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Magnetically Actuable Complex-Shaped Microgels for
Spatio-Temporal Flow Control

Lea Steinbeck, Dominik L. Braunmiller, Hanna J. M. Wolff, Vincent Huettche, Julia Wang,
Matthias Wessling, Jérôme J. Crassous,* and John Linkhorst*

Complex-shaped microgels are promising building blocks for soft
metamaterials. Their active and remote orientational control provides
significant potential in architecting them in time and space. This work
describes the use of magnetically actuable microgels of complex shape for
spatio-temporal flow control and showcases the concept for microfluidic
impellers. First, the fabrication of complex-shaped magnetically actuable
poly(ethylene glycol) diacrylate based microgels via stop-flow lithography is
presented. The microgels comprise a pre-programmed magnetic moment set
by pre-aligned maghemite nanospindles during the fabrication step. This
feature allows the microgels to be positioned in a static magnetic field and
rotate under application of a rotating external field. The dependence of the
magnetic field rotation rate and strength, maghemite content, and microgel
shape on the magnetic response of the microgels is comprehensively
quantified. Finally, the magnetic complex-shaped microgels are integrated as
actuable impellers in a microfluidic chip. The microgels are positioned in
space by polymerizing them around fixed poly(dimethylsiloxane) (PDMS)
pillars. Free rotation around the PDMS pillar is achieved due to the oxygen
inhibition layer at the chip and pillar surface. The versatility of the fabrication
methodology is showcased by the investigation of in-chip mixing in a
microfluidic device consisting of soft responsive impellers.
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1. Introduction

Metamaterials, a class of materials with
anisotropic properties, have gained in-
creased attention over the past years.
These materials can go beyond a static
function and provide a dynamic re-
sponse over time by following a pre-
programmed trajectory.[1] To achieve an
architected structure, building blocks
with diverse properties are integrated
into a single building block or assembled
in a superstructure, responding to di-
verse stimuli, comprising mechanical,[2]

optical,[3] electrical,[4] and magnetic
responsiveness.[5–8] Aside from static,
these materials allow for spatio-temporal
flow control. A whole new field of au-
tonomous flow control was introduced
through the pioneering work of Beebe
et al.[9] Previously published flow control
devices range from pH-responsive hydro-
gel valves[9,10] over guidable colloids[11,12]

to pumping approaches.[13–15] Thus,
being able to custom design the building
blocks is essential. In this respect, micro-
gels are highly promising materials as

they allow free-form fabrication and are highly tailorable in
terms of mechanical and chemical properties and gradients
thereof.[16–19] Implementing magnetic responsiveness into mi-
crogels is of substantial interest, as the magnetic field can eas-
ily penetrate, for example, tissue without adverse effects. As an
example, the magnetic response of rod-shaped microgels can
be used to remotely control their orientation during the scaf-
fold build-up to guide cell growth.[20] Besides allowing to con-
trol the structural assembly,[21–23] magnetic responsive build-
ing blocks are ultimately expected to provide the possibility
to study mechanotransduction similar to light-responsive soft
hydrogels.[24]

Several examples of the incorporation of magnetic materi-
als into hydrogels and microgels by various fabrication meth-
ods are reported in the literature. Anisometric magnetic micro-
gels have been synthesized among other techniques by particle
replication in non-wetting template (PRINT),[20,21,25,26] maskless
lithography,[27] and stop-flow lithography (SFL).[28–30] The incor-
porated magnetic materials are mostly based on iron oxide,[31,32]

more precisely magnetite,[25,30] for example, in the form of su-
perparamagnetic iron oxide nanoparticles (SPIONs),[21] colloidal
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Figure 1. Fabrication of PEGDA microgels with integrated maghemite spindles. a) Setup of the microgel fabrication (b–d) with the applied shapes and
aligned maghemite nanospindles during microgel fabrication: b) rod, c) impeller, and d) snowflake microgels.

nanocrystal clusters,[27] or ferrofluids.[29] The magnetic nanopar-
ticles are usually dispersed in the reaction mixture and integrated
during the polymerization of the hydrogels.[20,21,25] Magnetic mi-
crogel rods loaded with SPIONs fabricated via PRINT were found
to align exclusively along the magnetic field as a consequence
of their shape anisotropy.[22] To pre-program the magnetic re-
sponse and pre-define the magnetic moment of the microgels,
only a few studies have explored the possibility of fabricating ani-
sometric microgels under the presence of an external magnetic
field.[23,26,27,33]

Recently, some of the authors have introduced the use of mag-
netically pre-aligned maghemite nanospindles as an alternative
for SPIONs to direct the orientation of microgels.[23,33] Indeed,
maghemite nanospindles exhibit a fixed magnetic moment ex-
pected along their major axis, in contrast to the freely rotating
magnetic moment of the superparamagnetic SPIONs.[34] The 𝛾-
Fe2O3 maghemite nanospindles were obtained through the re-
duction of 𝛼-Fe2O3 hematite particles into Fe3O4 magnetite and
re-oxidation at high temperatures. By applying an external mag-
netic field, maghemite nanospindles first align at a low field and
form dipolar chains with increasing field strength.[23,34] Due to
their high magnetic response, permanent magnetic moment,
and anisotropic shape, maghemite nanospindles were therefore
incorporated into PRINT rod-shaped microgels. This incorpora-
tion allowed to pre-program their magnetic properties in 3D un-
der static or rotating magnetic fields, where the magnetic proper-
ties were found to depend directly on the nanospindle orientation
within the microgels.[23,33] However, the PRINT fabrication pro-
cess only allows to produce a limited amount of microgels.

In the present work, the high throughput fabrication of
magnetic microgels via SFL is demonstrated, extending the
maghemite-loaded rod-shaped microgels presented in the for-
mer study[23] to complex-shaped microgels. For this purpose,
pre-aligned maghemite nanospindles are incorporated into
poly(ethylene glycol) diacrylate (PEGDA) microgels during the
polymerization in a homogeneous magnetic field created by a
Halbach array. Several microgels are synthesized with different
shapes and polymerization parameters. Their magnetic response

is investigated under rotating magnetic fields to determine the in-
fluence of the microgel shape, the maghemite content, and the
applied magnetic field, taking advantage of their optical proper-
ties. Finally, the applications of the anisometric magnetic micro-
gels as freely rotating actuators and fixed impellers inside a mi-
crofluidic device are evaluated to showcase their applications for
actuable microfluidics.

2. Results and Discussion

2.1. Magnetic Microgel Fabrication

To achieve anisometric, magnetically actuable building blocks,
maghemite nanospindles were integrated into anisometric
PEGDA microgels using stop-flow lithography (SFL). The
nanospindles added to the precursor solution were first aligned
by the magnetic field of a Halbach array in a microfluidic chan-
nel as schematically illustrated in Figure 1a. The microfluidic
chip was positioned in all three dimensions in the center of the
Halbach array to ensure a homogeneous magnetic field in the
polymerization area. In addition, the chip platform allows a con-
trolled orientation of the surrounding Halbach array, enabling to
set the maghemite orientation within the microfluidic channel.
This way, complex-shaped microgels with a pre-defined magnetic
moment were synthesized by SFL.

To analyze the magnetic response, rod-, impeller-, and
snowflake-shaped microgels were produced. In Figure 1b–d, the
different microgels are displayed both as a schematic drawing
and by a bright field micrograph during fabrication (xy plane).
In contrast to the images of the impellers and snowflakes, the
rods were manually tilted to the side (from xz to xy plane) to vi-
sualize their rod shape in the micrograph. The applied magnetic
field during fabrication causes an alignment of the maghemite
spindles in the y-direction perpendicular to the microgels’ lon-
gitudinal z-axis. Thus, when lying, the rods align perpendicular
to the still applied magnetic field due to their pre-defined mag-
netic moment (Figure 1b). This pre-defined magnetic moment
is independent of the anisometry of the microgels, but only de-
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pends on the maghemite nanospindle orientation within the mi-
crogels. The nanospindles have in contrast to spherical nanopar-
ticles a direction-dependent magnetic response. Thus, by inte-
grating maghemite nanospindles into the microgels, the direc-
tion of the magnetic moment of the microgels can be pre-defined
by the applied magnetic field during fabrication. The rod-shaped
microgels were fabricated with and without an applied magnetic
field to investigate the influence of the maghemite alignment
within the microgels. The snowflake-shaped microgels were fab-
ricated with differing polymerization parameters to analyze the
influence of fabrication conditions on the magnetic properties.
For the impeller-shaped microgels, the maghemite content was
varied to test its effect on the microgels’ magnetic moment. The
impellers were additionally characterized by scanning electron
microscopy (SEM) to evidence the presence of the dipolar chains
as discussed in supporting information (see Figure S2, Support-
ing Information).

In total, 11 microgel samples were fabricated whose magnetic
response was analyzed in terms of microgel shape, maghemite
spindle alignment, polymerization parameters, maghemite con-
tent, and magnetic field strength. Whereas the influence of the
microgel shape, the maghemite content, and the field strength
are discussed in detail below, the results for investigation of
the maghemite alignment and polymerization parameter can be
stated briefly: The alignment of the maghemite spindles in the
reaction solution showed to be crucial to enable a rotation of the
microgels. Microgels fabricated without alignment of maghemite
spindles, meaning fabrication without a magnetic field, do not
align uniformly to the magnetic field and show a weak magnetic
response. In contrast, pre-aligning the nanospindles leads to a
significant improvement of the magnetic response and enables
to orient the microgels. In terms of the polymerization parame-
ters, two polymerization parameter extremes were used during
fabrication. For one sample long exposure time and low radiant
flux were applied, for the other short exposure time and high radi-
ant flux. The variation of the polymerization parameters does not
influence the magnetic response of the fabricated microgels. Re-
garding the three remaining factors, microgel shape, maghemite
content, and field strength, the magnetic response was investi-
gated in detail by determining the rotation rate of the different
magnetic microgels as a function of the rotation rate of the mag-
netic field.

2.2. Magnetic Responsiveness

Considering a ferromagnetic system in a Newtonian fluid under
a magnetic field rotating with the angular frequency 𝜔, the equa-
tion of motion reads:

𝛾

(
𝜔 + d𝜃

dt

)
= 𝜇B ⋅ sin𝜃 (1)

where 𝛾 is the drag coefficient and 𝜃 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 d𝜃 dt-1 ≈ 0, which allows to de-
fine the critical angular frequency 𝜔C = μB 𝛾 -1. For 𝜔 > 𝜔C,

the system cannot continuously follow the field and start to tum-
ble. Hence, the magnetic moment is not able to follow the field
and 𝜃 becomes time-dependent. Measuring the field and angular
frequency dependence of 𝜔 allows to characterize the magnetic
response of the particles.

An interesting feature of the incorporated nanoparticle chains
can be used to determine the angular frequency of the micro-
gels. As the dipolar chains formed by the maghemite spindles
(Figures S1 and S2, Supporting Information) polarize the light,
the orientation of the chains can be determined using cross-
polarization microscopy (Figure 2a–d). Thereby, a linear polarizer
and an analyzer, orientated perpendicular to each other, are posi-
tioned before and after the sample on a microscope. Light cannot
pass through both without being polarized by the sample. The in-
tensity IN of the transmitted light depends on the angle 𝛼 between
the orientation of the polarizer and the dipolar chains (Figure 2b).
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 maghemite chains is indicated by two larger
and two smaller maxima (Figure 2e). While working perfectly in
the synchronous regime (Figure 2f), in the asymmetric rotation
regime, the intensity profile is influenced by the tumbling of the
microgels (Figure 2g). Depending on the degree of rattling, addi-
tional manual evaluation was performed.

The rotation behavior of a single impeller-shaped microgel is
exemplarily shown in Figure 3a. With an increasing rotation rate
of the magnetic field𝜔MF, the rotation of the microgel𝜔 increases
linearly up to the critical rotation rate 𝜔C. This linear increase
represents the synchronous rotation regime, in which the micro-
gel rotates in sync with the magnetic field (Video S1, Support-
ing Information). The angle 𝜔 between magnetic torque of the
microgel and the orientation 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 (Video S2, Supporting Information). The
friction and drag forces are greater than the magnetic torque in
the asynchronous rotation regime (𝜔MF > 𝜔C). This increases the
angle 𝜃 between the magnetic field and the magnetic moment.
Before the magnetic field overtakes the magnetic moment, there
is a change in direction of the microgel rotation. When the mag-
netic field overtakes the magnetic moment of the microgel, an-
other change in the direction of rotation leads to further rota-
tion in the original direction. These back-and-forth oscillations
are here characterizing the tumbling regime. The tumbling af-
fects 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.

2.3. Influence of Microgel Shape, Maghemite Content, and
Magnetic Field Strength on the Magnetic Responsiveness

In addition to 𝜔MF, the magnetic response of the microgels de-
pends on a variety of parameters, for example, magnetic field
strength, maghemite content, and shape of the microgels. In or-
der to determine the average magnetic response, around 20 mi-
crogels are considered and their mean rotation rates 𝜔 are sum-
marized in Figure 3b–d. Generally, the response of the different
microgels shows larger variations from microgel to microgel for
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Figure 2. Optical analysis of light polarization via magnetic rotation of maghemite nanospindles incorporated in snowflake-shaped microgels. a–d)
Cross-polarization micrographs of a microgel with incorporated maghemite chains orientated at different angles 𝛼 to the polarizer. The transmitted
intensity I changes depending on 𝛼. The grey lines indicate the orientation of the polarizer; the red lines with the dot corresponds to the orientations of
the maghemite chains within the microgel. Scale bars: 20 μm. e) 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. f) Intensity profile of
a synchronously rotating microgel with a motor speed fMF and microgel rotation rate of 66.7 rpm. g) Intensity profile of an asynchronously rotating
microgel with a motor speed fMF 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 microgel. The intensity INB in (f) and (g) is normalized by the background of the image.

Figure 3. Magnetic response of the magnetic microgels measured as their microgel rotation rate 𝜔 as function of the field rotation rate 𝜔MF. a) Magnetic
response of a single impeller-shaped microgel in dependence on the rotation rate 𝜔MF and strength of the magnetic field. The critical rotation rate

𝜔C indicates the transition between the synchronous and the asynchronous rotation regime ( ). b–d) Mean magnetic response of complex-shaped
microgels (n ≈ 20) to rotating magnetic fields of varying forces with regard to b) field strength, c) maghemite content, and d) shape.
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higher microgel rotation rates and field strengths as for the crit-
ical rotation rate. Possible reasons for this variation are different
contact areas or gap sizes between microgel and glass surface,
as different friction or shear forces influence the rotation rates.
Furthermore, there might be inhomogeneities in the nanospin-
dle loadings inside the microgels due to unavoidable inhomoge-
neous chain formation during the production. Accordingly, the
critical rotation rate 𝜔C was not determined from the mean 𝜔-
values but rather from the individual data sets, as shown in Fig-
ure 3a.

With an increasing magnetic field strength B, the mean rota-
tion rate 𝜔 of impeller-shaped microgels with a maghemite load-
ing of 0.08 wt% increases as shown in Figure 3b. While the data
for 6 mT exhibit the above-described linear increase of the rota-
tion 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 S3a, Supporting Information). The mean value of 𝜔C in-
creases from 5.3 ± 0.3 rpm at 6 mT to 22.2 ± 1.3 rpm (36 mT)
and 32.2 ± 1.8 rpm (68 mT), respectively. The rotation rate seems
to reach a saturation value at some point above 68 mT, as the
difference between 6 and 36 mT with 16.9 rpm is significantly
larger than between 36 and 68 mT (10 rpm). As the magnetic
torque is directly depending on the mass of the magnetic mate-
rial in the microgels, a higher maghemite loading and a larger
microgel shape are expected to increase the magnetic response
of the composite microgels. The mean value of 𝜔C at 68 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
maghemite content in the precursor solution increases the mi-
crogels’ magnetic response, it also increases the inhomogene-
ity of the response to the magnetic field as shown in Figure 3c.
The transition between synchronous regime and asynchronous
regime varies stronger for 0.16 wt% than for the lower con-
tents (Figure S3b, Supporting Information). The higher contents
might lead to a less defined chain-structure inside the micro-
gels, resulting in more inhomogeneous magnetic properties and
a lower effect of the magnetic filler content in respect to the field.

The shape of the produced microgels influences on the one
hand the magnetic moment by the volume of the microgel. On
the other hand, the viscous torque as well as friction and shear
forces at the surface of the microgels counteract to the magnetic
torque. For this investigation, impeller- and snowflake-shaped
microgels with the same maghemite loading of 0.08 w% are ac-
tuated with a magnetic field of 68 mT (Figure 3d). The magnetic
response of the snowflake-shaped microgels with a mean criti-
cal rotation rate at 79.8 ± 3.2 rpm is significantly higher than for
impeller-shaped microgels (𝜔C = 32.2 ± 1.8 rpm). As the mag-
netic torque is proportional to the used magnetic material (Equa-
tion (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 a 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
the frictional and shear forces on the surface of the microgels.

The snowflake-shaped microgels have a surface area on the bot-
tom side of 2138± 164 μm2 and the impeller-shaped microgels of
1048 ± 21 μm2. Again, this relates to a ratio of 2:1. Since the criti-
cal 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 quanti-
fied, the influence of the shape cannot be clarified conclusively
at this point. The fabricated rod-shaped microgels also respond
to a magnetic field, but show a significantly weaker magnetic re-
sponsiveness. The magnetic response of rod-shaped microgels
produced with another fabrication method was analyzed in detail
in a previous work[23] and, therefore, not included here in more
detail. To show the use of these microgels as impellers, some of
these experiments were repeated with hollow polystyrene (PS)
tracer particles inside the sample cell. Hereby, the flow gener-
ated by impellers rotating synchronously with the field was ana-
lyzed by tracking the position of the PS particles as discussed in
the supporting information (Section S3 and Figures S4–S7, Sup-
porting Information) Thereby, it could be shown that the rotating
microgels create a strong flow influencing a large area, depend-
ing on their rotation rates. Such flow and its potential applica-
tion for micro-rheometry will be investigate in more detail in a
future study.

2.4. In-Chip Integration of Actuable Complex-Shaped Microgels

The fixed axis rotation of magnetic microgels was directly im-
plemented by integrating them via SFL into a microfluidic chip
with PDMS pillars. Thus, the internal flow can be selectively in-
fluenced by the rotating microgels working as impellers.

To fixate the rotating impellers inside the channel, a microflu-
idic chip with pillars was fabricated. The pillars serve as fixation
points for the impellers, allowing the microgels to rotate around
a fixed axis. Figure 4a shows a SEM micrograph of the microflu-
idic channel made of PDMS in which the pillars are arranged in
a square lattice.

In order to find the right combination of diameters for the
integrated pillars and surrounding impellers, two counteracting
aspects have to be considered. On the one hand, the distance
between pillar and surrounding microgel should be as small as
possible to ensure a smooth and homogeneous rotation. On the
other hand, the pillars with microgels around them have to be
resistant against the pressure during fluid flushing and the im-
peller wall needs to hold the pressure as well. As a result of the
oxygen inhibition layer around the pillars during polymerization
of impellers, the pillar diameter has to be significantly smaller
than the inner diameter of the impeller shape. Otherwise, the im-
pellers’ wall thickness is reduced by the oxygen inhibition in com-
parison to the designated shape. Unfortunately, a larger inner di-
ameter of the impellers allows tumbling and movement of the
impellers around the pillars other than rotation. To achieve a uni-
form short distance between pillar and microgel, microgel shapes
without a pre-defined inner diameter are used for the fabrication
around the pillars. Both impeller shapes, with and without inner
diameter, are displayed in Figure S8(I), Supporting Information.
Due to the oxygen inhibition layer surrounding the PDMS pil-
lars, the microgels do not stick to the pillars. This results in the
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Figure 4. 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) Micro particle tracking velocimetry (μPTV) flow analytic showing particle transport induced by rotating
impellers which are schematically illustrated. d) μPTV image with analyzed flow direction and velocities.

same microgel shape as for microgels with pre-defined inner di-
ameter, but the distance to the pillars is reduced and even. Thus,
the pillar diameter is kept small to ensure stable impeller walls,
and the distance to the microgels is set by the oxygen inhibition
layer. By using a microgel shape without inner diameter, the mi-
crogels are stable against fluid flushing and enable fixed rotation
around the pillars.

For microgel fabrication, the channel is flushed with
monomer solution containing PEGDA, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), maghemite nanospindles,
4-methoxyphenole (MEHQ), and water. The positioning of
the microgel polymerization areas in the exact spots of the
pillars inside the channel is crucial to successfully fabricate
homogeneous, intact, and rotatable microgels. Two aspects were
identified as obstacles to rotation: adhesion of the microgels to
the channel and microgel swelling. To address these challenges,
different flushing solutions were tested. To avoid further poly-
merization after fabrication, the reaction solution is exchanged
with an aqueous solution containing 1 wt% MEHQ to hinder
a potential ongoing polymerization by binding free radicals.
Pure water as flushing solution resulted in restricted or even
no movement of the impellers and was, therefore, not used. To
prevent adhesion, the surfactant polyoxyethylene (20) sorbitan
monolaurate (Tween-20) is widely used in microfluidics in
droplet makers, but also to reduce surface interaction in pipette
tips. [ 28 ] The addition of 0.05 v% Tween -20 to the flushing
solution was found to reduce sticking to the channel walls and
allowed for a better rotation stability. To avoid swelling and
counteract an increase of the microgel size, the osmotic pressure
in the flushing solution was increased. Polymers or salts have
previously been shown to effectively reduce swelling. [ 35–37 ]

In contrast to salts, the usage of PEGDA avoids introducing
an additional component to the experimental system. Thus,

PEGDA was added to the flushing solution with a concentration
of 40 wt%, twice as high as in the reaction solution, allowing to
keep the size of the impellers constant. However, the concentra-
tion of PEGDA cannot be increased too much, as the microgels
would be constricted at the axis of rotation if they shrink further.
The final flushing solution used in rotation experiments consists
of Tween -20, PEGDA (average molecular weight of 575 Da),
MEHQ, and water, preventing further polymerization, swelling,
and sticking of the microgels. Additionally, an increased pres-
sure during rotation experiments significantly increases the
rotation ability, having an impact on sticking and swelling. The
pressure widens the whole channel, resulting in more space for
swollen microgels and possibly weaken the obstructive PDMS
microgel connection.

To induce a rotation of the fabricated microgel impellers, the
magnetic field has to be aligned with the chip. The strongest area
of the Halbach array, which is in its center, needs to be in the
same height as the microgels within the microfluidic channel,
as discussed in Section 2.1. Ideally, the microgels are in the cen-
ter of the Halbach array regarding all three dimensions. This en-
sures that the strongest and most homogeneous part of the mag-
netic field influences the maghemite within the impellers. This
is realized by a setup designed for this purpose. Further, the Hal-
bach array in this setup is motor-driven, which allows precise ad-
justment of the rotation speed both clockwise and counterclock-
wise. Figure 4b shows the time series of an in-chip clockwise
rotation of the impeller-shaped microgels at a speed of 2 rpm
(Video S4, Supporting Information) induced by the surround-
ing rotating Halbach array. The adapted fabrication procedure,
the post-treatment, and the rotation conditions enable a homoge-
neous and even microgel rotation. In addition to observations of
the rotation of the magnetic microgels, micro particle tracking ve-
locimetry (μPTV) analysis were performed, investigating the fluid
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movement induced by the rotating impellers. In Figure 4c, single
fluorescent particles in the fluid and their velocities are shown.
The microgel impellers and pillars are schematically illustrated.
Near the microgel impellers, rotating movements of the mea-
sured particles are observed in circular flow patterns. Figures 4c
and 4d show different analyses of the same rotation experiment,
velocities of individual particles, and a velocity field, respectively.
The rotation speed of the magnetic field 𝜔MF was set to 15 rpm
and a pressure of about 1 bar was applied on both sides of the
microfluidic channel. Figure 4d demonstrates that the magnet-
ically induced microgel rotation impacts the surrounding fluid
inside the microfluidic chip. A field with 12 rotating microgels
is displayed, showing the same section as in Figure 4c. In the
center of each microgel, at the position of the fixed PDMS pil-
lars, no particle movement is detected. Particle velocities up to
20 μm s-1 around the pillars, however, indicate mixing of the fluid
in the region of the microgel impellers and even slightly beyond.
An average diameter of about 160 μm around the pillars is ef-
fected by the rotating impellers, which is 60% larger than the
outer diameter of the single impeller. The highest velocities are
detected at the impeller body in their arm regions. The tracer par-
ticle movement decreases with increasing distance from the mi-
crogel. Between the rotating impeller-shaped microgels, nearly
no fluid movement is present, demonstrating the effect of the
flow being induced by the magnetic actuated rotation.

In the future, the field of mixing can be further increased
by adapting the pillar arrangement, varying their distance or
the pattern. Therefore, the microfluidic master design can be
easily changed. Like this, a locally distributed and potentially
more extensive mixing can be achieved in future investigations.
Moreover, the microgel shape can easily be varied by changing
the transparency mask in the SFL setup. Hence, the fluid dis-
placement can be increased by optimizing the impeller shape
of the microgels. Exemplary improved shapes are shown in Fig-
ure S8(II–V), Supporting Information. Furthermore, the devel-
oped actuable microfluidic system might have potential for ad-
ditional applications besides the presented mixing, such as mi-
crofluidic pumping. A proof of concept of particle pumping is
performed including a novel microfluidic chip design and first
rotation experiments, shown in Figure S9 and Video S5, Support-
ing Information.

In conclusion, a stable and reproducible actuable microfluidic
system was developed for spatio-temporal flow control. Magnetic
microgels were produced at precise positions in a microfluidic
device by polymerization around fixed pillars. This novel system
is generated in one single step by polymerizing the microgels di-
rectly at their final position without further steps. The rotation
of these magnetic impeller-shaped microgels is induced by the
rotation of an external magnetic field of a Halbach array, causing
actuation of the surrounding fluid. While there are some limita-
tions remaining in the system, it demonstrates the potential of
precisely integrating magnetic actuators with a strong magnetic
moment as actuable microfluidic elements.

3. Conclusion

This work presents a detailed study of magnetic anisometric
microgels and introduces a novel platform where architectured
complex-shaped microgels can be used to control and guide flow

by changing their position through an external magnetic field.
The magnetic response of the microgels was achieved by inte-
grating maghemite nanospindles in the reaction solution during
the fabrication process via stop-flow lithography. A contactless
actuation of the microgels was enabled using an external mag-
netic field. The magnetic responsiveness of these microgels was
investigated under a rotating magnetic field. Thereby, the influ-
ences of maghemite alignment, polymerization parameter, mi-
crogel shape, maghemite content, and magnetic field strength
on the microgel actuation were studied. In addition to the anal-
ysis of freely rotating magnetic microgels, these were integrated
into a microfluidic chip, creating an actuable microfluidic sys-
tem. This system was developed in a one-step process where the
microgels are directly fabricated in a microfluidic chip contain-
ing PDMS pillars serving as fixed rotation axes. In the case of an
impeller shape without an inner diameter, the hydrophilic micro-
gels are tightly located around hydrophobic PDMS pillars. The
gap between the static pillars and the rotating microgels results
from the oxygen inhibition layer surrounding the PDMS pillars,
ensuring stable microgel rotations around the axes. These inte-
grated magnetic impeller-shaped microgels actively mixed their
surrounding fluid inside a microfluidic channel, thus enabling
spatio-temporal flow control remotely actuated by a rotating mag-
netic field.

The SFL-fabricated magnetic microgels together with the con-
cept of fixing them in space while keeping them rotational free
represent a novel versatile platform. One could envision the use
of the microgels for tissue engineering due to their magnetic re-
sponsiveness, biocompatibility, and custom design in any elon-
gated 2D shape. Future studies need to be dedicated to their as-
sembly into scaffolds to test the influence of the in-built macro-
porosity and directionality on cell growth and the actuation pat-
terns on cell proliferation. The magnetic microgels also may be
utilized for future biomechanical analysis of proliferating tissue
and other mechanobiological applications. Furthermore, mag-
netic actuation in a rotating field at the single microgel level may
allow mixing at the micro-scale and the use of the magnetic mi-
crogels for micro-rheometry to study complex fluids. Finally, the
strategy to precisely position the axis of rotation of microgels
in a microfluidic chip offers the possibility to create more ad-
vanced microfluidic designs with movable and actuable elements
that could be adapted for various applications, from microfluidic
valves and pumps to particle sorting.

4. Experimental Section
Synthesis and Characterization of Maghemite Nanospindles: The syn-

thesis of the maghemite nanospindles is a multi-step process of prepar-
ing hematite nanospindles of a specific size and aspect ratio follow-
ing a procedure previously described by Ocaña et al.[38] and convert-
ing them to maghemite by reduction to magnetite and reoxidation at
high temperatures. The preparation is explained in more detail in a pre-
vious work.[23] The initial characterization of the maghemite nanospin-
dles was carried out by various microscopy and scattering methods. The
size of the nanoparticles investigated by transmission electron microscopy
(Tecnai F20, FEI) reveals a length of 260 ± 29.1 nm and a diameter of
51.2 ± 6.0 nm. Previous works show that these nanoparticles exhibit a
magnetic moment along their long axis and a saturation magnetization
MS of around 60 A m2 kg-1.[34] These properties result in a strong mag-
netic response and the formation of dipolar chains within a magnetic field.
Further details on the nanoparticles and their response to magnetic fields
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are discussed in Section S1, Supporting Information, and in a previous
publication.[23]

Fabrication of Microfluidic Chips: The masters for microfluidic chips
were produced using dip-in laser lithography with a two-photon lithog-
raphy printer (Photonic Professional (GT) Printer, Nanoscribe GmbH,
Eggenstein-Leopoldshafen, Germany).[39] By soft lithography,[40,41] mi-
crofluidic chips were casted from the masters. 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
sonication in isopropanol, and dried at atmospheric conditions overnight.
Afterward, the PDMS form was bonded on a glass slide (VWR, 52 x 76 x
1 mm, cut to 25 x 25 x 1 mm) coated with PDMS (approx. 1 mm thick
PDMS layer) by oxygen plasma activation of PDMS and glass slide (TePla
100 Plasma System, PVA).[39] Both microfluidic channels, for fabrication
and for in-chip rotation, were 15 mm long (x-direction) and 900 μm wide
(y-direction). Figure 4a shows a SEM (TM 3030 Plus, Hitachi) image of the
channel for in-chip rotation which has a height of 20 μm (z-direction) in
contrast to the 80 μm high fabrication channel. The pillars (diameters of
15 μm) were spaced in regular distances to each other of 209 μm in x and
241 μm in y-direction.

Preparation of Reaction Solution for SFL: The reaction solutions con-
tained the pre-polymer PEGDA (average molecular weight of Mn = 575 Da,
with 400–600 ppm MEHQ as inhibitor, Sigma Aldrich), initiator LAP
(⩾ 95%, Sigma-Aldrich), and a water(HiPerSolv CHROMANORM, VWR)–
maghemite mixture as solvent. The radical scavenger 4-methoxyphenole
(MEHQ) (purum, ⩾ 98%, Sigma-Aldrich) was added to the reaction so-
lution for the in-chip polymerization of microgels around pillars. For the
preparation of the reaction solution, the pre-polymer and the initiator were
weight out into separate vials. The pre-polymer was than thoroughly mixed
with the ingredients of the solvent. The solvent was presented by a mix-
ture of water and the concentrated maghemite suspension (2 g L−1). The
maghemite suspension was mixed and placed in an ultra sound bath for
5 min before adding it to the reaction solution. Subsequently, the pre-
polymer solvent mixture was added onto the initiator powder and mixed
thoroughly. For in-chip polymerization, the radical scavenger was weighed
out into a separate vial, and the pre-polymer solvent mixture was added
onto the radical scavenger prior to admit the resulting mixture to the ini-
tiator powder.

Fabrication of Magnetic Microgels Using SFL: Microgels were fabricated
from reaction solutions containing PEGDA (20 wt%), LAP (0.5 wt%),
maghemite (≈0.08 wt%), and water. The maghemite content resulted from
dissolving the concentrated maghemite solution in water (50:50 mixture).
The stage setup shown in Figure 1a was used for the microgel fabrication
using SFL.[17] The fabrications were carried out in three different forces
of the magnetic field (2, 13, and 68 mT). Different mask shapes and pat-
tern diameters were applied: circular rods (7 μm diameter), three-arm im-
pellers (92 μm outer diameter), and snowflakes (100 μm outer diameter).
The polymerizations were carried out with varying radiant power and ex-
posure times depending on the mask patterns: rods (1280 mW, 50 ms),
impellers (930 mW, 50 ms), and snowflakes (1280 mW, 60 ms). For the
impeller mask, two sets of polymerization parameters were applied, one
with a high radiant power and short exposure time (1270 mW, 120 ms), the
other with a low radiant power and long exposure time (130 mW, 500 ms).
Further, rod-shaped microgels were fabricated with and without applied
magnetic field (13 mT) and impeller microgels were fabricated with vary-
ing maghemite contents (0.02 wt%, 0.04 wt%, and 0.06 wt% in addition
to 0.08 wt%). After fabrication, the resulting microgel containing solution
was diluted with water (1:1) to enhance further reaction and stored at 4 °C.

Analysis of Magnetic Response of Microgels: The prepared microgels
were cleaned by repeated solvent exchange with water. Therefore, mi-
crogels were allowed to sediment for 30 min. The supernatant was re-
moved and replaced with water. This procedure was repeated five times.
To analyze the magnetic response of the microgels, experiments were con-
ducted inside a rotating magnetic field. These were performed on a mod-
ified Axioscope (Carl Zeiss Microscopy Deutschland GmbH) with a rota-
tional stage driven by a piezoelectric engine (PILine U651.03, Physik In-
strumente [PI] GmbH & Co. KG). Custom-made circular Halbach arrays

consisting of different numbers and sizes of neodymium magnets can
be mounted on the rotating stage and were used to apply the magnetic
field. With this setup, field strengths between 1–300 mT and rotations
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 a ozone oven for ad-
ditional 15 min. The microgel batch (9 μL) was sealed with two Secure-
Seal Spacers (Invitrogen), creating a well (0.24 mm height, 9 mm diame-
ter). To analyze the magnetic response, cross-polarization microscopy was
performed on microgels exposed to a rotating magnetic field. Therefore,
videos (3600 frames, 100 fps) were recorded and analyzed regarding the
intensity change caused by the maghemite chains inside the microgels.
The image analysis was done with ImageJ[42] and a custom-written Matlab
routine. For the mean values of 𝜔C around 20 microgels were investigated.

Fabrication of Magnetic Microgels Immobilized In-Chip: Microgels
around pillars were polymerized in a reaction solution containing PEGDA
(20 wt%), LAP (1 wt%), maghemite (≈0.08 wt%), MEHQ (0.5 wt%), and
water. The three-arm impellers were fabricated using a magnetic field
(13 mT), which was aligned to the microfluidic channel with the setup
shown in Figure 1a. After fabrication, the reaction solution was exchanged
against the flushing solution to avoid further polymerization inside the
chip. The composition of the flushing solution was investigated to opti-
mize the magnetic response capability of the microgels. The optimal flush-
ing solution contains PEGDA (40 wt%), MEHQ (1 wt%), polyoxyethylene
(20) sorbitan monolaurate (Tween-20) (0.05 v%, Merck), and water.

Analysis of Induced Flow by Immobilized Microgels: For the in-chip ro-
tation analysis, a custom-made setup with a motor-driven Halbach array
(68 mT) was used. The influence of the magnetically induced in-chip rota-
tion of the microgels on the surrounding fluid was investigated by μPTV.
This technique enables the quantification of fluid flows by tracking tracer
particles. As tracers, fluorescent polystyrene microspheres (0.86 μm di-
ameter, Rhodamine 6G dye, LaVision GmbH) were added to the flushing
solution (0.07 v%). This seeded flushing solution was flushed into the mi-
crofluidic chip until it filled the whole channel. Afterward, the inlet pressure
was increased to 1000 mbar and the outlet pressure was raised until the
fluid flow stopped. This procedure was visually observed through the stere-
omicroscope (SteREO Discovery.V20, Carl Zeiss Microscopy Deutschland
GmbH) of the μPTV setup. After preparation, the rotation of the Halbach
array was induced and investigations started. During the measurement, a
high-frequency Nd:YAG laser (532 nm, DM150, Photonics Industries In-
ternational Inc.) induced the fluorescent response of the tracer particles,
while two high-speed cameras (Phantom VEO 710L, Vision Research Inc.)
recorded their movement. The setup was controlled by the software DaVis
(version: 10.0.5.47779, LaVision GmbH), which was also used for the im-
age processing. With this software, particle tracks were processed to veloc-
ity fields, enabling the visualization of the fluid flow. A detailed description
of the setup and the image post-processing is given in Stockmeier et al.[43]

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