FIGURE 4.15: SEM micrographs of A) bare (ES_M3) and B) silica-coated maghe-
mite nanoparticles (SCM3) and C) core-shell microgels (SM-1) exposed to a vertical
magnetic field. Scale bars: 500 nm.

To get a more statistical view of the structure of the dipolar chain forming
under a 280 mT magnetic field, SAXS measurements were conducted on bare
and silica-coated microgels as well as the microgel system. Depending on
the sample, the 2D scattering patterns show distinctive peaks marked with
arrows (Figure 4.16). Due to the polydispersity of the particles, the peaks are
somewhat smeared and broadened, especially as they are a 2D representation
of a complex 3D structure. For all samples, the main pattern corresponds to
an overall ellipsoidal shape aligned with the magnetic field as depicted in
the schematic (Figure 4.16 D). The scattering pattern varies with the differ-
ent shells around the magnetic nanoparticles, with the silica coating having
a more pronounced effect on the intensity compared to the microgel shell
due to its higher contribution to the X-ray scattering. All patterns exhibit
structural peaks in the low q range, corresponding to the respective particle-
particle order. In the case of the MNPs, the peaks align with a shifted tip-to-
tip order. Furthermore, especially for bare MNPs, the peaks are broadened
and approach a nematic phase pattern. The weaker 90° shifted ellipsoidal
pattern may result from the side-by-side stacking of bare MNPs.
The silica-coated MNPs exhibit sharper, slightly shifted structure peaks and
lack the cross-shaped pattern. Otherwise, the pattern is similar. For MMGs,
the structure peaks correspond to a tip-to-tip arrangement of a distance of ap-
proximately d = 2π

q∗max
= 480 nm. This distance is in reasonably good agree-

ment with the full length of the long axis of the microgels, which is around
520 nm in the swollen state (core dimensions of SCH3 + shell thickness). This
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distance is larger than observed in the dry-state SEM micrographs, as the
microgel shell is swollen during the SAXS measurements and collapsed in
the dry-state. This MMG system is, therefore, suitable for changing dipolar
interactions based on the thickness of the shell. As additional experiments
for the future, the scatting experiments should be conducted following the
deswelling at a higher temperature, elaborating the distance dependence of
dipolar interactions.
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FIGURE 4.16: Scattering patterns of A) bare (ES_M3) and B) silica-coated maghe-
mite nanoparticles (SCM3) and C) core-shell microgels (SM-1) exposed to a vertical
magnetic field (280 mT) at 21 ◦C. The red arrows indicate the position of the struc-
ture peaks. Scale bars = 0.066 nm−1. D) Schematics representing the structure as
estimated from the structure peaks of the scattering patterns.

4.4 Summary and Outlook

This chapter delved into the characterization and self-assembly of magnetic
microgels under relatively dilute conditions, with a particular focus on their
core component – magnetic nanoparticles (MNPs). It outlined the synthe-
sis and characterization processes for ellipsoidal MNPs, providing insights
into their dimensions, magnetic properties and dipolar interactions. Subse-
quently, the synthesis of a minimal magnetic microgel system was described.
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First, we investigated the synthesis and conversion process of ellipsoidal
maghemite nanoparticles through various characterization methods. By em-
ploying a combination of imaging and scattering techniques, such as electron
microscopy, dynamic light scattering and small-angle X-ray scattering, we
determine the dimensions, dynamics and changes in the magnetic response
of the different MNPs. Furthermore, we discuss how the conversion from
hematite to maghemite necessitates the consideration of ellipsoidal pores in
the SAXS evaluation of maghemite nanoparticles. This phenomenon is at-
tributed to a change in the particle morphology through the conversion pro-
cess.

Furthermore, when necessary for dispersion purposes, the dissolution of
the silica coating on some MNPs was discussed. Freeze-drying silica-coated
nanoparticles may alter the surface properties, making them more suscepti-
ble to aggregation at high temperatures. Drying the SCH particles in an oven
at 80 ◦C instead of freeze-drying prevents irreversible aggregation during the
conversion process.

Ellipsoidal MNPs have interesting dipolar properties when exposed to
strong magnetic fields. Depending on the coating of the MNPs, the nature of
the dipolar chains undergoes significant changes. While bare nanoparticles
exhibit a predominantly tip-to-tip order below 10 mT, higher field strengths
induce side-to-side stacks where the stacks remain aligned with the magnetic
field. A difference is observed for silica-coated MNPs, in which the particles
are nearly fully aligned with both the chains and the magnetic field.

Lastly, the synthesis of a hybrid magnetic microgel (MMG) system with
an MNP core and a thermoresponsive PNIPAm microgel shell is described.
These MMGs possess similar magnetic properties to the MNPs, except for
their dipolar interactions, which are significantly weaker due to the thicker
non-magnetic shell. Future experiments should use the thermoresponsive-
ness of the magnetic microgels to tune the shell thickness and analyze the
influence of the dipolar interactions on self-assembly in greater detail.

In the light of this work, it will be interesting to study the influence of
temperature in more detail. Therefore, MMGs with a thicker shell were syn-
thesized at the end of this thesis and could be used to understand the tran-
sition from dipolar chains into individual particles and the particle distance
at which dipolar interactions are completely suppressed. This system will be
tested during the upcoming beamtime.
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In conclusion, this chapter described the preparation and characterization
of an intriguing small magnetic microgel system featuring a thermorespon-
sive shell that allows for tunable dipolar interactions between the magnetic
nanoparticle cores. Such systems should be further developed in the future
to emphasize their application as colloidal analogs of magnetic spins.
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Chapter 5

Structure and Dynamics of
Concentrated Magnetic Microgels
under Static and Rotating Fields

5.1 Introduction

Microgels represent a class of soft colloidal systems that exhibit intricate
phase behaviors and dynamics, which are significantly influenced by their
chemical composition and inherent softness [13, 121, 122]. The level of soft-
ness in microgels determines their capacity to deform, interpenetrate, and
contract at high volume fractions. However, the complexity of this phase be-
havior amplifies when dealing with anisotropic colloids. Magnetic core-shell
microgels serve as an excellent model system for studying the intricacies of
soft colloidal systems [41, 106] on top of their directional dipolar interactions.
The application of magnetic fields allows for controlled alignment of these
gels, especially within anisotropic structures [10].
Microgel phase diagrams have been studied mostly using scattering tech-
niques, which probe their behavior across diverse length scales [121, 123].
These methods span from investigating individual conformations to exam-
ining spatial arrangements. By analyzing the jamming behavior in relation
to microgel concentration, we can gain valuable insights into these complex
systems. Jamming refers to the transition from a fluid-like state to a glass-
like state within a disordered material, where the particles become incapable
of diffusing individually [124, 125]. This phenomenon is widely observed
in various colloidal and granular systems and exhibits significant complex-
ity due to its non-equilibrium nature. Understanding jamming behavior in
magnetic microgels can lead to advancements in fields such as soft matter
physics, materials science, and biology, where the formation of jammed states
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plays a crucial role.

Hybrid microgels with anisotropic cores offer several advantages, partic-
ularly in the study of jammed systems. The orientation of the core serves
as a valuable indicator of whether the system has reached an arrested state.
In their studies, Dagallier et al. [41, 106] explored the behavior of anisotropic
magnetic microgels, which consisted of hematite (α - Fe2O3) cores coated with
a thermoresponsive poly(N-isopropyl acrylamide) (PNIPAm) shell, within
dense colloidal dispersions. The combination of the magnetic hematite core
and the soft, temperature-sensitive PNIPAm shell enabled precise control
over particle size and volume fraction, making it possible to investigate jam-
ming transitions and the resulting arrested phases. When exposed to an ex-
ternal magnetic field, the hematite cores align with their long axis perpendic-
ular to the field, and the system exhibits optical birefringence. These optical
properties can serve as a direct probe of particle orientation and local or-
dering. As the effective volume fraction increases, the system undergoes a
jamming transition, where the particles’ rotational motion becomes hindered
by elastic forces from interparticle contacts, leading to a metastable jammed
state. Magnetic hybrid microgels offer an opportunity to explore the inter-
play between thermal and magnetic forces in determining the dynamics of
anisotropic colloidal systems in dense phases, shedding light on the mech-
anisms behind jamming and arrested behavior. To further advance this re-
search, substituting hematite with maghemite (γ - Fe2O3) nanoparticles can
improve the magnetic properties of the MMGs while shifting their magnetic
moment to align along the long axis of ellipsoidal maghemite nanoparticles
(MNPs). This modification enhances the system’s response to external mag-
netic fields [10, 40] and introduces magnetic field-induced dipolar interac-
tions. As a result, the structure under a magnetic field becomes more de-
fined, and the system becomes more dynamic when responding to moving
magnetic fields. Another objective of this investigation is to examine the mag-
netic interactions within the microgels and explore the potential emergence
of "spin glass" states. Spin glasses are characterized by disordered magnetic
configurations that exhibit both spin disorder and structural disorder [126].
Understanding these configurations can provide valuable insights into the
intricate behavior of anisotropic magnetic microgels, particularly in jammed
states. This approach positions MMGs with anisotropic magnetic properties
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as colloidal analogs of spin glasses, offering new opportunities for applica-
tions in materials science and engineering.

This chapter delves into the intricate properties of a dense system of an-
isotropic magnetic microgels, examining their phase behavior and dynamic
properties through small-angle X-ray scattering and microscopy techniques.
The core-shell microgel structure consists of ellipsoidal magnetic nanoparti-
cles as the core and a crosslinked polymer network shell made of PNIPAm.
The MNP core is encapsulated by the thermoresponsive shell. The phase be-
havior of this microgel system varies with microgel concentration and vol-
ume fraction, respectively. As the concentration increases, the system tran-
sitions from a dilute phase to plastic crystals, eventually reaching a glass
state. By investigating the response of concentrated microgel systems to a
rotating magnetic field, the jamming transition can be explored. Thereby,
the anisotropic MNP core can act as an indicator of the microgel orientation
during this process. Beyond bulk studies, proof-of-concept experiments were
carried out at the air/water interface with and without applying a magnetic
field. These complementary investigations provide valuable insights into the
system’s phase behavior and dynamics as a whole and the possibilities of-
fered by the application of an external field to trigger phase transitions.

5.2 Experimental Section

5.2.1 SAXS

For the magnetic SAXS experiments, a custom-developed sample holder
setup was used (Figure 5.1). The setup includes a 3D-printed base plate, a
piezoelectric engine, attachable Halbach arrays of different strengths, and
a sample holder (Figures A.1 & A.2). The piezoelectric engine allows for a
maximal rotation rate of 90 rpm, and the setup is compatible with Halbach
arrays with field strengths ranging from 1 - 70 mT. Details on the used Hal-
bach arrays can be found in the Appendix. With this sample environment,
static and dynamic magnetic fields can be applied. The SAXS measurements
were conducted at the CoSAXS beamline at the MAX IV Laboratory in Lund,
Sweden, with the Eiger2 4M detector at a distance of 14.8 m and a beam
size of 150 x 140 µm for the nonmagnetic experiments and 150 x 110 µm
for the magnetic experiments at a room temperature of 21 ◦C. The samples
were filled into 1.5 mm thick quartz glass capillaries (mark tubes, Hilgenberg
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GmbH). The detector images were background corrected with a capillary
of pure water via a custom Python script provided by Pablo Mota-Santiago
(Max IV Laboratory, Lund University). Further evaluations were conducted
using custom-written Mathlab scripts.

FIGURE 5.1: Custom-developed setup to conduct SAXS experiments under static
and dynamic magnetic fields, consists of a base plate, a piezoelectric engine, at-
tachable Halbach arrays of different strengths, and a thermostated sample holder.

5.2.2 Drying Cell

Controlled drying experiments were conducted in a drying cell consisting of
a capillary (1 x 0.1 mm cross-section) and an attached reservoir (Figure 5.2 A).
A 3D-printed well with saturated KCL solution was placed over the capillary
tip for humidity control (relative humidity: 85% [127]).
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FIGURE 5.2: A) Schematic of a drying cell consisting of a 0.1 x 1 mm capillary
attached to a reservoir. B) A schematic of microgels aligned in the yz-plane but
without a preferred orientation in this plane. For simplicity, the SM-1 microgels
are represented by their cores in this schematic.



5.2. Experimental Section 61

200 µl of batch dispersions were filled into the reservoir and let to dry for
a few hours overnight to reach a large enough accumulation of particles at
the front of the capillary tip.

5.2.3 Experiments at the Air/Water Interface

To study the behavior of these microgels at an air/water interface, the par-
ticles were introduced to the interface by dropping 200 µm of an 80/20 wa-
ter/isopropanol mixture (SM-1 batch concentration: 1 wt%) onto a cleaned
water surface. Iridescence was used as an indicator for the formation of a
monolayer. After equilibrating for 1.5 h, the particles were deposited onto a
substrate by lifting the substrate through the surface. A linear dipper with a
3D-printed sample holder tilted upwards by 25◦ was used for this process.
The silica wafer substrate was cleaned by ultrasonication for 2x 15 minutes
in isopropanol. The substrate was lifted through the interface with a speed
of 0.6 mm min−1. SEM and AFM measurements were conducted to evaluate
the structure of the monolayer.

FIGURE 5.3: Setup for linear deposition of magnetic microgels adsorbed at an
air/water interface. A Halbach Array is used to apply a homogeneous magnetic
field of 70 mT at the interface.

5.2.4 Confocal Microscopy

Confocal microscopy was used to identify the crystal phase of the plastic
crystals. As the sample did not crystalize in a "normal" confocal preparation,
the quartz glass capillary filled with the microgel dispersion was investigated
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using a Leika TP5 confocal microscope with a 545 nm HeNe Laser. The mi-
crogels were labeled with Rhodamine B.

5.2.5 SEM

The SEM measurements were performed using a JSM-7800F field emission
scanning electron microscope (Jeol) with secondary electron (SE) and backscat-
ter detectors (BSD) with acceleration voltages of 10 keV. The samples were
prepared as described in the respective experimental section.

5.2.6 AFM

Images of the microgels deposited on a silicon wafer were recorded with
atomic force microscopy on a Dimension Icon in close loop operation (Veeco
Instruments Inc., software Nanoscope 9.4 (Bruker Corporation)). The mea-
surements were performed in tapping mode using OTESPA tips (NanoAnd-
More USA Corp., USA) with a nominal tip radius smaller than 7 nm (nominal
spring constant: 26 N m−1; nominal resonance frequency: 300 kHz). The scan
size of the images is 5 x 5 µm with a resolution of 514x514 pixels.

5.3 Results and Disscussion

As established in Chapter 4, SM-1 is a strongly responding magnetic micro-
gel system, with a silica-coated ellipsoidal magnetic nanoparticle as core and
a thermoresponsive PNIPAm microgel shell. When studying the small-angle
X-ray scattering pattern of such a microgel system, it is clear that the inor-
ganic core dominates the results due to its significantly higher electron den-
sity compared to the microgel shell. Hereby, the anisotropic maghemite core
can be used as a tracer for the orientation of the microgel.

5.3.1 Nematic Phases, Plastic Crystals and "Spin" Glasses

As the concentration of MMGs increases, the volume fraction of the system
also rises, leading to alterations in both structural organization and packing
density. For a concentration series of hard anisotropic colloids, nematic and
smectic phases are reported in literature [128, 129]. The interactions between
particles in microgels are more complex than those in hard colloids, as the
polymer network can be compressed, entangled, or exhibit faceting at higher
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concentrations. This added complexity makes ellipsoidal microgels, in par-
ticular, an intriguing subject to study. For SAXS measurements, the microgel
system described in Chapter 4 was deionized using Amberlite ion exchange
resin to maximize the electrostatic interactions and facilitate their assembly
in defined structures. Different concentrations between 0.1 and 15 wt% were
prepared. The anisotropic core dominates the small-angle X-ray scattering of
this microgel system and, therefore, should provide an anisotropic pattern if
the microgels are aligned in the same direction. With respect to the low aspect
ratio estimated from DLS (∼ 1.6) at 20◦C, we do not expect the development
of nematic or smectic phases unless the microgels are in an ultra-dense state.
At all concentrations, the recorded SAXS patterns are isotropic in the absence
of a magnetic field due to the random orientation of the microgels and their
cores. As the concentration increases, the structure of the microgels transi-
tions from a dilute state to a crystalline phase around 5 wt%, eventually
reaching an arrested state at higher concentrations (see Figure 5.4). Begin-
ning with a concentration of 3 wt%, a structure peak can be observed in the
patterns, and this feature becomes more pronounced with increasing concen-
tration, with multiple rings appearing at even higher concentrations.

0.1wt% 0.2 wt% 0.5 wt% 1 wt% 3 wt%

5 wt% 7.5 wt% 10 wt% 12.5 wt% 15 wt%

4
10

310
2

10
1

10
0

10
-110
-2

10

C
ou
nt
s

510

FIGURE 5.4: Micrographs showing the SAXS pattern of a concentration series of
SM-1 (deionized) without magnetic field a concentration series 0.1 - 15 wt%. Scale
bars: 5.4 ·10−2 nm−1.

At 5 wt% under deionized conditions, these microgels form plastic crys-
tals, clearly visible from the SAXS pattern (Figure 5.5 D) and the sample capil-
lary itself (Figure 5.5 A). With fluorescence confocal microscopy (Figure 5.5 B
& C), the presence of local hexagonal crystals can be confirmed, but the sam-
ple lacks long-ranged crystallin order. This indicates a polycrystalline sample
with small hexagonal domains, suported by the multiple reflexes in the SAXS
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pattern. The deionization of the sample enhances the electrostatic repulsion,
allowing the formation of local crystals. The formation of long-ranged crys-
talline structures might be hindered by the concentration, polydispersity of
the microgel, or other nonideal conditions. Determined by the radial distribu-
tion function (Figure A.6, ImageJ macro [130]), the nearest neighbor distance
is approximately 520 nm (Swollen Microgel: deq = 307 nm; dpol = 494 nm).
This value is in reasonable good agreement with the interparticle distance
determined from the dipolar chains and the estimated particle dimensions,
especially under deionized conditions (Table 5.1).

TABLE 5.1: Dimensions of the inorganic MNP core SCM3 and swollen and col-
lapsed SM-1 magnetic microgels. The MMG dimensions are estimated from the
MNP cores, and the shell thickness is determined from DLS data (Section 4.3.3).

SCM3 SM-1, 20◦C SM-1, 50◦C
[nm] [nm] [nm]

deq 87 ± 9 307 147
dpol 274 ± 44 494 334
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FIGURE 5.5: A) SAXS capillary with anisotropic magnetic microgels at 5 wt% with
small crystalline "sparkles". Scale bar: 2 mm. B & C) Confocal microscopy images
of the local hexagonal domains. Scale bars: 2 µm. D) SAXS pattern of the 5wt %
microgel dispersion. Scale bars: 5.4 · 10−2 nm−1.

To extract the scattering curves, the isotropic SAXS patterns in Figure 5.4
were radially averaged and normalized with the data of the diluted 0.1 wt%
sample (Equation 5.1).

S(q) ∼ Ic

I0.1 wt%
· 0.1

c
(5.1)

with the concentration c.
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This representation of the structure factor enhances the curves’ structural
features, allowing for a more detailed analysis (Figure 5.6) of the peaks. When
normalizing for the concentration as well, the curves converge to the same
intensity. Following the increasing concentration, the curves show a higher
structural peak but otherwise exhibit comparable characteristics, with the ex-
ception of the polycrystalline sample at 5 wt%. For this sample, the crys-
tal reflexes overlay the structure factor. In addition, the curves shift towards
higher intensity at higher concentrations, as more electrons in a denser dis-
persion scatter the incident X-rays. A Gaussian fit (Equation 5.2) was em-
ployed using a custom Matlab script to determine the position and charac-
teristics of the structure peaks.

Iqmax =
A

B · (2π)0.5 · e−
(q−qmax)2

2·B2 (5.2)

with the peak position qmax, the intensity of the peak determined by A
B·(2π)0.5

and the relative width B
qmax

. The structure peak develops at a concentration of
0.5 wt% and progressively shifts towards higher q ranges, indicating a more
compressed system at higher concentrations. A detailed analysis of the peak
characteristics can be found in the Appendix (Figure A.5).
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FIGURE 5.6: A) Radially averaged SAXS curves of the concentration series of small
microgels (0.1 - 15 wt%). B) Structure factors derived from SAXS curves normal-
ized by the sample with the highest dilution (0.1 wt%). Triangular markers indi-
cate the position of the structure peak.

The peak characteristics confirm the initial impression that the structure
peak shifts towards higher q values and increases in intensity according to
the increase in volume fraction and concentration, respectively (Figure A.5).
When deriving real space distances from the reciprocal structure peak with
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dreal = 2·π
qmax

, the characteristic interparticle distance of colloidal particles can
be estimated from the position of the scattering vector q. Generally, the in-
terparticle distance decreases with increasing concentration due to the com-
pressed microgel shell due to the increased number density and additional
long-range interactions (Figure 5.7).
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FIGURE 5.7: Real space interparticle distance correlated to the structure peaks.
The dashed lines ( ) indicate the dimensions of the short axis deq of SM-1 in the
swollen (20◦C) and collapsed (40◦C) state.

Starting at 760 nm average distance between two particles for a highly
dilute system, the particles are further compressed towards the glass transi-
tion, narrowing the distance towards the dimensions of the hard MNP core.
At 15 wt%, the interparticle distance is 260 nm; when comparing the inter-
particle distance to the microgel dimensions (Table 5.1), it is smaller than the
short axis of the microgel in the swollen state (deq,20◦C = 307 nm). The results
indicate that the microgels at this concentration are in contact with one an-
other, likely forming a mixture of randomly oriented, partially collapsed, and
possibly interpenetrated microgels. The SAXS experiments show isotropic
patterns, suggesting that no nematic phase is present. Considering the as-
pect ratio of the microgels, a plastic crystal phase is expected.

To achieve a higher-ordered MMG system, additional effects, such as mag-
netic fields or flow, need to be considered. A magnetic field would allow the
control of the orientation of the MNP core, and anisotropic particles tend to
align under shear.
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5.3.2 Structural Evolution of Anisotropic Microgels under Uni-

directional Drying

In addition to the classical concentration series, a controlled drying experi-
ment was performed. Thereby, the microgels were dried within a capillary
attached to a reservoir (Figure 5.2) in a humidity control cell with saturated
KCl solution (relative humidity: 85% [127]). The microgel concentration in-
side the reservoir was 1 wt%. As the solvent evaporates at the tip of the capil-
lary, the sample is continuously transported through the capillary by the flow
generated by the evaporation. Therefore, the microgels are consecutively ac-
cumulating at the tip, with a gradually decreasing concentration towards the
reservoir until the diluted state is reached. With such a setup, a large concen-
tration range can be covered with just one experiment.

In this experiment, the capillary was vertically placed into the X-ray beam,
and multiple scans were performed every 20 µm along the capillary. As shown
in Figure 5.8, the concentration increases with decreasing distance to the cap-
illary tip, indicated by a higher scattering intensity at high q. Directly at the
tip, there’s a sharp transition in the intensity due to skin formation close to
the air/liquid interface. This skin is defined by a lower water content and
an increase in microgel packing [131]. In this case, the skin formation leads
to closer-packed MNP cores and a distinct decrease in transmission. In the
diluted phase, the patterns resemble the pattern for diluted concentrations in
the previous experiment.
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FIGURE 5.8: SAXS pattern of microgels concentrated in a drying cell. Distance
dfront in µm from the capillary tip (Figure 5.2). Scale bars: 5.4 ·10−2 nm−1.

When entering the front ("front" is the area where the diluted flow is enter-
ing the aggregation phase), the particles are concentrated and more and more
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compressed towards the tip, indicated by a marked increase in the q range
of the structure peak. The SAXS patterns for the concentrated phase exhibit
a weak anisotropy, indicating the alignment of the particles with their long
axis parallel to the front (perpendicular to the flow). While the aspect ratio of
the core - which dominates the scattering pattern - is around 3 (Chapter 4),
close to the tip, the structure peak has an aspect ratio p =

qmax,90◦
qmax,180◦

of around
1.5. This indicates that the microgels, while aligned with their long axis, can
still rotate in the yz-plane (Figure 5.2 B). The overlay of particles randomly
oriented in this plane results in an anisotropic pattern with an aspect ratio
smaller than the particles themself. For the scans closest to the front, the pat-
terns show a more nematic order, with two peaks developing along the long
axis of the anisotropic pattern.

The SAXS data of the drying cell experiments were treated as described in
the previous section. The background correction was conducted with a scan
of water in a drying cell and the normalization with the scan at 900 µm from
the tip (Figure 5.9 B).
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FIGURE 5.9: A) Background corrected SAXS curves of microgels concentrated in a
drying cell. Distance in µm from the capillary tip. B) Structure peaks of microgels
structuring under unidirectional drying. Triangular shapes indicate the peak po-
sition.

A distinct lack of a structure peak can be seen when comparing the di-
luted scattering curves (far from the tip) with the experiment above at the
same concentration (1 wt%, Figure). There are several possible reasons for
the observed differences. First, the flow may disrupt the ability of the mi-
crogels to structure themselves as they did in previous experiments. Second,
the structuring observed in those earlier experiments might be enhanced by
deionization, which increases the electrostatic interactions between the mi-
crogels. Additionally, it can be assumed that the environment of the drying
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cell is not as clean as the quartz glass capillaries used in the previous ex-
periments. As a result, impurities may weaken the electrostatic interactions
among the microgels.

While the exact reasons for this discrepancy can’t be resolved without
further experiments, other trends observed from the concentration series are
comparable in the drying experiments. The isotropic structure peak shifts to-
wards higher q values closer to the tip, indicating an increasing compression
of the microgels due to the rising microgel concentration. The structure fac-
tor follows a similar trend towards higher values until the absorption of the
MNP core increases because of the dense packing of the inorganic cores of
the microgels. This results in a distinct decrease in transmission and, conse-
quently, a reduction of intensity. Therefore, the normalization fails for scans
close to the tip (Figure 5.9 B).

In contrast to the scattering patterns of the concentration series earlier, the
scans in the aggregated phase close to the tip show an anisotropy resulting
from the unidirectional drying of the microgels in the yz-plane, leading to
a perpendicular alignment to the flow direction. To further analyze the an-
gle dependence, a 2D evaluation of the scattering data was conducted. Az-
imuthal splitting was performed, creating sectors comprising 1◦ slices of the
detector image centered around the beam stop, as illustrated in Figure 5.10 A.
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FIGURE 5.10: A) Schematic visualization of the azimuthal splitting of the SAXS
pattern (0 µm) at the capillary tip with a binning of 30◦ (red lines). For the evalu-
ation, a binning of 1◦ was used. Scale bar 5.4 ·10−2 nm−1. B) Sectorplot resulting
from the azimuthal splitting, showing an angle-resolved SAXS pattern. C) SAXS
curves derived via azimuthal splitting for 90◦, 120◦, 150◦ & 180◦ at the capillary
tip.

These angle-dependent slices were consecutively radially averaged and
can be plotted as a sector plot (Figure 5.10 B). From this sector plot, two
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kinds of plots can now be extracted. First, the scattering curves for certain
angles allow for the resolution of the angle-dependent structure peak, deter-
mining the average distance to the nearest neighboring microgel in a specific
direction (Figure 5.10 C & 5.11). Second, the azimuthal plot at a particular
q can be extracted, illustrating the anisotropy and orientation of the pattern
(Figure 5.17). Exemplarily shown is the scan directly at the tip, with low in-
tensity and narrow slicing, resulting in relatively noisy scattering curves. The
q range available for the angle-dependent scattering curves depends on the
mask and beamstop position as well as the sample position in the bottom
left corner of the detector. The 90◦ and 180◦ sectors offer the largest q range
and are therefore used in the following to compare the anisotropy of different
patterns.
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FIGURE 5.11: Azimutal SAXS data for 90◦ & 180◦ for different distances d90◦ from
the capillary tip, showing an increasing split between the major (90◦) and minor
(180◦) axis of the scattering pattern.

For scans along the capillary, the angle-dependent scattering curves un-
derline the observations described earlier, with splitting between the differ-
ent axes increasing the higher the concentration. 90◦ represents the major axis
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of the scattering pattern, showing a more distinct structure peak shifted to-
wards higher q values compared to the minor axis because of the anisotropy
(and alignment) of the microgels and their cores. Overlaying this split is the
general shift towards the higher q due to increasing compressions in denser
parts along the capillary.

The angle-dependent structure peak (90◦) can be correlated to a real space
interparticle distance d90◦ . This distance corresponds to the interparticle dis-
tance along the x-direction - along the capillary. As discussed earlier, the par-
ticles are compressed closer depending on the distance from the capillary tip.
At the capillary tip, the particle distance is even slightly below the short axis
of the magnetic cores, indicating a very dense packing. As the SAXS detector
image shows a 2D representation of a three-dimensional structure, the struc-
ture peak might not perfectly correlate with the interparticle distance.
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FIGURE 5.12: Interparticle distance at the 90◦ sector calculated from qmax,90◦ , cor-
responding to a nematic arrangement in the x-direction (along the capillary). Di-
rectly at the air/water interface (0 - 100 nm), a very dense packing of microgels
forms a skin defined by a significant decrease in scattering intensity. Followed by
an accumulation area between 100 and 500 nm. In this area, the microgel packing
decreases in the direction of the reservoir, as indicated by an increase in interpar-
ticle distance. Dotted lines indicate the short axis deq of the MNP core and the
microgel in the collapsed state at 50◦C.

The experiments in the drying cell show a nematic type of ordering close
to the capillary tip and, therefore, are fundamentally different from the previ-
ous experiments. The nematic order can be seen as evidence of the compres-
sion of the microgel, reaching much higher volume fractions than the con-
centration series. While this order prevents us from using these experiments
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to probe different concentrations comparable to the concentration series pre-
viously discussed, the formed structure is fascinating itself, and it allows the
showcasing of the 2D analysis and the development of the structure peak as
the particles align themself perpendicular to the flow under unidirectional
drying.

5.3.3 Static Magnetic Fields

One of the premises of this work was to use magnetic fields further to control
the orientation and structuring of anisotropic microgels and test the metasta-
bility of the dispersion. Therefore, measurements with different magnetic
fields were performed between 1 and 70 mT. These samples were exposed
to the magnetic field at a custom-developed stage, as described in the ex-
perimental section. Under a static magnetic field, the microgels have been
shown to align themselves with their long axis along the magnetic field, sim-
ilar to the behavior of their magnetic cores (Chapter 4). It has been shown
that the microgel shell weakens the dipolar interaction between the magnetic
cores. As a result, the microgels can align within the field and only experi-
ence weak dipolar interactions below the volume phase transition tempera-
ture (VPTT). This is in contrast to the bare nanoparticles, which tend to form
dipolar chains even in weak magnetic fields.
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FIGURE 5.13: SAXS patterns recorded under static magnetic fields (6 and 70 mT)
of SM-1 dispersions with concentrations between 0.2 - 15 wt%. Scale bars:
5.4 · 10−2 nm−1.

The field was applied vertically onto the sample, resulting in a horizon-
tally projected anisotropy in reciprocal space. The SAXS pattern gives a first
idea of the influence of the magnetic field on the microgels at concentrations
between 0.2 and 15 wt%. The anisotropy of the diluted (0.2 & 15 wt%) and
intermediate concentrated (7.5 & 10 wt%) samples increase significantly with
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higher field strengths, showing a better alignment of the microgels with the
magnetic field. With increasing concentration, the microgels get increasingly
in contact, compress and possibly interpenetrate with each other, decreasing
the effect of the magnetic field. The patterns of high-concentration samples
are nearly isotropic, hinting at a possible arrested state. For weaker magnetic
fields, a lower anisotropy can be observed, especially at lower concentra-
tions, indicating secondary effects, such as increasing viscosity, interfering
repulsive interactions, and Brownian motion. Additional dynamic experi-
ments need to be conducted to probe the glass transition. In addition to the
apparent anisotropy, the scattering patterns for intermediate concentrations
show features indicating a nematic-like order.

The detector images were azimuthally split as described earlier, revealing
a distinct split between the curves for 90◦ and 180◦ (Figure 5.14).
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FIGURE 5.14: Azimuthal SAXS curves for 90◦ & 180◦ under a static magnetic field
of selected concentrations (0.2, 7.5, 12.5 and 15 wt%). Showcasing the changing
aspect ratio with increasing concentration.

This split underscores the anisotropy of the scattering pattern, which in-
creases with concentration but decreases what we assume to be the glass
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transition around 10 - 12 wt%. Furthermore, the split between the curves
indicates the orientation of the microgel particles in response to the applied
magnetic field.
At low concentrations, the microgels exhibit weak interactions. They are rel-
atively free to rotate as the diffusion is faster than at higher concentrations,
resulting in a lower anisotropy at weaker fields. However, as the concen-
tration increases, the diffusions slow down, causing the microgels to orient
more effectively along the magnetic field direction and increasing the appar-
ent anisotropy.
However, for higher concentrations, the split between the particles almost
disappears as expected for an isotropic state, indicating a possible arrested
state where the particles are no longer able to rearrange themselves in re-
sponse to the magnetic field or other stimuli. Surprisingly, for a concentration
of 15 wt%, a small structural peak is visible despite almost no visible distinc-
tion. This peak could be due to the flow created while filling the capillary or
a sign of "rattlers" moving freely within the arrested microgel matrix. These
will be further discussed later in this chapter.

When normalizing the scattering intensity for the concentration c and the
transmission IT measured at the beam stop, the scattering curves can be over-
laid onto a master curve, as scattering intensity for high q values is directly
related to the number of scattering centers or particle count.
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FIGURE 5.15: A) 180◦ angle-dependent structure factor for 0.2 to 15 wt% normal-
ized by concentration and transmission. B) Real space interparticle distance d180◦

determined from the angle-dependent structure factors at 180◦. The dotted lines
indicate the short axis deq of the microgel in the swollen (20 ◦C) and collapsed state
(50 ◦C).

As can be seen in Figure 5.15, the structure peak shifts towards higher
q values as the system gets compressed with higher concentrations, and the
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peak height increases for increasing concentrations but decreases again above
7.5 wt% indicating a decreased order due to approaching the glass transition.
The real space distances can be estimated from the structure peak positions
measured for the 180◦ section of the pattern. The distance decreases from ap-
proximately 460 nm at 3 wt% to 170 nm at 15 wt%. The short axis deq of the
microgels is roughly 147 nm long in a fully compressed state and 307 nm in
a swollen state (Table 5.1), the determined interparticle distances correlate to
a significantly compressed side-to-side configuration.

Overall, static magnetic fields support orienting MMGs along the field
lines. The anisotropy of the pattern increases with increasing concentration as
the diffusion decreases. Close to the glass transition, the anisotropy decreases
again as the dynamic of the microgels becomes arrested. These experiments
give a rough estimate of the glass transition, but experiments studying the
dynamic of dense microgels are needed for more detailed determination.

5.3.4 Dynamic Magnetic Fields

Response to Rotating Magnetic Field

To further study the phase behavior of dense microgel systems, the response
to a rotating magnetic field was examined. Therefore, the microgels were ac-
tuated by rotating magnetic fields with four field strengths (1, 6, 36 & 70 mT)
and two different rotating rates (5 and 50 rpm). The orientation of the mi-
crogels was recorded through SAXS with a frame rate of 0.1 and 0.01 fps,
respectively (Figure 5.16 B).

To analyze the magnetic response, azimuthal splitting was performed as
described in the previous section with a binning of 1◦. For field strengths up
to 70 mT and concentrations up to 10 wt%, the pattern’s anisotropy allows
the observation of the rotation. The azimuthal plots at q = 0.048 nm−1 be-
tween an angle of 0 and 300◦ were extracted to evaluate rotation type and
rate automatically (Figure 5.16 B). The sector and q range were selected to
avoid missing data due to the detector frames.

For a more detailed analysis, the maxima of the azimuthal plots (Fig-
ure 5.16 B) were determined. Therefore, part of the azimuthal plot was fitted
with a Gaussian fit (Equation 5.3), allowing the analysis of both peak position
and amplitude. In Figure 5.17, the scattering pattern correlating with time 0 s
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in Figure 5.16 A is exemplarily analyzed to determine the peak position and
rotation rate.

I(θ, q) = A · e−
−(θ−θp)2

2σ2 + B (5.3)

with amplitude A, baseline B, and maxima position (and orientation of the
pattern) θp.
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FIGURE 5.16: Example for the evaluation of a rotation experiment for a dilute sam-
ple (0.2 wt%, 50 rpm, 70 mT). A) Time laps of the rotating scattering pattern ac-
tuated by a rotating external magnetic field. Scale bars: 5.4 · 10−2 nm−1. B) Time-
dependent azimuthal plots at q = 0.048 nm−1.

The peak position θmax derived from the azimuthal plot fit (Figure 5.17 A)
can be evaluated depending on the time that has passed since the start of the
experiment. The rotation type and rate can be determined from the resulting
orientation shift diagrams (Figure 5.17 B).

In the presented example, the rotation rate of 5 rpm leads to four full
rotations within the recorded 50 s. The azimuthal plots reveal two maxima
that are shifted by 180◦ because of the ellipsoidal shape of the pattern. Due
to the limitations of the masking in the sector data, only the first peak of the
azimuthal plot within the range of 60◦ to 240◦ was considered valid for analy-
sis. Consequently, the orientation shift diagram (Figure 5.17 B) displays eight
movements of the peak throughout the evaluation interval, corresponding
to eight half rotations of the microgels through the observed detector area.
These half rotations can be analyzed using a linear fit, where the slope in-
dicates the resulting rotation rate of the microgel. For the diluted example
system (0.2 wt%) actuated by a 70 mT field rotating with 5 rpm, the micro-
gels rotate synchronously to the magnetic field with an average speed of 4.98
rpm.
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FIGURE 5.17: Example for the evaluation of a rotation experiment for a dilute sam-
ple (0.2 wt%, 5 rpm, 70 mT). A) Gaussian fit of a part of the azimuthal plot at
q = 0.048 nm−1, allowing the extraction of the main orientation of the anisotropic
scattering pattern and the amplitude that is correlated to the aspect ratio of the
pattern. The red line indicates the Gaussian fit (Equation 5.3), and the red circle
indicates the determined peak position. B) Time-resolved orientation shift of the
rotating scattering pattern, represented by the shift of the peak position θmax. A
linear shift indicates a synchronous rotation with the external magnetic field; the
slope of the fit (red line) represents the rotation rate, in this case, 4.98 rpm.

The rotation rate and type depend on a range of parameters, like the con-
centration of the sample dispersion, magnetic field strength, and, of course,
rotation rate. In addition to a synchronous rotation, the microgels can asyn-
chronously rotate or wiggle around a static orientation. In the case of an
asynchronous rotation, the magnetic field rotates faster than the microgels
can follow. For a ferromagnetic rod in a Newtonian liquid that is actuated
by a constantly rotating magnetic field, the rotation of the particle can be
described by the exerted viscous and magnetic torques (Equation 5.4) [73].

γ (ωMF −
dξ

dt
) = µB · sin ξ (5.4)

with magnetic field B, magnetic moment µ, angular frequency of the mag-
netic field ωMF and the angle between the rod and the magnetic field ξ. For
an asynchronous rotation, the viscous torque dominates, leading to a slower
rotation than the external magnetic field. As a consequence of this slower ro-
tation, the magnetic field overtakes the microgel after some time, leading to
a short period of fast backward movement, followed by a continued rotation
in the direction of the magnetic field. This backtrack is represented by a brief
decrease of θmax in the orientation shift diagrams (Figure 5.18 A). This type
of asynchronous rotation is called tumbling.
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When the concentration of the microgels increases, the rotational dynam-
ics change from synchronous to asynchronous and finally to a wiggling mo-
tion. It is important to note that this wiggling motion, strictly speaking, is not
a rotational motion but an oscillation movement. The microgels are arrested
for these samples and can’t rotate anymore, even at high field strength. As
seen in Figure 5.18 B, the orientation of the microgel oscillates by ~ 30◦ around
a fixed average position. The wiggling is marked by a slow rotation in the
same direction as the magnetic field and a faster "jump" backward when the
magnetic field "overtakes" the main axis of the microgels.
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FIGURE 5.18: Example analysis for A/B) an asynchronous rotation (12.5 wt%,
1 mT, 5 rpm), and C/D) a wiggling motion (15 wt%, 70 mT, 5 rpm). The graphs
represent the shift of maxima of the azimuthal plots within the range of 60◦ and
240◦ at q = 0.048 nm−1 in blue. The red line marks a linear fit representing the av-
erage rotation rate. D) Amplitude of the azimuthal plot for the wiggling system,
showing a distinct oscillation with a frequency of ~5 rpm.

Notable for the 15 wt% samples (arrested system), although the peak shift
only shows an oscillatory motion around the fixed orientation, the amplitude
A derived from the fit (Equation 5.3) periodically fluctuates. The periodic-
ity of this fluctuation is in agreement with the rotation rate of the magnetic
field (~5 rpm), indicating the existence of free particles inside the arrested
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microgel matrix (Figure 5.18 D). These so-called "rattlers" are caged by their
arrested neighbors but have a higher degree of freedom compared to the ar-
rested matrix [132, 133], allowing them to freely diffuse or, in this case, rotate
with the magnetic field.

The average rotation rates and rotation modes depend not only on the
concentration of the microgels but also on the applied field strengths and
field rotation rates. A range of concentrations and field strengths need to
be tested to determine the exact glass transition. Based on our estimations,
the glass transition likely occurs between 12.5 and 15 wt%. The rotation rate
starts to decrease at 12.5 wt%, indicating a partially arrested system. In Fig-
ure 5.19, the different rotation responses can be seen. In diluted systems, even
a weak magnetic field of 1 mT enables the microgels to rotate along with the
magnetic field (Figure 5.19 A). For 50 rpm, the experiments were only con-
ducted at 70 mT (Figure 5.19 B), and the results follow the established trend,
free rotation up until 12.5 wt% (comparable to 70 mT, 5 rpm) and a complete
stop at 15 wt% showing no overall rotation.
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FIGURE 5.19: Determined overall rotation rates dependent on A) field strength
and B) rotation rate, detailing the glass transition. At 15 wt%, the system is fully
arrested, indicated by an overall rotation rate of 0 rpm. With decreasing concen-
tration, the MMGs are increasingly dynamic, changing the rotation regime from
arrested via asynchronous to a synchronous rotation starting around 10 wt%. The
influence of the field strength can be observed most clearly at 12 wt%. With in-
creasing field strength, the rotation regime changes from asynchronous (1 & 6 mT)
to synchronous (36 & 70 mT).

When the particles are stuck in arrested systems, the rotation rate is 0 rpm.
For samples near the glass transition, a decrease in the rotation rate is ob-
served only for weaker magnetic fields, indicating that a strong magnetic
torque can free the microgels while the particles are partly arrested. In these
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partly arrested systems, a decrease in the aspect ratio can be observed dur-
ing rotation. The anisotropy of the system arises from the relatively uniform
alignment of the magnetic nanoparticle (MNP) cores. When the individual
microgels rotate asynchronously at different speeds, the particles become
oriented in various directions. As a result, the pattern becomes increasingly
isotropic as the magnetic field continues to rotate.

These rotation experiments provided a good understanding of the glass
transition and the dynamics approaching a glassy state. While an accurate
determination of the transition requires additional concentrations, using the
anisotropic core as a tracer for the dynamics of the microgels works quite
well. Furthermore, the combined use of amplitude and peak position of the
azimuthal plot allows us to confirm the presence of free "rattlers" within the
arrested microgel matrix, indicating inhomogenity in the degree of arrest-
ment of this system.

90◦ Relaxation Experiments

In addition to the rotational experiments, sweep experiments were performed.
These relaxation experiments are similar to the rotational experiments dis-
cussed in the previous section. However, instead of a continuous rotation at
different speeds, a rapid (90 rpm) 90◦ shift of the magnetic field (70 mT) ori-
entation is used in these experiments. Subsequently, the response (relaxation)
of the microgel samples is observed and evaluated.

The evaluation was conducted analogous to the rotation experiments, ex-
tracting the peak shift and amplitude of the azimuthal plot. In the case of
microgel samples that are diluted or semi-concentrated (up to 10 wt%), the
scattering pattern and azimuthal plot display a quick and even relaxation of
the entire pattern (Figure 5.20 A). A significant relaxation can also be ob-
served for the intermediate state of 12.5 wt%. However, this relaxation is
associated with a decreased aspect ratio, indicated by a change in the am-
plitude of the azimuthal plot. This decrease hints that the relaxation is not
uniform, and the system might be partly arrested. Even denser microgel dis-
persions (15 wt%) no longer show an apparent effect on the magnetic im-
pulse except for a slight decrease in the anisotropy of the scattering pattern
(Figure 5.20 B). An in-detail analysis of the azimuthal plot reveals a frozen
main pattern with a smaller anisotropy that decreases further during the re-
laxation progress due to a small secondary peak developing at 90◦. Thus,
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the system is not entirely arrested, or more precisely, some of the microgels
within the arrested microgel matrix are still free to move. The relaxation pro-
cess slows down with increasing concentration until the system is mainly
arrested at 15 wt%. At this concentration, the main pattern no longer relaxes
(Figure 5.20 B). Instead, a small peak develops during the 90◦ field rotation
at a 90◦ shifted position. The presence of this additional peak indicates a het-
erogenous arresting process, with caging effects that lead to free rattlers.
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FIGURE 5.20: A) Upper: Time-lapse of the relaxation of a microgel system below
the glass transition (10 wt%). SAXS pattern visualizing the free relaxation. Lower:
Time-dependent evolution of the azimuthal plot at q = 0.048 nm−1, exhibiting a
marked shift of the peak position θmax (red arrow). B) Upper: Time-lapse of the
(not) relaxation of an arrested microgel system (15 wt%). Lower: Time-dependent
evolution of the azimuthal plot at q = 0.048 nm−1, exhibiting a marked decrease
in the aspect ratio and the development of a secondary peak (red arrows).

The peak shift can be evaluated analogously to the analysis of the rotating
pattern to determine the relaxation speed. The resulting relaxation curves for
7.5 - 12.5 wt% (Figure 5.21 A) exhibit the characteristic progression for re-
laxation progress. These systems relaxate within 0.23 - 0.27 s. For 15 wt%,
the main pattern "wiggles" a bit, with the additional peak developing faster
than the relaxation of the more dilute systems within ~0.17 s. The estimated
rotation speed of the "rattlers" is ~88 rpm, very close to the 90 rpm incident
field rotation, supporting the results of the rotation experiments. The results
support that only a few particles are almost free to rotate, whereas the rest
of the sample is arrested within this time scale. As a secondary evaluation,
the peak shift analysis can be supported by evaluating the amplitude of the
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azimuthal plots. For samples that are free to rotate (7.5 and 10 wt%), the am-
plitude remains constant throughout the entire measurement period. In con-
trast, the amplitude decreases for partly and mostly arrested systems (12.5
and 15 wt%). This decrease can be attributed to the fact that some of the
microgels are moving while others are either stuck or moving at a different
speed, which leads to a "smearing" of the pattern. The resulting relaxation
speed for the arrested sample (15 wt%) correlates with the development of
the secondary peak. For the sample that is partly arrested or at least close to
the glass transition (12.5 wt%), there is a slight discrepancy in speed ~0.2 s vs.
~0.27 s. A reason for the discrepancy is that the amplitude is more sensitive
to faster parts of the sample. At the same time, the peak position is a more
collective value averaging over all microgels.

 

A
 [

 ]
N

0.0 0.1 0.2 0.3 0.4
0.00

0.25

0.50

0.75

1.00

t [s]
0.0 0.1 0.2 0.3 0.4
0

20

40

60

80

7.5wt% 
10.0 wt%
12.5 wt% 
15.0 wt% θ 

[°
]

t [s]

A B

FIGURE 5.21: Relaxation process displayed as A) angular change of the peak po-
sition and B) amplitude of the azimuthal plot, respectively. In A), the decrease of
the angle indicates a free system, while a decrease of the amplitude in B) indicates
a - at least partly - arrested system.

In conclusion, the relaxation experiments can’t entirely give the same re-
sults as the rotation experiments, as they were conducted at one field strength.
However, the general results are comparable with the rotation experiments,
supporting the impression that the microgels are partly arrested at 12.5 wt%
and mostly arrested at 15 wt%. Apparent inhomogeneities hint at the exis-
tence of free rattlers inside the arrested microgel matrix.
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5.3.5 Arangement of Magnetic Microgels at the Air/Water In-

terface

Given the well-known surface activity of microgels [13, 35], experiments were
carried out at the air/water interface to explore the behavior of the anisotropic
MMGs in this environment. These experiments offer additional insights into
the assembly of anisotropic magnetic microgels at the interface, where they
are packed in a monolayer and serve as a proof-of-concept for using this
MMG system as a micro tracer for probing the local dynamics at the inter-
face or to create metasurfaces. For these experiments, the microgels were
dispersed in an 80/20 mixture of isopropanol/water and dropped onto an
air/water interface, allowing the microgel to spread and arrange at the in-
terface. The amount of microgels added was selected so that a monolayer
is formed at the interface, which is indicated by iridescence. The microgels
were deposited onto a silicon wafer via a linear dipper moving through the
interface to study the structure. During the whole experiment, a Halbach Ar-
ray was used to apply a constant magnetic field onto the magnetic microgels,
with the field direction parallel to the interface (Figure 5.3).
The microgels are mostly arranged in a hexagonal crystalline pattern analo-
gous to the domains observed for 5 wt% in the bulk experiments (Figure 5.5).
SEM images of these arrangements were analyzed using Matlab to create
Voronoi diagrams, which reveal the number of neighbors for each microgel
particle (Figure 5.22).

B 70 mTA 0 mT

B

FIGURE 5.22: Voronoi diagrams of samples prepared at A) 0 mT and B) 70 mT, dis-
playing the number of nearest neighbors. Green-colored areas indicate a hexago-
nal order with six neighbors; blue and red represent five and seven neighbors, and
yellow for everything else. Scale bars: 5 µm.
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Hexagonal patterns, representing six neighbors, were represented in green,
while blue and red represented five and seven neighbors, respectively. All
other neighbor numbers were colored in yellow. The Voronoi diagrams for
0 and 70 mT show mostly six-neighbor, hexagonal phases with defects in
between. There is no obvious difference between samples prepared with and
without a magnetic field, indicating that the presence of a magnetic field does
not disturb the arrangement of microgels at the interface. Especially since no
obvious dipolar chains were forming in the field.

On the other hand, the microgels couldn’t fully align with the magnetic
field during the 2 h equilibration time, possibly due to the spreading and in-
terpenetration of the microgel shell or other effects. The orientational order
parameter (Equation 4.10) shows a limited alignment with the magnetic field
(S1 = 0.4) compared to the random orientation for 0 mT (S1 = 0.1). Possibili-
ties to reach a better alignment with the magnetic field would be to increase
the field strength or equilibration time or decrease the microgel concentra-
tion to either keep the microgels from hindering each other or "overpower"
the retaining effects. In addition to the Voronoi diagrams, the radial distribu-
tion function of the SEM images was calculated via an ImageJ macro, show-
ing four clear maxims, indicating a highly structured arrangement on a local
level. There is no difference between field and no field, and the orientation of
the magnetic core does not matter for this kind of structure.
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FIGURE 5.23: Radial distribution function of microgel depositions conducted un-
der magnetic fields of 0 and 70 mT showing no significant differences in organiza-
tion due to the magnetic field.

As a result, with some fine-tuning, it might be possible to use those par-
ticles as micro tracers at an interface. Additionally, it would be interesting to
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perform such measurements in a Langmuir trough setup modified to apply
a magnetic field while having precise control over the surface pressure.

5.4 Conclusion

In conclusion, this chapter on concentrated magnetic microgel dispersions
highlights the significance of magnetic core-shell microgels. They can serve
as an effective model system for exploring the complex phase behavior and
dynamics within concentrated soft colloidal systems. By applying an external
magnetic field, the magnetic core-shell microgels can be oriented in a pre-
ferred direction, significantly influencing their structural organization and
interparticle interactions. This alignment allows for a more detailed investi-
gation of the materials’ behavior, revealing how the microgels interact with
each other under different conditions, such as varying concentrations and
field strengths.

Starting with the complex phase behavior of anisotropic microgels
without a magnetic field, this chapter discusses the absence of clear nematic
phases for standard SAXS measurements without aligning the MNPs in
a unidirectional manner. Plastic crystals, on the other hand, do exist for
this microgel system at 5 wt%, showing local crystalline domains but
without long-range order. The concept of colloidal "spin glasses" was also
introduced in this context. Spin glasses are in a glassy state with frozen
magnetic moments, analogous to a colloidal glass from microgels with
randomly oriented anisotropic MNPs [126]. For microgels, these states can
form due to interparticle interactions at the glass transition and the presence
of anisotropic MNPs. Further experiments studying the melting of such
colloidal spin glasses should be conducted to evaluate the reversibility of the
"freezing" of the "magnetic spins".

Consecutively, this chapter focused on structuring MMGs with two
methods: magnetic fields and controlled drying. When subjected to flow,
anisotropic microgels display structural changes due to their shape. In a dry-
ing cell setup, where fluid is withdrawn from the reservoir by evaporating
at a capillary tip, anisotropic microgels self-assemble perpendicular to the
capillary, forming strongly compressed nematic phases.
When exposed to a static magnetic field, the microgels align strongly with
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the field orientation up to the glass transition, at which the "frozen" structure
hinders the re-arrangement of the microgels. The interparticle distance of
around 170 nm is smaller than the minor axis deq = 307 nm in a fully swollen
state. This hints at a significantly compressed MMG system.

Static measurements alone were insufficient to precisely determine
the glass transition point. To address this, dynamic SAXS measurements
were conducted, providing a clearer picture of the transition from a freely
rotating system to one nearly entirely arrested in a glassy state. By applying
a dynamic magnetic field during the SAXS experiments, the behavior of
the microgels could be monitored in real-time. This setup allowed for the
differentiation between synchronous and asynchronous rotation regimes. In
the case of asynchronous rotation or when the system reaches an entirely
arrested state, SAXS revealed the characteristic signature of a glassy system,
indicating a transition to a state where the microgels are immobilized and
no longer able to rotate freely. Besides rotational experiments, the conducted
relaxation experiments support the established glass transition but also show
an interesting feature, as the aspect ratio of the scattering pattern decreases
sharply with the 90◦ shift of the magnetic field, indicating free rotation of
some particles inside the arrested microgel matrix. These "rattlers" are free
to rotate at the maximum rotation rate, in stark contrast with the collective
rotation at lower concentrations.

Lastly, proof-of-concept experiments at the air/water interface with
and without magnetic revealed a highly structured arrangement on a local
level, as evidenced by Voronoi diagrams and radial distribution functions
derived from linear depositions. We observed no significant difference in the
organization between field-aligned and non-aligned microgels, indicating
that the orientation of the magnetic core does not influence this particular
type of structural arrangement. However, we recorded a significant change
in the order parameter. Despite limitations in achieving complete alignment
with the magnetic field due to interpenetration and spreading effects, we
have shown that anisotropic magnetic microgels hold great potential for
further investigation. By fine-tuning experimental conditions, it may be
possible to achieve stronger magnetic alignments and fully exploit the
unique properties of magnetically actuable microgels at interfaces.
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In summary, this chapter has offered important insights into the intricate
phase behavior and dynamic properties of anisotropic magnetic microgels,
enhancing our understanding of soft matter systems as a whole. It has high-
lighted the unique interactions and mechanisms at play in these anisotropic
microgel systems. Future research directions will focus on exploring the po-
tential applications of these microgels, particularly as micro tracers both in
bulk materials and at interfaces, where their anisotropy and magnetic prop-
erties may offer unique advantages. Additionally, further investigation into
the role of magnetic interactions within microgel glasses will be essential for
understanding how these interactions influence their structural and dynamic
behaviors. A deeper exploration of the interplay between particle orienta-
tion, structural formation, and dynamical response in anisotropic magnetic
microgels will also be a key area of focus, providing valuable insights for
developing new materials and advancing the field of soft condensed matter.





89

Chapter 6

Static and Dynamic Control of
Rod-shaped Pre-programmed
Magnetic Microgels

6.1 Introduction

Introducing magnetic properties into micron-scale building blocks is a way
to introduce external control over different systems, ranging from micro-
actuators possibly used in microfluidics [134, 135], via soft robotics [136] and
implant development [137], to self-assembly for tissue engineering [32, 138].
In the field of tissue engineering and regenerative medicine, an increasing
focus has been laid on cultivating cells inside 3D scaffolds to stimulate and
guide cell growth in an unidirectional manner. Many different functional
tissues need unidirectional cell structures to sustain their functions [139],
for example, cardiac cells for a heartbeat [140, 141], cartilage either for
reinforcement or reduced friction [142–144], and nerve cells for axon growth
[145]. To support the formation of these unilateral structures, directional
scaffolds can be used [11, 146]. Multiple approaches are possible to create
such scaffolds, like using electrospun fibers [147, 148], structured hydrogels
[149–151], or introducing magnetic properties into hydrogels or anisometric
microgels inside Anisogels [19, 152]. The use of magnetic fields enables
spatial manipulation of material building blocks after injection, artificially
recreating the aligned extracellular matrix (ECM) naturally surrounding the
cells [19, 37, 147, 148, 152].

Microgels are often proposed to be self-assembled into scaffolds in a
bottom-up manner [147, 148, 153]. They consist of cross-linked polymer
networks from nano- to micrometer size with a wide range of properties [13].
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Depending on the used monomers or precursor molecules, cross-linking
density, or possible filler materials, microgels can be softer or stiffer [13],
stimuli-responsive [13, 19, 152, 154–156], and more or less permeable [157].
This diversity of controllable properties makes them an attractive choice for
biotechnology applications, as they can be fine-tuned to deliver or capture
certain molecules or mimic the cell environment [158].

Previous works have already shown the use of microgel building blocks
to grow cells inside [159, 160], on the surface, or in between interlinked [161–
164] or magnetically aligned microgels [18]. On the one hand, the rod shape
of the microgels mimics the natural ECM filaments and allows for bigger
and interconnected pores in the scaffold compared to materials consisting of
spherical particles [18, 37, 82, 165]. On the other hand, magnetically aligned
rod-shaped microgels can be immobilized inside a surrounding hydrogel,
resulting in linear fibroblast and nerve growth both ex vivo [147, 148] and
in vivo [37, 82]. The microgels are prepared via an in-mold polymerization
technique based on particle replication in a non-wetting template (PRINT)
from polyethylene glycol (PEG) mixed with superparamagnetic iron oxide
nanoparticles (SPION) as a reactive filler [19, 37, 82, 152]. As SPIONs are
superparamagnetic nanoparticles with a rotatable magnetic moment, the
anisometry of the microgel rods, in combination with the interaction of the
SPIONs, allows for the orientation of the rod-shaped microgels with their
long axis along an external magnetic field, depending on their size and stiff-
ness, the number of embedded SPIONs, the magnetic field strength, and the
viscosity of the surrounding fluid [37, 82]. An additional advantage of these
small microgels is their injectability, which enables bottom-up assembling
after entering the body. However, so far, the applicability of this system
is limited by the fact that microgel rods with SPION can only be oriented
parallel to the magnetic field, while the design of more advanced tissues
like cartilage [142–144] may require additional control over the orientation
at different angles that could be achieved by mixing different-programmed
microgels. Therefore, microgels, whose angle of alignment can be magneti-
cally pre-programmed, can further provide new opportunities to structure
biomaterial systems hierarchically.
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In this chapter1, ellipsoidal maghemite nanoparticles are employed to in-
troduce variable magnetic properties into anisotropic magnetic microgels.
α-Fe2O3 hematite nanoparticles were first converted into γ-Fe2O3 maghe-
mite nanoparticles with ferrimagnetic properties at room temperature with
a fixed magnetic moment oriented along their long axis [10]. Applying an
external magnetic field onto these nanoparticles, they align themselves along
the magnetic field. At a sufficiently strong magnetic field, the nanoparticles
further form dipolar chains [10]. To integrate a specific magnetic moment
into the microgels, the ellipsoidal nanoparticles are pre-aligned by applying
a homogeneous magnetic field during the PRINT micro-fabrication of the mi-
crogels, as summarized in Figure 6.2. Herein, we report that the orientation
and response of the microgels to the magnetic field can be efficiently con-
trolled depending on the pre-alignment conditions of the ellipsoidal maghe-
mite nanoparticles. The integration of the nanoparticles was investigated via
scanning electron microscopy (SEM). The dynamic magnetic response of the
rod-shaped PRINT microgels was analyzed based on their response to a ro-
tating homogeneous magnetic field. Therefore, we adapted a bright field mi-
croscope with a custom-designed piezoelectric rotating stage fitted with cir-
cular Halbach arrays of different field strengths. Having demonstrated that
the composite microgels could align parallel or perpendicular to the applied
field, their applicability for tissue engineering was further tested under static
and rotating magnetic fields. Hereby, the directional growth of fibroblasts
within Anisogels is investigated, where 3D constructs containing a mixture
of pre-programmed microgels with a parallel and perpendicular orientation
lead to cell alignment in both directions.

1This chapter is adapted with permission from Braunmiller, D. L., Babu, S., Gehlen,
D. B., Seuß, M., Haraszti, T., Falkenstein, A., Eigen, J., De Laporte, L., & Cras-
sous, J. J. Pre-Programmed Rod-Shaped Microgels to Create Multi-Directional Aniso-
gels for 3D Tissue Engineering.Advanced Functional Materials 2022, 32(50), 2202430.
https://doi.org/10.1002/adfm.202202430. The experiments were designed by me and the
other authors. I prepared and characterized the nanoparticles with the help of Andreas
Falkenstein for the TGA experiments. The microgels were prepared by Susan Babu, David
Gehlen, and Max Seuß, and the SEM images were recorded by Julian Eigen and analyzed by
me. The Matlab and ImageJ routine I used to analyze the rotation of rod-shaped microgels
was written by myself based on ImageJ plugins. Susan Babu conducted the preparation of
the Anisogel and the cell culture experiments. Haraszti developed a code and performed the
orientation analysis of cells and microgels in images of Anisogels. I wrote the manuscript
jointly with Susan Babu, who focused on the parts concerning Anisogels. The manuscript
was revised and corrected by all co-authors.
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6.2 Experimental Section

6.2.1 Synthesis of the Ellipsoidal Magnetic Nanoparticles

The ellipsoidal maghemite nanoparticles were prepared by converting silica-
coated hematite ellipsoids (SCH) to maghemite and dissolving the silica
shell. The conversion was done in a SETSYS 16/18 thermobalance in a
N2/H2- and N2/O2-atmosphere, respectively. The preparation of the mag-
hemite nanoparticles is described in detail in Chapter 4. The SCH1 nanopar-
ticles used in this work were freeze-dried before conversion to maghemite.

6.2.2 Preparation of Magnetic Rod-Shaped Microgels

The rod-shaped magnetic microgels discussed in this chapter were created
using particle replication in a non-wetting template (PRINT, Figure 6.2). To
fabricate the microgels, a precursor solution containing 20 µl of PEG-DA
(700 Da) along with a photoinitiator (Irgacure D 2959, 1 mol%), a fluorescent
dye (methacryloxyethyl thiocarbamoyl rhodamine B, 0.5 wt%), and 80 µl of
ellipsoidal maghemite nanoparticles dispersed in PEG-OH (200 Da, 4.5 mg
mL-1) was applied to a PDMS template containing 5 x 5 x 50 µm3 molds and
covered with PET film. The total concentration of PEG-DA in the precur-
sor solution was 20 wt%. The excess of the precursor solution was removed
by carefully lifting this film. The PEG-DA polymer chains were UV-cross-
linked in a nitrogen atmosphere for one hour. For the microgel cross-linking,
a 254 nm UV light was used at an intensity of 2.6 mW cm-2. During the cross-
linking time, a Halbach array was used to apply a magnetic field of 10 mT
to pre-align the maghemite nanoparticles. The direction of the magnetic field
was changed depending on the preferred alignment of the nanoparticles. For
samples without pre-alignment, ellipsoidal nanoparticles were mixed into
the precursor solution, but no field was applied. To harvest the microgel rods,
a water-soluble poly(vinylpyrrolidone) adhesive was used to glue the PDMS
molds with microgels to a glass slide, after which they were dried for four
days at room temperature. Afterward, the microgel rods were removed from
the glass slide after washing with water and purified through centrifuga-
tion and redispersion in water. The nanoparticle content of the microgels,
determined by the ratio of maghemite to PEG-DA, was around 1.6 wt%. For
control experiments, SPIONs (EMG 700, Ferrotec) were used to fabricate mi-
crogels in the same manner as those containing anisotropic nanoparticles.
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6.2.3 Scanning Electron Microscopy

The samples were prepared by drying 20 µL of the batch on freshly cleaned
silica wafers at room conditions. The wafers were sonicated for 15 minutes in
isopropanol and were cleaned in air plasma for 15 minutes afterward. For in-
vestigations of the influence of a magnetic field, the drying process was con-
ducted inside differently strong Halbach arrays. SEM measurements were
performed using a JSM-7800F field emission scanning electron microscope
(Jeol) for secondary electron (SE) micrographs and backscatter detector (BSD)
micrographs. Acceleration voltages were varied from 5 – 15 keV depending
on the desired penetration depth.

6.2.4 Magnetic Response Experiments

To study the magnetic response of the magnetic microgels, a Zeiss Axio-
scope modified with a rotational stage driven by a piezoelectric engine PI-
Line U651.03 (Figure 6.1) was used.

FIGURE 6.1: Experimental setup for experiments with magnetic fields consisting of
a bright-field microscope equipped with a rotating stage holding a Halbach array.
Alternatively, the Helmholtz coils can be used to apply weak static magnetic fields.

The magnetic field was applied by circular Halbach arrays (Figure A.3)
consisting of different numbers and sizes of neodymium magnets. They can
be mounted onto the stage to apply rotating or oscillating magnetic fields of
varying field strengths (1 – 70 mT) and rotation frequencies (0.1 – 90 rpm).
The microscope can also be fitted with two Helmholtz Coils, creating a
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weak, static, homogenous field of 0 to 5 mT. For the experiments in cross-
polarization, two linear polarizers were mounted before and after the sam-
ple with a 90◦ offset to ensure complete extinction of the transmitted light
(Figure A.4).

The experiments involving dynamic control of the microgel rods were
conducted using the magnetic setup described above. Glass slides were
cleaned with isopropanol in an ultrasonic bath for 15 minutes and then
treated with air plasma for 15 minutes. The sample was sealed within
Secure-Seal spacers with wells of a diameter of 9 mm and a height of
0.12 mm and was directly placed inside the center of a Halbach array, and
thereby, the microgel rods were oriented without letting them sediment to
the glass surface. Consecutively, the magnetic field direction was changed
by rotating the stage by 90◦ with a speed of 90 rpm. The microgels were
recorded while re-orienting to the new field direction. With image analysis,
the angular change of the rods is evaluated. The tracking of the rotation of
the microgels is performed with ImageJ [130].

For experiments performed under a rotating magnetic field, the response
experiments were conducted on rods next to a glass surface as the micro-
gels sediment relatively fast. For each field strength and rotation frequency,
a video of 3600 frames was recorded while rotating the magnetic field. The
framerate was selected to correlate to the rotation frequency, resulting in one
frame corresponding to 1◦ of rotation of the magnetic field. With image anal-
ysis (ImageJ), the angular change of the rods was evaluated, and the mean
squared angular displacement was calculated. Tracking the microgels’ rota-
tion was performed with the ’Analyse Particles’ function of ImageJ [130], and
the Matlab routine was written for the computation and analysis of the mean
squared angular displacement as described above.

6.2.5 Cell Culture in Anisogels

To prepare the Anisogel matrices, the MMGs were dispersed in an en-
zymatically cross-linked PEG hydrogel. The eight-arm star PEG-vinyl sul-
fones (sPEG-VS, 20 kDa) were conjugated with either a transglutaminase
substrate (H-NQEQVSPLERCG-NH2: Q-peptide) or a free primary amine
(Ac-FKGGGPQGIWGQERCG-NH2: K-peptide). The K-peptide can be de-
graded by cells due to a matrix metalloprotease (MMP) degradable sequence
GPQG↓IWGQ. This allows cells to grow inside the Anisogel. The enzymatic
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cross-linking of these conjugates was achieved by adding activated transglu-
taminase Factor XIII (FXIIIa) enzyme in the presence of a calcium buffer. The
protocol for synthesizing star-PEG conjugates and activating Factor XIII was
described in detail elsewhere [166].

The total concentration of peptide-functionalized PEG precursors in the
Anisogel precursor solution was 1 wt/vol%. The two kinds of PEG-peptide
conjugates were added at an equimolar concentration. The complex viscosity
of the PEG precursor solution was measured to be 0.39 Pa s with a DHR3
Hybrid Rheometer (TA Instruments) using a 2◦ cone plate geometry with a
diameter of 20 mm.

The encapsulation of pre-aligned microgel rods in a 3D hydrogel to form
an Anisogel was achieved by first dispersing the microgels, along with L929
mouse fibroblast cells, in a cell culture medium (RPMI 1640, Gibco). A hy-
drogel precursor solution was then prepared by the addition of a 10X buffer
(0.1 M CaCl2, 0.5 M Tris, 1.1 M NaCl) and star-PEG conjugates of activated
factor XIII substrate peptides to this dispersion [166]. The microgels consti-
tute 1% of the total hydrogel volume in each of the parallel or perpendicular
pre-programmed samples. In the condition where both types of microgels
were present, as well as the control condition with microgels in the absence
of a magnetic field, the total microgel concentration was 2 vol%. The cell
concentration was kept at 700 cells µL-1 of the hydrogel. To enable cell at-
tachment, a solution of Fibronectin (Sigma–Aldrich) in water was added to
the precursor to achieve a final protein concentration of 1 µm in the hydro-
gel. To this precursor, an activated enzyme Factor XIII (CSL Behring GmbH,
1250 U FXIII) was added at a concentration of 50 U mL–1. The precursor solu-
tion was then mixed well to disperse the microgels and cells homogeneously,
and 10 µL of this solution was pipetted into each well of an Angiogenesis
chamber (Ibidi) in the presence of a magnetic field (100 mT). The dispersion
was then allowed to cross-link for 30 min at 37 ◦C in an incubator, with the
magnets in place, while flipping the chamber back and forth every 5 min to
prevent the settlement of microgels. After the gels were fully cross-linked,
the magnets were removed, and 50 µL of RPMI medium was added to each
of the wells.
The cells were cultured for four days with a media change done after every
other day. After four days, the samples were washed three times using PBS
for 30 min and then fixed using 4% paraformaldehyde for one hour with gen-
tle shaking. After that, the samples were washed three times with PBS again,
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and cells were permeabilized by incubation with 0.1% Triton X-100 solution
for 30 min. After further washing with PBS, the cells were blocked with 4%
bovine serum albumin solution for four hours. This was followed by the in-
cubation with a conjugated primary antibody phalloidin 488 (Abcam 1:1000)
overnight at 4 ◦C to visualize the actin filaments in cells. After washing three
times with PBS, the samples were incubated with DAPI (1:1000). The samples
were subsequently cleared three times with PBS and stored at 4◦C. As control
experiments, PEG hydrogels without a magnetic field and one without any
microgels were prepared, showing a random distribution of microgels and
cells, respectively.
For the experiments on Anisogels using a combination of rotating and static
magnetic fields, a 50/50 mixture of microgel with a parallel and perpendic-
ular orientation with a total concentration of 1 wt% was employed. The ac-
tivated enzyme Factor XIII concentration was reduced to 10 U mL-1 to slow
down the cross-linking kinetics. A PDMS well was made by punching out
holes using a 3.5 mm biopsy punch and sticking them on an Ibidi dish bot-
tom using autoclaved vacuum grease. 10 µL of the precursor solution was
deposited inside an already rotating magnetic field (10 rpm, 70 mT). After
4 minutes, the engine was stopped, and the gelation was allowed to proceed
in the static field for 6 minutes. The Anisogel was fully cross-linked after
10 min. 3 mL of RPMI media were added to the petri dish for culture, which
went on for four days.

6.2.6 Confocal Microscopy

The confocal microscopy images were captured using a Leica TCS SP8 confo-
cal laser scanning microscope. The DAPI channel was visualized at a wave-
length of 405 nm, the Phalloidin channel at 488 nm, and the microgels dyed
with Rhodamine at 561 nm. Emission was detected using HyD detectors for
DAPI and microgels, as well as PMT detectors for Phalloidin. A 100 µm thick
z-stack was taken using a 10X dry objective from each sample, with four sam-
ples imaged per condition. The z-stacks were combined in ImageJ to create a
single image per channel using the maximum intensity projection function.
These projected images were processed in ImageJ to isolate the microgel sig-
nals by subtracting the Phalloidin signals from the Rhodamine channel. The
resulting projected images of the microgel and actin channels were then sep-
arately analyzed for their orientation distribution.
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The orientation of Anisogel and cell structures are analyzed using a
highly elliptic ’Mexican hat’ filter rotated to 20 angle values ξ between 0 and
180 degrees. The images undergo background subtraction using a normal-
ized Gaussian (with a width of 10 pixels and a window size of 81 pixels) blurr.
Negative pixel values were set to 0 and smoothed by applying a normalized
Gaussian kernel filter with a width of 1.0 pixels (for microgels) or 1.5 pixels
(for actin) and an 11-pixel window size. If the dynamic range of the image
stack is high, the range is compressed by applying a ½ power law to the in-
tensity values (square root) before further processing. The applied ’Mexican
hat’ filter has a width of 10 pixels along its long axis and 1 pixel along its
short axis. The window size is 61 x 61 pixels. The kernel is the second deriva-
tive of a Gaussian in both directions. The resulting images are collected in
a 3D stack, where the z-axis represents the orientation angles. A maximum
projection is applied along the z-axis to identify the local maxima, and then
the corresponding angle is identified for each pixel (angle image). A thresh-
old (using Otsu’s method) is applied to the collected maximum intensities to
identify pixels that belong to objects vs. those that are background. Orienta-
tion histograms are calculated only from the angle values of object pixels. A
minimum of four different samples per condition are analyzed for their cel-
lular and microgel alignment. These histograms show the distribution curves
of cellular and microgel orientations, normalized against their respective to-
tal number of counts, plotted using Origin 2018b software.
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6.3 Results and Discussion

6.3.1 Ellipsoidal Maghemite Nanoparticles

The ellipsoidal maghemite nanoparticles used as anisotropic magnetic fillers
are obtained from converting silica-coated hematite nanoparticles into mag-
hemite. The nanoparticles are then redispersed by etching the silica shell un-
der alkaline conditions. The synthesis of the particles, their conversion, and
redispersion are detailed in Chapter 4. For this chapter, the microgel batch M1
was used with an average dimension of the long axis dpol = 260 ± 29 nm and
short axis deq = 51 ± 6 nm. The stability of the maghemite aqueous disper-
sion was tested by using dynamic light scattering. The measured diffusion
coefficient was compared to the expected value calculated based on the di-
mensions determined from the TEM analysis as proposed by Martchenko et
al. (Equation 4.4 - 4.6) [31]. The apparent isotropic diffusion of 3.65 µm2 s-1

at 25 ◦C (DLS) is in a close match with the calculated value of 3.73 µm2 s-1

indicating for the proper dispersion of the maghemite. In literature, the
magnetic moment of the ellipsoidal maghemite nanoparticles is assumed to
point along the long axis [10]. It has been shown that comparable magnetite
nanoparticles exhibit a strong magnetic response and can form highly or-
dered dipolar chains at low magnetic fields in the range of 150 mT [118].
As shown in the previous chapter, even a weak field of 1 mT leads to some
chain formation. For higher B, nearly all nanoparticles assemble into dipolar
chains, forming a complex dipolar chain structure with nanoparticles stack-
ing side-to-side as well as tip-to-tip. At 10 mT, the nanoparticles inside the
chains are mainly oriented parallel to the chain; therefore, this field strength
is used to prepare the microgels in this chapter.

6.3.2 Preparation and Characterization of the Magnetic Mi-

crogel Rods via PRINT

The rod-shaped magnetic microgels are produced using PRINT, as schemat-
ically summarized in Figure 6.2. A PDMS template containing 5x5x50 µm3

cavities is filled with a precursor solution containing the ellipsoidal maghe-
mite nanoparticles and linear polyethylene glycol diacrylate (PEG-DA) poly-
mer chains. While applying a magnetic field of 10 mT on the template using
a Halbach array, the PEG-DA polymer chains are UV-crosslinked. The direc-
tion of the magnetic field is set depending on the preferred alignment of the
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nanoparticles. As a reference, microgels without pre-alignment are prepared
by incorporating ellipsoidal nanoparticles, not applying a magnetic field dur-
ing UV-curing. The nanoparticle content of the microgels, determined by the
ratio of the maghemite content to polyethylene glycol diacrylate (PEG-DA),
is 1.6 wt%. To harvest the microgel rods, a water-soluble adhesive was used
to remove the microgels from the molds.
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FIGURE 6.2: Fabrication of magnetic rod-shaped composite microgels via PRINT
with different pre-alignment of the ellipsoidal nanoparticles. Step 1 - Molding:
PDMS molds with micron-sized cavities, shown in the center of the photograph,
are filled with the precursor solution containing PEG-DA, maghemite nanopar-
ticles, and photoinitiator. Step 2 - UV-Curing: The dispersion is then cured with
UV in the absence or presence of a homogeneous magnetic field set by a Hal-
bach array (see photograph) applied either parallel or perpendicular to the rods’
long axis. Step 3 - Harvesting: Following the pre-alignment conditions, three dis-
tinct systems are obtained after harvesting the cured composite microgel rods: "no
field" microgels and parallel and perpendicular pre-programmed microgels.

To ensure the successful incorporation of the anisotropic magnetic
nanoparticles into the PRINT microgels, SEM measurements were con-
ducted. In the micrographs of the rod-shaped MMGs (Figure 6.3 A - F), the
incorporated nanoparticles can clearly be seen, at least the ones close to the
surface as the measurements were conducted in the dry state. Inside micro-
gel rods prepared without a magnetic field (Figure 6.3 A, D), the nanopar-
ticles are randomly distributed within the polymer network. For the MMGs
cured under an applied magnetic field, the measurements (Figure 6.3 B, C,
E, F) indicate that the weak magnetic field with a strength of 10 mT leads to
dipolar chain formation in the direction of the magnetic field and therefore
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a pre-alignment of the MNPs. A parallel field orientation to the long axis of
the molds leads to dipolar chains following the entire length of the micro-
gels (Figure 6.3 B, E), with the nanoparticles being mostly aligned with the
magnetic field.

B

D E F
10 μm 10 μm 10 μm

1 μm 1 μm

E CBA

10 μm
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FIGURE 6.3: A - F) SEM micrographs of microgel rods with incorporated ellip-
soidal maghemite nanoparticles. A, D) In the absence of magnetic pre-alignment,
the nanoparticles are randomly distributed inside the microgels. The microgel rods
with maghemites pre-aligned with a 10 mT magnetic field exhibit dipolar chains
oriented either B, E) parallel or C, F) perpendicular to the microgel rod’s long axis,
depending on the synthesis conditions.

The perpendicular pre-alignment of the MNPs results in shorter dipolar
chains perpendicular to the long axis of the rods (Figure 6.3 C, F). The length
of the chains is determined by the mold size in the respective direction. The
magnetic moment of the prepared microgel rods corresponds to the direc-
tion of the alignment of the dipolar chains. As these images were taken after
removing the magnets, it confirms that the ellipsoidal maghemite nanopar-
ticles and their assemblies into dipolar chains are fully integrated inside the
cross-linked microgels. No significant disassembly of chains and nanoparti-
cles inside the microgels was observed.

6.3.3 Static Control

The incorporation of ellipsoidal maghemite nanoparticles allows us to add
variable magnetic properties to the microgels. Previous magnetic rod-shaped
microgels with SPIONs as magnetic fillers only orient in one direction to the
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magnetic field [19, 37, 82, 152], while the ellipsoidal nanoparticles enable the
pre-programming of different orientations to the field (Figure 6.4). The dipo-
lar chains formed by the maghemite nanoparticles align themselves along the
magnetic field during PRINT fabrication and are fixed due to microgel cross-
linking. Through this pre-alignment, the magnetic moment of the microgels
can be pre-programmed.

B

CBA

FIGURE 6.4: A - C) Magnetic microgel rods under a static horizontal magnetic field
of 70 mT, with A) random, B) parallel and C) perpendicular pre-aligned nanopar-
ticles. The pre-alignment of the nanoparticles determines the orientation of the
rods in the magnetic field. Without pre-alignment, there is no uniform orientation.
Scale bars = 200µm.

Without applying a magnetic pre-alignment during the PRINT synthesis
(Figure 6.4 A), the microgel rods exhibit a random orientation to the applied
static external magnetic field. The microgels containing maghemite nanopar-
ticles pre-aligned parallel to the long axis of the microgel orient themselves
parallel to the magnetic field (Figure 6.4 B). In contrast, a perpendicular
pre-alignment leads to perpendicular microgel orientation (Figure 6.4 C).
Following these results, we expect that any angle of alignment could be
pre-programmed during the PRINT synthesis, leading to more or less
defined microgel orientations.

While in water, dispersed SPIONs form strings along the magnetic field
lines when exposed to a magnetic field of 10 mT and above (Figure A.8 A);
it is unclear if these chains exhibit a combined magnetic moment along the
direction of the strings. The individual SPIONs have a rotating magnetic mo-
ment in contrast to the fixed magnetic moment of the maghemite ellipsoids.
Therefore, the resulting SPION-based microgels are magneto-responsive and
orient parallel to a magnetic field [18]. While this property is retained for
the microgels with pre-aligned SPIONs parallel or perpendicular to the long
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axis of the microgel, the orientation of the magnetic microgels cannot be pre-
programmed like with the ellipsoidal maghemite nanoparticles (Figure 6.5).
This indicates that the SPION strings, as opposed to the maghemite dipo-
lar chains, do not exhibit a fixed magnetic moment in the direction of their
anisotropy.

CBA

B

FIGURE 6.5: Magnetic microgel rods with incorporated SPIONs exposed to a static
horizontal magnetic field of 70 mT. The pre-alignment field orientations are differ-
ent: A) without, B) parallel, and C) perpendicular. These pre-alignment field orien-
tations do not influence the orientation of the microgel rods. Scale bars = 100 µm.

6.3.4 Dynamic Control

In addition to controlling the static orientation of the MMGs, we can also
manage how rod-shaped microgels respond to a dynamic magnetic field.
When a ferromagnetic rod is immersed in a Newtonian liquid and subjected
to a rotating magnetic field, its rotation is influenced by the viscous and mag-
netic torques acting on it. For a magnetic field B with a magnetic moment µ

rotating at a constant angular frequency ωMF, the corresponding equation of
motion is the following [73],

γ

(
ωMF −

dα

dt

)
= µB · sin α (6.1)

where γ corresponds to the rotational drag coefficient, and α describes the an-
gle between the direction of the magnetic field and the magnetic moment of
the rod. When the magnetic torque dominates, the magnetic field and the rod
rotate synchronously, and α remains constant. When the viscous torque dom-
inates, α changes periodically, and the rod tumbles. The transition between
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the synchronous and asynchronous regimes is determined by the critical an-
gular frequency ωc defined as [73]

ωc =
µ · B

γ
(6.2)

ωc increases with the magnetic moment µ of the microgels and the magnetic
field strength B and is reduced for higher drag forces (drag coefficient γ).
To characterize the magnetic response of the microgel rods, we performed
different analyses under a dynamic magnetic field. At first, the microgel rods
were oriented under a static magnetic field (70 mT) and consecutively forced
to re-orient by swiftly changing the direction of the field by 90◦ at 90 rpm. The
microgels change their orientation in response to the changed orientation of
the magnetic field. On average, the microgels with pre-aligned maghemite
nanoparticles inside change their orientation within 2 - 7 s (Figure 6.6).
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FIGURE 6.6: Time-resolved relaxation curves after a 90◦ shift of the magnetic field
for microgels with A) perpendicular and B) parallel pre-alignment. The individual
fits are indicated by the cyan lines, while the red lines indicate the mean fit derived
from the fit parameters. C) Relaxation of the magnetic microgels after a quick ro-
tation of the magnetic field by 90◦. Displayed are mean curves derived from the
relaxation curves of multiple microgels. The dashed lines indicate the standard er-
rors.

The perpendicular pre-alignment leads to a slightly faster relaxation than
the parallel one, but most of the microgels of both batches re-orient within
this period. Furthermore, it should be noted that neither before nor after
the field shift, all of the rods are perfectly oriented along the magnetic field
but vary by a few degrees around the field directions. This also applied to
both pre-alignment directions. The angular change of circa 30 microgels
per batch was tracked. Depending on the pre-alignment, the orientation of
the microgel rods defined by the angle β(t) varies from 0 to 90◦ (parallel)
or 90◦ to 0◦ (perpendicular). Using Equation 6.1 and 6.2, we derived the
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following equations for the relaxation experiments:

- 90◦ to 0◦ (perpendicular pre-alignment):

β(t) = 2 · arctan(e−ωc·t) (6.3)

- 0◦ to 90◦ (parallel pre-alignment):

β(t) =
π

2
− 2 · arctan(e−ωc·t) (6.4)

The response of the individual microgels was fitted by the Equations 6.3
and 6.4 respectively, as shown in Figure 6.6. The mean value of ωc deter-
mined from this analysis was 0.80 ± 0.08 and 0.91 ± 0.05 rad s-1 for the par-
allel and perpendicular pre-alignment, respectively. The resulting relaxation
curves using the average ωc and Equations 6.3 and 6.4 are shown in Fig-
ure 6.6 C. Microgels without pre-aligned maghemite nanoparticles show no
significant orientation change during this experiment; only a small angu-
lar change in the direction of the rotating magnetic field was observed. As
shown in Figure 6.4 A, these rods do not orient uniformly under a static
magnetic field, and the small rotational movement indicates that the rods
still have a weak response to a changing rotating field. The relaxation ex-
periments were also conducted on microgels with incorporated randomly
distributed SPIONs. The rods show a wide range of relaxation times, but
the mean reorientation time for those microgels is around 10 s, which is
around twice as long as parallel maghemite microgel rods of a compara-
ble size, shape, and nanoparticle content (Figure A.8). The relaxation experi-
ments were analyzed considering paramagnetic rods; in this case, the follow-
ing equation of motion applies [73]:

−dα

dt
= ωc · sin 2α (6.5)

Solving this equation, we obtain the following relation to describe the evolu-
tion of β(t):

β(t) = arctan(e−2ωc·t−c1) (6.6)

These show a slower relaxation process than pre-aligned maghemite micro-
gels and have a mean ωc of 0.40 ± 0.06 rad s-1 (Figure A.8).
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To determine the magnetization and the critical rotation frequency of the
different magnetic microgels, experiments with a continuously rotating mag-
netic field were performed (Figure 6.7).
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FIGURE 6.7: A) Cumulative angular displacement measured on a microgel with
parallel magnetic pre-alignment at different field rotation frequencies ωMF with
a field of 70 mT within the synchronous (left) and asynchronous (right) regimes.
B) An exemplary plot of the mean angular displacement for a rod rotating syn-
chronously (red circles) and asynchronously (blue crosses). The solid lines corre-
spond to the long-time average rotation frequency ω, while the dotted lines rep-
resent ωMF. C) An exemplary plot of the dependence of ω on ωMF (red circles)
determined on one single microgel rod at 70 mT. Two rotation regimes can be
identified: a synchronous rotation with ω = ωMF (dashed line) with a transition
to an asynchronous rotation with ω < ωMF above ωc (dotted line).

ωc is the limit of the synchronous rotation regime, in which the rotation of
motor and rod are synchronous but slightly offset [69, 73]. Above ωc, in the
asynchronous regime, the rods still show a rotational movement over long
times, but due to the fast motor rotation frequency, they start to tumble. The
synchronous rotation of the microgels is interrupted by a backward move-
ment until the orientation of the pre-aligned maghemite chains corresponds
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again with the orientation of the magnetic field. This results in an oscillat-
ing movement around the mean angular frequency. For the asynchronous
regime, the cumulative angle change φ(t) (Figure 6.7 A) shows oscillations
with an increasing periodicity at higher ωMF.

When the microgel rotation frequency ω increases in the synchronous
regime with an increasing field rotation frequency ωMF, for ωMF > ωc, ω

decreases due to increasing tumbling. The long-time microgel rotation fre-
quency ω can be calculated from the mean squared angular displacement
< ∆φ2 > (τ) for the synchronous and the asynchronous regime defined as

< ∆φ2 > (τ) = ⟨|φ(t)− φ(t − τ)|2⟩ (6.7)

where τ refers to a specific time interval. Synchronous rotation of the
microgel rods and the magnetic field orientation results in a linear de-
pendence of < ∆φ2 > (τ) against τ2 (Figure 6.7 B). In the asynchronous
regime, the periodicity of the tumbling motion correlates to the oscillation
around the long-time rotation frequency of the microgels, represented by
the dependence < ∆φ2 > (τ) = ω2τ2 at large τ in Figure 6.7 B (solid line).
The fits in both regimes consider primarily longer τ for the determination
of ω. While ωMF (Figure 6.7 B, dotted lines) matches ω in the synchronous
rotation regime, it deviates above the critical rotation frequency ωc for
the asynchronous regime. The critical rotation rate ωc is experimentally
determined from as the deviation point between ωMF and ω (Figure 6.7 C,
dotted line).

In order to establish the critical rotation frequency and the influence of
pre-alignment, multiple experiments were conducted on three different mi-
crogel types at various values of B and ωMF. The microgel rotation frequen-
cies were determined using the method described above and by averaging
more than 30 rods for each data point (Figure 6.8). Depending on the pre-
alignment, the microgel rods respond differently. As established above, the
microgels without a pre-alignment of the maghemite nanoparticles do not
have a uniform orientation to a static magnetic field and only a minimal an-
gular change when the magnet is quickly rotated by 90◦. Interestingly, in
a continuously rotating magnetic field, they can rotate with the field (Fig-
ure 6.8 A), but the different rods do not have a uniform orientation to the
magnetic field, and the resulting rotation frequency does not depend on their
orientation relative to the magnetic field. This corresponds to the absence of a
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fixed magnetic moment. The rotation frequency ω of the microgels increases
with increasing ωMF and B. Although the rods do not show tumbling as an
indication of the asynchronous regime, only rotation frequencies up to 1 rpm
can be achieved when ωMF > 1 rpm for B = 70 mT. A more detailed under-
standing of the mechanisms has yet to be achieved. Similar to these results,
an applied magnetic field strength of 6 to 36 mT leads to a maximum angular
frequency of 0.1 rpm and 0.9 rpm, respectively. While there is a larger dif-
ference between 6 and 36 mT, the magnetic response is almost the same for
36 and 70 mT. This might indicate a magnetic saturation of the microgels at
these field strengths.
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FIGURE 6.8: Resulting mean rotation frequencies ω of magnetic rod-shaped micro-
gels determined for B = 6 mT (△), 36 mT (◦) and 70 mT (□) for microgels A) with-
out pre-alignment, B) parallel pre-alignment and C) perpendicular pre-alignment
of the maghemite nanoparticles. Depending on the pre-alignment conditions, dif-
ferent rotation regimes can be observed at the different magnetic field strength B
and rotation frequency ωMF, i.e., the synchronous (blue areas) and asynchronous
(yellow areas) regimes and an additional "standing up" regime in C) resulting from
the dynamic reorientation orthogonal to the surface (hatched areas) starting at
3-4 rpm. D - I) Timestep snapshots of the different microgels, showing the non-
uniform rotation (70 mT, 7 rpm; D, E) of microgels without pre-alignment, the
uniform synchronous rotation with parallel pre-alignment (70 mT, 7 rpm; F, G),
and the "standing up" of rods with perpendicular pre-alignment (70 mT, 15 rpm;
H, I).

For microgel rods with a parallel pre-alignment, the magnetic response
is significantly stronger than without a pre-alignment. The microgel rods
show a synchronous or asynchronous rotation depending on ωMF and
B. For 36 and 70 mT, the rods mostly rotate synchronously up to 5 rpm
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(0.5 rad s-1), which is in reasonable agreement with the relaxation experi-
ments (ωc = 0.8 rad s-1). With increasing ωMF, the number of rods showing
an asynchronous regime and the difference between ω and ωMF increases.
The influence of the field strength on the rotation frequency seems to be
stronger in the asynchronous regime, as the rotation frequencies for 36 mT
decrease faster with increasing ωMF. For both field strengths, ωc is in the
order of 5 - 6 rpm, whereas for B = 6 mT, it is lower than 1 rpm. The fact
that ωc is comparable at higher B is pointing once again to the saturation
of the magnetic response. ωc for 70 mT is significantly lower than with the
relaxation experiments since the relaxation experiments are not conducted
close to the glass and thus exhibit weaker frictional forces.

Rods with a perpendicular pre-alignment show a similar behavior up
to ωMF ≈ 2 rpm with the difference that for B = 6 mT, the rods exhibit a
stronger magnetic response than microgel rods with a parallel pre-alignment
in agreement with our former observations on the relaxation experiments. At
this field strength, the rods then start to rotate asynchronously. However, at
higher B and ωMF, we observe that the microgels rods start to "stand up". In
contrast to rods with a parallel pre-alignment, which can only align the mag-
netic moment when positioned along the field, rods with a perpendicular
pre-alignment simply require their long axis to be positioned perpendicular
to the field. When deposited at the surface of the glass, it then results in the
observed perpendicular alignment within the imaging plane under a static
field. Upright rods rotating around the long axis exhibit a lower frictional
torque than when they lay at the glass, which is one of the driving forces
for them to stand up. The same observation was made when letting the rods
sediment under a rotating magnetic field. It is interesting to note that such
dynamic orientation behavior was already observed for hematite nanopar-
ticles having a magnetic moment with their basal plane when subjected to
a high-frequency alternating field [167]. Why they stand up from a flat con-
formation at the glass is still unclear and is the consequence of unbalanced
forces exerted on the rotating rods. The latter may be related to hydrody-
namic interactions with the surface of the glass and the slight bending of the
rods. For B = 70 mT, the rods rotate synchronously on the whole range of
applied ωMF with a transition from a planar rotation to an upwards rotation
starting around 3 - 4 rpm, whereas for B = 36 mT, a coexistence between a
synchronous upward rotation and asynchronous planar rotation is observed
at higher ωMF. These results illustrate the importance of the pre-alignment
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conditions to dynamically control the orientation of the microgel rods in the
third dimension, offering extra control over their possible alignment.

6.3.5 Cell Culture in Anisogels

To explore the potential of these pre-aligned microgel rods in tissue engineer-
ing, Anisogels (soft hydrogels loaded with microgel particles) were prepared
using microgels with maghemite particles aligned in parallel or perpendic-
ular directions to the microgels’ long axis as described in the Experimen-
tal Section. To prevent iron-cytotoxicity, a low concentration of nanoparticles
is used inside each microgel, and the microgel content inside the Anisogels
is only 1-2 vol%. Considering the precursor solution concentration in mag-
hemite of 3.6 mg mL-1, the maximum iron concentration is in the order of
72 µg mL-1 for which a low cytotoxicity is expected [168–170]. Fibroblast
cells were cultured in these Anisogels containing either parallelly or perpen-
dicularly pre-programmed microgels or a combination of these two in equal
amounts. As a control, cells were cultured in an Anisogel containing 2 vol%
of randomly oriented microgels in the absence of an applied magnetic field.
For each condition (Figure 6.9 A - D), at least four Anisogel samples were
prepared.
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FIGURE 6.9: A - D) Schematics of Anisogels containing microgels pre-aligned in
A) parallel, B) perpendicular, C) a combination of parallel and perpendicular di-
rections, and D) a control hydrogel with randomly distributed microgels.

Cell growth was stopped and analyzed after four days with confocal mi-
croscopy (Figure 6.10). For this purpose, the microgels (red), cell nucleus
(blue) and actin filaments (green) were fluorescently labeled. Figure 6.10
A - D presents 2D low magnification micrographs recorded for the differ-
ent preparations, while Figure 6.10 E - H represents the corresponding 3D
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reconstructions acquired at higher magnification. A closer look at the 3D re-
constructions clearly confirmed that the microgels maintained their orienta-
tion within the Anisogels during the time of the culture (Figure 6.10 E - H). In
all four Anisogel types, the cells grew equally well, and it can easily be seen
from the low magnification micrographs that the orientation of cells in each
preparation follows the microgel orientation. This first impression is verified
by the analysis of the orientation of both microgels and cells, as shown in
Figure 6.10 I - L.
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FIGURE 6.10: A - D) Confocal images of mouse fibroblast cells after four days of
culture in the above Anisogel conditions. At least four samples were imaged per
condition. Scale bars = 200 µm. E - H) 3D reconstructions of 50 µm thick stacks
of the respective culture conditions were recorded at higher magnification. Scale
bars = 50 µm. I - L) Plots of normalized angle distributions of cells and microgels
in the different conditions, respectively, which prove that the cells grow in the
direction(s) determined by the orientation of microgels present in the Anisogels.

The cells are sensitive to the anisotropy of the microgels and grow along
the direction created by the Anisogel as opposed to the scenario in control
samples (Figure 6.10 H, L), where the cells grow randomly in any direction
(Figure 6.10 P). The randomly aligned microgels do not hinder cell growth.
Instead, they allow cells to grow in all directions, similar to the control
condition in the absence of microgels (see Figure A.9). This proves once
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again the importance of microgel alignment in triggering an anisotropic cell
response.

The Anisogels with parallel pre-aligned MNPs (Figure 6.10 A, E) exhibit a
narrow distribution of their orientation (Figure 6.10 I), with cells consistently
following the microgels’ direction. Conversely, perpendicular alignment
shows a less pronounced alignment for both microgels and cells (Fig-
ure 6.10 J). Indeed, these microgels could still rotate around their short axis
during cross-linking of the surrounding matrix of the Anisogel, keeping their
magnetic moment aligned to the field (Figure 6.10 B, F). Cells seem sensitive
to this effect, and although they follow the orientation of the microgels, their
orientation is less defined. The fact that most microgels appear to be mainly
aligned parallel to the surface may be related to the influence of the substrate
and the fact that the confocal micrographs are recorded 20 µm above the
glass substrate. This additional degree of alignment can be considered an
asset as it could allow the extension of the classical unidirectional cell growth
observed in former Anisogels to planar growth.
For Figure 6.10 C,G,K), it is shown that the coexistence of both parallel and
perpendicular pre-programmed microgels does not impede cell growth;
instead, growth is dominant in both directions (Figure 6.10 O). This under-
scores the cells’ ability to detect and respond to multiple directional cues
within the same system, offering the potential for designing more complex
tissue-engineered constructs.

Finally, by combining the dynamic experiments with the cell culture ex-
periments, we were able to achieve the transition of a 2D scaffold into the 3rd
dimension by subjecting a 50/50 mixture of perpendicularly and parallel pre-
aligned microgels (1 vol%) to a rotating magnetic field (70 mT, 10 rpm) for
4 minutes followed by a static field for another 6 minutes during the gelation
process (Figure 6.11 A). For these experiments, the concentration of the acti-
vation enzyme Factor XIII was decreased to slow down the gelation kinetics.
The Anisogel was entirely arrested within 10 min. As a result of the rotating
magnetic field, the perpendicularly pre-aligned microgels "stood up", point-
ing to the z-direction while the parallel microgels rotated in the xy-plane. Af-
ter 4 minutes, the rotation of the magnetic field was stopped to allow the par-
allel pre-aligned microgels to orientate along the field, while the perpendicu-
larly pre-aligned microgels maintained their upright configuration until the
Anisogel was fully cross-linked after 10 min. The cells were allowed to grow
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for 4 days and subsequently imaged by confocal fluorescence microscopy
(Figure 6.11 B, C). While not all perpendicularly pre-aligned rods are per-
fectly upright, the two microgel orientations are clearly visible. It could also
be seen that the cells grew in both directions, demonstrating the potential of
our approach to create a 3D scaffold using a dynamic orientation control of
the perpendicularly pre-aligned microgels and to realize assembly that could
not be achieved with a simple static field.
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FIGURE 6.11: A) Schematics of the orientation of the microgel rods during the
preparation of mixed Anisogels under the application of a rotating field (70 mT,
10 rpm) for 4 min leading to upright perpendicularly pre-aligned microgels (blue)
and the subsequent orientation of the microgels with a parallel pre-alignment
(green) along the field after the engine was stopped for 6 min until the end of
the gelation. B) Confocal micrograph of the Anisogel after cell culture showing
microgels alignment in the y- and z-directions (red) and the directional growth of
fibroblasts (green). C) 3D reconstruction of 50 µm thick stacks recorded at a higher
magnification. Scale bars = 30 µm.

To optimize the 3D microgel alignment, a systematic study of the gelation
parameters is necessary, allowing for fine-tuning this process. In the future, a
combination with 3D printing is envisioned for the creation of scaffolds able
to recreate complex structures such as cartilage for which an upright con-
figuration at the bottom and a planar configuration at the top is desired. In
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vivo experiments have already demonstrated the in vivo applications of the
Anisogels for spinal cord injuries with respect to their low cytotoxicity and
fast gelation preventing dilution of the materials by body fluids [37]. The
high magnetic susceptibility of the presented microgels allows their align-
ment at low magnetic fields that could be generated with electromagnets or
Helmholtz coils.

6.4 Summary and Outlook

Having a high level of spatial control over biomaterial building blocks is cru-
cial for building complex 3D scaffolds via a bottom-up approach. This chap-
ter demonstrates that we can successfully incorporate ellipsoidal maghemite
nanoparticles in a pre-aligned direction during PRINT. The pre-alignment
enables us to pre-program the angle of orientation of anisometric magnetic
microgels inside a static magnetic field and thus obtain microgels with a
defined magnetic dipole. In contrast, previous rod-shaped microgels using
paramagnetic SPIONs as magnetic fillers only orient parallel to the field lines,
with or without SPION pre-alignment. Incorporating and pre-aligning ellip-
soidal maghemite nanoparticles instead provide a higher degree of control
over the orientation of the resulting magnetic microgel rods, depending on
the predefined magnetic dipole orientation. Furthermore, the resulting mi-
crogels respond faster to a shifting magnetic field compared to SPION-loaded
microgels with similar nanoparticle concentrations. Besides the static control
of the orientation, we could demonstrate that the orientation can be altered
dynamically by applying a rotating magnetic field, thereby extending the 2D
orientation to the 3rd dimension. The presented magnetic rotational spec-
troscopy experiment provides a powerful tool to test the adhesive proper-
ties of the microgels with different substrates. Further on, the strategy devel-
oped for the synthesis of these ferromagnetic microgels can be extended to
different materials, shapes and sizes for the design of multi-responsive ac-
tuators, devices and swimmers at the microscale bearing some potential for
the design of therapeutic microbots for non-invasive surgical interventions
[171]. For tissue engineering, mixtures of microgels with different polariza-
tions were added inside an Anisogel, creating alignment in both parallel and
perpendicular directions without hindering each other using static and dy-
namic orientation control. This led to cell alignment in both directions and
opened the opportunity to orthogonally study multiple biochemicals and
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mechanical and physical guiding cues in different directions and potentially
selectively influence the growth of other cell types in co-culture. More sig-
nificantly, static and dynamic control in combination with 3D printing may
offer the possibility of quickly prototyping complex scaffolds with a stratified
structure for functional tissue engineering.
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Chapter 7

Complex-Shaped Magnetic
Microgel Microctuators

7.1 Introduction

Metamaterials, a class of materials with anisotropic properties, have gained
increased attention over the past years. These materials can go beyond a
static function and provide a dynamic response over time by following a pre-
programmed trajectory [172]. To achieve an architected structure, building
blocks with diverse properties are integrated into a single unit or assembled
in a superstructure, responding to diverse stimuli, comprising mechanical
[173], optical [174], electrical [175] and magnetic responsiveness [176–179].
Aside from a static control over the position, these materials allow for spatio-
temporal flow control. A whole new field of autonomous flow control was
introduced through the pioneering work of Beebe et al. [180]. Previously pub-
lished flow control devices range from pH-responsive hydrogel valves [180,
181] over guidable colloids [182, 183] to pumping approaches [70, 71, 184].
The ability to customize the materials is, therefore, of crucial importance.
In this respect, microgels are highly promising materials as they allow free-
form fabrication and are highly tailorable in terms of mechanical and chem-
ical properties and gradients thereof [13, 14, 185, 186]. Implementing mag-
netic responsiveness into microgels is of substantial interest, as the magnetic
field can easily penetrate, e.g., tissue without adverse effects. As an example,
the magnetic response of rod-shaped microgels can be used to remotely con-
trol their orientation during the scaffold build-up to guide cell growth [187].
Besides allowing the control of the structural assembly [19, 37], magnetic re-
sponsive building blocks are ultimately expected to provide the possibility to
study mechanotransduction similar to light-responsive soft hydrogels [20].
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Several examples of the incorporation of magnetic materials into hy-
drogels and microgels by various fabrication methods are reported in the
literature. Anisometric magnetic microgels have been synthesized among
other techniques by particle replication in a non-wetting template (PRINT)
[19, 39, 187, 188], maskless lithography [189] and Stop-Flow Lithography
(SFL) [190–192]. The incorporated magnetic materials are mainly based on
iron oxide [193, 194], more precisely magnetite [188, 190] for example in the
form of superparamagnetic iron oxide nanoparticles (SPIONs) [19], colloidal
nanocrystal clusters [189] or ferrofluids [191]. The magnetic nanoparticles
are often dispersed in the reaction mixture and integrated during the
polymerization of the hydrogels [19, 187, 188]. Magnetic microgel rods
loaded with SPIONs fabricated via PRINT were found to align exclusively
along the magnetic field as a consequence of their shape anisotropy [37]. To
pre-program the magnetic response and predefine the magnetic moment of
the microgels, only a few studies have explored the possibility of fabricating
anisometric microgels under the presence of an external magnetic field [39,
189, 195].

As shown in the previous chapter, magnetically pre-aligned ellipsoidal
MNPs are a versatile alternative to more commonly used magnetic fillers
such as SPIONs for controlling the orientation of microgels. These ellipsoidal
MNPs exhibit a fixed magnetic moment expected along their major axis,
in contrast to the freely rotating magnetic moment of the SPIONs [10, 18].
Therefore, when incorporated with a predefined orientation inside a micro-
gel matrix, the microgel has a fixed overall magnetic moment corresponding
to the alignment of the nanoparticles and dipolar chains they form. Due to
their high magnetic response, permanent magnetic moment and anisotropic
shape, ellipsoidal maghemite MNPs were therefore incorporated into PRINT
rod-shaped microgels. This incorporation allowed for pre-programming
their magnetic properties in 3D under static or rotating magnetic fields,
where the magnetic properties depended directly on the nanoparticle
orientation within the microgels (Chapter 6). However, PRINT is a batch
process that allows the production of only a limited number of microgels
simultaneously, while Stop-Flow Lithography is a high-throughput continu-
ous method.
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In this chapter1, the fabrication of magnetic microgels via SFL is demon-
strated, extending the maghemite-loaded rod-shaped microgels presented in
Chapter 6 to complex-shaped microgels. For this purpose, pre-aligned ellip-
soidal nanoparticles are incorporated into poly(ethylene glycol) diacrylate
(PEG-DA) microgels during the polymerization in a homogeneous magnetic
field created by a Halbach array. Magnetic microgels with different shapes
and MNP content were synthesized. Their magnetic response was investi-
gated under rotating magnetic fields to determine the influence of the micro-
gel shape, the MNP content and the applied magnetic field, taking advantage
of their optical properties. Finally, the applications of anisometric magnetic
microgels as freely rotating actuators and fixed impellers inside a microflu-
idic device are assessed to demonstrate their potential for actuable microflu-
idics.

7.2 Experimental Section

7.2.1 Synthesis and Characterization of Ellipsoidal Maghe-

mite Nanoparticles

The synthesis of the ellipsoidal maghemite nanoparticles is a multi-step pro-
cess of preparing ellipsoidal hematite nanoparticles of a specific size and as-
pect ratio following a procedure previously described by Ocaña et al. [108]
and converting them to maghemite by reduction to magnetite and reoxida-
tion at high temperatures. The preparation is explained in more detail in
Chapter 4. The size of the nanoparticles reveals a long axis dpol of 260 ± 29 nm
and a short axis deq of 51 ± 6 nm. Previous works show that these nanoparti-
cles exhibit a magnetic moment along their long axis and a saturation mag-
netization σS of around 72 A m2 kg-1 [10]. These properties result in a strong

1Steinbeck, L., Braunmiller, D. L., M. Wolff, H. J., Huettche, V., Wang, J., Wessling,
M., Crassous, J. J., & Linkhorst, J. Magnetically Actuable Complex-Shaped Microgels
for Spatio-Temporal Flow Control. Advanced Materials Technologies 2023, 8(14), 2300044.
https://doi.org/10.1002/admt.202300044. The experiments were designed by me and the
other authors. I prepared and characterized the nanoparticles with the help of Andreas
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magnetic response and the formation of dipolar chains within a magnetic
field. Further details on the nanoparticles and their response to magnetic
fields are discussed in Chapter 4.

7.2.2 Fabrication of Microfluidic Chips

The masters for microfluidic chips were fabricated using dip-in laser lithog-
raphy with a two-photon lithography printer (Photonic Professional GT
Printer, Nanoscribe GmbH, Eggenstein-Leopoldshafen, Germany) [196]. Mi-
crofluidic chips were then cast from these masters using soft lithography
techniques [197, 198]. Poly(dimethylsiloxane) (PDMS) (Dow Corning, Syl-
gard 184 plus curing agent, 10:1 (w/w)) was used as chip material, being
poured onto the master and cured at 60 °C overnight. After detaching, the
cured PDMS form was perforated to achieve tubing holes, washed by son-
ication in isopropanol, and dried at atmospheric conditions overnight. Af-
terward, the PDMS form was bonded on a PDMS-coated glass slide (VWR,
52 x 76 x 1 mm, cut to 25 x 25 x 1 mm, ∼ 1 mm thick PDMS layer) by oxy-
gen plasma activation of PDMS and the glass slide (TePla 100 Plasma Sys-
tem, PVA) [196]. The microfluidic channels for fabrication are 15 mm long
(x-direction) and 900 µm (y-direction) wide.

7.2.3 Preparation of the Precursor Solution

The precursor solutions consist of linear poly(ethylene glycol) diacrylate
polymer chains (Mn = 575 Da, with 400 - 600 ppm MEHQ as inhibitor, Sigma
Aldrich), a photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) (≥ 95%, Sigma-Aldrich), and a maghemite dispersion as solvent. Be-
fore addition, the MNP dispersion (batch conc.: 2 g L−1) was ultrasonicated
for 5 min.
For in-chip polymerization, a radical scavenger 4-methoxyphenole (MEHQ)
(purum, ≥ 98%, Sigma-Aldrich) was prepared in a separate vial and added
to the polymer/MNP mixture before mixing with the initiator.

7.2.4 Fabrication of Magnetic Microgels using SFL

Microgels were produced with precursor solutions consisting of 20 wt%
PEG-DA, 0.5 wt% LAP, 0.08 wt% maghemite magnetic nanoparticles (MNPs),
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and water. The microgel fabrication utilized the setup depicted in Fig-
ure 7.1 A, employing Stop-Flow Lithography (SFL) [185] with a Halbach ar-
ray applying a magnetic field of 13 mT. A range of mask shapes and pattern
diameters were employed, including circular rods (7 µm diameter), three-
arm impellers (92 µm outer diameter), and snowflakes (100 µm outer diame-
ter).

Polymerizations were carried out with different radiant powers and ex-
posure times tailored to the mask patterns: rods (1280 mW, 50 ms), im-
pellers (930 mW, 50 ms), and snowflakes (1280 mW, 60 ms). Furthermore,
rod-shaped microgels were fabricated both with and without an applied
magnetic field (13 mT), while impeller microgels were created with varying
MNP contents (0.02 wt%, 0.04 wt%, and 0.16 wt%, in addition to the baseline
0.08 wt%).

Following fabrication, the resulting microgel dispersion was diluted with
water in a 1:1 ratio to halt further reactions and was subsequently stored at 4
◦ C.

7.2.5 Analysis of the Magnetic Response of Microgels

The prepared microgels were cleaned by repeated solvent exchange with wa-
ter. Therefore, microgels were allowed to sediment for 30 min. The super-
natant was removed and replaced with water. This procedure was repeated
five times. To analyze the magnetic response of the microgels, experiments
were conducted inside a rotating magnetic field. These were performed on a
modified Axioscope (Carl Zeiss Microscopy Deutschland GmbH) with a ro-
tational stage driven by a piezoelectric engine (PILine U651.03, Physik Instru-
mente (PI) GmbH & Co. KG). Custom made circular Halbach arrays consist-
ing of different numbers and sizes of neodymium magnets can be mounted
on the rotating stage and were used to apply the magnetic field (Figure A.3).
With this setup, field strengths between 1 - 300 mT and rotation rates of 0.1 -
90 rpm are reached. Standard microscope glass slides (22 x 22 mm, VWR)
used in the experiments were cleaned with isopropanol inside an ultrasonic
bath for 15 min and treated in an ozone oven for an additional 15 min. The
microgel batch (9 µL) is sealed with two Secure-Seal™ Spacers (Invitrogen),
creating a well (0.24 mm height, 9 mm diameter). To analyze the magnetic re-
sponse, cross-polarization microscopy was performed on microgels exposed
to a rotating magnetic field. Therefore, videos (3600 frames, 100 fps) were
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recorded and analyzed regarding the intensity change caused by the mag-
hemite chains inside the microgels. The image analysis was done with Im-
ageJ [130] and a custom-written Matlab routine. For the mean values of ωc,
around 20 microgels were investigated.

7.2.6 Particle Tracking for Flow Manipulation

To track the flow generated by freely rotating microgels, hollow polystyrene
particles [199] were used. The microgels were mixed in a ratio of 1:5 with
the polystyrene particles (batch conc.: 0.09 wt%). The microgels were again
actuated using a piezo-engine with an attached 70 mT Halbach Array rotat-
ing at rotation rates of 10, 20, and 30 rpm. Using a bright field microscope,
3600 frames were recorded at a rate of 100 fps. The image stack was then
processed by considering the minimum intensity of each frame. Since the
particles are dark, this enables direct imaging of their trajectories. The re-
sulting processed micrographs were then inverted, and the LUT changed to
better evidence the different tracer trajectories. For the detailed analysis, the
polystyrene particles were tracked using the tracking software VW-H2MA
(Keyence).

7.2.7 Scanning Electron Microscopy

The samples were prepared by drying 20 µL of the batch on freshly cleaned
silica wafers at room temperature. The wafers were cleaned by ultrason-
ication in isopropanol for 15 minutes and then treated in an ozone oven
for 15 minutes. Scanning electron microscopy (SEM) measurements were
conducted using a JSM-7800F FESEM (Jeol). Secondary electron (SE) micro-
graphs and backscattered electron (BSD) micrographs were captured at vary-
ing acceleration voltages ranging from 5 to 15 keV, depending on the desired
penetration depth.
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7.3 Results and Discussion

7.3.1 Magnetic Microgel Fabrication

The microgels prepared in this chapter are the largest fabricated as part of
this thesis and, therefore, contain the highest amount of magnetic nanopar-
ticles. According to the definition of the magnetic moment discussed in the
previous chapter, this should result in a strong magnetic response suitable
for microactuation.
To fabricate anisometric, magnetically actuable actuators and building
blocks, ellipsoidal maghemite nanoparticles were integrated into complex-
shaped PEG-DA microgels using Stop-Flow Lithography. Therefore, the
MNPs (batch M1 as described in Chapter 4) were mixed into the microgel
precursor solution and pumped into a microfluidic channel, where the flow
was stopped for the illumination time. During the illumination time, the mi-
crogels were formed by cross-linking through UV light. After this stage, the
flow was restarted to flush the produced microgels out of the channel. The
shape and size of the microgels are determined by the mask that limits the
illuminated area. During this phase, the magnetic nanoparticles (MNPs) are
aligned by the magnetic field generated by a Halbach array, as illustrated
schematically in Figure 7.1 A.
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FIGURE 7.1: Fabrication of PEG-DA microgels with integrated maghemite
nanoparticles. A) Setup of the microgel fabrication with the applied shapes and
aligned ellipsoidal maghemite nanoparticles during microgel fabrication: B) rod,
C) impeller, and D) snowflake-shaped microgels. Scale bar = 100 µm.
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The microfluidic chip was positioned at the center of the Halbach array
in all three dimensions to ensure a uniform magnetic field in the polymeriza-
tion area. This setup allows for the control of the Halbach array’s orientation,
enabling the pre-programming of MNP alignment within the microfluidic
channel. As a result, complex-shaped microgels with predefined magnetic
moments can be mass-produced using this technique.

Using this method, rod-, impeller-, and snowflake-shaped microgels were
produced (Figure 7.1 B - D). To show their shape in the micrograph, the rods
were flipped and arranged to lie flat on the surface (xy-plane). Due to the
still-applied magnetic field, the rod-shaped microgels align in the x-direction
perpendicular to the field. This shows the successful pre-alignment of the
MNPs inside the rods and in the precursor solution surrounding the rods, as
visible in the micrograph as dark lines in the y-direction (indicating the field
orientation). Impeller- and snowflake-shaped microgels also align as defined
by their pre-programmed magnetic moment but stay upright due to their
wider shape.

As discussed in the previous chapters, the pre-programmed magnetic
moment is independent of the shape of the microgels but depends on the
MNP pre-alignment within the microgels. In contrast to spherical nanopar-
ticles, the ellipsoidal maghemite nanoparticles have a direction-dependent
magnetic response (Chapter 4). Thus, by integrating ellipsoidal maghemite
nanoparticles into the microgels, the direction of the magnetic moment of
the microgels can be predefined by the applied magnetic field during fabri-
cation. The rod-shaped microgels were fabricated with and without an ap-
plied magnetic field to investigate the influence of the maghemite alignment
within the microgels. The snowflake-shaped microgels were fabricated with
differing polymerization parameters to analyze the influence of fabrication
conditions on the magnetic properties. For the impeller-shaped microgels,
the MNP content was varied to test its effect on the microgels’ magnetic mo-
ment.
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The microgels prepared by SFL are significantly larger than the ones pre-
viously discussed in this thesis. The dimensions are obtained from bright
field microscopy images (Figure 7.2). The cross-section is defined by the mask
used for limiting the UV light, while the height is determined by the chan-
nel height. The snowflakes are with a length l = 95 ± 1 µm, diameter
d = 87 ± 1 µm and a height h = 87 ± 2 µm slightly larger than
the impeller-shaped microgels (l = 80 ± 1 µm, d = 71 ± 2 µm and
h = 95 ± 3 µm).
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d 

FIGURE 7.2: Bright field microscopy micrographs showing snowflake- and
impeller-shaped microgels with different orientations. The microgels are A, D) up-
right and B, C, E, F) tilted to each side. Scale bars: 20 µm.

To check the integration of ellipsoidal maghemite nanoparticles into the
microgels, FESEM micrographs were recorded of impeller-shaped microgels
shown in Figure 7.3. Therefore, the microgel batch (20 µl) was dried on a
freshly cleaned silica wafer. The wafer was sonicated (15 min) in isopropanol
and cleaned in an ozon oven (15 min) afterward. In these micrographs, the
ellipsoidal nanoparticles can be observed in the near vicinity of the microgel
surface and are found to be present as single nanoparticles coexisting with
dipolar chains with only a few free particles at the substrate (see Figure 7.3 B,
C).
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Assembled into dipolar chains, the maghemites are not fully aligned
along the chains but rather tend to associate side-by-side with a tilt with re-
spect to the chain director, as reported in Chapter 4. The single particles, how-
ever, seem to have a preferential alignment along the chains. During drying,
the microgels collapse, and their shape is not fully retained (see Figure 7.3 A,
B).

A B C

FIGURE 7.3: SEM micrographs of dried impeller-shaped microgels with incorpo-
rated ellipsoidal maghemite nanoparticles assembled into dipolar chains. Scale
bars: A) 100 µm, B) 10 µm and C) 1 µm.

Therefore, the alignment of the chains is not fully representative of their
orientation in a swollen microgel. Nevertheless, it can be concluded that the
ellipsoidal nanoparticles are mostly integrated in microgels and oriented or
assembled along the field applied during the fabrication.

7.3.2 Magnetic Responsiveness of Microgels

For these microgels, the magnetic response was analyzed based on their
shape, the pre-alignment of the magnetic nanoparticles, the MNP content,
and the strength of the magnetic field. The pre-alignment of the maghemite
MNPs in the reaction solution plays a crucial role in allowing the microgels
to rotate. The microgel rods that were created without aligning the MNPs,
meaning they were fabricated without a magnetic field, did not uniformly
align with a static magnetic field and only showed a weak magnetic response
to dynamic fields. On the other hand, pre-aligning the nanoparticles signifi-
cantly improved the magnetic response and allowed for the orientation of
the microgels.
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Considering a ferromagnetic system in a Newtonian fluid under a mag-
netic field rotating with the angular frequency ω, the equation of motion
reads:

γ

(
ω +

dα

dt

)
= µB · sinα, (7.1)

where γ is the drag coefficient, α the angle between the magnetic moment
of the system µ and the applied field B. This expression describes the
balance of the torques set by the rotation of the system in the fluid and the
magnetic torque. The system rotates synchronously as long as dα dt−1 ≈ 0,
which allows to define the critical angular frequency ωc = µ B · γ−1. For
ω > ωc, the system can not continuously follow the field and start to tumble.
Hence, the magnetic moment is not able to follow the field, and α becomes
time-dependent. Measuring the field and angular frequency dependence of
ω allows the characterization of the magnetic response of the particles.

An interesting feature of the incorporated nanoparticle chains can be used
to determine the angular frequency of the microgels. As the dipolar chains
formed by the MNPs (Chapter 4) polarize the light, the orientation of the
chains can be determined using cross-polarization microscopy (Figure 7.4 A -
D).
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FIGURE 7.4: Optical analysis of light polarization via magnetic rotation of maghe-
mite MNPs incorporated in snowflake-shaped microgels. A-D) Cross-polarization
micrographs of a microgel with incorporated maghemite chains orientated at dif-
ferent angles θ to the polarizer. The transmitted intensity I changes depending on
α. The blue lines indicate the orientation of the polarizer, and the red lines with the
dot correspond to the orientations of the maghemite chains within the microgel.
Scale bars: 20 µm.

Thereby, a linear polarizer and an analyzer, orientated perpendicular to
each other, are positioned before and after the sample on a microscope.
Light cannot pass through both without being polarized by the sample (Fig-
ure A.4). The intensity IN of the transmitted light depends on the angle α
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between the orientation of the polarizer and the dipolar chains (Figure 7.4 B).
This feature is used to determine the angular frequency by the maxima of the
intensity profile - a full rotation of the microgels with the entrapped maghe-
mite chains is indicated by two larger and two smaller maxima (Figure 7.5 A).
While working perfectly in the synchronous regime (Figure 7.5 B), in the
asymmetric rotation regime, the intensity profile is influenced by the tum-
bling of the microgels (Figure 7.5 C). Depending on the degree of rattling,
additional manual evaluation was performed.
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FIGURE 7.5: A) Intensity IN profile of the rotating microgel normalized on the
maximum and minimum intensity. A full rotation is indicated by two large and
two small maxima at 45° (and 225°) and 135° (and 315°), respectively. B) Intensity
profile of a synchronously rotating microgel with a motor speed f MF and microgel
rotation rate of 66.7 rpm. C) Intensity profile of an asynchronously rotating micro-
gel with a motor speed f MF of 73.3 rpm and a microgel rotation rate of 48.2 rpm.
The additional intensity fluctuation is caused by a tumbling motion of the micro-
gel. The intensity Inb in B and C is normalized by the background of the image.

The rotation behavior of a single impeller-shaped microgel is exemplarily
shown in Figure 7.6. With an increasing rotation rate of the magnetic field
ωMF, the rotation of the microgel ω increases linearly up to the critical rota-
tion rate ωc. This linear increase represents the synchronous rotation regime
in which the microgel rotates synchronously with the magnetic field.

The angle ω between the magnetic torque of the microgel and the orien-
tation of the magnetic field is constant. The rotation behavior changes above
the critical rotation rate. At this point, the microgels start to tumble and,
as a result, ω drops significantly below ωMF. The friction and drag forces
are greater than the magnetic torque in the asynchronous rotation regime
(ωMF > ωc). This increases the angle α between the magnetic field and the
magnetic moment. Before the magnetic field overtakes the magnetic moment,
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FIGURE 7.6: Magnetic response of a single impeller-shaped microgel in depen-
dence on the rotation rate ωMF and strength of the magnetic field. The critical
rotation rate ωc indicates the transition between the synchronous and the asyn-
chronous rotation regime (O).

there is a change in the direction of the microgel rotation. When the mag-
netic field overtakes the magnetic moment of the microgel, another change
in the direction of rotation leads to further rotation in the original direction.
These back-and-forth oscillations are characteristic of the tumbling regime.
The tumbling affects the rotational behavior, but the overall rotation proceeds
in the direction of the magnetic field at a lower rate, which can be determined
as described above.

7.3.3 Influence of Microgel Shape, MNP Content, and Mag-

netic Field Strength on the Magnetic Responsiveness

In addition to ωMF, the magnetic response of the microgels depends on a va-
riety of parameters, for example, magnetic field strength, MNP content, and
shape of the microgels. In order to determine the average magnetic response,
around 20 microgels are considered, and their mean rotation rates ω are sum-
marized in Figure 7.8 & 7.9. Generally, the response of the different microgels
shows larger variations from microgel to microgel for higher microgel rota-
tion rates and field strengths as for the critical rotation rate. Possible reasons
for this variation are different contact areas or gap sizes between microgel
and glass surfaces, as different friction or shear forces influence the rotation
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rates. Furthermore, there might be inhomogeneities in the nanospindle load-
ings inside the microgels due to unavoidable inhomogeneous chain forma-
tion during production. Accordingly, the critical rotation rate ωc was not de-
termined from the mean ω-values but rather from the individual data sets,
as shown in Figure 7.6. The mean critical rotation rate ωC,m was determined
by evaluating the rotational behavior of individual microgels as described in
the previous section. The distribution of ωc varies strongly depending on the
applied field strength, MNP content, and shape (Figure 7.7).
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FIGURE 7.7: Distribution of critical rotation rates ωc of individual microgels. Com-
parison for variations of A) field strength, B) nanoparticle content, and C) shape,
respectively.

With an increasing magnetic field strength B, the mean rotation rate ω of
impeller-shaped microgels with a maghemite loading of 0.08 wt% increases
as shown in Figure 7.8 A. While the data for 6 mT exhibit the above-described
linear increase of the rotation rate in the synchronous regime and a non-
linear decrease in the asynchronous regime, the mean curves for higher field
strengths show a more linear decrease. This linear decay is a result of the
strong variation of ωc for higher field strengths (Figure 7.7 A). The mean
value of ωc increases from 5.3 ± 0.3 rpm at 6 mT to 22.2 ± 1.3 rpm (36 mT)
and 32.2 ± 1.8 rpm (70 mT), respectively. The rotation rate seems to reach
a saturation value at some point above 70 mT, as the difference between 6
and 36 mT with 16.9 rpm is significantly larger than between 36 and 70 mT
(10 rpm).

As the magnetic torque is directly dependent on the mass of the magnetic
material in the microgels, a higher maghemite loading and a larger microgel
shape are expected to increase the magnetic response of the composite micro-
gels. The mean value of ωc at 70 mT of impeller-shaped microgels increases
from 21.5 ± 2.3 rpm with a nanoparticle content of 0.02 wt% to 32.2 ± 1.8 rpm
(0.08 wt%) and 34.2 ± 2.8 rpm (0.16 wt%), respectively. While a higher MNP
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content in the precursor solution increases the microgels’ magnetic response,
it also increases the inhomogeneity of the response to the magnetic field, as
shown in Figure 7.8 B. The transition between the synchronous regime and
asynchronous regime varies stronger for 0.16 wt% than for the lower con-
tents (Figure 7.7 B). The higher contents might lead to a less defined chain
structure inside the microgels, resulting in more inhomogeneous magnetic
properties and a lower effect of the magnetic filler content with respect to the
field.
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FIGURE 7.8: Mean magnetic response of the magnetic microgels (n≈ 20) measured
as their microgel rotation rate ω as a function of the field rotation rate ωMF, with
regard to A) field strength and B) MNP content.

On the one hand, the shape of the produced microgels, as measured by
their volume, influences the magnetic moment. On the other hand, the vis-
cous torque, as well as friction and shear forces at the surface of the micro-
gels, counteract the magnetic torque. For this investigation, impeller- and
snowflake-shaped microgels with the same maghemite loading of 0.08 wt%
are actuated with a magnetic field of 70 mT (Figure 7.9). The magnetic re-
sponse of the snowflake-shaped microgels with a mean critical rotation rate
at 79.8 ± 3.2 rpm is significantly higher than for impeller-shaped microgels
(ωc = 32.2 ± 1.8 rpm).

As the magnetic torque is proportional to the used magnetic material
(Equation 7.1) and thus proportional to the volume of the nanoparticles, the
magnetic response is expected to increase proportionally with the volume of
the microgel. As the snowflake-shaped microgels have an estimated volume
of 178 ± 14 · 103 µm3 and the impeller-shaped of 97 ± 2 · 103 µm3, this relates
to a ratio of around 2:1 and an expected stronger magnetic response of the
snowflakes. The magnetic torque is counteracted by the viscous torque and
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FIGURE 7.9: Mean magnetic response of the different shapes of magnetic micro-
gels (n≈ 20) measured as their microgel rotation rate ω as a function of the field
rotation rate ωMF

.

the frictional and shear forces on the surface of the microgels. The snowflake-
shaped microgels have a surface area on the bottom side of 2138 ± 164 µm2,
while the impeller-shaped microgels have a surface area of 1048 ± 21 µm2,
also suggesting a 2:1 ratio. Since the critical rotation rate is over two times
higher for the snowflake-shaped microgels, the contribution of the magnetic
torque is stronger than the friction forces. As neither of these forces nor the
exact surface of complex shapes like snowflakes can be easily quantified, the
influence of the shape cannot be clarified conclusively at this point.

7.3.4 Flow Manipulation with Actuated Microgels

After analyzing the factors influencing magnetic responsiveness, this sec-
tion explores their potential as microactuators for mixing or pumping by
examining the ability of freely rotating microgels to generate flow. The flow
generated by single magnetic microgels was tested by adding a hollow
polystyrene tracer to the surrounding solution. Details on the synthesis
and characterization of these particles can be found in a previous study
[199]. The impeller geometry was tested using bright field microscopy (see
Figure 7.10 A). For this purpose, standing microgels rotating synchronously
with the magnetic field were analyzed at different rotation rates, as shown
in Figure 7.10 B - D. Three rotation rates were tested: 10, 20, and 30 rpm.
Upon magnetic actuation of the microgel impellers, a large flow centered
around the impellers was observed for a rotation rate of 30 rpm. The
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generated flow was first directly evidenced by the projection of the tracer
trajectories (Figure 7.10 B - D). The tracers were found to follow a circular
trajectory, the tracers at the closest distance from the impellers exhibiting
the largest displacement. Surprisingly, some small periodic oscillations were
observed at the tracer paths of all the videos, possibly resulting from the
hydrodynamic interaction generated by the particles. In literature, similar
"sawtooth" trajectories were reported in the case of a synchronously rotating
particle, generating a pulsed flow [200].

10 rpm 20 rpm 30 rpmB C DA

FIGURE 7.10: Impeller-shaped microgels actuated by a rotating magnetic field.
The impellers rotate synchronously with the magnetic field in water dispersed
with hollow polystyrene tracers. Scale bars = 100 µm. A) Bright-field micrograph
snapshot of an impeller-shaped microgel dispersed with hollow polystyrene trac-
ers. B - D) Corresponding inverted minimum intensity projections computed over
500 frames (5s) illustrate the tracer trajectories.

To properly study the behavior, the tracer positions over all frames were
determined. Only the projected position of the particles in the plane corre-
sponding to the coordinates (xi(t), yi(t)) were considered. The referential
was set at the center of the impeller, and its position over time (x0(t) = 0,
y0(t) = 0) was followed by tracking the position of the impeller arms. After
correcting the tracer positions for the position of the impeller center (Fig-
ure 7.11), the oscillations seen in the raw tracks are still visible. Therefore, the
oscillations are not a product of the off-center rotation of the impeller.
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FIGURE 7.11: Corrected trackings of tracer particles around impellers rotating at
A) 10 rpm, B) 20 rpm, and C) 30 rpm, respectively. The innermost tracers are at-
tached to the microgel and, therefore, rotate at the same rate as the microgel and
as the magnetic field.

The corrected tracer position can be described by the vector r⃗(t) and its
magnitude describes the distance between the tracer and the center of the
impeller (Figure 7.12). It is given by:

r(t) =
√

x(t)2 + y(t)2 (7.2)

The tracer distance r(t) changes periodically with the time due to the
oscillations of the tracer. For large distances, the frequency of the oscillations
matches the rotation of the impeller. In dependence on the rotation rate of
the impeller, the oscillation frequencies of the tracers increase while still
matching the rotation rate for large distances. Similar observations were
made on rotating snowflakes.
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FIGURE 7.12: The distance r(t) of the tracer particles is periodically fluctuating
over the time for all used ωMF A) 10 rpm, B 20 rpm, and C) 30 rpm. The frequency
for long distances corresponds to the impeller rotation rate.
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The distance p(t) a tracer moves in a time interval ∆t can be described by
the magnitude of the vector between the tracer position Tt and the new tracer
position Tt+∆t.

p(t) =
√
(x(t + ∆t)− x(t))2 + (y(t + ∆t)− y(t))2 (7.3)

The relative angular displacement of the tracers after ∆t is:

δ = arccos
r(t)2 + r(t + ∆t)2 − p(t)2)

(2 · r(t) · r(t + ∆t))
(7.4)

The angular tracer velocity is then defined as:

ωT = ⟨ δ

∆t
⟩ (7.5)

The average tracer velocity for about 15-20 tracers was calculated, which
were located at different distances from the center of the impeller. Figure 7.13
shows the average tracer velocities ωT over the distances of the tracers r(t)
for different magnetic field rotation rates. The angular velocity first quickly
decreases to a distance of about 200 µm and then seems to become constant
for all ωMF.
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FIGURE 7.13: The average tracer velocity ωT decreases strongly with the distance
to the impeller center until a plateau is reached at 200 µm. Afterwards, ωT stabi-
lizes around 0.5 rpm for all used field rotation rates 10 rpm, 20 rpm, and 30 rpm.
The dotted lines indicate the size of the body and the arms of the impeller, respec-
tively.
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While the ’sawtooth’ tracer trajectories highlight complexities that require
further study in future works, the strong local flow generated by the micro-
gels demonstrates their potential and suggests possible applications as in-
chip microactuators.

7.3.5 In-Chip Microactuator

The implementation of MMGs as in-chip impellers within a microfluidic chip
was accomplished by directly integrating them via SFL around PDMS pillars.
The pillars act as fixation points for the impellers, enabling their rotation
around a fixed axis. To create a microfluidic chip with integrated impeller-
shaped MMGs, we fabricated a PDMS microchannel featuring square lattice
arrangements of pillars, as depicted in Figure 7.14 A.
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FIGURE 7.14: Actuable microfluidics and rotation analysis. A) SEM micrograph of
the microfluidic channel with PDMS pillars. B) Time series of clockwise rotating
impellers around pillars in-chip. C) SEM micrograph of the microfluidic pump
housing. D) Incorporated impellers in housing showing a time series of clockwise
in-chip rotation.

This design facilitates the fixation and rotation of the impellers around
their axes while they remain inside the channel. The freedom of rotation
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around the pillars was assured through the oxygen inhibition layer, hinder-
ing the cross-linking of the PEG-DA in the close vicinity of the PDMS. Fur-
thermore, the system development is accomplished in a single step by posi-
tioning the magnetic microgels in any desired shape inside the chip following
the microfluidic channel fabrication.

Additionally, we engineered an alternate microfluidic chip design to
achieve both mixing and pumping functions (Figure 7.14 C). By reducing
the number of pillars and integrating pump housings into every second row
of the remaining pillars, alternating areas of pumping and mixing were gen-
erated within the channel. The fabrication process was carried out using the
same technique for both designs. Impeller-shaped MMGs were successfully
integrated into these pump housings. Despite higher PDMS content at pump-
ing regions resulting in increased shear rates during fluid exchange, the im-
pellers effectively rotated at up to 10 rpm — the same rotation rate as the
magnetic field (Figure 7.14 D). The versatility of this novel active microfluidic
system is illustrated by the combination of mixing and pumping functions,
which can be easily adapted for various applications by modifying the mi-
crofluidic master design without additional fabrication process adjustments.

7.4 Summary and Outlook

In this chapter, a thorough investigation of large complex-shaped MMGs,
their magnetic properties and their ability to be used for spatio-temporal
flow control on the way to soft metamaterials is presented. By incorporating
maghemite MNPs into a non-magnetic PEG-DA microgel matric during the
high throughput fabrication using Stop-Flow Lithography, highly magnetic
hybrid microgels with pre-programmed magnetic properties were produced.
Shape and size can be customized by the mask used in the setup, including
but not limited to the snowflakes and impeller presented here. Employing
an external magnetic field, a magnetic actuation of the microgels can be
conducted, creating a fully remote controllable system.

To study the magnetic responsiveness of these microgels, experiments
were conducted under a rotating magnetic field, examining how MNP
alignment, microgel shape, MNP content, and magnetic field strength
affected the actuation performance. Results revealed that microgels with
pre-aligned MNPs exhibited significantly stronger magnetic responses
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compared to those with non-aligned MNPs, highlighting the critical role of
MNP alignment in enhancing microgel responsiveness to magnetic fields.
While stronger magnetic field strengths and larger amounts of MNP tend to
result in a stronger magnetic response, both parameters seem to reach a sat-
uration value beyond which the improvement diminishes. The experiments
have demonstrated that these microgels can act as local microactuators,
generating strong flows when stimulated by a magnetic field, making them
promising candidates for applications in microfluidics and micro-pumping.
Building upon their magnetic responsiveness, these microgels were inte-
grated into a functional microfluidic system by fabricating them around
PDMS pillars fixed inside a microfluidic channel. On the one hand, the pillars
work as a fixed rotation axis. On the other hand, it prevents the microgels
from sticking to the pillars due to the oxygen inhibit layer preventing cross-
linking of the polymer in the surrounding area. These magnetic microgel
(MMG) microactuators can be remote-controlled to mix their surroundings,
facilitating precise remote flow control.

The development of an active microfluidic system based on SFL-
fabricated magnetic microgels represents a significant advancement in the
field of lab-on-a-chip technologies and microsystems engineering. These
magnetically responsive, biocompatible microstructures can be custom-
designed in various elongated 2D shapes, opening up exciting possibilities
for applications in tissue engineering. Future research should focus on as-
sembling these magnetic microgels into scaffolds to investigate the impact
of their inherent macroporosity and directionality on cell growth and re-
sponses to actuation patterns. Moreover, the ability to manipulate individual
magnetic microgels in a rotating field at the single-microgel level paves the
way for micro-scale mixing and the application of these structures in micro-
rheometry, enabling the study of complex fluids. The potential applications
of this technology extend beyond tissue engineering and include biomechan-
ical analysis of proliferating tissues and other mechanobiological investiga-
tions. Additionally, the precise positioning of the microgel’s axis of rotation
within a microfluidic chip provides an opportunity to create more advanced
designs incorporating movable and actuable elements for various applica-
tions, such as microfluidic valves, pumps, or particle sorting systems. The
versatility and customizability of this platform offer significant potential for
advancing research in numerous fields, including materials science, chemical
engineering, biomedical engineering, and more.
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Chapter 8

Summary and Outlook

This thesis explores the development and analysis of magnetic hybrid mi-
crogels (MMGs) with varied sizes and shapes, possessing pre-programmable
magnetic properties. The research investigates these magnetic properties and
their potential applications in a range of areas, including the anisotropic
nanoparticle cores (Chapter 4), a colloidal magnetic microgel system (Chap-
ters 4 and 5), rod-shaped microgels as building blocks for tissue engineering
(Chapter 6), and large complex-shaped microgels as microactuators (Chap-
ter 7).

8.1 Summary

In this thesis, ellipsoidal iron oxide nanoparticles were integrated into
various microgel shells. The results show that these nanoparticles are
excellent base materials for creating functional magnetic materials. It has
been demonstrated that the magnetic nanoparticles (MNPs) used become
highly magnetic when converted from hematite to maghemite and form
dipolar chains when exposed to even a weak magnetic field. Depending on
the magnetic field strength and the shell thickness, the dipolar interactions
between the MNPs change. For bare MNPs, the dipolar interactions lead to
complex ribbon-like assembly in magnetic fields. In contrast, silica-coated
ones and MMGs form tip-to-tip chains with an increasing interparticle
distance. In Chapter 4, a combination of imaging and scattering techniques,
including transmission electron microscopy (TEM), dynamic light scattering
(DLS), and small-angle X-ray scattering (SAXS), was employed to assess
the dimensions, dynamics, and aspect ratios of the different components of
silica-coated ellipsoidal MNPs. The synthesis of a magnetic hybrid microgel
system with an MNP core and a thermoresponsive PNIPAm microgel shell
was conducted, and the system was characterized. These MMGs possess
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similar magnetic properties to the MNPs, except for their dipolar interac-
tions, which are significantly weaker due to the thicker non-magnetic shell.

The significance of employing magnetic core-shell microgels as a model
system to investigate the complex phase behavior and dynamics within
concentrated soft colloidal systems has been demonstrated in Chapter 5.
The application of magnetic fields facilitates the alignment of these mi-
crogels, leading to valuable insights into their structural organization and
interactions. The phase behavior of anisotropic microgels in the absence
of a magnetic field shows random orientation in both the diluted regime
and beyond the glass transition, except in the case of plastic crystals that
form at 5 wt%. These plastic crystals display local crystalline domains,
though they lack long-range order. Consecutively, this chapter focused
on structuring MMGs with two methods: magnetic fields and flow. When
subjected to unidirectional drying, anisotropic microgels display structural
changes due to their shape. In a drying cell setup, where fluid is withdrawn
from the reservoir by evaporating at a capillary tip, anisotropic microgels
self-assemble perpendicular to the flow, forming strongly compressed
nematic phases.
Similar alignment can be achieved when exposed to a static magnetic field,
as the microgels align strongly with the field orientation up to the glass
transition, at which the "frozen" structure hinders the re-arrangement of
the microgels due to interparticle contact and compression of the microgel
shell. Dynamic SAXS measurements were conducted to determine the
glass transition, leveraging the magnetic properties of the MNPs and their
intrinsic anisotropy to determine the transition from a freely rotating system
toward a fully arrested glass. When exposing the samples to a dynamic
magnetic field, SAXS measurements were used to study the response of the
microgels, allowing to differentiate between their rotation regimes. Rotation
and relaxation experiments were used to determine the glass transition but
also show an interesting feature, as the results indicate the free rotation of
some particles inside the arrested microgel matrix. These "rattlers" are free
to rotate at the maximum rotation rate, faster than the collective rotation at
lower concentrations. In conclusion, small magnetic hybrid microgels hold
great potential as tracer particles and probes, offering unique insights into
local dynamics both in bulk and at surfaces, as well as serving as effective
models for studying complex systems like colloidal spin glasses.



8.1. Summary 139

Advancing towards larger microgel systems, we have demonstrated
that the ability to achieve a high level of spatial control over biomaterial
building blocks is essential for constructing complex 3D scaffolds through
a bottom-up approach. In Chapter 6, MMGs based on incorporated dipolar
chains instead of single MNPs have been studied with pre-programmed
magnetic properties. The pre-alignment of MNPs enables the predefining of
the orientation of anisometric magnetic microgels inside a static magnetic
field and, thus, obtaining microgels with a defined magnetic moment. This
represents a significant advantage over comparable rod-shaped microgels
using paramagnetic SPIONs as magnetic fillers, providing a higher de-
gree of control over the microgel orientation and a faster response to a
shifting magnetic field compared to SPION-loaded microgels with similar
nanoparticle concentrations. Besides the static control of the orientation,
we could demonstrate that the orientation can be altered dynamically by
applying a rotating magnetic field, thereby extending the 2D orientation
to the third dimension. For tissue engineering, mixtures of microgels with
different polarizations were added inside an Anisogel, creating alignment
in both parallel and perpendicular directions without hindering each other
using static and dynamic orientation control. A natural extension of using
MMGs as building blocks for bottom-up scaffolds in tissue engineering is
their potential application in microactuation, where their responsiveness
to external magnetic fields can be harnessed to induce controlled, dynamic
movements for advanced biomedical devices.

At the upper end of the size scale of what can still be considered mi-
crogels, Chapter 7 provides an in-depth examination of complex-shaped
MMGs and unveils a system enabling the manipulation and direction of
fluid flow by remotely controlling their location and movement using an
external magnetic field. Magnetic actuation of the microgels was achieved
by integrating dipolar chains of MNPs into the precursor solution, followed
by microfluidic fabrication using stop-flow lithography. The study system-
atically explored how various factors affect microgel actuation, including
maghemite alignment, polymerization conditions, microgel shape, MNP
content, and magnetic field strength. These findings establish a foundation
for leveraging magnetic microgels in applications such as micrometer-scale
stirring and mixing. When overcoming the adhesive forces of microgels,
these MMGs provide a strong local flow creation, with proof of concept
experiments of in-chip fabrications of integrated magnetic impeller-shaped
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microgels to actively mix their surrounding fluid inside a microfluidic
channel, thus enabling spatiotemporal flow control remotely actuated by a
rotating magnetic field.

Overall, maghemite MNPs have proven to be a strong basis for the full
range of hybrid magnetic microgels, allowing the pre-programming of static
and dynamic properties of simple and complex, small and large microgels.
The microgel shell allows the further functionalization and design of hybrid
systems tailored for various applications.
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8.2 Outlook

On the fundament of this thesis, further studies can explore a range of
possible applications in a range of fields.

Using the thermoresponsiveness of small single-core MMGs, the shell
thickness can be tuned to analyze the dipolar interaction in greater detail, as
dipolar interactions are strongly sensitive to the distance between the MNPs.
An intriguing outcome of this research could be defining the transition
temperature at which dipolar chains transform into individual particles
and understanding the particle distance at which dipolar interactions are
completely suppressed. Through this knowledge, an MMG system could be
derived that forms dipolar chains in the collapsed state above the VPTT, with
the possibility of breaking the dipolar chains through swelling the microgel
shell. To reach such a system, an MMG system with a thicker microgel
shell should be synthesized, as the studied system does not provide fully
separated Microgels for swollen microgels.
The concept of colloidal "spin glasses" was introduced in this context. Spin
glasses exhibit a glassy state with frozen magnetic moments, analogous to
a colloidal glass from microgels with randomly oriented anisotropic MNPs.
In microgels, these states can form due to interparticle interactions at the
jamming transition and the presence of anisotropic MNPs. Studying the
melting of such colloidal spin glasses allows us to evaluate the reversibility
of the "freezing" of the "magnetic spins", giving additional insights into the
jamming behavior of microgels. The proof-of-concept experiments at the
air/water interface should also be expanded.
These revealed a highly structured arrangement on a local level independent
of the magnetic field. By fine-tuning experimental conditions, it may be
possible to achieve stronger magnetic alignments and fully exploit the
unique properties of magnetically actuable microgels at interfaces. Including
exploring the potential applications of these particles as micro tracers at
interfaces and in bulk, delving deeper into the role of magnetic interactions
within microgel glasses, and investigating the relationship between orienta-
tion, structure and dynamics in anisotropic magnetic microgels.

Building on the findings from the colloidal magnetic microgels, the in-
vestigated rod-shaped MMGs hold significant promise for their applications
in biomedicine and tissue engineering. The presented magnetic rotational
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spectroscopy experiments provide a powerful tool to test the adhesive
properties of the microgels with different substrates. While this thesis only
briefly dips into three-dimensional scaffolds, it provides a basis for the
development of bottom-up scaffolds for tissue. The combination of our new
maghemite microgels and classical SPION microgels could be used to create
complex scaffolds for cells growing in different directions comparable in
natural tissues such as cartilage.
More significantly, static and dynamic control in combination with 3D
printing may offer the possibility of quickly prototyping complex scaffolds
with a stratified structure for functional tissue engineering. The mixing
of differently pre-programmed microgels led to cell alignment in both
directions and opens up the opportunity to orthogonally study multiple
biochemicals and mechanical and physical guiding cues in different direc-
tions and potentially selectively influence the growth of different cell types
in co-culture. Further on, the strategy developed for the synthesis of these
pre-programmed MMGs can be extended to different materials, shapes, and
sizes for the design of multi-responsive actuators, devices and swimmers
at the microscale bearing some potential for the design of therapeutic
microbots for non-invasive surgical interventions.

While the first two MMG systems developed in this thesis are produced
in batch processes, SFL allows for the mass production of MMGs with pre-
programmed magnetic properties. Magnetic microgels produced via SFL
hold immense potential in microactuation, especially with the new technique
of in-position fabrication, enabling the development of advanced microscale
devices such as dynamic microfluidic pumps, valves, and particle sorting
systems. These microgels can be precisely manipulated to create versatile,
actuable elements in lab-on-a-chip technologies by leveraging their respon-
siveness to magnetic fields. Furthermore, their unique properties facilitate
micro-scale mixing and rheometry, allowing researchers to study complex
fluids and enhance biochemical processes. Beyond fluidics, magnetic micro-
gels can be tailored for mechanobiological studies, offering new tools to in-
vestigate the biomechanics of proliferating tissues under controlled mechan-
ical stimuli.
These materials’ biocompatibility and ability to be custom-shaped into elon-
gated two-dimensional forms make them excellent candidates for tissue en-
gineering applications. For instance, these microgels can be assembled into
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scaffolds with inherent macroporosity, enhance cell proliferation, and pro-
mote directional growth. These characteristics also allow researchers to ex-
plore how cells respond to various external actuation patterns, potentially
revolutionizing how specialized tissues are developed in vitro. Additionally,
magnetic microgels can play a crucial role in creating advanced metamate-
rials with adjustable mechanical and magnetic properties, opening up new
avenues for innovation in bioengineering and materials science. This versa-
tile technology effectively bridges fundamental research and practical appli-
cations in cutting-edge fields.
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Appendix

Magnetic Sample Environment for the CoSAXS Beamline

A custom-developed sample environment was used for the magnetic SAXS
experiments at the CoSAXS beamline. The setup includes a 3D-printed base
plate, a piezoelectric engine, attachable Halbach arrays of different strengths,
and a sample holder (Figures A.1 & A.2).

FIGURE A.1: A 3D model of the setup used on the CoSAXS beamline at Max IV
Laboratory is presented. The setup includes a 3D-printed baseplate (yellow), a
piezoelectric engine PILine U651.03 (green), and a thermostated sample holder
made of aluminum (grey). It can be equipped with circular Halbach arrays of vary-
ing strengths (blue). All measurements are provided in millimeters.
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The piezoelectric engine allows for a maximal rotation rate of 90 rpm,
and the setup is compatible with Halbach arrays with field strengths ranging
from 1 - 70 mT. Details on the used Halbach arrays can be found in the Ap-
pendix. With this sample environment, static and dynamic magnetic fields
can be applied.

FIGURE A.2: Detailed view of the baseplate designed for the CoSAXS beamline.
All measurements are provided in millimeters.
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Halbach Arrays

Halbach arrays provide an efficient and cost-effective means of generating
homogeneous magnetic fields from weak individual magnets. Additionally,
their modular design enables a lightweight and flexible setup for creating
magnetic fields. There are several types of Halbach arrays, including linear
and circular configurations, which differ in their arrangement of magnets. As
demonstrated in Figure A.3, the strategic placement of small cubic magnets
can create a stronger, homogeneous magnetic field at the center of the array.
This phenomenon is attributed to the design of the Halbach array, strength-
ening the magnetic flux density on the inside of the array while weakening it
on the other side [201–203].

α

B

z

FIGURE A.3: Schematic of circular Halbach Arrays made up of individual cubic
magnets, each with an orientation angle α position at a distance z from the array’s
center.

The magnetic flux density H of such a Halbach array is dependent on the
magnetic remanence Br, the magnetic flux density of the single cubic magnets
B1M and the geometric factor fGeo (Equation A.1).

H = Br · B1M · fGeo (A.1)

The magnetic flux density of a single magnet at a given distance z from the
magnet is influenced by its shape and size. When dealing with cubic magnets
that have an edge length aM the magnetic field generated by a single magnet
located at the center of the array can be derived (see Equation A.2) [204].

B1M = Br
π

[
arctan

(
2aM

2z
√

4z2+2a2
M

)
− arctan

(
2aM

2(aM+z)
√

4(aM+z)2+2a2
M

)]
(A.2)
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When considering the building type and magnet orientation, a geometric
factor fGeo is applied to account for their impact on the magnetic field. For
the specific configuration employed in this study, fGeo can be calculated us-
ing Equation A.3, which relates the number of magnets N and their angular
orientation α. The arrangement of individual magnets plays a pivotal role in
shaping the homogeneity and strength of the magnetic field at the array’s
center.

fGeo =
N

∑
i=1

cos(αi) (A.3)

The casings of the Halbach arrays were 3D printed using polylactic acid
(PLA) with an Anycubic i3 Mega printer, incorporating cubic neodymium
magnets coated in nickel-copper of varying sizes.
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Crosspolarisation Setup

Aligned ellipsoidal maghemite particles can polarize light based on their ori-
entation. This property allows for the investigation of maghemite particle
alignment through simple cross-polarization experiments. In this setup, two
polarizers are positioned before and after the sample. Light can pass through
the first polarizer only if it is polarized in a specific direction, meaning that
only linearly polarized light enters the sample. The second polarizer is ori-
ented at a 90-degree angle relative to the first polarizer, preventing direct
transmission through the combined polarization setup. As a result, only light
that is additionally polarized by the sample can be detected.

The intensity of the transmitted light varies according to the orientation
of the maghemite particles. The system is calibrated using a standard
maghemite sample and a 70 mT Halbach array, which is designed to achieve
maximum intensity at 0 degrees (aligned parallel to the magnetic field
generated by the Helmholtz coils).

linear
polarizers

linear
polarized
light 

B CA

FIGURE A.4: A) Setup for cross-polarization microscopy experiments combined
with a rotational Halbach array for rotational magnetic fields. B) With a 90◦ off-
set between two linear polarisers, light passing through both is blocked by the
second polariser. C) When aligned nanoparticles additionally polarise linear po-
larised light, it is not blocked by the second polariser, allowing the use of the in-
tensity to track the orientation of the particle alignment.



xxii

SasView Fitting Parameter

Detailed fitting parameter corresponding to SasView Fits, displayed in chap-
ter 4.

TABLE A.1: SasView fit parameter for a core-shell ellipsoid for Figure 4.3

ES_H SC_H SCH
scale 5.99E-04 1.13E-03 1.44E-03
background 0.73 0.01 0.25
r_eq 233 233 233
x_core 5.33 5.33 5.33
thick_shell 0 263 263
x_polar_shell 0.00 0.70 0.70
sld_core 43.2 9.42 43.2
sld_shell 9.42 21.2 21.2
sld_solvent 9.42 9.42 9.42
radius_equat_core.width 0.16 0.18 0.18
radius_equat_core.nsigmas 1 1 1
radius_equat_core.npts 0 0 0
x_core.width 0.16 0.18 0.18
x_core.nsigmas 1 1 1
x_core.npts 0 0 0
thick_shell.width 0.0125 0 0.1
thick_shell.nsigmas 1 1 1
thick_shell.npts 0 0 0
x_polar_shell.width 0.0125 0 0
x_polar_shell.nsigmas 1 1 1
x_polar_shell.npts 0 0 0
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TABLE A.2: SasView fit parameter for Figure 4.14

ES_M Pores SM-1
scale 3.34e-05 3.45e-06 7.38e-05
background 0 0 0
r_eq 233 95 233
x_core 5.33 0.42 5.33
thick_shell 0 0 230
x_polar_shell 0 0 0.8
sld_core 39.9 9.42 39.9
sld_shell 9.42 0 17
sld_solvent 9.42 17 9.42
radius_equat_core.width 0.15 0.15 0.18
radius_equat_core.nsigmas 1 1 1
radius_equat_core.npts 0 0 0
x_core.width 0.15 0.15 0.18
x_core.nsigmas 1 1 1
x_core.npts 0 0 0
thick_shell.width 0 0 0.1
thick_shell.nsigmas 1 1 1
thick_shell.npts 0 0 0
x_polar_shell.width 0 0 0
x_polar_shell.nsigmas 1 1 1
x_polar_shell.npts 0 0 0
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Concentration Series without Magnetic Field

Detailed peak characteristics are determined by fitting the structure peak
with a Gaussian fit (Equation 5.2) for the concentration series 0.1 - 15 wt%.
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FIGURE A.5: Detailed peak characteristics of the structure peak changing with
concentration: A) Peak position, B) intensity of the structure peak S(qmax) and C)
structure peak width.
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Radial distribution function derived from confocal images of plastic crys-
tals containing 5 wt% deionized magnetic microgel.
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FIGURE A.6: The radial distribution function of SM-1 microgels crystalising at
5 wt% (deionized).
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Drying Cell Experiments

Detailed peak characteristics are determined by fitting the structure peak
with a Gaussian fit (Equation 5.2) for the drying cell at the distance dfront

from the capillary tip.
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FIGURE A.7: Characteristics of the structure peak determined from fit data, visual-
izing the A) peak position, B) intensity of the structure peak S(qmax), and C) peak
width in dependence of the distance from the capillary tip.
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Relaxation Experiments using with Microgels with incorpo-

rated SPIONs
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FIGURE A.8: A) SEM image of SPIONs forming strings in water along the field
lines and dried under a 70 mT magnetic field. Scale bar = 5 µm. B) Time-resolved
relaxation curves after a 90° shift of the magnetic field for microgels and rods with
randomly distributed SPIONs. The individual fits are indicated by the cyan lines,
while the red lines indicate the mean fit derived from the fit parameters. C) The
mean fit curves are used to indicate the relaxation process of magnetic microgel
based on SPIONs and ellipsoidal maghemite nanoparticles. When comparing mi-
crogels with the same weight content of nanoparticles, the maghemite-based ma-
terials show a faster re-orientation. The dashed lines indicate the standard errors.
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Cell Culture in the Absence of Rod-Shaped Microgels

As an additional control, an Anisogel completely without rod-shaped micro-
gels was prepared. When analyzing as discussed in Chapter 6, no preferred
orientation of the cell growth could be detected, indicating an omnidirec-
tional cell growth without the directional properties of the microgels.
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FIGURE A.9: A) Confocal micrograph of mouse fibroblasts after 4 days of culture
in PEG hydrogel in the absence of any microgels. Scale bar = 200 µm. B) The ori-
entation distribution plot of cells in PEG hydrogel shows a random distribution of
cells.
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