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Biocompatible, 3D Printable Magnetic Soft Actuators — Ink
Formulation, Rheological Characterization and Hydrogel

Actuator Prototypes

Fatih Puza, Lukas Barth, Marc-Christopher Thiel, Ralf Seemann, and Karen Lienkamp*

3D printable inks for the preparation of magnetic hydrogel actuators are
difficult to formulate because magnetic nanoparticles tend to aggregate
without stabilization through other ink components. At the same time, such
inks need to be shear-thinning and recover their high viscosity state
sufficiently fast to be suitable for the printing process. Here, the use of
chitosan as dispersing agent for Fe,O; nanoparticles is reported. Combined
with Pluronic F127 as a rheology modifier and acrylamide as the base
monomer, thermoresponsive and shear-thinning magnetic inks containing
well-dispersed particles are obtained. The ink viscosity is tuned over two
orders of magnitude by varying the chitosan and Pluronics F127 content.
3D-printed shapes with good shape fidelity are obtained at a print bed
temperature of 50 °C, where aggregation of the Pluoronics F127 micelles
occurs. This leads to a fast recovery of the high viscosity state of the material,
so that the printed shape can then be locked in by UV cross-linking. This
treatment yielded magneto-responsive prototypes which are promising for
soft robotics applications. Thanks to the simplicity of the ink formulation, it is
easily transferable also to nonspecialist laboratories, and the concept is

potentially applicable also to other types of nanoparticles.

1. Introduction

Hydrogels are hydrophilic, often biocompatible polymer ma-
terials that can be designed to respond to a number of
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different external stimuli, and as such are
promising for soft robotics applications.[!!
They can be actuated by external stim-
uli that affect the state of hydration of
their crosslinked polymer constituents (e.g.,
temperature or pH changes),[>*! or by ad-
dressing built-in stimulus-responsive com-
ponents (e.g., magnetic nanoparticles, by
using external magnetic fields).*5! Hydro-
gels which show predetermined, complex
motion in response to changes in their envi-
ronmental conditions are referred to as pro-
grammed or programmable hydrogel actu-
ators. Programmed actuation, such as the
rolling or folding of structured hydrogel
sheet into cubes, twisted ribbons, or tubes
requires structural anisotropy of the actua-
tor material. This is achieved either by local
modulation of the polymer network struc-
ture of the material (e.g., by local variation
of the cross-linking density), or by introduc-
ing a pattern into the material during fab-
rication (e.g., material grids with different
grid shapes, spacings and/or angles). In this
mannet, locally different mechanical prop-
erties and hence actuation responses are
generated.[>®]

It is not straightforward to introduce localized anisotropies
into materials with conventional polymer processing techniques
such as molding or casting. They can be realized with pho-
tolithographic processes, yet this technique requires stepwise
fabrication and alignment, which is slow and expensive. 3D
printing, on the other hand, provides access to soft actuators
with anisotropic materials composition and/or patterning and a
complex structural design, all in a highly automated process.*1°]
As a processing technique, 3D printing of polymer materials has
reached disproportionate levels of maturity: While 3D printing of
thermoplastic materials has become a main-stream technique,
3D printed hydrogels are much less common. They are mainly
found in the biomedical field, where “bioprinters” are used to
manufacture biopolymer-based scaffolds, e.g. for tissue engi-
neering or drug delivery. 3D printing of programmable hydrogel
actuators is a newly emerging field, as reviewed recently.[%]
For successful 3D printing, the printed material must have a
low viscosity during the printing process, and a high viscosity
directly afterwards, so that shape distortions due to flow are
avoided. When printing thermoplasts, this is straightforwardly
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Figure 1. Study design: a 3D printable hydrogel ink consisting of acrylamide and N,N-methylene(bisacrylamide) crosslinker (both cyan), iron oxide

nanoparticles (black) dispersed in chitosan (yellow), and the rheology modifier Pluronic 127 (blue-red) was formulated. After 3D printing and UV cross-
linking, a double hydrophilic network of physically cross-linked chitosan and covalently cross-linked polyacrylamide was obtained, in which the nanopar-

ticles and the rheology modifier micelles are dispersed. This hydrogel can be actuated by a permanent magnet.

achieved by heating the thermoplastic filament or granulate
to obtain a viscoelastic polymer melt, which rapidly solidifies
when deposited onto a cool print bed. The formulation of suit-
able polymer inks for hydrogel printing is more complicated,
especially if stimulus-responsiveness is required in addition to
printability. The base formulation for printing hydrogels is a
viscoelastic, gel-like ink consisting of at least one hydrophilic
polymer and a suitable solvent. The ink must be sufficiently
shear-thinning (i.e., decreasing in viscosity with increasing
shear rate) to be printable, and thixotropic (i.e., decreasing in
viscosity under constant shear, with a fast recovery of the high
viscosity state when the shear stress is removed) to avoid flow
after printing[%!!l Often a post-printing step (e.g., UV cross-
linking) is required to enhance the mechanical stability of the
printed hydrogel objects, therefore suitable functional groups
for supramolecular structure formation or polymerization must
be present in the ink. For actuation, either the polymer itself
or an additional component must be stimulus-responsive.
Thus, the formulation of polymer inks for 3D printing requires
much fine-tuning of the composition to meet the requirements
of the printing process and to obtain the desired mechan-
ical properties and stimulus-responsiveness of the target
hydrogels.

Shear-thinning of polymer solutions is observed if the poly-
mer chains undergo supramolecular interactions that are bro-
ken at high shear rates. If the polymer used in the ink is not
shear-thinning itself, rheology modifiers can be added. Examples
are specific block copolymers or nanoclays.!'*!*] Such additives
have multivalent supramolecular interactions with themselves or
the polymer component. These are reversibly broken at the high
shear rates of the printing process but are recovered when at rest
on the print bed. Thus, flow is avoided, and the geometry of the
printed object is stabilized for the post-printing treatment. For ex-
ample, the amphiphilic triblock copolymer poly(ethylene oxide-
block-propylene oxide-block-ethylene oxide) (Pluronic F127) un-
dergoes micellization in aqueous environments, which leads to
an increased ink viscosity due to hydrogen bonding between
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the micelles.'*] Pluronic F127 is widely used in hydrogel sys-
tems due to its biocompatibility and temperature-induced sol-gel
transition.!"®! It can even be used as a sacrificial rheology modifier
to 3D print low-viscosity solutions, where it is removed afterward
by a suitable solvent. For example, thermoresponsive PNIPAm
inks with low viscosity were 3D printed with the help of Pluronic
F127, which was afterward extracted.!*°!

We here report the formulation of a polymer ink for 3D
printable magnetic soft actuators consisting of acrylamide, N,N-
methylenebis(acrylamide), an UV initiator to trigger free radi-
cal polymerization, the dispersing agent chitosan, magnetic iron
oxide nanoparticles, and Pluronic F127 as a rheology modifier
(Figure 1). Thus, the resulting hydrogel actuator contains only
poly(acrylamide), chitosan, iron oxide, and Pluronic F127, all of
which are deemed to be biocompatible. In the ink formulation,
Pluronic F127 was used as a structural component and therefore
not extracted after printing. The hydrogel ink obtained was shear-
thinning and had a temperature-dependent viscoelasticity. By ad-
justing the 3D printing parameters, 3D printed objects with a res-
olution of < 1 mm in x-y-direction were obtained. UV polymeriza-
tion and cross-linking of the acrylamide led to stable 3D-printed
objects that could be actuated by magnetic fields.

2. Results and Discussion

2.1. Study Design

The aim of this work was to formulate an ink for 3D printing
of magnetic hydrogels which could be actuated by an external
magnetic field and consists only of biocompatible components
(Figure 1). Iron oxide nanoparticles were used as magnetoactive
components. Poly(acrylamide) (PAAm) was chosen as hydrogel
matrix. Two main requirements had to be met: a good dispersion
of the nanoparticles in the ink to get a homogeneous material,
and a suitable shear-thinning behavior during the printing pro-
cess. As the nanoparticles did not disperse in an aqueous solution
of the PAAm precursors (acrylamide monomer, AAm, and the

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85UB01 7 SUOLULLIOD @A) 3[cedldde auy Aq peuenob aJe sajoiie YO ‘SN JO Sa|ni o} Akeidi8UIJUO AB]IAA UO (SUONIPUOO-PUR-SLUIB)WIO A8 | 1M Ale.dl U1 [Uo//Stiy) SUORIPUOD pue SWis 1 841 88S " [20Z/70/TT] uo AkeiqiTauliuo A8|iM ‘Sspueliees sad 1eeISPAIUN A] ZZE00£Z0Z SUWRL/ZO0T OT/I0p/AL0D" A3 1M Al 1jul JUO//SANY W) papeo|umod ‘€ ‘7202 ‘vS0Z6ErT


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

M} SeSiar

Materiols and Engineering

www.advancedsciencenews.com

a) not
thixotropic

Fi-zf); ]fJ
Adm & VIBA
o
: ~
— - ey
’ ]
N
. yet
thixotropic 'm:o;a_r?
ink SaFA Py
25
c) '
® ® 30 wi%
2090 4 ® 20wi%
10 wt%
o * 0 wtt
e 159 .
-~ [ ] Y
2 [ ]
= [
2 3 ®
S 10- > _ o
2 -
>
5
e 1
0 T
10° 10’ 102

Shear Rate / s

www.mame-journal.de

b)

d) [ o 6w%
®e 3 W%
102 e, 1.5 Wt%
L
0 El
@
© €] ®
o °
2 ®e
§10‘- ®
(7]
2
10° 4
10° 10" 102

Shear Rate / s

Figure 2. a) Formulation of inks for 3D printing of magneto-responsive hydrogel actuators. Neither Aam/MBA nor a combination of AAm/MBA/F127
(not shown) can stabilize iron oxide nanoparticles in an aqueous solution. Addition of chitosan helps disperse the particles but does not yield sufficient
thixotropy. The formulation AAm/MBA/CH/F127/Fe,O; contained well-dispersed particles and had a resistance to flow, as desired for 3D printing
applications. b) Light microscopy image of the ink formulation AAm/MBA/3% CH/30% F127/Fe,03, scale bar = 20 um. c) and d) Shear rate tests
(viscosity versus shear rate) of different ink formulations. c) Variation of the F127 concentration of AAm/MBA/F127/Fe,O; (no CH), and d) variation of

the CH concentration in AAm/MBA/F127/Fe, O3 /CH.

cross-linker N,N-methylene(bis-crylamide), MBA), the biopoly-
mer chitosan was added as a dispersing agent. As this compo-
sition did not yield a sufficiently shear-thinning ink, Pluronic
F127 was chosen as a rheology modifier. Thus, the ink formu-
lation consisted of AAm, MBA, the UV initiator 2-hydroxy-4-(2-
hydroxyethoxy)—2-methylpropiophenone, iron oxide nanoparti-
cles dispersed in chitosan, and Pluronic F127 (Figure 1). First,
the influence of the ink composition on its rheological proper-
ties was studied by varying the concentration of Pluronic 127 and
chitosan. Next, the printing temperature was optimized to mini-
mize the ink flow on the build plate/print bed. Printing each layer
consisted of two steps: deposition and UV irradiation. The UV ir-
radiation initiated the free radical polymerization of AAm and
MBA to PAAm. Thus, a double hydrophilic network of physically
cross-linked chitosan within a covalently cross-linked PAAm ma-
trix was obtained, in which iron nanoparticles and Pluronic 127
micelles were dispersed (Figure 1). As demonstrators, hydrogel
grids were fabricated, and a hydrogel sheet was printed as a pro-
totype for a hydrogel actuator.
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2.2. Ink Formulation Experiments

As shown in Figure 2a, iron oxide nanoparticles did not disperse
well in an aqueous solution of AAm and MBA. Furthermore,
it has been reported that the viscosity of such small molecule
solutions is too low for 3D printing.['®! Pluronic 127 (called F127
in the following) was added as a rheology modifier, as it had been
previously shown to make low viscosity solutions printable.!'”]
While F127 was successfully used in the context of other actuator
system due to its thermoresponsiveness, it has not yet been used
in the context of magnetic actuators. As we found here, iron
oxide particles do not disperse well in F127. Therefore, to sta-
bilize and disperse the iron oxide nanoparticles in the aqueous
AAm/MBA/F127 solution, the carbohydrate polymer chitosan
(CH) was added to the ink. CH carries multiple hydroxyl groups,
and with these ligates the polar, high surface-energy nanoparti-
cles. With this ligand, an optically homogeneous dispersion of
the particles was obtained (Figure 2b). An ink containing CH
but no F127 was not sufficiently thixotropic for printing, but the
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Figure 3. a) Temperature-dependent aggregation of the F127 micelles and its effect on the viscoelastic properties of the ink formulation with 30 wt.%
F127. At an oscillation frequency of 1 Hz, a temperature sweep test between 20 and 60 °C indicated a transition from G’ < G’ to G’ > G'’ at 28°C. b)
Shear rate test performed at 20 °C (blue symbols) and 50 °C (red symbols) using ink formulations with 0 and 30 wt.% F127, respectively. c) Optical
micrographs of 3D printed hydrogel meshes using the ink formulation with 30 wt.% F127 and 3 wt.% CH onto a print bed kept at 20 °C (< Tgtical)
and when heated to 50 °C (> T iical)- Heating the print bed drastically increased the resolution of the printed object. The overall dimensions of the

3D-printed meshes were 30 mm x 30 mm.

combination of CH and F127 united the desired shear-thinning
and thixotropic properties, as indicated by finding that a vial con-
taining that formulation could be turned upside down without
flow (Figure 2a).

2.3. Rheological Properties

To quantify the above-described visual observations, different
rheological measurements were performed. First, the viscosity
and shear-thinning behavior of different ink formulations were
evaluated by shear rate tests (i.e., measurements of viscosity as
a function of shear rate). For these tests, inks with the formu-
lation AAm/MBA/F127/Fe, O, were investigated (Figure 2c). As
expected, the sample without F127 (0 wt.%) had a low viscosity
(8 Pas at a shear rate of 1 s, which decreased to 2 Pa-s at 100
s7!) and was not particularly shear-thinning. Increasing the F127
concentration to 10, 20, and 30 wt.%, respectively, increased the
viscosity successively, with 23 Pa-s at a shear rate of 1 s7! for the
30 wt.% formulation. This sample was also sufficiently shear-
thinning, with a viscosity reduction to 3 Pa-s at 100 s~'. Thus,
both the viscosity and the extent of shear-thinning depended on
the F127 concentration. Viscosity and shear-thinning further de-
pend on the CH concentration, as shown for inks with the for-
mulation AAm/MBA/30 wt.% F127 /Fe,O,/CH (Figure 2d). Ata
CH concentration of 6 wt.%, the viscosity at 1 s! was as high as
3.2 - 10121 Pa-s. To avoid potential clogging problems during print-
ing, the ink formulation with a concentration of only 3 wt.% CH
was chosen for further use. This ink had a viscosity of 23 Pa-s at 1
s71, which decreased to 3.0 Pa-s at 100 s~! due to shear-thinning
(Figure 2d). The developed ink formulation was thus promising
for the targeted printing process. Further measurements showed

Macromol. Mater. Eng. 2024, 309, 2300322 2300322 (4 of 8)

that the viscosity did not significantly depend on the nanoparticle
concentration (Figure S1, Supporting Information).

2.4. Influence of Temperature on the Rheological Properties and
3D Printing Results

It is well-known that F127 is thermoresponsive. While the F127
micelles are dispersed in aqueous media below a certain criti-
cal temperature (T_;;.1), they aggregate to larger supramolecu-
lar structures above that temperature (Figure 3a). As this would
also affect the viscosity of the ink formulation, the temperatures
used during the printing process (both within the print head and
on the print bed) relative to T, are crucial parameters. To de-
termine T, of the ink formulation with 30 wt % F127, its
complex shear modulus G* (reported as storage and loss moduli
G'and G, respectively) as a function of temperature was deter-
mined in a dynamic temperature sweep test at a constant oscilla-
tion rate of 1 Hz. As shown in Figure 3a, at a critical temperature
of 28 °C, there was a transition from G’ < G”’ to G’ > G"’. Thus,
below 28 °C, the ink behaves as a liquid, while G’ becomes dom-
inant at higher temperatures, and the ink becomes more like a
viscoelastic solid.

To further understand how this transition affects the ink vis-
cosity during printing, measurements of viscosity versus shear
rate at 50 °C were performed for ink formulations with 0 and
30 wt.% F127, respectively, and compared to the measurements
obtained at 20 °C (Figure 3b). It was observed that an ink without
F127 had a similar viscosity versus shear rate profile for both
temperatures. On the other hand, the ink with 30 wt.% F127
had a notably higher viscosity at 1 Hz at 50 °C compared to 20
°C, and was overall more strongly shear-thinning at the higher
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temperature than at 20°C. This indicates that aggregated F127
micelles were present at 50 °C at low shear rate, but that these
aggregates were broken as the shear rate increased. This type
of measurement can be considered as a simulation of the ink
viscosity inside the print head at different printing speeds. To
make sure that the ink viscosity was near-independent of the
printing speed, it was decided to maintain the print head at 20
°C. As the data indicated that the ink viscosity increased at low
shear rates at the higher temperature, the temperature of the
print bed was set to 50 °C to reduce the flow of a just printed
object. As shown in Figure 3c, this greatly improved the shape
fidelity and resolution of the printed object.

To further evaluate this aspect, dynamic frequency sweep tests
were conducted for ink formulations with 0, 10, 20, and 30 wt.%
F127 at 20 °C and 50 °C, respectively (Figure 4). In these mea-
surements, the samples were exposed only to low shear forces.
Thus, they model the situation of the inks after deposition on
the print bed. For the ink with 0 wt % F127, the loss modulus
G’ was larger than the storage modulus G’ at all frequencies for
both temperatures (Figure 4a), indicating that this ink behaves
as a liquid throughout and is thus unsuitable for printing. The
ink with 10, 20, and 30 wt.% F127 also had G’ < G'" at 20 °C. For
the 10 wt.% sample, the values of both moduli were similar at 50
°C, indicating a more viscoelastic solid-like behavior at the higher
temperature (Figure 4b). For both the inks with 20 and 30 wt.%
F127 at 50 °C, G’ was substantially larger than G’ for the entire
frequency range (Figures 4a,b), indicating sufficient viscoelastic
solid-like behavior at that temperature. Thus, 20 wt.% F127 was
found to be the minimum concentration of the rheology modifier
to have a sufficient resistance to flow on the heated print bed. The
data also explains the flow observed for the 30 wt.% ink when the
print bed was kept at 20 °C (Figure 3c).

2.5. Prototype Printing

Following the rheological characterization, different prototypes
were printed using the ink formulation with 30 wt.% F127
(Figure 5). In-situ UV treatment was performed directly after
printing to cross-link the acrylamide monomer. While the print-
ing process was successful at the chosen printing conditions,
the printed, cross-linked structures strongly adhered to the glass
print bed and could not be removed without damage. For this rea-
son, different methods to remove the prototypes were evaluated.
Immersion of the entire print bed in ultrapure H,O led to partial
dissolution of the chitosan moieties of the hydrogel (Figure 5a).
When placed into 1 M Na, SO, solution, the chitosan chains were
physically cross-linked by the negatively charged ions sulfate ions
(in addition to the chemical cross-linking), so that the hydrogel
shape was stabilized (Figure 5b) and could be removed by an-
other bath in pure water. Besides the prototype with the mesh
structure shown in Figure 5b, a rectangular hydrogel was fabri-
cated and detached from the print bed by this method (Figure 5c).
When the rectangular hydrogel was held near a permanent mag-
net, it oriented in the magnetic field by bending (Figure 5d, and
Video S1 in the supporting information). This demonstrated that
the printed hydrogel prototypes could indeed by actuated by this
external stimulus.
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Figure 4. Dynamic frequency sweep tests for ink formulations with 0, 10,
20, and 30 wt.% F127. Storage moduli G’ (squares) and loss moduli G’
(triangles) in a range from 107" to 10"l Hz at 20 °C (blue symbols) and
50 °C (red symbols) are shown. a) Inks with 0 and 30 wt.% F127; b) inks
with 10 and 20 wt.% F127.

To investigate the microstructure of the material, a rectangular
hydrogel sheet was investigated by scanning electron microscopy
(Figure 5,f). The images of the freeze-fractured cross-section of
the material indicated a dense, but still porous structure. The
rugged edges are attributed to the nanoparticles which are em-
bedded and distributed evenly in the hydrogel matrix.

3. Conclusion

The above-presented study offers a simple procedure to formu-
late inks for 3D printing of magneto-responsive soft actuators.
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Figure 5. Different 3D printed shapes, their actuation and microstructure. a) When immersed into pure water, the 3D-printed mesh disintegrated within
minutes. b) Treatment with 1 M Na,SO, stabilized the printed mesh structure. The dimensions of both meshes were 30 mm x30 mm, with a 5 mm grid
sizes. c) A rectangular shape was 3D printed and immersed into 1 M Na,SO, then detached using a spatula for an actuation test. d) The rectangular
hydrogel bent in the static magnetic field of a permanent magnet. e) and f) Scanning electron microscope images of the freeze-dried hydrogel material.
The material has a porous structure. The embedded nanoparticles are evenly distributed.
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Importantly, the carbohydrate polymer chitosan was used as
a dispersing agent to evenly disperse the magneto-responsive
iron oxide nanoparticles, which is a prerequisite for success-
ful 3D printing. By adding the rheology modifier Pluronic
F127 to the aqueous suspension of acrylamide monomer, N,N-
methylenebis(acrylamide), a UV initiator, chitosan and the iron
oxide nanoparticles, inks with a suitable viscosity range were
obtained. We demonstrated that both the rheology modifier F127
and the stabilizer chitosan were needed to obtain such a combina-
tion of properties. Both the ink viscosity and the shear-thinning
behavior could be adjusted by changing the chitosan and the
Pluronic F127 concentration. Importantly, this ink formulation
did not require chemical modification of the nanoparticles them-
selves and is thus easily transferable also to laboratories that are
not specialized in modification of particle surface properties.

Besides being shear-thinning, ink formulations with at least
20 wt.% Pluoronics F127 had also the properties of a viscoelastic
solid at elevated temperatures due to the thermo-responsiveness
of the rheology modifier. The inks showed too much fluidity
when used at room temperature. When the print bed was heated
to 50 °C, the viscoelastic properties of the ink became dominant
and prevented flow, so that prototype structures with high shape
fidelity could be obtained. Further rheological characterization
showed that inks with only 10 wt.% F127 were mainly viscous
at 20 °C and 50 °C and thus unsuitable for 3D printing.

After UV treatment (to polymerize the acrylamide monomer)
and swelling in sodium sulfate solution (to cross-link the chi-
tosan), a free-standing rectangular 3D printed prototype was ob-
tained, which bent in the magnetic field of a permanent magnet.
Thus, the here presented ink formulations are promising mate-
rials for the fabrication of magneto-responsive hydrogel actua-
tors by 3D printing. Further studies are needed to quantify the
magnitude of the actuation response, and to assess the magnetic
field strengths needed for actuation. Actuators with structural
anisotropy should be accessible by printing anisotropic struc-
tures, or by using a combination of inks with different amounts
of nanoparticles. The concept of using chitosan as a dispersing
agent in combination with Pluronic F127 as a rheology mod-
ifier should be transferable also to other high-surface energy
(nano)particles, and as such can probably be generalized for the
formulation of a whole family of 3D printable polymer inks con-
taining stimulus-responsive particles.

4. Experimental Section

Materials:  Acrylamide (= 99%) (AAm), N,N-methylenebis
(acrylamide) (99%, MBA), 2-hydroxy-4-(2-hydroxyethoxy) —2-
methylpropiophenone (98%), chitosan (medium molecular weight,
75%—-85% deacetylated), iron(ll,111) oxide nanopowder (particle size: 50
to 100 nm), Pluronic F127 (bioreagent grade) and acetic acid (>99%)
were purchased from Sigma-Aldrich/Merck, Taufkirchen, Germany. All
chemicals were used as received. Ultrapure H,O was obtained from TKA
MicroPure water purification system (JWT GmbH, Jena, Germany) and
had a resistivity of 18.2 MQ cm.

Ink Preparation: Hydrogel inks were prepared by dissolving all com-
ponents in ultrapure H,O. As the chitosan used was not soluble in H,0,
a small amount of acetic acid was added to solubilize it. In a typical
preparation, 0.1 ml (2.5 v/v %) acetic acid was added to the 4 mL ul-
trapure H,O and stirred. 1.20 g AAm (30 wt.% of H,0), 25 mg of MBA
crosslinker (2 wt.% of AAm), and 120 mg (3 wt.% of H,0) chitosan
polymer were added sequentially. After each addition, the solution was
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stirred until the added component had completely dissolved. Next, the
rheology modifier Pluronic F127 (30 wt.% of H,0) was slowly added
into the solution under continuous stirring. After obtaining a homoge-
nous solution, 40 mg iron(I1,111) oxide nanopowder (1 wt.% H,O) of was
added into the solution. The mixture was ultrasonified for 10 min to elim-
inate visible nanoparticle aggregates and was then stirred. Just before
starting the printing process, 15 mg of the UV initiator 2-hydroxy-4-(2-
hydroxyethoxy) —2-methylpropiophenone was added into solution, which
was stirred for another 10 min. Details of the compositions of all ink for-
mulations can be found in Table S1in the Supporting Information.

Rheological Characterization: ~ All rheological measurements were per-
formed using a Haake Mars 40 Rheometer (Thermo Fisher Scientific, Karl-
sruhe, Germany) with a parallel plate setup and a Peltier temperature con-
trol system. The radii of both the upper plate and lower plate were 25 mm.
The gap between the plates was set to 1 mm before the experiments. Un-
less otherwise stated, the temperature was 20 "C. To determine the shear-
thinning profile of the inks, shear rate sweep tests were performed. The
viscosity was recorded at different shear rates from 1to 100 s~' at 1 Hz.
For the shear modulus versus temperature measurements (temperature
sweep test), the oscillation frequency was set to 1 Hz. A frequency sweep
test was used to evaluate the viscoelastic behavior of the magnetic inks,
i.e., to obtain a curve of shear modulus versus oscillation frequency. The
storage modulus G’ and the loss modulus G’* were determined within a
frequency range of 0.01 to 10 Hz at 0.1% strain.

4.0.0.1. Printing: 3D Printing was performed using a Reg4life 3D
printer (Regemat, Granada, Spain) using a print head with a bioink extru-
sion syringe. Before starting to print, the print bed/build plate temperature
was set to 50 °C. The print bed was coated with a solution of 15 wt.% of
poly(vinyl alcohol) (PVA)in water as a soluble sacrificial layer. The overall
dimensions of the printed mesh structure (Figure 3c) were set to 30 mm
x 30 mm. The infill pattern was a diagonal grid with a tilt angle of 45 °. The
grid size was 5 mm. The layer height was 0.25 mm,; the flow speed was
2mm s, UV light with a wavelength of 365 nm was used for cross-linking.
The curing speed was 1 mm s~'. After printing, the obtained hydrogel and
glass print bed were immersed into 1 M Na, SO, for 1 hour to induce phys-
ical crosslinking of chitosan polymer. They were then immersed into H,O
to remove the sacrificial PVA layer. After 10 min, the printed hydrogels were
gently detached from the glass print bed.

Optical Microscopy and Scanning Electron Microscopy: The dispersion
of the nanoparticles in the ink was imaged using a Zeiss Axio Observer
equipped with a CCD camera (Zeiss, Oberkochen, Germany. The hydrogel
microstructure was studied using a Zeiss Sigma 300 VP scanning elec-
tron microscope (Zeiss, Oberkochen, Germany). A 3D-printed and UV-
irradiated rectangular hydrogel was swollen in 1 M Na,SO, for 1 h to in-
duce physical crosslinking of the chitosan polymer. It was then washed
with water and dried. The dried material was mounted onto a sample
holder with conductive carbon adhesive tape and then sputtered with gold
using a Cressington Sputter Coater 108 Auto (Tescan GmbH, Dortmund,
Germany; process parameters: 20 mA, 0.1 mbar, 30 s). Images were taken
at 3 kV.

Supporting Information

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