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Pre-Programmed Rod-Shaped Microgels to Create
Multi-Directional Anisogels for 3D Tissue Engineering
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Micron-scale anisometric microgels have received increasing attention

to replace macromolecule solutions to create injectable 3D regenerative
hydrogels. Interlinking these rod-shaped microgels results in microporous
constructs, while incorporating magnetic nanoparticles inside the microgels
enables their alignment to introduce directionality. This report demonstrates
that the angle of microgel alignment in a static external magnetic field can

be pre-programmed, broadening their applicability to artificially assemble
into specific architectures. The magnetic rod-shaped polyethylene glycol
microgels are prepared via in mold polymerization. Ellipsoidal maghemite
nanoparticles, integrated as responsive fillers are pre-aligned either parallel
or orthogonal to the long axis of the microgel with a weak magnetic field
during rod fabrication to implement additional control over their magnetic
orientation and allow their precise manipulation and actuation. The magnetic
response of the microgels to static and rotating magnetic fields is discussed
depending on various process and design parameters, such as magnetic field

strength, angular frequency, and pre-alignment. Finally, the applicability of the

approach for tissue engineering is highlighted by growing mouse fibroblasts
in three dimensions within Anisogels, i. e., hydrogels containing a mixture
of rods with both a parallel and orthogonal orientation, marking a new step
toward more advanced functional cell templating for tissue engineering.

engineering and regenerative medicine,
an increasing focus has been laid on culti-
vating cells inside 3D scaffolds to stimulate
and guide cell growth in a unidirectional
manner. Many different functional tissues
need unidirectional cell structures to sustain
their functionsP®! for example cardiac
cells for heart beat,® cartilage either for
reinforcement or reduced friction”! and
nerve cells for axon growth.B! To support
the formation of these unilateral structures,
directional scaffolds can be used.””) Multiple
approaches are possible to create such scaf-
folds, like using electrospun fibers,'% struc-
tured hydrogels,¥ or introducing magnetic
properties into hydrogels or anisometric
microgels inside Anisogels.'?l The use of
magnetic fields enables spatial manipu-
lation of material building blocks after
injection, artificially recreating the aligned
extracellular matrix (ECM) naturally
surrounding the cells.'»1213] Microgels are
often proposed to be self-assembled into
scaffolds in a bottom-up manner.'2 They
consist of nano- to micrometer sized cross-
linked polymer networks with a wide range

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 micro-
fluidics, over soft robotics? and implant development,l! to
self-assembly for tissue engineering.™ In the field of tissue

of properties.™ Depending on the used monomers or precursor
molecules, cross-linking density, or possible filler materials,
microgels can be softer or stiffer,’® stimuli-responsive,22151]
and more or less permeable.”] 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.!®]
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Previous works have already shown the use of microgel
building blocks to grow cells inside,’l on the surface, or in
between interlinked®” or magnetically aligned microgels.?!l On
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.®221221 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 vivol'® and in vivo.'3®l The microgels are prepared via an
in-mold polymerization technique based on particles replica-
tion in a non-wetting template (PRINT) from polyethylene
glycol (PEG) mixed with superparamagnetic iron oxide nano-
particles (SPION) as a reactive filler.'>13] As SPIONs are super-
paramagnetic nanoparticles with a rotatable magnetic moment,
the anisometry of the microgel rods in combination with the
interaction of the SPIONs allows for orientation of the rod-
shaped microgels with their long axis along an external mag-
netic field, depending on their size and stiffness, the amount
of embedded SPIONSs, the magnetic field strength, and the
viscosity of the surrounding fluid."*®! 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<l may require additional control over the orientation
at different angles that could be achieved by mixing differently
pre-programmed microgels. Therefore, microgels, for which
their angle of alignment can be magnetically pre-programmed,
can further provide new opportunities to hierarchically struc-
ture biomaterial systems.

In this study, ellipsoidal maghemite nanoparticles are
employed to introduce variable magnetic properties into aniso-
tropic magnetic microgels. o~Fe,0; hematite spindles were first
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converted into pFe,O; maghemite spindles with ferrimagnetic
properties at room temperature with a fixed magnetic moment
oriented along their long axis.”} Applying an external mag-
netic field onto these nanoparticles, they first align themselves
along the magnetic field. At a sufficiently strong magnetic field,
the nanoparticles further form dipolar chains.?! To integrate a
specific magnetic moment into the microgels, the ellipsoidal
nanoparticles are pre-aligned by applying a homogeneous mag-
netic field during the PRINT micro-fabrication of the microgels
as summarized in Figure 1. Herein, we report that the orienta-
tion and response of the microgels to the magnetic field can be
efficiently controlled depending on the pre-alignment condi-
tions of the ellipsoidal maghemite nanoparticles. The integra-
tion of the nanoparticles was investigated via scanning electron
microscopy (SEM). The dynamic magnetic response of the
rod-shaped PRINT microgels was analyzed from their
response to a rotating homogeneous magnetic field. There-
fore, we adapted a bright field microscope with a custom-
designed piezoelectric rotating stage fitted with circular
Halbach arrays of different field strengths. Having demon-
strated that the composite microgels could align either parallel
or perpendicular to the applied field, their applicability for tissue
engineering was further tested using both static and rotating
magnetic fields. Hereby, the directional growth of fibroblasts
within Anisogels is investigated, where 3D constructs containing
mixture of pre-programmed microgels with a parallel and per-
pendicular orientation lead to cell alignment in both directions.

2. Results and Discussion

2.1. Ellipsoidal Maghemite Nanoparticles

The maghemite spindles used as anisotropic magnetic fillers
are obtained from the conversion of silica-coated hematite
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Figure 1. Fabrication of magnetic rod-shaped composite microgels via PRINT with different pre-alignment of the ellipsoidal nanoparticles. Step 1,
Molding: PDMS molds with micron-scale cavities shown in the center of the photograph are filled with a dispersion containing PEG-DA, maghemite
nanoparticles, 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 Halbach array (see photograph) applied either parallel or perpendicular to the rod long axis. Step 3, Harvesting: Following the pre-alignment
conditions, three distinct systems are obtained after harvesting the cured composite microgel rods: no field microgels, parallel and perpendicular
pre-programmed microgels.
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spindles into maghemite. The spindles are then redispersed
by etching the silica shell under alkaline conditions. The
synthesis of the particles, their conversion, and redispersion
are detailed in the Figure S1 (Supporting Information). The
initial characterization of the maghemite nanoparticles is
carried out by various microscopy and scattering methods
(Figure S2, Supporting Information). The average length of the
nanoparticles determined from the statistical analysis of trans-
mission electron microscopy (TEM) micrographs was deter-
mined at 260 = 29 nm and the average diameter at 51+ 6 nm.
The stability of the maghemite aqueous dispersion was tested
by dynamic light scattering (DLS) and the measured diffu-
sion coefficient was compared to the expected value calculated
based on the dimensions determined from the TEM analysis
as proposed by Martchenko et al.?!l The apparent isotropic dif-
fusion of 3.65 um? s at 25 °C (DLS) is in close match with the
calculated value of 3.73 um? s™! asserting for the proper disper-
sion of the maghemite. In literature, the magnetic moment of
the ellipsoidal maghemite nanoparticles is assumed to point
along the long axis.’3l It has been shown that comparable
magnetite nanoparticles exhibit a strong magnetic response
and can form highly ordered dipolar chains at low magnetic
fields in the range of 150 mT.[?*l To determine the field depend-
ence of the dipolar chain formation, SEM micrographs of the
maghemite aqueous dispersion dried under a homogenous
magnetic field were recorded. For the SEM measurements,
samples of 0.1 wt.% nanoparticle solution were dried while
exposed to a homogeneous magnetic field B = 1 mT set by
an Halbach array as described in the Supporting Information.

This procedure was then repeated with B =10 mT. As expected,
the nanoparticles are increasingly self-assembling into dipolar
chains with increasing field strength (Figure 2A-D). Even
a weak field of 1 mT leads to some chain formation con-
firming the high magnetic response of the materials and the
successful conversion from hematite to maghemite. For higher
B, nearly all nanoparticles assemble into dipolar chains. At
10 mT, the nanoparticles inside the chains are mainly oriented
parallel to the chain. In addition to the SEM measurements,
a set of experiments in cross-polarization was conducted. In
cross-polarization, the analyzer and polarizer are set up per-
pendicular to each other to ensure complete extinction of the
light. Through this setup, only additionally polarized light is
detected. The dipolar chains can polarize light depending on
their orientation. When exposed to a rotating magnetic field
of 68 mT, the dipolar chains, rotate with a rotation speed up
to the maximal motor speed of 90 rpm (Video S1, Supporting
Information). The chain sizes depend on B, the exposure
time, and the angular frequency @y (in the case of a rotating
magnetic field). In addition, for the cross-polarization experi-
ments, two Helmholtz coils were used to generate a quickly
switchable homogeneous magnetic field and the linear polar-
izers were oriented to ensure a maximum intensity when the
dipolar nanoparticle chains are aligned with the magnetic
field. Switching on the magnetic field leads to an increase
in intensity if dipolar chains are formed. These experiments
were conducted with weak magnetic fields between 0 and
4.5 mT and show that chain formation already occurs around
0.5 mT.

A -
> B

Figure 2. SEM micrographs (secondary electron) of ellipsoidal maghemite nanoparticles aqueous dispersions dried under a homogeneous magnetic
field of A,B) 1 mT and C,D) 10 mT. E-J) SEM micrographs of microgel rods with incorporated ellipsoidal maghemite nanoparticles. E,H). 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 F,I) parallel or G,)) perpendicular to the microgel rod long axis depending on the synthesis
conditions.
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2.2. Preparation and Characterization of the Magnetic Microgel
Rods via PRINT

The rod-shaped magnetic microgels are produced using PRINT
as schematically summarized in Figure 1 and described in
more detail in the Supporting Information. A template con-
taining 5x5x50 um? cavities is filled with a precursor solution
containing the ellipsoidal maghemite nanoparticles. While
applying a magnetic field of 10 mT on the template using a
Halbach array, the PEG polymer chains are UV-cross-linked in
a nitrogen atmosphere for 1 h. The direction of the magnetic
field is set depending on the preferred alignment of the nano-
particles. For samples without pre-alignment, ellipsoidal
nanoparticles are incorporated but no field is applied during
UV-Curing. The nanoparticle content of the microgels, deter-
mined by the ratio of the maghemite content to polyethylene
glycol diacrylate (PEG-DA), is 1.6 wt.%. SEM measurements
were first conducted to ensure the successful incorporation
of the maghemite anisotropic magnetic fillers into the PRINT
microgels. Micrographs of composite rod-shaped microgels
cured under an applied magnetic field (Figure 2A-D) indicate
that a weak magnetic field with a strength of 10 mT leads to
dipolar chain formation in the direction of the magnetic field.
Dipolar chains close to the surface can be seen in SEM meas-
urements of the rod-shaped microgels (Figure 2E-J). Inside
microgel rods prepared without a magnetic field (Figure 2E,H),
the nanoparticles are randomly distributed within the polymer

A ® B

network. A parallel field orientation to the long axis of the
molds leads to dipolar chains following the entire length of the
microgels (Figure 2F,I). The perpendicular pre-alignment result
in shorter chains perpendicular to the main axis (Figure 2G,]).
The magnetic moment of the prepared microgel rods corre-
sponds to the direction of the alignment of the dipolar chains.
As these images were taken after removal of the magnet, it
confirms that the ellipsoidal maghemite nanoparticles and their
assemblies into dipolar chains are fully integrated inside the
cross-linked microgels.

2.3. Static Control

The incorporation of ellipsoidal maghemite nanoparticles
allows us to add variable magnetic properties to the micro-
gels. Previous magnetic rod-shaped microgels with SPIONs
as magnetic fillers only orient in one direction to the magnetic
field,233] while the ellipsoidal nanoparticles enable the pre-
programming of different orientations to the field (Figure 3).
The dipolar chains formed by the maghemite nanoparticles
aligned along the magnetic field during PRINT fabrication
are fixed due to microgel crosslinking. Through this
pre-alignment, the magnetic moment of the microgels can be
pre-programmed. Without applying a magnetic pre-alignment
during the PRINT synthesis (Figure 3A), the microgel rods
exhibit a random orientation to the applied static external
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Figure 3. A-C) Magnetic microgel rods under a static horizontal magnetic field of 68 mT. The pre-alignment of the nanoparticles determines the orien-
tation of the rods. Without pre-alignment, there is no uniform orientation. D) 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 employed for the application
of weak static magnetic fields. E) Relaxation of the magnetic microgels after a quick rotation of the magnetic field by 90°. Displayed are mean curves
derived from the relaxation curves of multiple microgels. The dashed lines indicate the standard errors.
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magnetic field (further discussed in Section 2.4). The micro-
gels containing maghemite nanoparticles pre-aligned parallel to
the long axis of the microgel, orient themselves parallel to the
magnetic field (Figure 3B), whereas a perpendicular pre-align-
ment leads to perpendicular microgel orientation (Figure 3C).
Following these results, we expect that any angle of alignment
could be pre-programmed during the PRINT synthesis.

Under a magnetic field of 10 mT, SPIONs form strings
aligned along the magnetic field lines, comparable to the
dipolar chains formed by ellipsoidal maghemite nanoparticles.
To compare their effect on microgel orientation, and as a
reference sample, rod-shaped microgels, with the same mass
content of SPIONSs, are prepared using the same procedure
with a parallel and a perpendicular oriented as well as without a
magnetic field. All of these microgels align along the magnetic
field, as described in previous publications for microgel rods
prepared without a magnetic field.'213] Thus, in contrast to the
ellipsoidal maghemite nanoparticles, no pre-programming of
the microgels can be achieved by incorporating the SPIONs
(Figure S4, Supporting Information for more details).

2.4. Dynamic Control

Additionally, to the static control of the orientation of the micro-
gels, we can control the response of the rod-shaped microgels
to a dynamic field. Considering a ferromagnetic rod immersed
in a Newtonian liquid subjected to a rotating magnetic field,
the rotation of the particle is determined by the exerted viscous
and magnetic torques. For a magnetic field B with a magnetic
moment m rotating at a constant angular frequency @y, the
corresponding equation of motion is the following/2®!

y(wMF —Z—f) =mBxsinf oy

where y corresponds to the rotational drag coefficient and 6
describes the angle between the direction of the magnetic
field and the magnetic moment of the rod. When the mag-
netic torque dominates, the magnetic field and the rod rotate
synchronously and 6 remains constant. When the viscous torque
dominates, 8 changes periodically and the rod tumbles. The
transition between the synchronous and asynchronous regimes
is determined by the critical angular frequency @, defined as!?®l

wc:mXB (2)
Y

o, increases with the magnetic moment m of the microgels
and the magnetic field strength B, and is reduced for higher
drag forces (drag coefficient ). 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 (68 mT) and con-
secutively forced to re-orient by swiftly changing the direc-
tion 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

Adv. Funct. Mater. 2022, 2202430 2202430 (5 of"|2)

2-7 s (Figure S3, Supporting Information). The perpendicular
pre-alignment leads to a slightly faster relaxation than the par-
allel 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 are all of the rods perfectly
oriented along the magnetic field, but are varying by a few
degrees around the field directions. This also applied to both
pre-alignment directions. The angular change of circa 30 micro-
gels per batch was tracked. Depending on the pre-alignment, the
orientation of the microgel rods defined by the angle f(t) varies
from 0 to 90° (parallel) or 90° to 0° (perpendicular). Using
Equations 1 and 2, we derived the following equations for the
relaxation experiments:

A) 90° to 0° (perpendicular pre-alignment):

B(t)=2xarctan (e’“’m) (3)

B) 0° to 90° (parallel pre-alignment):

B)= Z—Zxarctan(e’w“t) )

The response of the individual microgels was fitted by
Equations 3 and 4 as shown in Figure S3 (Supporting Infor-
mation). The mean value of @, determined from this analysis
was 0.80 = 0.08 and 0.91 £ 0.05 rad s for the parallel and per-
pendicular pre-alignment, respectively. The resulting relaxation
curves using the average @, and Equations 3 and 4 are shown
in Figure 3E. Microgels without pre-aligned maghemite nano-
particles show no significant orientation change during this
experiment, only a small angular change in the direction of the
rotating magnetic field was observed. As shown in Figure 3A,
these rods do not orient uniformly under a static magnetic
field, this small rotational movement indicates that the rods still
have a weak response to a changing rotating field. The relaxa-
tion experiments were also conducted on microgels with incor-
porated randomly distributed SPIONS. These show a slower
relaxation process than pre-aligned maghemite microgels and
have a mean @, of 0.40 + 0.06 rad s (Figure S5, Supporting
Information for further detail on the analysis).

To determine the magnetization and the critical rotation
frequency of the different magnetic microgels, experiments
with a continuously rotating magnetic field were performed.
@, is the limit of the synchronous rotation regime, in which
the rotation of motor and rod are synchronous but slightly
offset.26%] Above @, 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 (Video S2,
Supporting Information). The synchronous rotation of the
microgels is interrupted by a backward movement until the
orientation of the pre-aligned maghemite chains corresponds
again with the orientation of the magnetic field. This results in
an oscillating movement around the mean angular frequency.
For the asynchronous regime, the cumulative angle change ¢(t)
(Figure 4A) shows oscillations with an increasing periodicity at
higher wyr. When the microgel rotation frequency @ increases
in the synchronous regime with an increasing field rotation
frequency oy, for myr > @, @ decreases due to increasing
tumbling.

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. A) Cumulative angular displacement measured on a microgel with parallel magnetic pre-alignment at different field rotation frequencies
e With a field of 68 mT within the synchronous (left) and asynchronous (right) regimes. B) An exemplary plot of the mean angular displacement for
a rod rotating synchronously (red circles) and asynchronously (blue crosses). The solid lines correspond to the long-time average rotation frequency
o, while the dotted lines represent wyr. C) An exemplary plot of the dependence of @ on @y (red circles) determined on one single microgel rod at
68 mT. Two rotation regimes can be identified: a synchronous rotation with @ = @y (dashed line) with a transition to an asynchronous rotation with

® < wyr above @, (dotted line).

The long-time microgel rotation frequency @ can be calcu-
lated from the mean squared angular displacement (A¢?)(7) for
the synchronous and the asynchronous regime defined as

(20")(0)=(o(H)-0(t-7)") 5)

where 7 refers to a certain time interval. Synchronous rotation
of the microgel rods and the magnetic field orientation results
in a linear dependence of (A@?)(7) against 7% (Figure 4B). In the
asynchronous regime, the periodicity of the tumbling motion
correlates to the oscillation around the long-time rotation fre-
quency of the microgels, represented by the dependence (A¢?)
(1) = @2 at large 7in Figure 4B (solid line). The fits in both
regimes consider primarily the longer 7 for the determination
of w. While wyr (Figure 4B, dotted lines) matches w in the
synchronous rotation regime, it deviates above the critical rota-
tion frequency @, which is experimentally determined from
the deviation between wyr and o (Figure 4C, dotted line).

To determine the critical rotation frequency and the influ-
ence of the pre-alignment, multiple experiments were con-
ducted for the three different microgel types at different B
and @y. The microgel rotation frequencies were determined
with the method described above and by averaging more than
30 rods for each data point. Dependent on the pre-alignment,
the microgel rods respond differently. As established above,

Adv. Funct. Mater. 2022, 2202430 2202430 (6 of"|2)

the microgels without a pre-alignment of the maghemite nano-
particles do not have a uniform orientation to a static magnetic
field and only a minimal angular change when the magnet is
quickly rotated by 90°. Interestingly, in a continuously rotating
magnetic field, they can rotate with the field (Figure 5A) 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 fixed magnetic moment. The
rotation frequency o of the microgels increases with increasing
yr and B. Although the rods do not show tumbling as an indi-
cation of the asynchronous regime, only rotation frequencies
up to 1 rpm can be achieved when @y > 1 rpm for B =68 mT.
A more detailed understanding 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
difference between 6 and 36 mT, the magnetic response is
almost the same for 36 and 68 mT. This might indicate a
magnetic saturation of the microgels at these field strengths.
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 rota-
tion depending on wyr and B. For 36 and 68 mT, the rods
mostly rotate synchronously up to 5 rpm (0.5 rad s™), which

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Resulting mean rotation frequencies @ of magnetic rod-shaped microgels determined for B=6 mT (triangles), 36 mT (circles), and 68 mT
(squares) for microgels without pre-alignment A), parallel pre-alignment B) and perpendicular pre-alignment C) of the maghemite nanoparticles.
Depending on the pre-alignment conditions, different rotation regimes can be observed at the different magnetic field strength B and rotation frequency
Wy i. €., 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-1) Timestep snapshots of the different microgels, showing the
non-uniform rotation (68 mT, 7 rpm; D,E) of microgels without pre-alignment, the uniform synchronous rotation with parallel pre-alignment (68 mT,
7 rpm; F,G), and the “standing up” of rods with perpendicular pre-alignment (68 mT, 15 rpm; H,I).

is in reasonable agreement with the relaxation experiments
(®. = 0.8 rad s7Y). With increasing @y, the number of rods
showing an asynchronous regime and the difference between
o and @y 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 wyy. For both field strength, @, is in the order
of 5-6 rpm, whereas for B = 6 mT, it is lower than 1 rpm. The
fact that @, is comparable at higher B is pointing once again
to the saturation of the magnetic response. @, for 68 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 my = 2 rpm at 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 wyr we observe that the microgels
rods start to “stand up” (see Videos S3 and S4, Supporting
Information). Indeed, conversely to rods with a parallel
pre-alignment that can only align the magnetic moment when
laying along the field, rods with a perpendicular pre-alignment
only need to have their long axis 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 rod rotating around the long axis
exhibits a lower frictional torque as when they lay at the glass,
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which is one of the driving forces for them to stand-up. The
same observation was made when letting the rods sediments
under a rotating magnetic field. It is interesting to note that
such dynamic orientation behavior was already observed for
hematite spindles having a magnetic moment with their basal
plane, when subjected to a high-frequency alternating field.[®]
Why they do stand up from a flat conformation at the glass
is still unclear and is the consequence of unbalanced forces
exerted on the rotating rods. The latter may be related to hydro-
dynamic interactions with the surface of the glass and to the
slight bending of the rods. For B = 68 mT the rods rotate syn-
chronously on the whole range of applied wyy 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 syn-
chronous upward rotation and asynchronous planar rotation is
observed at higher wyg. These results illustrate the importance
of the pre-alignment conditions to control dynamically the
orientation of the microgel rods in the third dimension offering
extra control on their possible alignment.

2.5. Cellular Alignment in Anisogels

To explore the potential of these pre-aligned microgel rods
in tissue engineering, Anisogels (soft hydrogels loaded with
microgel particles) were prepared using microgels with magh-
emite particles aligned in parallel or perpendicular directions
to the microgel long axis as described in the Experimental
Section and in more detail in the Supporting Information. To
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Figure 6. A-D) Schematics of Anisogels containing microgels pre-aligned in A) parallel, B) perpendicular, C) a combination of parallel and perpen-
dicular directions, and D) a control hydrogel with randomly distributed microgels. E-H) Confocal images of mouse fibroblast cells after four days of
culture in the above Anisogel conditions. At least 4 samples were imaged per condition. Scale bar = 200 um. I-L) 3D reconstructions of 50 um thick
stacks of the respective culture conditions recorded at higher magnification. Scale bars = 50 um. M—P) Plots of normalized angle distributions of cells
and microgels in the different conditions respectively, which are proving that the cells grow in a direction(s) determined by the orientation of microgels

present in the Anisogels. The black and red lines refer to the orientation and the cells and microgels, respectively.

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 maghemite of 3.6 mg mL™ the maximum
iron concentration is in the order of 72 g mL™! for which a low
cytotoxicity is expected.?’]

Fibroblast cells were cultured in these Anisogels con-
taining either parallelly or perpendicularly pre-programmed
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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
applied magnetic field. At least four samples were made for
each condition and cell growth was observed after 4 days with
confocal microscopy (Figure 6). For this purpose, fluorescently
labelled microgels (red) were synthesized and the cell nucleus
(blue) and actin filaments (green) were labelled as described
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in the Supporting Information. Figure 6E-H present 2D low
magnification micrographs recorded for the different prepara-
tions, while Figure 6I-L represent the corresponding 3D recon-
structions acquired at higher magnification (Videos S5-S8,
Supporting Information for the original z-stacks). A closer look
at the 3D reconstructions clearly confirmed that the microgels
maintain their orientation within the Anisogels during the time
of the culture (Figure 6I-L).

The cells grew well in all four cases and upon analyzing the
orientation of cells in each preparation from the low magnifica-
tion micrographs, it was observed that they grew in directions
following the microgel orientation. This is further verified by
the orientation analysis of both microgels and cells, shown in
Figure 6M-P (see Supporting Information for further detail
on the analysis). The cells are able to sense the anisotropy and
align themselves along the direction of microgels as opposed to
the scenario in control samples (Figure 6H,L), where the cells
grow without any directionality (Figure 6P). It is also interesting
to see that the randomly aligned microgels do not hinder cell
growth, but instead allow cells to grow in all directions similar
to the control condition in the absence of microgels (Figure S6,
Supporting Information), proving once again the importance of
microgel alignment to trigger an anisotropic cell response.

In an additional experiment, mouse fibroblasts were
cultivated under comparable experimental conditions to check
for fibrosis. No extensive production of collagen I was detected
confirming the absence of significant fibrosis in the system
(Figure S7, Supporting Information).

The Anisogels with the parallel pre-alignment (Figure 6A,E)
are characterized by a narrow distribution of their orienta-
tion (Figure 6I), the same holds for the cells, which follow the
microgels direction. In the case of the perpendicular alignment
(Figure 6B,F), the alignment of both microgels and cells seems
less pronounced (Figure 6]). Indeed, these microgels could
still rotate around their short axis during crosslinking of the
surrounding gel of the Anisogel, keeping their magnetic
moment aligned to the field (Figure S8, Supporting Informa-
tion). 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 sub-
strate and the fact that the confocal micrographs are recorded
20 um above the glass substrate. This additional degree of align-
ment can be considered as an asset as it could allow to extend
upon the classical unidirectional cell growth observed in former
Anisogels to planar growth. In the case where both parallelly
and perpendicularly pre-programmed microgels are present
(Figure 6C,G,K), cell growth is not hindered by the presence of
microgels in the orthogonal direction but rather the growth is
dominated in the two directions (Figure 60). This indicates the
ability of cells to detect and respond to multiple directional cues
in the same system, which could be beneficial in designing even
more complex tissue engineered constructs.

Finally, instead of simply applying a static magnetic field
to the microgels during the enzymatic crosslinking of the
hydrogel, a 50/50 mixture of perpendicularly and parallel
pre-aligned microgels (1 vol.%) was first subjected to a rotating
magnetic field (70 mT, 10 rpm) for 4 min followed by a static
field for another 6 minutes during the gelation process as
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described in more detail in the Experimental Section and
in Figure 7A. Note that for these experiments the activated
enzyme Factor XIII concentration was reduced to slow down
the gelation kinetics, which was here completed within 10 min.
Due to the rotation of the magnetic field the perpendicularly
pre-aligned microgels “stood up” pointing to the z-direction
while the parallel microgels rotated in the xy-plane. After 4 min
the rotation of the magnetic field was stopped to allow the
parallel pre-aligned microgels to orientate along the field, while
the perpendicularly pre-aligned microgels should maintain their
upright configuration until the Anisogel was fully crosslinked
after 10 min. This Anisogels were further employed for cell
culture for 4 days and imaged via confocal microscopy as shown
in Figure 7C,D. While not all perpendicularly pre-aligned rods
are perfectly upright, the two microgel orientations are clearly
visible. It could also be seen that the cells grew in both direc-
tions demonstrating the potential of our approach to create
a 3D scaffold using a dynamic orientation control of the per-
pendicularly pre-aligned microgels and to realize assembly
that could not be achieved with a simple static field. The 3D
projection of the image stack can be found in the Video S9
(Supporting Information). A more systematic investigation of
the microgel alignment during the gelation is currently neces-
sary for the optimization of the process. In the future, a com-
bination with 3D printing is envisioned for the creation of
scaffolds able to recreate complex structures such as cartilage
for which an upright configuration at the bottom and a planar

4 min 6 min
A

enzymatic crosslinking

Figure 7. A) Schematics of the orientation of the microgel rods during
the preparation of mixed Anisogels under 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 a 50 um thick stacks recorded at a higher magnification.
Scale bars =30 um.
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configuration at the top are desired. In vivo experiments have
already demonstrated the in vivo applications of the Aniso-
gels for spinal cord injuries in respect to their low cytotoxicity
and fast gelation preventing dilution of the materials by body
fluids.*® The high magnetic susceptibility of the presented
microgels allows their alignment at low magnetic field that
could be generated with electromagnets or Helmholtz coils.

3. Conclusion

Having a high level of spatial control over biomaterial building
blocks is crucial for building complex 3D scaffolds via a bottom-
up approach. This study demonstrates that we can successfully
incorporate ellipsoidal ferromagnetic maghemite nanoparticles
in a pre-aligned direction during PRINT. The pre-alignment
enables us to pre-program the angle of orientation of aniso-
metric magnetic microgels inside a static magnetic field and
thus to 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 ellipsoidal maghemite nanoparticles instead
provide a higher degree of control over the orientation of the
resulting magnetic microgel rods, depending on the prede-
fined magnetic dipole orientation. Furthermore, the resulting
microgels respond faster to a shifting magnetic field compared
to SPION loaded microgels at similar nanoparticle concentra-
tion. 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. The presented magnetic
rotational spectroscopy experiment provides a powerful tool
to test the adhesive properties of the microgels with different
substrates. Further on, the strategy developed for the synthesis
of these ferromagnetic microgels 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 chirurgical interventions.3%

For tissue engineering, mixtures of microgels with
different polarizations were added inside an Anisogel, creating
alignment in both parallel and perpendicular directions using
without hindering each other using both a static and dynamic
orientation control. This led to cell alignment in both direc-
tions and opens the opportunity to orthogonally study multiple
biochemicals, mechanical, and physical guiding cues in
different directions and potentially selectively influence the
growth of different cell types in co-culture. More especially, the
static and dynamic control in combination with 3D printing
may offer the possibility to easily prototype complex scaffolds
with a stratified structure for functional tissue engineering.

4. Experimental Section

This experimental section represents a condensed overview over the
main methods used in this paper. More details can be found in the
Supporting Information.

Adv. Funct. Mater. 2022, 2202430 2202430 (10 0f'|2)

Preparation of Magnetic Rod-Shaped Microgels: The rod-shaped
magnetic microgels were produced using particle replication in a non-
wetting template (PRINT, Figure 1). A precursor solution, consisting of
20 pl PEG-DA (700 Da) with a photoinitiator (Irgacure D 2959, 1 mol.%),
a fluorescent dye (Methacryloxyethyl thiocarbamoyl rhodamine B,
0.5 wt.%) and 80 ul of ellipsoidal maghemite nanoparticles dispersed
in PEG-OH (200 Da, 4.5 mg mL™), was put onto a polydimethylsiloxame
(PDMS) template containing 5 x 5 X 50 um? molds and applied with
polyethylene terephthalate (PET) film. The total concentration of
PEG-DA in the precursor solution was 20 wt %. Through careful lifting
of this film, the excess of the precursor solution was removed. The
PEG-DA polymer chains were UV-cross-linked in a nitrogen atmosphere
for T h. A 254 nm UV light was used at an intensity of 2.6 mW cm™
for the microgel cross-linking. During this period, a magnetic field of
10 mT was applied to the template using a Halbach array 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 centrifugation and redispersion in water.
The nanoparticle content of the microgels, determined by the ratio of
maghemite to PEG-DA, was around 1.6 wt.%.

Scanning Electron Microscopy: The samples were prepared by drying
20 pl of the batch on freshly cleaned silica wafers at room conditions.
The wafers were sonicated for 15 min in isopropanol and plasma
cleaned in air plasma for 15 min afterward. For investigations of the
influence of a magnetic field, the drying process was conducted inside of
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 used varied from 5-15 keV
depending on desired penetration depth.

Magnetic Response Experiments: To study the magnetic response of the
magnetic microgels a Zeiss Axioscope modified with a rotational stage
driven by a piezoelectric engine PlLine U651.03 (Figure 3D) was used.
The magnetic field was applied by circular Halbach arrays consisting
of different numbers and sizes of neodymium magnets. They can be
mounted onto the stage to apply rotating or oscillating magnetic fields
of different field strengths (1-68 mT) and different rotations frequencies
(0.1-90 rpm). The microscope can also be fitted with two Helmholtz
Coils creating a weak, static homogenous field of 0 to 5 mT. For the
experiments in cross-polarization, two linear polarizers were mounted
before and after the sample with a 90° offset to ensure complete
extinction of the transmitted light.

The experiments on dynamic control over the microgel rods were
performed with the above-described magnetic setup. Thereby glass
slides were cleaned with isopropanol in an ultrasonic bath for 15 min
and treated with air plasma for 15 min. The sample was sealed in with
Secure-Seal spacers with wells of a diameter of 9 mm and a height
of 0.12 mm. For the 90° shift experiments the samples were 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.

For experiments performed under a rotating magnetic field the
response experiments were conducted on rods next to a glass surface
as the microgels sediment relatively fast. Of each field strength and
rotation frequency a video of 3600 frames was recorded, while rotating
the magnetic field. Thereby, the framerate was chosen to correlate to the
rotation frequency, so that one frame corresponds to 1° of rotation of
the magnetic field. With image analysis (Image]), the angular change of
the rods was evaluated and the mean squared angular displacement was
calculated. The tracking of the rotation of the microgels was performed
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with the ‘Analyse Particles’ function of Image)®" and the Matlab routine
was written for the computation and analysis of the mean squared
angular displacement as described above.

Cell Culture in Anisogels: The matrix hydrogel in which the microgels
were dispersed was an enzymatically cross-linked PEG hydrogel.
The hydrogel was formed by the reaction between eight-arm star
PEG-vinylsulfones (sPEG-VS, 20 kDa) conjugated with either a
transglutaminase substrate (H-NQEQVSPLERCG-NH2: Q-peptide) or
a free primary amine (Ac-FKGGGPQGIWGQERCG-NH2: K-peptide).
The K-peptide possesses a matrix metalloprotease (MMP) degradable
sequence GPQGLIWGQ that enables cell-induced degradation,
providing space for cells to grow inside the matrix. The enzymatic cross-
linking of these conjugates was achieved by the addition of activated
transglutaminase Factor XIll (FXllla) enzyme in presence of a calcium
buffer. The protocol for the synthesis of star-PEG conjugates and
activation of Factor XIII were described in detail elsewhere.’2 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 hydrogel precursor solution was then prepared by
the addition of a 10X buffer (0.1 m CaCl,, 0.5 m Tris, 1.1 m NacCl) and
star-PEG conjugates of activated factor Xlll substrate peptides to this
dispersion.’? The microgels constitute 1% of the total hydrogel volume
in each of the parallelly or perpendicularly pre-programmed samples. In
the condition where there were both types microgels 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 uL™" of the hydrogel in all cases. To enable cell
attachment, a solution of Fibronectin (Sigma-Aldrich) in water was
added to the precursor to achieve a final protein concentration of
1 um in the hydrogel. To this precursor, an activated enzyme Factor
X1 (CSL Behring GmbH, 1250 U FXIIl) was added at a concentration
of 50 U mL™. The precursor solution was then mixed well to disperse
the microgels and cells homogenously and 10 pL of this solution was
pipetted into each well of an Angiogenesis chamber (lbidi) 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 L of RPMI medium was added to each
of the wells. The cells were cultured for 4 days with a media change done
after every other day. After 4 days, the samples were washed three times
using PBS for 30 min and then fixed using 4% paraformaldehyde for 1 h
with gentle shaking. Thereafter the samples were washed three times
with PBS again and cells were permeabilized by incubation with 0.1%
Triton X-100 solution for 30 min. After a further washing step with PBS,
the cells were blocked with 4% bovine serum albumin solution for 4 h.
This was followed by the incubation 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). Once again, the samples were washed
three times with PBS and stored at 4 °C until imaging with a C Confocal
laser scanning microscope Leica TCS SP8. Details on the setup and the
consecutive image analysis can be found in the Supporting Information.

For the experiments on Anisogels using a combination of rotating
and static magnetic field a 50/50 mixture of microgel with a parallel
and anti-parallel orientation with a total concentration of 1 wt.% was
employed. The activated enzyme Factor XlIl concentration was reduced
to 10 U mL™ 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 bottom using autoclaved vacuum grease. 10 puL
of the precursor solution was deposited inside an already rotating
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magnetic field (10 rpm, 70 mT). After 4 min the engine was stopped
and the gelation was let to proceed un the static field for 6 min. The
Anisogel was fully cross-linked after 10 min. Three milliliters of RPMI
media was added to the petri dish for culture that went on for 4 days like
all other cell experiments in the manuscript. Afterward, the Anisogel was
investigated via confocal microscopy.

Statistical Analysis: Details of the statistical evaluation including the
programs used, sample size as well as normalization can be found in
the corresponding method sections and in the Supporting Information.
If not differently specified, all data are presented as mean + standard
error of the mean.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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