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Abstract This work presents the fabrication and controlled
actuation of swimming microrobots made of a magnetic
polymer composite (MPC) consisting of 11-nm-diameter
magnetite (Fe;O,4) nanoparticles and photocurable resin
(SU-8). Two-photon polymerization (TPP) is used to fabri-
cate the magnetic microstructures. The material properties
and the cytotoxicity of the MPC with different nanoparticle
concentrations are characterized. The live/dead staining tests
indicate that MPC samples with varied concentrations, up to
10 vol.%, have negligible cytotoxicity after 24 h incubation.
Fabrication parameters of MPC with up to 4 vol.% were
investigated. We demonstrate that the helical microdevices
made of 2 vol.% MPC were capable of performing cork-
screw motion in water applying weak uniform rotating mag-
netic fields.
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1 Introduction

Recent advances in biomedicine and biology attract researchers
to use remotely controlled micro-/nanodevices and systems
that enable wireless manipulation and sensing for in vivo and
in vitro applications (Ozin et al. 2005; Shi et al. 2009; Fan et al.
2010; Sing et al. 2010; Hagiwara et al. 2011; Mei et al. 2011;
Ghosh and Fischer 2009; Solovev et al. 2012; Wang 2012;
Peyer et al. 2013a). In particular, microrobotics in combination
with different disciplines such as material science and
micro-/nanofabrication technologies has opened new routes
for minimally invasive medicine (Nelson et al. 2010; Qiu
et al. 2012). For remote actuation of micro-/nanodevices with
on-demand locomotion, magnetic actuation is a promising
approach, because it works in various media, and is considered
safe for cells and biological systems. The movement of mini-
aturized objects in liquid environments experience a relative
increase in drag forces, since the Reynolds number significant-
ly decreases due to the small characteristic length of the object
(Purcell 1977). Swimming strategies at small scales
can be adapted from the motion of bacteria such as
Escherichia coli (E. coli). They rotate a bundle of heli-
cal-shaped flagella by 40-nm-diameter flagellar rotary
motors to achieve a forward swimming movement
(Anderson and Berg 1973). For a magnetic helical swimming
microrobot, a more straightforward method to generate the
corkscrew motion is to induce a magnetic torque on the device
using a rotating magnetic field. However, the fabrication of
such helical micro-/nanostructures is a challenge, and biocom-
patibility has to be considered for biomedical applications.
Various designs of helical swimming microrobots have been
reported, including artificial bacterial flagella (ABF) contain-
ing a hybrid semiconductor—metal trilayer (GaAs/InGaAs/Cr)
with soft-magnetic Ni heads (Zhang et al. 2009a), helical
micromachines coated with Ni/Ti thin films using e-beam
evaporation (Tottori et al. 2012; Peyer et al. 2013b), and
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helical lipid microstructures coated with CoNiReP thin films
by electroless deposition (Schuerle et al. 2012). For fabrica-
tion and magnetic actuation of swimming microrobots, mag-
netic nanoparticles, such as superparamagnetic iron oxide
nanoparticles (SPION), can be considered. They have a high
degree of biocompatibility and provide possibilities for
functionalization and tracking when used as in vivo targeted
drug delivery systems (Lu et al. 2007; Kim et al. 2008;
Colombo et al. 2012). Previous report also shows that flagel-
lated magnetotactic bacteria (MTB) with the nanometer-sized
magnetosomes can be used as magnetic microrobots in the
human microvasculature (Martel et al. 2009).

In this work, two-photon photopolymerization (TPP)
(Park et al. 2009; Tian et al. 2010; Zhang et al. 2010a) for
three-dimensional (3-D) patterning of magnetic polymer
composite (MPC) structures, composed of SU-8 photoresist
and 11-nm-diameter magnetite (Fe;O,4) nanoparticles, are
presented. The material properties and the cytotoxicity of
the MPC with different particle concentrations are also in-
vestigated. In addition, the magnetic actuation and swim-
ming of the fabricated magnetic helical microrobots using
low-strength rotating magnetic fields is demonstrated. While
the fabrication and magnetic actuation of tethered MPC
microdevices on a surface was reported (Tian et al. 2010;
Xia et al. 2010), this work focuses on the fabrication of
untethered devices for biomedical applications with an em-
phasis on the influence of the particle concentration on the
feature size of 3D structures and cytotoxicity.

2 Results and discussion
2.1 Characterization of the composite

The magnetic composite is made of epoxy SU-8 polymer
containing magnetite nanoparticles with diameters of
11.4£3.4 nm (average diameter measured by TEM) (Suter
et al. 2011a). The particle agglomeration in the composite is
one of the most significant issues for the fabrication of
microstructures to obtain homogeneous magnetic and me-
chanical properties and small feature sizes. Figure 1 shows a
cross-section of the composite film with 2 vol.% nanoparti-
cle concentration. It was found that the nanoparticle agglom-
eration in the composite has an average size of around 40—
50 nm and the composite shows superparamagnetic behavior
(Suter et al. 2011a).

The biocompatibility of the MPC is important to evaluate
the potential of MPC microdevices interfacing cells and
biological systems. The cytotoxicity of the MPC with differ-
ent particle concentrations was studied by WST-1 prolifera-
tion assay. A live and dead staining of normal human
dermalfibroblasts (NHDFs) cultured on MPC surfaces was
performed as previously described (Sivaraman et al. 2012).
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Fig. 1 TEM image of a cross-section of a spin-coated MPC film with
2 vol.% (8 wt.%) Fe;0, particle concentration (sample thickness ~ 100 nm)

The live and dead staining experiment shows that after a
culture period of 24 h, NHDFs attached on all MPC samples
and were able to metabolize FDA (Fig. 2a) independent of
the Fe;O4 nanoparticle concentration. For a qualitative cyto-
toxicity analysis the mitochondrial activity of the living cells
was measured on different MPC surfaces after 24 h (Fig. 2b).
The cell viability for all samples was nearly the same as on
control TCPS surfaces, indicating that nanoparticle concen-
trations up to 10 vol.% in the composite do not significantly
influence the viability of NHDFs. MPC microstructures with
up to 10 vol.% nanoparticle concentration are suitable for
in vitro interactions with biomaterials.

2.2 Microstructure fabrication using two-photon
polymerization

The fabrication of MPC microstructures using TPP allows
for 3-D shape designs and the thickness of the polymerized
photoresist is increased due to the longer wavelength as
compared to standard UV photolithography. With UV pho-
tolithography at 350410 nm the MPC has a low transmit-
tance and the fabrication is limited to layer thickness of
2.9 um for a composite with 5 vol.% (i.e. approximate
15 wt.%) magnetite concentration (Suter et al. 2011b). At a
wavelength of 780 nm, i.e. the wavelength of the TPP laser,
the transparence of MPC is significantly increased (see
Electronic Supplementary Information—ESI, Figure SI).
For instance, the transmittance of the MPC with 5 vol.%
particle concentration is increased by approximately one
order of magnitude as the wavelength of exposure is in-
creased from i-line (365 nm) to 780 nm TPP laser and the
maximum achievable thickness of the structures is increased
by almost one order of magnitude. These observations are
comparable to those made during the investigation of single
photon visible light curing systems for SU-8 based polymer
composites (Peters et al. 2013).

With TPP it is possible to precisely write structures smaller
than the wavelength limitations (Zhang et al. 2010a). Here,
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Fig. 2 a Epi-fluorescence microscope images of NDHFs cultured on
MPC surfaces containing different Fe;0,4 nanoparticle concentrations.
Green fluorescence is from live cells while blue fluorescence is from
cell nuclei. b With a WST-1 assay the viability of NDHFs was deter-
mined by the mitochondrial activity of living cells compared to a

magnetic lines with widths down to 295+25 nm and
268+37 nm were fabricated using superparamagnetic com-
posite (Fig. 3) for 2, and 4 vol.% nanoparticle concentrations,
respectively. To achieve minimal feature size the scanning
speed and laser power parameters were adjusted.

Constant scanning speed, as shown in Table 1, with de-
creasing laser power leads to thinner MPC lines until the
composite cannot be fully polymerized and the lines are
removed during the development process. For different
laser-scanning-speed/laser-power combinations minimal fea-
ture sizes were investigated. For a 2 vol.% MPC the average of
the obtained minimal line widths is 325+24 nm and for the
line height 1.36+0.22 um (see ESI, Table S1). For the
4 vol.% MPC only minimal line widths for different
scanning-speed/laser-power combinations were investi-
gated and was found as 287+ 16 nm. The minimal line widths
depend only slightly on the nanoparticle concentrations. The
decrease of the line width with higher particle concentrations
can be due to the increased laser light absorption of the
nanoparticles.

TPP allows for the fabrication of complex magnetic 3-
D bulk microstructures by writing with parallel slightly

()2 vol.% MPC, 50 pm/s, 2 mW

\4

w, =295 + 25 hm

(b)4 vol.% MPC, 1 pm/s, 0.7 mW

w = 268 % 37 nm

Fig. 3 MPC lines with minimal line width fabricated with (a) 2 vol.%
and (b) 4 vol.% Fe;04 nanoparticle concentration
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control tissue culture polystyrene (TCPS). The cell viability is normal-
ized to values of cells cultured on TCPS. The graph represents average
values from two independent experiments carried out in duplicates
(except for 3 vol.% MPC only one measurement)

overlapping lines (Peters et al. 2013). Figure 4a,b shows a
hollow cube with dimensions of 20%20x20 pum, with a 2 um
thick wall and four 10x 10 um windows. Such hollow struc-
tures show the potential of this technology for example to
fabricate open magnetic capsules for drug transportation
(Frances et al. 2008). Objects up to 25 pum tall were fabricated
using MPC with 2 vol.% particle concentration. Figure 4c and
e show successfully fabricated helical microstructures with 2
and 4 vol.% Fe;0,4 nanoparticle concentration. Helical micro-
structures with the MPC with heights up to 16.8 um can be
written by the laser following helical trajectories. The height
and width of the filament can be defined by the number of
neighboring trajectories. A line overlap of around 50 % in the
vertical and horizontal directions was chosen. Because of the
overlap the writing power can be slightly reduced compared to
the minimal line writing parameters. The optimized parame-
ters for the fabricated helical microstructures are 0.8 mW,
5 um/s and 0.8 mW, 1 pum/s for 2 and 4 vol.% Fe;O4
nanoparticle concentrations, respectively. If the particle con-
centration is increased, the surface roughness of the helical
microstructures increases due to the radiation absorption and
scattering by the nanoparticles and their agglomerates.

2.3 Magnetic actuation of helical swimming microrobots
The fabricated MPC helical microstructures show cork-

screw swimming capabilities in water when a magnetic
torque is applied by a uniform rotating magnetic field. The

Table 1 Line width for different laser power values using 2 vol.% MPC
(values from 3 to 10 measurements)

Scanning-speed/laser-power Minimal line width

50 um/s, 2.4 mW 382+56 nm
50pum/s, 2.2 mW 321+£58 nm
50 um/s, 2.0 mW 295425 nm

50pum/s, 1.8 mW no stable line
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Fig. 4 SEM images from MPC
hollow cube (20x20%20 pm
with 2 um wall thickness and
four 1010 pm windows) with
2 vol.% Fe;04 nanoparticle
concentration (a). Closer view of
the cube (b). Helical
microstructure with 2 vol.%
Fe;04 nanoparticle
concentrations (¢) and with a
cube-like base for better fixation
to the substrate (d). e Helical
microstructure with 4 vol.%

superparamagnetic MPC microstructures with 2 vol.% filler
concentration rotate along the axial direction of the micro-
structure. The swim performance near the substrate surface is
characterized by two motions, i.e. forward and drift transla-
tion. The image sequence in Fig. 5a shows a complete rotation
of the structure around its helical axis. Figure 5b shows a
swim displacement of approximately 12 pwm (forward plus
drift motion) during 4 s. The cube on the bottom of the helical
structure was used as an anchor during fabrication as seen in
Fig. 4d, while helical microstructures without cubes were also
fabricated and showed similar swimming behavior. This ex-
periment shows that an actuation and magnetic control of

microstructures made from the superparamagnetic MPC with
only 2 vol.% nanoparticles concentration is possible. To
achieve a rotation of the helical microstructure a magnetic
torque along the helical axis must act on the structure. The
torque applied on the helical microstructure is given by

T,=VMxB (1)

where Vand M are the volume (m>) and magnetization (A/m)
of the body, respectively, and B is the applied magnetic flux
density (T). To produce a torque about the axis of the helical
structure there must be a component of magnetization in the

Fig. 5 Swim test in water of
MPC helical structures with

2 vol.% Fe3;0,4 superparamagnetic
nanoparticle concentration. a
Microscope image sequence
showing a full rotation of the
helical structure around its helical

$E990288¢

axis. b Microscope image
sequence showing propulsion of
the helical structure. The
magnetic field strength and input
frequency were set to 8mT and
4Hz, respectively. A distance
of approximately 12 pm
(forward plus drift motion) was
covered in 4 s

()

t1 =0s

Magnetic field

rotation ( /

/

Bum
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radial direction. The magnetization depends on the magnetic
anisotropy (i.e., shape anisotropy) of the helical microstruc-
ture. Different possibilities for controlling the magnetic an-
isotropy of the helical microrobots have been reported previ-
ously, such as using permanent magnetic materials (Ghosh
and Fischer 2009) or adding a magnetic head plate 15. This
work shows that it is possible to generate an actuation torque
for a helical microstructure even without controlling the mag-
netic anisotropy.

3 Conclusions

Superparamagnetic microstructures with various shapes,
such as hollow cubes and helical structures, were fabricated
using TPP technology with a superparamagnetic polymer
composite with up to 4 vol.% (15 wt.%) concentration of
Fe;O4 nanoparticles. In comparison to conventional UV-
based photolithography, the aspect ratio and resolution of
the MPC microstructures were significantly improved using
TPP. It was demonstrated that MPC microstructures are non-
toxic to cells and have potential for in vitro biomanipulation.
Furthermore, the MPC helical microstructures, embedded
with randomly distributed magnetic nanoparticles, are capa-
ble of performing corkscrew motion using a rotating field,
and swimming can be controlled precisely in three dimen-
sions. An advantage compared to permanently magnetized
swimmers is that due to superparamagnetic characteristics

Fig.6 a2vol.% MPClineswith (@)
different offsets to the glass
substrate are written to determine
the linewidth, wy, using SEM. b
Inclined MPC lines are written
with an angle x~5° to the
substrate. After development and
air drying process the
polymerized line tumbles onto
the substrate. The height of the
line, hy, can be measured by
SEM

Written composite lines

line width measurement

Glass substrate

the swimmers do not magnetically attract each other, when
the external magnetic field is turned off. The three dimen-
sional MPC microstructures could act as microrobots for
biomedical applications, such as single-cell manipulation
and robotic drug delivery platforms, which have high oper-
ation flexibility in the fluidic environment, such as pH and
temperature, and with versatile functionalization by surface
modification techniques (Deepu et al. 2009).

4 Experimental section
4.1 Preparation of magnetic polymer composite

The magnetic polymer composite (MPC) is made from ep-
oxy SU-8 polymer containing magnetite nanoparticles with
diameters of 11.4+3.4 nm (average diameter measured by
TEM). The preparation detail of MPC was published else-
where (Suter et al. 2011b).

4.2 Cytotoxicity tests of MPC

Cell culture The cytotoxicity tests were conducted using nor-
mal human dermal fibroblasts (NHDF, PromoCell, Germany).
The proliferation of such cells was harvested from exponen-
tially growing subconfluent monolayers. The culture was
maintained in 25 ¢cm?® culture flasks in DMEM (Cat. No.
21885, low glucose, glutamax I, GibcoBRL) supplemented

(b)
line height measurement

Freestanding part

f li |
J PG NARDIes Written inclined

& composite line
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with 10 % heat inactivated FBS (F7524, Sigma) and 1 %
ABAM (Cat. No. 15240, GibcoBRL) at 37 °C and 5 %
COs. Cells were used until passage 20.

Live and dead staining Three thousand NHDFs were cul-
tured on individual surfaces for a total time of 24 h in a 24-
well-plate and stained with FDA (fluorescein diacetate, 1
mg/ml, 1:1000, Fluka) and Hoechst 33342 nuclear stain in
PBS (Invitrogen, 1:1000) for 10 min at room temperature.
Living cells metabolize FDA to fluorescein, which can be
detected with a FITC-filter of an epi-fluorescence micro-
scope. With Hoechst 33342 nuclear stain the total number
of cells is detected by a DAPI filter. The samples were
washed 3 times with PBS and analyzed by fluorescence
microscopy (Zeiss Axiovert 200 M) (Suter et al. 2012).

Cytotoxicity The cytotoxicity of different surfaces of MPC
with a nanoparticle concentration of 0, 1, 2, 3, 5, and
10 vol.% was determined by the mitochondrial activity of
living cells using WST-1-proliferation assay (Roche).
Surfaces were sterilized for at least 20 min under UV-light
and stored for 2 h in PBS (phosphate buffered saline, 0.1 M,
pH 7.4). 3000 NHDFs were cultured on individual surfaces
for a total time of 24 h in 24-well plates (TPP, Switzerland) in
a total volume of 500 ml medium. 24 h after seeding mito-
chondrial activity was measured by the addition of 50 ml
WST-1 solution per 24-well and WST-1 absorption was
analyzed at 440 nm using a microplate reader Infinite
M200 (Tecan). As controls 3000 NDHFs were cultured on
tissue culture polystyrene (TCPS) in a similar way. Each
condition was performed in duplicates and repeated 2
times.

4.3 Fabrication of 3D microdevices using TPP

The MPC microstructures were fabricated by a direct laser
writing tool from the company Nanoscribe GmbH with a
Ti:sapphire near IR femtosecond laser (100 MHz repetition
rate, sub-150 fs pulses, central wavelength of 780 nm). To
achieve MPC microstructures with smallest feature sizes an
oil immersion objective with 100x magnification (NA=1.4)
was used.

The MPC suspension was deposited by spin-coating
(layer of 10-30 um) on a 170 um thick glass substrate. The
prebaking for spin-coated samples was done at 95 °C for
15 min. Prebaking was used to obtain a lower solvent con-
centration in the MPC. After exposure by TPP all the samples
were postbaked at 95 °C for 3 min to perform the polymeri-
zation. Then, the composite was developed in resist developer
mr-DEV 600 for 5 to 10 min, rinsed with isopropanol and
dried at air. Samples with Fe;O, particle concentration of 0, 2,
4 vol.% were prepared.
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4.4 Measuring of minimal line width and height

The minimal line width is determined by measuring the width
of a written MPC line after development. The lines have an
elliptical cross-section, and the thickness is measured at the
widest position. As the laser focus cannot be precisely adjust-
ed relative to the substrate surface, lines with different offsets
in z-direction were written (Fig. 6a). The line width, wy, is
measured by scanning electron microscopy (SEM) at the
highest or second highest undetached line. For determining
the minimal line height, h;, inclined lines were written with
different scanning speed and laser power from the substrate as
illustrated in Fig. 6b. During air drying after developing the
freestanding lines tumble onto the side towards the substrate,
and the line height can be measured by SEM.

4.5 Magnetic actuation using 3-axis Helmholtz
electromagnetic coils setup

A uniform rotating magnetic field was used to test the actu-
ation and swimming properties of the MPC-based micro-
structures. The setup consists of three Helmholtz coil pairs
placed orthogonally to each other producing uniform field in
any direction (Zhang et al. 2009b; Zhang et al. 2010b). The
field can be rotated by varying the currents through the coils.
The MPC microstructure was immersed in a water tank. The
structure can be observed by an optical microscope. To
investigate the swimming properties, the microstructure
was mechanically detached from the glass substrate. The
motion was recorded using a CCD camera placed on top of
the microscope.
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