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odern diagnostic and therapeutic
techniques, applied in medicine
and biology, often rely on mag-
netic nanoparticles.'* After careful studies
of their properties®~” and biocompatibility,®
magnetic particles have entered commer-
cial applications, helping to detect proteins®
and nucleic acids'® or to enhance magnetic
resonance imaging (MRI) contrast."’ Cur-
rently, novel concepts for drug and gene
delivery, based on magnetofection,'? as
well as magnetic cell sorting'® are under
development. As such, the need for integra-
tion of magnetic field sensing devices into
biomedical systems is greatly increasing.
Previous efforts have mostly concen-
trated on static detection of magnetic nano-
particles placed in close vicinity of a magnetic
sensor.'*'> However, for high-throughput
analysis of biochemical substances, fluids
of complex media with different objects
(i.e, nanoparticles, living cells, droplets) have
to be tested in a short time. There are two
possible configurations for the develop-
ment of an efficient magnetic biosensing
platform: The first one is based on a mova-
ble giant magnetoresistance (GMR) sensor,
referred to as a microplate reader,'® which is
rather expensive. An alternative solution is
to perform the detection of magnetic parti-
cles in flow with a stationary magnetic
sensor. Such microfluidic biosensors can
provide high reproducibility and precise
control over the injected chemical content
and would be available at a low price. The
approach to realize this concept is sketched
in Figure 1a: Organic and/or inorganic ob-
jects possessing a permanent magnetic mo-
ment are detected and counted when they
are traveling from an inlet reservoir through
a fluidic channel to an outlet reservoir. A
magnetic sensor device is integrated in the
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ABSTRACT Detection and analysis of magnetic nanoobjects is a crucial task in modern diagnostic
and therapeutic techniques applied to medicine and biology. Accomplishment of this task calls for
the development and implementation of electronic elements directly in fluidic channels, which still
remains an open and nontrivial issue. Here, we present a novel concept based on rolled-up
nanotechnology for fabrication of multifunctional devices, which can be straightforwardly
integrated into existing fluidic architectures. We apply strain engineering to roll-up a functional
nanomembrane consisting of a magnetic sensor element based on [Py/Culso multilayers, revealing
giant magnetoresistance (GMR). The comparison of the sensor's characteristics before and after the
roll-up process is found to be similar, allowing for a reliable and predictable method to fabricate
high-quality ultracompact GMR devices. The performance of the rolled-up magnetic sensor was
optimized to achieve high sensitivity to weak magnetic fields. We demonstrate that the rolled-up
tube itself can be efficiently used as a fluidic channel, while the integrated magnetic sensor provides
an important functionality to detect and respond to a magnetic field. The performance of the rolled-
up magnetic sensor for the in-flow detection of ferromagnetic Cr0, nanoparticles embedded in a
biocompatible polymeric hydrogel shell is highlighted.

KEYWORDS: rolled-up nanotechnology - rolled-up magnetic sensor - GMR sensor -
fluidics - detection of magnetic particles - hydrogel

fluidic channel, and, whenever a magnetic
object passes by, its magnetic stray field is
detected electrically through a magnetore-
sistive effect. As the magnetic moment of the
nanoobjects is rather small, the magnetic
sensor device should be highly sensitive to
small magnetic fields, which can be achieved
by devices relying on the magnetoresistive
effects and in particular on the GMR effect.”’~'°
To this end, planar magnetic sensors were
already incorporated in microfluidic chan-
nels, enabling dynamic detection of mag-
netic particles.?%?’

Ultimately, a magnetic sensor element has
to be directly integrated into a fluidic channel.
In this respect, strain engineering?>* has
already been proven to provide an elegant
way to fabricate on-chip three-dimensional
rolled-up architectures including optical
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Figure 1. Basic concept and experimental realization. (a) Schematics revealing the main concept of rolled-up magnetic sensor
for in-flow detection of magnetic objects: Magnetic objects in a fluidic channel can be easily detected and counted using the
fully on-chip integrated rolled-up magnetic sensor. (b) Magnetic sensors are arranged in a bridge configuration to enhance
the sensitivity of the device. The insets in (b) show the optical micrographs of the planar and rolled-up sensors. (c)
Photolithographic mask used for the fabrication of the magnetic sensor elements in a bridge configuration. The individual
magnetic sensor has a meander shape, as shown in the close-up image in panel (c). The rolling direction is indicated by arrows.
Geometrical parameters of the realized sensors: the width of a single line in a meander is 4 um. The length of the sensor in the
direction of rolling is fixed to 200 xm. The number of periods in the meander structure was varied between 2.5 and 8.5, which
in turn determines the total width of the sensor: 60 and 210 um for the sensors with 2.5 and 8.5 periods, respectively. Panel (c)
shows the mask to fabricate the meander with 8.5 periods. The total length of the rolled-up architecture is 15 mm; the

diameter of the rolled-up tube including the GMR sensor is 60 um.

24,25 26—29

resonators, cell culture scaffolds, compact
electrical components,®* 32 optical fibers,*® ferromagnetic
microtubes®® and microhelixes,* and liquid viscosity
sensors® to name just a few. Rolled-up nanotechnol-
ogy relies on the release of a strained nanomembrane
on a sacrificial layer, leading to bending of the nano-
membrane into a nano/microtube of customized size
and geometry.

Here, we fabricate a fully integrative rolled-up GMR
sensor simultaneously acting as a fluidic channel for
in-flow detection of magnetic particles. The advan-
tages of this device are intriguing: (i) the sensor covers
part of the inner wall of the fluidic channel and as
such is positioned in closest possible vicinity to the
flowing objects. This particular geometry may lead to
better signal-to-noise ratio of the device compared to
the case when the sensor is positioned outside the
channel. (ii) The rolled-up geometry makes the sensor
sensitive to magnetic stray fields of the particles
under study in virtually all directions. This avoids
implementation of an external magnet to align the
magnetic moment of the particle relative to the
position of the sensor. Both these aspects are crucial
for efficient and successful in-flow detection of mag-
netic objects.

MONCH ET AL.

RESULTS AND DISCUSSION

In this study, we arranged the magnetic sensors into
a standard Wheatstone bridge configuration, as shown
in Figure 1b. This scheme avoids constant bias voltage
being applied to the measurement system and pro-
vides high differential sensitivity,>” which is crucial
when a small change in resistance needs to be de-
tected. Furthermore, the bridge configuration provides
good stability of the sensor's response against tem-
perature changes. This is of great advantage, as the
sensor can be used even when heating or cooling of
the fluid is required, which is often the case when
working with biological samples. The bridge arrange-
ment requires fabrication of four independent resistors
connected electrically pairwise (Figure 1b,c). Two of
the four sensors are rolled-up into a tubular geometry,
while the two other sensors remain planar and serve as
reference for the electrical measurements (insets in
Figure 1b). In order to increase the resistance, the
sensors are meander-like shaped, as shown in the inset
in Figure 1b. Meanders are photolithographically pat-
terned using the mask shown in Figure 1c. The distance
between the planar and rolled-up sensors is about 20
mm, which is sufficiently large to leave the planar ones
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unaffected by applying an external magnetic field at
the location of the rolled-up sensors. The complete
device in planar arrangement before the rolling pro-
cess is shown in Figure 2a. In order to capture all
peculiarities of the device using the same camera
magnification, the layout with a rather large sensor
area of 1 x 1 mm? was chosen in contrast to the device
with a sensor area of 200 x 60 um? used for the
purpose of this work (see discussion below).

In order to fabricate tube-like magnetic sensors, we
rely on rolled-up nanotechnology***® employing
photoresist as sacrificial layer.3?~*' On thermally oxi-
dized Si(100) wafers, a polymeric sacrificial layer (resist
ARP 3510) was deposited on a locally defined area.
Next, an auxiliary layer for roll-up consisting of a 100-
nm-thick CuNiMn alloy film was prepared. A 20-nm-
thick electrically isolating Al,O3 layer was introduced
prior to and after deposition of the GMR stack consist-
ing of Py(1.5 nm)/[Py(1.5 nm)/Cu(2 nm)l3, multilayers.
The complete layer stack is schematized in Figure 2b.
The thicknesses of the individual Py and Cu layers in
the GMR stack were optimized to achieve [Py/Culsq
multilayers coupled in the second antiferromagnetic
maximum. The latter allows enhancing the sensitivity
of the sensor in the low-field region,'” thus represent-
ing a good compromise between high sensitivity and
sufficiently high GMR ratio. In this way, a GMR ratio of
about 6.5% was measured for the planar sensor (Figure
3a), with a sensitivity as high as 2.8 Q/mT (1.4%/mT) in
the field of 1.4 mT (Figure 3b). The GMR ratio is defined
as the magnetic field dependent change of the sam-
ple's resistance, R(H), normalized to the value of resis-
tance when the sample is magnetically saturated, R,
GMR(H) = [R(H) — Rsat)/Rsav H is an external magnetic
field. Furthermore, the sensitivity of the sensor element
is defined as the first derivative of the sample's resis-
tance over the magnetic field: S(H) = dR(H)/dH. The
measured value of the GMR of about 6.5% is only
slightly smaller than that achieved for the planar sensor
based on the tunneling magnetoresistive (TMR) effect
built in the fluidic channel.®

After deposition of the GMR multilayer stacks,
photolithography and wet-chemical etching of the
metal films was performed in order to define the
meander-like shape of the sensors and the electrical
contacts (Figure 2a). The width of a single line in a
meander is 4 um. The length of the sensor in the
direction of rolling is 200 um. The number of periods
in the meander structure was varied between 2.5 and
8.5, which in turn determines the total width of the
sensor: 60 and 210 um for the sensors with 2.5 and 8.5
periods, respectively. The width of the sensor has to be
optimized to the size of the magnetic object under
consideration. Thus, for the particles of choice with
diameters of 40 um, the number of windings in the
GMR meander was fixed to 2.5. The roll-up procedure was
performed in acetone under microscopic observation.
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(a) Device before rolling process

(b) Complete layer stack
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Figure 2. (a) Photograph of the complete device in planar
arrangement before rolling process. The layout with a
sensor area of 1 x 1 mm? is shown. Please note that the
device with a sensor area of 200 x 60 um? was used for the
purpose of magnetic particle detection. (b) Schematics of
the layer stack.

The total length of the rolled-up architecture is 15 mm;
the diameter of the rolled-up tube including the GMR
sensor is 60 um. Given that the length of the sensor in the
rolling direction is 200 um, this results in a single winding
of the sensor in the rolled-up tube with multiple wind-
ings. Using a CuNiMn auxiliary layer, rolled-up architec-
tures with diameters from 15 to 60 um can be achieved.*®

Figure 3 shows the magnetoresistive performance
(GMR ratio and sensitivity) measured at room tempera-
ture for a single meander-shaped [Py/Cu]zo multilayer
before and after the roll-up process. The magnetic field
was applied in the substrate plane along the axis of the
rolled-up tube. Details on electric connections are
given in the Methods section. The GMR ratio measured
for the rolled-up sensor is found to be only slightly
smaller than for the planar counterpart (Figure 3a).
Even more important, the sensitivity of the rolled-up
sensor in the low-field region is comparable to the one
measured for the planar sensor (Figure 3b). The opti-
mum performance of the rolled-up sensor with respect
to its sensitivity of about 2.6 Q/MmT (2.3%/mT) is
achieved in magnetic fields of about 1.4 mT. The typical
sensitivity for the planar TMR-based sensors in the low-
field region (~1.5 mT) is about 4%/mT,?® which is only
slightly better than the sensitivity of the rolled-up GMR
sensor (2.3%/mT) measured in the present work. This
sensitivity results in voltages in the range of 5 mV to be
detected by passing current of 2 mA. This voltage is
easy to detect using any conventional multimeter
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Figure 3. GMR performance of the magnetic sensor. (a)
Response of the GMR meander to an external magnetic field
measured using planar (squares) and rolled-up (circles)
structures. The GMR performance of the rolled-up magnetic
sensor is only about 2% lower than the planar sensor.
Resistance at zero magnetic field is 260 <2 (rolled-up sensor)
and 210 Q (planar sensor). (b) Sensitivity of the planar
(squares) and rolled-up (circles) sensor elements. (c) Change
of bridge voltage measured as a function of an external
magnetic field for the two rolled-up and two planar GMR
sensors connected in a bridge configuration. The sensitivity
of the bridge is 2.8 mV/mT when measured at about 1.4 mT.

without special equipment or signal enhancement
procedures.

The detection of magnetic particles is carried out
using the rolled-up GMR sensor as part of the bridge
configuration. The response of the sensor bridge to the
external magnetic field occurring locally at the two
rolled-up sensors is shown in Figure 3c. Please note
that only the difference between the bridge voltages
measured when a magnetic field is applied and with-
out magnetic field is plotted. When measured in the
bridge configuration, only two rolled-up meanders
were exposed to the magnetic field. Two planar sen-
sors were outside of the electromagnet, which is easily
realizable, as the distance between planar and rolled-
up sensors is 20 mm (Figure 2a).

The performance of the sensor was investigated for
in-flow detection of magnetic CrO, nanoparticles
(Magtrieve) encapsulated into a polymeric hydrogel
shell (about 8 wt % of CrO,) with an average diameter
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Figure 4. Magnetic characterization of the CrO, powder
samples: Magnetic hysteresis loops measured at 300 K of
the (a) CrO, powder and (b) embedded CrO, nanoparticles
into a polymeric hydrogel shell with a diameter of 40 um.
Magnetic nanoparticles are evenly distributed in the poly-
mer. The size of an individual CrO, nanoparticle is about
300 x 30 nm?. The size of the resulting object used for the
in-flow detection is about 40 #m. Although a certain fraction
of CrO, nanoparticles is superparamagnetic, the magnetic
moment at remanence, Mg, is sufficiently high to be de-
tected with the rolled-up magnetic sensor.

of about 40 um. The polymer shell of such magnetic
capsules is easy to functionalize and highly biocompa-
tible. The size of the CrO, is about 300 x 30 nm2*? The
particles are sufficiently large to be ferromagnetic, with
the easy magnetization axis of the individual particles
pointing along their long axis. Magnetic characteriza-
tion of the as-prepared CrO, powder carried out at
room temperature using vibrating sample magneto-
metry (VSM) revealed the nonzero remanence and
coercive field, which proves that at least part of the
sample is ferromagnetic. However, the characteristic
S-like shape of the hysteresis loop (Figure 4a) suggests
that there is a superparamagnetic contribution to the
signal as well. The saturation magnetization, Ms, of the
CrO, powder is about 75 Am?/kg, which is in agree-
ment with previously published data.**** Embedded
CrO, particles in a hydrogel shell are subject to a more
pronounced magnetic hysteresis (Figure 4b) with lar-
ger coercive field compared to the as-prepared CrO,
powder. Hysteresis loops measured at room tempera-
ture for the as-prepared CrO, powder as well as for the
embedded CrO, nanoparticles reveal a remanent mag-
netization of about 0.5 (normalized to the saturation
magnetization), which is typical for the assembly of the
Stoner—Wohlfarth particles with randomly distributed
easy axes of magnetization.** Although the saturation
magnetization of the embedded CrO, particles is
about 13 Am?%/kg, the remanence magnetization is still
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sufficiently high to be detected by the rolled-up GMR
sensor.

As a reference measurement we placed a single
object containing CrO, nanoparticles on the planar
GMR meanders, and a difference of the bridge voltage
of 10 mV was detected (not shown). This signal is
substantially stronger and thus easier to measure,
compared to literature results of about 80 1V measured
for the planar TMR sensor built in the fluidic channel.?°
However, the particles investigated in ref 20 had a size
of only 2.8 um. Furthermore, the signal-to-noise ratio
determined for the measurement using planar GMR
meanders in the bridge is 46 dB (10 mV signal; 0.05 mV
noise), which is higher compared to the 24 dB mea-
sured for the planar TMR sensor.°

The dynamic measurement of the magnetic parti-
cles passing through the microfluidic channel in the
vicinity of the GMR sensor is shown in Figure 5. The
microfluidic circuit was designed to realize dynamic in-
flow detection of magnetic CrO, nanoparticles em-
bedded in a hydrogel shell. This circuit consists of the
inlet for injection of the solvent containing the beads,
the rolled-up tube as a fluidic channel equipped with
the GMR sensor, and the outlet to collect the utilized
solution. The hydrogel beads with an average diameter
of 40 &+ 10 um containing randomly distributed ellip-
tical CrO, nanoparticles were dispersed in organic
solvent (toluol). As the size of the hydrogel beads is
only slightly smaller than the diameter of the rolled-up
tube (60 u«m), only single magnetic objects fit through
the rolled-up GMR channel. The external magnetic field
was switched off during particle detection. Sparsely
distributed magnetic beads were moved through the
channel with a constant velocity of about 1 mm/s.
When the magnetic hydrogel beads reach the detec-
tion area of the rolled-up sensor, the voltage measured
between the sensing electrodes, AVyiqge, changes and
only drops back to its original value once the magnetic
objects have left the vicinity of the sensor. The re-
sponse of the sensor is reliable with an average
amplitude of 9 mV (Figure 5). By recording the sensor's
output voltage, every single hydrogel bead with the
encapsulated magnetic nanoparticles is clearly re-
solved and can easily be counted. The signal-to-noise
ratio determined for the measurement using rolled-up
GMR meanders in the bridge is 45 dB (9 mV signal; 0.05
mV noise). The negative peak at about 110 s (Figure 5)

METHODS

Fabrication of the Rolled-Up GMR Sensor. For sample preparation
a standard class 100 clean room equipped with a broad
spectrum of technological tools for thin film preparation was
used. On thermally oxidized Si(100) wafers with contacts and
chip numeration, a polymeric sacrificial layer was deposited on
alocally defined area. For the sacrificial layer the resist ARP 3510
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Figure 5. Magnetic particle detection. Time evolution of the
bridge voltage measured while magnetic particles pass the
rolled-up sensor. Please note that the difference of the
bridge voltage of 10 mV was detected if a single bead with
CrO, nanoparticles was placed on a planar GMR meander.

is an artifact of the measurement, which might be
related to a shortcut through the Al,O; isolating layer
during filling the rolled-up channel with fluid. The shift
of the baseline right after the negative peak is then due
to the relaxation of the channel to its initial diameter
and slow “healing” of defects in the isolation layer. For
the purpose of the work, several independently pre-
pared devices were tested, always providing reliable
response, similar to the one shown in Figure 5.

CONCLUSION

In conclusion, we have developed rolled-up mag-
netic sensor devices that rely on the giant magne-
toresistance effect of magnetic [Py/Culs, multilayers.
A couple of steps were undertaken to enhance the
sensitivity of the magnetic sensor for in-flow detec-
tion of magnetic objects in fluidic channels: (i) the
GMR multilayers were coupled in the second antifer-
romagnetic maximum, providing high sensitivity to
low magnetic fields, and (ii) the sensors were ar-
ranged in a Wheatstone bridge configuration, allow-
ing for improved differential sensitivity. We measured
the response of the rolled-up GMR sensor to stray
fields of magnetic particles passing through a micro-
fluidic channel defined by the rolled-up device itself.
This approach might be beneficial for efficient
biodetection of protein structures,® diagnostics of
diseases,*® and sorting of living cells.*® The advantage
of rolled-up devices is their straightforward integrabil-
ity into existing on-chip technologies and the ability to
combine several functions into a single architecture,
possibly leading to a fully operational lab-in-a-tube
system, 2240

(the Allresist GmbH, Strausberg, Germany) was applied. An
auxiliary roll-up layer consisting of a 100-nm-thick CuNiMn alloy
film was deposited by magnetron sputter deposition at room
temperature. The lateral geometry was defined using optical
lithography and selective wet-chemical etching. The etching
process was carried out at room temperature in a Fe;Cl basis
solution. A 20-nm-thick electrically isolating Al,Os layer was
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introduced prior to deposition of the GMR stack consisting of
Py(1.5 nm)/[Py(1.5 nm)/Cu(2 nm)]3o multilayers. A second Al,O3
isolating layer is applied to electrically decouple the GMR sensor
layer for application in the fluidic environment. Atomic layer
deposition was used to fabricate Al,O; films, which provide very
dense isolating films at low thickness (down to 5 nm) at a
relatively low deposition temperature of about 90 °C. The low
temperature is important if photoresists are used as a sacrificial
layer for the roll-up process. Prior to electrical studies, we
checked the insulating performance of the Al,Os; layer by
determining the breakthrough field strength. The breakthrough
field was measured in tunnelling geometry and determined at
the voltage where a critical current density of 0.1 xA/cm? was
exceeded. After deposition of the GMR multilayer stacks, photo-
lithography (or electron beam lithography) and chemical etch-
ing of the metal films were performed in order to define the
meander-like shape of the sensors and define electrical con-
tacts. These structures were rolled up with widths ranging from
100 nm up to 50 um. A length to width ratio of the sensor from 2
to 2000 was achieved, allowing careful adjustment of the sensor
dimensions to the size of an object that needs to be detected.
For the scope of the present study, we optimized the dimen-
sions of the sensor to a size of 40 um: number of periods in GMR
meander is 2.5; sensor width is 4 um; sensor area is 200 x 60
um?. Furthermore, the maximal size of the GMR meander of 1 x
1 mm? was fabricated. This sensor arrangement is presented in
Figure 2a. The patterning processes were carried out by means
of the lift-off technique as well as by chemical and physical
etching. The roll-up procedure was performed in acetone under
microscopic observation. For the drying procedure a critical
point dryer, CPD 030 (Bal-Tec, Liechtenstein), was used to avoid
the collapse of the tube structures.

Preparation of [Py/Cul;p GMR Multialyers. This step includes
magnetron sputter deposition at room temperature of Py-
(1.5 nm)/[Py(1.5 nm)/Cu(2 nm)l5, multilayer stacks exhibiting
GMR effect. Deposition conditions are as follows: base pressure
7.0 x 107 mbar; Ar sputter pressure 7.5 x 10~* mbar; deposi-
tion rate 2 A/s. The thickness of individual Py and Cu layers was
optimized in order to achieve Py/Cu multilayers coupled in the
second antiferromagnetic maximum.

Electrical Characterization and Temperature Stability of the GMR
Meander. The electrical characterization was carried out at room
temperature using a four-point resistance measurement on
subum prober PSM 6 by applying the source unit Keithley 236
and the nanovoltmeter Keithley 182. For the measurement of
a single planar and rolled-up meander, a four-point measure-
ment scheme was used. The contacts used are color-coded in
Figure 1c. In particular, two blue-indicated contacts were used
to measure voltage (pads A0 and D10) and send current (pads A
and D1) to the rolled-up meander. Measurements on the bridge
were performed in the bridge configuration shown in Figure 1b.
In order to do this, two pairs of contacts for example contact
pads D and D1 in Figure 1c were connected by bonding using
ultrasonic wire bonding (setup DELVOTEC 5425).

When current flows through the meander, a circular mag-
netic field is induced. This field might influence the resistance
of the second (neighboring) meander. However, as this current
is only 2 mA, the magnetic field is not strong to influence
substantially the neighboring GMR meander. Such measure-
ment was carried out, and the relative change of below 0.005%
of the meander's resistance was measured. This is substantially
smaller compared to the relative resistance change while
detecting magnetic particles.

The temperature stability measurement was carried out in
the temperature range 20 °C < T< 130 °C. The setup is equipped
with an electromagnet providing a magnetic field of about
80 mT. The temperature coefficient of the GMR [Py/Cu]so multilayer
stack was measured to be 1440 ppm/K. Therefore, stabilization
of the temperature drift of the sensor's resistance for precise
detection of small magnetic signals becomes crucial. This
thermal stability is achieved by contacting GMR sensors in a
standard Wheatstone bridge configuration (Figure 1b,c).

Synthesis of Magnetic Microgels. Temperature-sensitive hydro-
xypropyl cellulose (HPC) hydrogels undergo reversible volume
transitions between 40 and 45 °C. The HPC were purchased
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from Aldrich Chemical Co. and used as received. The molecular
weight of the HPC (M,, = 100.000 g/mol) was determined by
static light scattering in ethanol (SLS Systemtechnik G. Bauer,
Freiburg, Germany). The glass transition temperature was 196 °C
(DSC 2920 CE, TA Instruments GmbH, nitrogen, temperature
range —50to 350 °C, heating rate 5 K per minute). Divinyl sulfone
(DVS, Aldrich Chemical Co.) was used as cross-linker, and chro-
mium dioxide (Magtrieve, Aldrich Chemical Co.) as filling materi-
al. The hydrogels for further experiments were synthesized as
cylindrical gels (diameter of about 0.5 ¢cm) according to the
procedure described by Harsh et al.*” HPC (7.5 g) was dissolved
in 0.05 M KOH (92.5 mL) and mixed with 73 wt % nanoparticles (in
relation to the initial weight of HPC). The suspension was
homogenized in an ultrasonic bath for 10 min. After adding the
DVS (1 mL) the solution was shaken and poured in plastic tubes
that are closed at both ends. To prevent sedimentation of the
filler, the plastic tubes were rotated during the cross-linking
reaction (72 h at room temperature). The gels were extracted
for another 72 h in deionized water (changing water after every
6 h). The cylindrical gels were used powdered, so they have to be
dried for 7 days at room temperature under vacuum. Preparation
of the polymer shells containing magnetic nanoparticles includes
cooling the gel material to —78 °C (using dry ice). Next, mechan-
ical milling was applied followed by separation of functionalized
particles according to their diameter. In order to do so, sieves with
different mesh sizes of 125, 100, 90, 75, 60, 40, and 20 um were
applied. For the purpose of the present work, particles were
selected using sieves with a mesh size of 40 and 60 um.
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