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ABSTRACT

Magnetic thermo-responsive hydrogels are a new class of materials that have recently attracted interest in
biomedicine due to their ability to change phase upon magnetic stimulation. They have been used for drug
release, magnetic hyperthermia treatment, and can potentially be engineered as stimuli-responsive
substrates for cell mechanobiology. In this regard, we propose a series of magnetic thermo-responsive
nanocomposite substrates that undergo cyclical swelling and de-swelling phases when actuated by an
alternating magnetic field in aqueous environment. The synthetized substrates are obtained with a facile
and reproducible method from poly-N-isopropylacrylamide and superparamagnetic iron oxide
nanoparticles. Their conformation and the temperature-related, magnetic, and biological behaviors were
characterized via scanning electron microscopy, swelling ratio analysis, vibrating sample magnetometry,
alternating magnetic field stimulation and indirect viability assays. The nanocomposites showed no
cytotoxicity with fibroblast cells, and exhibited swelling/de-swelling behavior near physiological
temperatures (around 34 °C). Therefore these magnetic thermo-responsive hydrogels are promising
materials as stimuli responsive substrates allowing the study of cell-behavior by changing the hydrogel
properties in situ.

1. Introduction
Hydrogels, hydrophilic polymer networks which can absorb >10-30% of their dry weight in water, are
attracting considerable interest in biomedicine and as biomaterials due to their intrinsic properties such as



biocompatibility, structure, and chemical and mechanical behavior [1]-[4]. Moreover, these materials can
be tailored to possess properties similar to that of native biological tissues. Recently a novel class of
hydrogels, which offer additional features, has been proposed: magnetic hydrogels that are composite
materials comprised of magnetic nano- or microparticles incorporated within a polymeric matrix[5]. In
biomedicine, these magnetic hydrogels have been investigated for a variety of applications. For example,
magnetic actuators that combine high elasticity and magnetic behavior have been developed to mimic
skeletal muscles behavior[6], and magnetic bio-hybrid scaffolds with improved physico-chemical and
mechanical properties have been engineered for bone regeneration[7]. Furthermore an emerging
application of magnetic hydrogels is to implement superparamagnetic iron oxide nanoparticles (SPIONSs)
as a functional, stimuli-responsive component within thermo-responsive hydrogels[8], [9]. Thermo-
responsive hydrogels are materials that swell or collapse upon temperature changes, and by incorporating
SPIONE it is possible to magnetically trigger this transition.

SPIONs with a core diameter between 5 to 28 nm [10], when exposed to an alternating magnetic
field (AMF), dissipate heat though Néel and Brownian relaxation phenomena[11], [12]. When
incorporated into a thermo-responsive hydrogel, the heat is then transferred to the surrounding polymeric
matrix thereby inducing conformational change and polymer collapse[13]. These magnetic hydrogels have
a reversible behavior and therefore can re-acquire the initial conformation when the AMF is off [14].
Several groups have thus developed remotely triggered drug delivery systems with micro-gels [15], [16],
injectable hydrogels [17] and solid patches that can release drug when exposed to an AMF [14], [18].
Others have proposed hydrogels that potentially can target and heat a tumor for hyperthermia treatment
[19].

However hyperthermia treatments and drug delivery technologies are not the only fields that
benefit from magneto thermo-hydrogels. In tissue engineering, and specifically mechanobiology, the
temporal variations of a substrate surface are thought to be fundamental in governing cell adhesion,
morphology and differentiation[20]-[22]. Hence to mimic the natural cells’ environment that undergoes
remodeling in physiological or pathological conditions [23], [24], a classical petri dish or a static cell
substrate with defined mechanical properties is not sufficient. To overcome this limitation and study the
cellular reaction to mechanical environmental changes, several dynamic cell-culture substrates, in which
stiffness and topography can be tuned in situ, have been developed [20], [25], [26].

In the growing field of dynamic, stimuli-responsive cell substrates there are only a few which
involve the use of magnetic hydrogels [27]-[29] and none rely on AMF stimulation. In particular,
acrylamide gels loaded with nickel micro-wires were shown to alter their surface roughness upon the
application of a static magnetic field and to induce changes in the adhesion area of vascular smooth cells

[27]. Another study [29] focused on the development of a magneto-active elastomer that changes stiffness



and topography after application of static and oscillating field. This substrate was used to study migration
and morphology of human fibroblasts. Moreover, cylindrical micro-pillars made of iron oxide
nanoparticles-loaded poly(caprolactone)-based polymer substrates were bent and extended with the use of
an AMF. However in the presence of cells, the morphology of the substrate was triggered only by a direct
change in the temperature of the cell culture medium and not by the AMF [28]. Thus, by including
SPIONSs directly into a thermo-responsive hydrogel it is possible to trigger mechanical changes in a
hydrogel substrate via an AMF.

Here we report a magnetic, thermo-responsive model substrate based on poly-N-
isopropylacrylamide (poly-NIPAM) embedded with SPIONs that reversibly changes phase upon AMF
stimulation. The hydrogels were prepared as films covalently crosslinked to a glass coverslip, each
containing different concentrations of nanoparticles. These materials combine good thermal behavior
(change swelling and de-swelling behavior over a narrow temperature range), superparamagnetic
properties, and have a high degree of biocompatibility. When excited with AMF they show a de-swelling/
swelling reversible process at physiological temperatures. Moreover, variations of the substrate
mechanical properties (e.g. hydrogel elasticity and topography) can be related to the hydrogel phase
change [25], [30]. The hydrogels were biocompatible in both the swollen and de-swollen states as shown
by a biocompatibility test for murine fibroblasts in vitro. Hence the proposed materials have the potential

to be used as stimuli-responsive substrates for cell culture.

2. Material and methods

2.1 Materials

2.1.1 Chemicals

All chemicals were of analytical reagent grade unless further specified and were used without any
purification except for the monomer N-isopropylacrylamide (NIPAM) which was purified prior to use.
For NIPAM purification, 20 g was pre-purified by recrystallization with hexane (300 ml). Then the
precipitate was filtered and washed with ice-cold hexane to give colorless crystals (19 g); the final
monomer was recollected and stored at 4°C. Iron(lll) chloride hexahydrate (99%), oleic acid (technical
grade, 90%), citric acid (99.5%), N,N-dimethylformamide (DMF, 99.8%), 1,2-dichlorobenzene (DCB,
99%), N,N’-Methylenebis(acrylamide) (BIS, 99%, Mw=154.17), ammonium persulfate (APS, 98%)
hydrochloric acid (HCI, 37%), nitric acid (HNOs, 65%), potassium hexacyanoferrate(ll) trihydrate
(98.5%) and diethyl ether (99%) were supplied by Sigma-Aldrich. Sodium oleate (97%) and tri-n-
octylamine (97%) were purchased from TCI Europe N.V. Absolute ethanol, acetone and 2-propanol were

purchased from VWR Chemicals. 3-(trimethoxysilyl)propylmethacrylate (TPM) was purchased from



ABCR GmbH and acetic acid (glacial, 100%) from Merck. N,N,N,N’-tetramethylethylenediamine
(TEMED) was obtained from Bio-Rad and N-Isopropylacrylamide (NIPAM, 99%, Mw=113.16) from
ACROS Organics. All aqueous solutions were prepared with deionized water obtained from a Milli-Q
system (resistivity=18.2 Q, Millipore AG).

2.1.2 Cell culture

NIH-3T3 murine fibroblasts were obtained from American Type Culture Collection (ATCC). Cells were
cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 10% v/v calf bovine serum
(ATCC® 30-2030™), 2mM L-glutamine and 1% v/v Penicillin-Streptomycin at 37 °C and 5% CO; in a

humidified incubator.

2.2 SPIONs synthesis

SPIONs with a core diameter of 21.8 £ 0.9 nm (average £ SD, n = 1258) were synthetized by thermal
decomposition according to a modified procedure reported by Park, et al [31]. In brief, an iron oleate
complex was prepared reacting iron chloride (FeCls-6H,0) with sodium oleate. Then the complex was
thermally decomposed in presence of oleic acid at 320°C in tri-n-octylamine for 1 hour (details in
Supplementary Information). The solution was rapidly cooled down, and the nanoparticles were separated
and washed by sequential centrifugations. Resulting oleic acid coated nanoparticles were re-dispersed in

hexane and stored at 4 °C.

2.3 SPIONs functionalization

A ligand exchange procedure was performed in order to exchange oleic acid on the SPION surface with
citric acid, thereby yielding nanoparticles colloidally stable in polar (i.e. aqueous) solvents and suitable for
incorporation in the polymer [32]. For this, the SPIONs were dispersed in a solution of DCB and DMF
(ratio 1:1). Citric acid was then added (0.8 mg citric acid/mg Fe) and the solution was stirred for 24 hours
at 100°C. Following this, the nanoparticles were precipitated in 200 mL of diethyl ether and recovered
with a magnet (Nickel-plated NdFeB, Supermagnete). The resulting citric acid coated SPIONs were

washed in acetone and finally re-dispersed in Milli-Q water.

2.4 Transmission electron microscopy

The size and morphology of citric acid SPIONs was investigated by transmission electron microscopy
(TEM). Samples were prepared drying the nanoparticle suspensions on copper carbon-coated mesh grids.
Micrographs were acquired with a Tecnai Spirit transmission electron microscope (FEI) operating at 120



kV and equipped with a Veleta CCD camera (Olympus). The core diameters of the nanoparticles were

estimated with automatized size distribution analysis software (ImageJ, National Institutes of Health).

2.5 Dynamic light scattering

SPIONSs investigation of size and colloidal stability was performed with a dynamic light scattering setup
(3D LS Spectrometer, LS Instruments AG). The suspension was diluted to a low concentration (0.05
mg/ml Fe) to avoid multiple light scattering. Data were collected at 25 °C with a scattering angle of 90°

and were analyzed with a customized script in Mathematica (Version 10.1, Wolfram Research Inc).

2.6 Iron quantification (Prussian Blue colorimetric assay)

The iron concentration of citric acid coated SPIONs was quantified using the Prussian Blue colorimetric
assay [33]. Nanoparticles were dissolved in a 6 M HCI and 0.01 M HNO; solution. Then, 5% w/v of
freshly prepared potassium hexacyanoferrate(ll) trihydrate was added and the absorbance at 690 nm was
read after 10 minutes on a VICTORS3, 1420 Multilabel Counter (Perkin Elmer). Each experiment was

repeated in triplicate at least three times.

2.7 Synthesis of PNIPAM-SPIONSs hydrogels

2.7.2 Coverslips functionalization

Glass treatment was necessary to guarantee the covalent attachment between the hydrogel and the
coverslip and was adapted from a procedure by Vignaud et al [34]. Round glass coverslips (diameter = 22
mm) were cleaned and sonicated with acetone and 2-propanol for 30 minutes. A solution of 0.5% TPM in
100 ml of ethanol was prepared. Then 3 ml of acetic acid (1:10 in Milli-Q water) were added and the
coverslips were immersed in the final solution for 5 minutes. After the coverslips were rinsed with

absolute ethanol and dried with nitrogen.

2.7.3 Hydrogels synthesis

Poly-NIPAM hydrogels loaded with SPIONS at 0, 1, 2.5 and 5% w/w of SPIONs to the monomers
NIPAM and BIS, were synthesized by radical polymerization. SPIONs, NIPAM and BIS (monomers), and
TEMED (catalyst) were mixed in varying ratios (Table 1) in Milli-Q H,O and sonicated in a flask for 5
minutes under inert atmosphere. APS at 10% wi/v was added as an initiator. To prepare a flat substrate
suitable for cell culture, 250 pL of the polymerization mix were sandwiched between two glass coverslips
(one functionalized with TPM, the other not). Upon complete polymerization the non-functionalized
coverslip was removed and the gel was washed in Milli-Q water for three days under gentle agitation. The

final substrates were flat hydrogels (thickness = 0.7 mm, diameter ~ 20 mm) covalently attached on one



side to a glass coverslip. To perform bulk measures on the hydrogels, the polymerization solutions were
cast in cylindrical containers (height = 20 mm, diameter ~ 8 mm). At the end, the hydrogels were

extracted, washed, cut in smaller pieces and freeze-dried.

Table 1 Summary of synthetic parameters.

Milli-Q Water SPIONs (ml) APS 10%
NIPAM (mg) BIS (mg) TEMED (ul)
(ml) conc.=8.46mg/ml wiv ()
PNIPAM 0%
318 45 1.88 3 0 18.75
PNIPAM-
318 45 1.88 2.62 0.38 18.75
SPIONs 1%
PNIPAM-
318 4.5 1.88 2.05 0.95 18.75
SPIONs 2.5%
PNIPAM-
318 45 1.88 11 1.9 18.75
SPIONs 5%

2.8 De-swelling characterization

Swollen samples at room temperature were allowed to de-swell in a thermostatic bath from room
temperature to 55 °C (AT = 5°C). Every temperature was kept constant for 24 hours and the sample
weight (Wweym) Was analyzed gravimetrically [35]. After the test, the samples were freeze-dried and their
dry weight was calculated (Wgyy). The mass swelling ratio (Q) as a function of the temperature was

calculated using the following formula:

Q= Wwet(n)=Wary
Wdry '

2.9 Vibrating sample magnetometry

The magnetic properties of the citric acid SPIONs and the hydrogels were investigated with a vibrating
sample magnetometer (VSM, Model 3900, Princeton Measurements Corporation). Citric acid SPIONs
samples (iron mass = 42 pug) were dried on hydrophobic cotton pellets and fixed on the sample holder with
Si-grease. Magnetic gels, in their hydrated state, were cast in plastic capsules and fixed to the sample
holder with glue. The hysteresis loops were recorded using a measurement averaging time of 300 nm and
a constant field increment. Magnetization was measured at room temperature as a function of the magnetic
field. Data were collected and the magnetization values were normalized by the iron mass (for citric acid

SPIONS) or by the dried sample mass (for the hydrogels).



2.10 Scanning electron microscopy (SEM)
The hydrogels samples were freeze-dried, coated with a 4 nm layer of gold and investigated with a
scanning electron microscope (Mira3 LM FE, Tescan). The images were obtained at 2.0k and 23.3k X

magnification with an SE detector.

2.11 Hyperthermia characterization

All magnetic field experiments were performed on a commercial AMF generator (Magnetherm V1.5,
Nanotherics Ltd) operating at 523.5 kHz, 14.3 kA/m for the particles and at 110.0 kHz, 19.9 kA/m or
523.0 kHz, 15.9 kA/m for the gels. Citrate SPIONs were loaded in Styrofoam insulated sample holders
and prior to every experiment they were let equilibrate at 19-20°C. During the magnetic stimulation,
changes in temperature were recorded for 60 seconds with fiber optic cables (device: FOB100, fiber optic
sensors: FOBS-2, Omega Engineering). The heating slopes were extracted by interpolating the first 12
seconds of the signal with a linear fit and Specific Absorption Rate (SAR) and Intrinsic Loss Power (ILP)
were calculated as previously described [36]. The hydrogels’ temperature was recorded with fiber optic
cables inserted in the samples (c.a. 0.2 mm under the surface of the hydrogel). The tests were carried on in
water at least in triplicates to ensure reproducibility. Two different sets of experiments were performed:
(1) temperature increase upon magnetic stimulation was assessed with room temperature tests and (2)
AMF-triggered phase change was obtained for the hydrogel containing 5% of SPIONs after having
stabilized it in water at temperatures around 33 °C. For room temperature experiments the samples were
allowed to equilibrate in Milli-Q water for 30 minutes and then tested with one or more magnetic cycles,
defined as AMF on for 15 minutes and then off for 5 minutes. For phase change experiments the
hydrogels were positioned inside a temperature-controlled sample holder designed to fit in the middle of
the coil. In this case the gels were allowed to equilibrate for 1 hour and then excited with magnetic cycles
(AMF on for 15 minutes and off for 10 minutes). Temperature was recorded (acquisition frequency = 0.6
s) and pictures were taken every 5 minutes with a stereo microscope (AmScope) equipped with a digital
camera (Model: FMAOQ50, AmScope).

2.12 Cell viability

Cytotoxicity of potential leachables from the synthesized magnetic hydrogels was tested following 1SO
10993-5 guidelines [37]. NIH 3T3 murine fibroblasts were seeded at 10,000 cells/well (31,250 cells/cm?)
in a 96-well plate. For each tests three repeats were seeded per formulation and experiments were done in
triplicate. PNIPAM-SPIONs 5% were washed in sterile filtered (0.2 um) Milli-Q water and sterilized

under UV light for 30 minutes. Gels of approximately 50 mm?® were immersed in 1 mL of complete cell



culture media. Samples were immersed in media for 24 hours at 37 °C or 25 °C under constant stirring. To
test whether swelling/de-swelling resulted in the leaching of toxic leachables, gels were incubated for 23
hours under constant stirring at 25 °C and then subjected to three swelling/de-swelling cycles (15 min at
37 °C, and 5 min at 25 °C). As a positive cytotoxicity control, cells were exposed to 0.2 v/v% Triton X-
100. For control experiments, 3T3 cells were exposed to varying concentrations of hydrogel pre-cursor
monomers (NIPAM or BIS).

After treatment, 50 pL of supernatant from each well was collected and viability was measured
via a standard lactate dehydrogenase (LDH) cytotoxicity assay (Roche). A second viability assay was
conducted based on the conversion of weakly fluorescent resazurin to highly fluorescent resorufin via
active cellular respiration [38]. Cell culture media was removed and replaced with 100 pL of resazurin
dissolved at 88 UM in complete cell culture media. Cells were incubated protected from light for 3 hours
at 37 °C and 5% CO,. Fluorescent signal was measured on a microplate reader (TriStar LB 941, Berthold
Technologies) at ey = 560 nm and A, = 590 nm. For each formulation, samples were compared as a
fraction (LDH assay) or percentage (resazurin assay) of the mean negative control, i.e. the average of the
cells treated with only media. Statistical significance was determined via a one-way ANOVA comparison

of means and Tukey’s honestly significant difference test (p-value = 0.05).

3. Results and discussion

3.1 Nanoparticles synthesis and characterization

SPIONs were synthesized by thermal decomposition of an iron oleate complex following a previously
developed protocol [31]. After synthesis the nanoparticles were transferred to water through a ligand
exchange procedure [32] that involved the replacement of surface grafted oleic acid with a citric acid. The
obtained nanoparticles were dispersed in Milli-Q water and they formed a stable colloidal suspension.
SPIONSs’ size and morphology were studied with TEM and DLS (Fig. 1A, B). The particles were spherical
single nanocrystals with an average core diameter of about 22 nm, suitable for magnetic hyperthermia [10]
and a hydrodynamic diameter of 26 nm (polydispersity index = 24%). Discrepancies in size distribution
between TEM and DLS are typically observed for small nanoparticles and are related to the formation of a
hydration shell around the nanoparticle surface, the electric double layer (a layer of ions and counter ions
surrounding the particle due to the particle surface charge), and the presence of any coating molecules on
the nanoparticle’s surface [39]-[42]. However, with a citric acid coating it is not expected that these
differences will be large (around 1-5 nm). Their magnetization was measured as a function of the
magnetic field using VSM at room temperature (Fig. 1C). Particles showed a superparamagnetic behavior
with not significant coercivity and had a saturation magnetization of 66.3 + 1.9 emu/g Fe (average + SD,



n=3). The saturation magnetization value was lower than expected for bulk magnetite (92 emu/g) or for
similar particles [43], [44]. Indeed it has been reported that nanoparticles synthesized by thermal
decomposition can contain paramagnetic impurities in the magnetite crystal [45] and the lattice
imperfection could determines a decrease in the saturation magnetization. SAR values of 139.3 + 3.59
W/g Fe (average + SD, n=3) were obtained upon AMF stimulation (f = 523.5 kHz, H = 14.3 kA/m) and
corresponded to an ILP of 1.3 + 0.03 nHm?kg Fe.
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Fig. 1. TEM micrographs (A) illustrating the morphology of citric acid coated SPIONs. Particle size distributions
obtained by TEM (correlated with the Gaussian fit) and by DLS (B). Magnetization MH curve of the citric acid
coated SPIONSs (C).

3.2 Magnetic hydrogels characterization

After synthesis all the magnetic hydrogels were characterized for morphology and thermal and magnetic
properties. The SPIONSs’ distribution in the hydrogels was investigated with scanning electron microscopy
(SEM) (Fig. 2). Particles were visible and showed an increase in number for PNIPAM loaded with 1, 2.5
and 5% w/w of SPIONs. Although the images were obtained close to the instrument detection limit (5
nm), single SPIONs could be well detected. Therefore from the images it was possible to conclude that the
particles were fairly evenly distributed and not agglomerated in the polymeric matrix even for the highest
concentration (PNIPAM-SPIONs 5%).

PNIPAM 0% PNIPAM-SPIONs 1%

F N

— .
PN!PAM 0% oveyl_ﬁ\i}f,

PNIPAM-SPIONs 2.5% | PNIPAM-SPIONs 5%

Fig. 2. SEM images of hydrogels loaded with increasing amount of SPIONs. On the left and overview of a PNIPAM
hydrogels in its freeze-dried form, on the right high magnification images of the surface of the gels where the
nanoparticles can be observed (white dots).

The swelling behavior of the gels was analyzed from 25 to 55 °C to investigate the effect of the
nanoparticles in the hydrogels. Fig. 3A shows the mass swelling ratio values (Q) for all magnetic
hydrogels. As the temperature increased the swelling ratio of all systems decreased, and at the lower
critical solution temperature (LCST), the temperature above which PNIPAM chains transition to a
collapsed insoluble state, they exhibited a sharp de-swelling behavior. Increasing the concentration of

particles in the system did not introduce any significant deviation in the temperature sensitivity of the



hydrogels. Indeed the LCST was found to be around 34 °C for all the hydrogels, as is expected for pure
PNIPAM [46]. Analogous observations were reported for similar systems [14].

Fig. 3B displays magnetization loops (magnetization vs. applied magnetic field) for PNIPAM
hydrogels loaded with 0, 1, 2.5, and 5% w/w of SPIONs. As expected the PNIPAM 0% hydrogel was
weakly diamagnetic while the other materials showed a pronounced superparamagnetic behavior that was
directly related to the presence of the magnetic nanoparticles. Neither remanence nor coercivity were
observed, thus confirming SEM morphology analysis indicating that the particles were homogeneously
incorporated through the polymer matrix and non-agglomerated. For SPIONs-loaded hydrogels the
saturation magnetization ranged between 0.7 and 3.2 emu/g and was dependent on the iron concentration
in the different synthetic formulations. However the dependence was not linear, in particular there was a
clear non-linearity between the saturation magnetization of PNIPAM-SPIONs 2.5% and 5%, which may
be related to difference in final iron content in the hydrogels. PNIPAM-SPIONs 5% could be more prone
to lose SPIONSs during the post synthesis washing steps.
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Fig. 3. SPIONSs concentration effect on the thermal and magnetic behavior of the hydrogels. Mass swelling ratio (A)
from 25 to 55°C for the hydrogels loaded with different amount of SPIONs (n=3, average + SD). Magnetization MH
curves of magnetic hydrogels synthesized with different SPIONs concentrations (B).

3.3 AMF heating and dynamic phase change

Heating of magnetic hydrogels can be achieved by exciting the SPIONSs in the polymeric matrix via AMF
[14], [19]. Moreover thermo-responsive polymers loaded with superparamagnetic nanoparticles can
change phase upon magnetic stimulation and can be used for drug release[47]-[49]. In this work we
developed magnetic hydrogel substrates and then performed AMF heating measures at room temperature
to assess the dependence of magnetic field intensity, frequency and iron concentration on the hydrogel
temperature increase. As reported in Fig. 4A the maximum temperature rise was obtained for the
PNIPAM-SPIONSs 5% excited with a strong AMF (f = 523 kHz, H = 15.9 kA/m). PNIPAM-SPIONs 2.5%
still produced a detectable increase in temperature, while the PNIPAM-SPIONs 1% hydrogel had a
heating capacity similar to that of pure PNIPAM. The use of a mild AMF (f = 110 kHz, H = 19.9 kA/m)
resulted in a weak increase in temperature for all the hydrogel formulations. As a consequence the study in
this condition was not pursued, even though for the given combination of field and frequency the criterion
for a maximal exposure were observed (H-f< 5 x 10° A/ms) [50].

For phase change experiments we selected the magnetic hydrogel with the highest nanoparticles
concentration and chose the stronger AMF parameters (PNIPAM-SPIONs 5% and f = 523 kHz, H = 15.9
kA/m). In order to increase and stabilize the initial temperature of the hydrogel, a temperature-controlled
sample holder was developed. The system, a 3D printed double wall chamber that could be accommodated
in the middle of the coil (geometry in Supporting Information), was connected to a thermostatic bath.
With this setup it was possible to directly stabilize the initial temperature at 33 °C for the entire duration
of the test (Fig. 4C blue chart representing PNIPAM-SPIONs 5% without AMF). Upon cyclic AMF
stimulation a reversible phase change of the PNIPAM-SPIONs 5% hydrogel was observed (Fig. 4C). In
our experiments the phase transition started at 34 °C, was completed at 35 °C and never exceeded 36 °C
(n=4, data in Supporting Information). Moreover when the field was off the temperature quickly dropped
(c.a. 5 minutes) and the original swollen phase was immediately recovered. Photographs of hydrogels over
the course of cyclic AMF heating show the unheated magnetic hydrogels as a dark opaque mass, and upon
cyclic AMF stimulation there was a transition to a translucent gel. This translucent shift was reversible,
and indicative of the magnetic hydrogel’s temperature-sensitive (and stimuli-induced) behavior to which
is possible to associate changes in surface and bulk mechanical properties [30], [35].

Low temperature variations (ATemperature at 2-3 °C) were undesirable or avoided for other
studies oriented towards hyperthermia treatment, which were therefore interested in higher temperature

variations [19], [49]. However this phenomenon was an interesting result for us since we aim to affect a



mechanical change to a cell growth substrate with minimal perturbation of the surrounding environment.
Therefore an increase in the hydrogel temperature of only 2-3 °C that resulted in magnetically-triggered
de-swelling/swelling cycles, and that does not adversely affect cell behavior per se, matches our objective.
Moreover the hydrogel temperature during magnetic excitation was found to be stable around 35 °C well
below the physiological limit for cells (around 42 °C) [51], [52]. While conventional cell culture is
conducted at 37 °C, there have been reports of cell culture carried out at lower temperatures with no
adverse effects on cell viability [20], [53]. Therefore, this magneto thermo-responsive hydrogel offers an
interesting and unique means to study cell behavior on a dynamic substrate. Nevertheless the system can

be further improved using, for example, co-polymers [54] where the LCST can be tuned around 37°C.
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Fig. 4. Incremental temperature increase as a function of iron concentration, and magnetic field strength and
frequency (A). The values were recorded for equilibrated hydrogel in Milli-Q water after exciting them with the
AMF for 15 minutes (n=3, = SD). Reversible, iron concentration-dependent heating profiles of magnetic hydrogels
stimulated with 3 cycles of AMF (523 kHz, 15.9 kA/m) (B). Reversible magnetic field-dependent temperature



profile of the magnetic hydrogels (PNIPAM-SPIONs 5% +AMF) upon cyclic exposure to AMF (523 kHz, 15.9
kA/m) or without the magnetic excitation (PNIPAM-SPIONs 5% -AMF) (C). Pictures of the hydrogels during the
magnetic cycles (taken every 5 minutes) were reported to show how the AMF stimulation determined the collapse of
the hydrogel that quickly re-acquired its initial conformation when the magnetic field was off.

3.4 Biocompatibility of magnetic hydrogels

The biocompatibility of magnetic hydrogel extracts was tested on NIH 3T3 murine fibroblast cells.
Fibroblasts, and in particular this standardized cell line, have been already investigated on stimuli
responsive substrates [26], [55], [56] and were therefore chosen for the viability tests. Following 1SO
10993-5 guidelines, magnetic hydrogels and controls were incubated at 37 °C overnight in complete cell
culture medium (Dulbecco’s Modified Eagle’s Medium supplemented with 10% v/v calf bovine serum, 2
mM L-glutamine 200mM, and 1% v/v Penicillin-Streptomycin, cDMEM) and extracts of the solution were
tested on fibroblasts for adverse effects. In order to test whether AMF-induced swelling/de-swelling
resulted in leaching of potentially cytotoxic byproducts, magnetic hydrogels were incubated in cDMEM at
25 °C overnight and then subjected to three swelling and de-swelling cycles (15 min at 37 °C and 5 min at
25 °C). Cell viability was measured via two methods: i) quantifying lactate dehydrogenase (LDH), an
intracellular enzyme release upon damage to the cellular membrane, in the supernatant of cells exposed to
magnetic hydrogel extracts; and ii) metabolic activity was quantified by measuring the active cellular
reduction of non-fluorescent resazurin to the fluorescent molecule resorufin by cells exposed to magnetic
hydrogel extracts [38], [57]. 3T3 cells were exposed to 0.2% v/v Triton X-100, a nonionic surfactant
which ruptures the cellular membrane, as a positive control. The results of the LDH assay (Fig. 5A) and
the resazurin assay (Fig. 5B) showed no significant toxicity for any of the extract solutions in comparison
to the control treated with cDMEM (media) only. These data show that there are no toxic leachables that
are released by the magnetic hydrogels, either when incubated at 37 °C or when subjected to repeated
swelling and de-swelling cycles. Moreover, the constituent hydrogel monomers were tested in a dose-
dependent manner for toxicity (Supplementary Information), and there was no observable effect from the
initial monomers. While further studies are necessary to validate the feasibility of the magnetic hydrogels
as a dynamic cell culture material, these initial findings indicate that they are biologically non-toxic
substrate for cell growth [58].
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Fig. 5. Cytotoxicity of magnetic hydrogel extracts exposed to NIH 3T3 murine fibroblasts measured by LDH release
due to membrane damage (A), and mitochondrial activity via the reduction of resazurin to resorufin (B). Positive
control for cytotoxicity was monitored by exposure to 0.2% v/v Triton X-100. Magnetic hydrogels were either
incubated in Dulbecco’s Modified Eagle’s Medium supplemented with 10% v/v calf bovine serum, 2 mM L-
glutamine, and 1% v/v penicillin-streptomycin (cDMEM) overnight at 37 °C (37 °C + P), in cDMEM at 25 °C with
swelling and de-swelling cycles (25 °C + P S/D), or in cDMEM at 25 °C (25 °C + P). Tests were done in triplicate
with three replicates per test. All measurements were compared to the mean of the negative control (media only), and
comparison of means was conducted with a one-way ANOVA and Tukey’s HSD test (p-value = 0.05). * Indicates a
statistically significant difference from the negative control.

4. Conclusion

We have presented the fabrication and characterization of a magnetic thermo-responsive hydrogel based
on poly-N-isopropylacrylamide embedded with superparamagnetic iron oxide nanoparticles. 22 nm
SPIONSs, synthesized by thermal decomposition, were first transferred to water and then incorporated in
the hydrogel at different ratios of 1, 2.5 and 5% w/w. Nanoparticles were evenly dispersed in the
hydrogels and displayed thermo-responsive and superparamagnetic behavior. The application of an AMF

was utilized to successfully trigger phase changes (33 — 35 °C) of the hydrogel loaded with 5% w/w of



particles. In particular the mechanical properties of the substrate can be varied by AMF in a narrow
temperature range, minimizing the perturbation caused by drastic and broad changes in temperature on the
surrounding environment. That is, there are significant physiological ramifications for large temperature
changes with a living system and by tuning the physical response of the hydrogel within a narrow
temperature range (2-3 °C) it is possible to alter the hydrogel’s physical properties without negatively
affecting the surrounding biological milieu. Moreover, indirect cytotoxicity assays showed the
biocompatibility of these materials. Considering the obtained results, these magnetic thermo-responsive
hydrogels combined desired properties for mechanobiology applications and may be considered promising

candidates as dynamic cellular substrates.
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A.1 SPIONSs synthesis

A.1.1 Iron oleate-complex synthesis

8.66 g of iron (I11) chloride hexahydrate and 29.792 g of sodium oleate were dissolved in a mixture of 64
ml ethanol, 48 ml distilled water and 112 ml hexane. The reaction mixture was heated at 70°C and kept at
reflux for four hours under magnetic stirring. Afterwards the organic phase was washed 3 times with 50
ml distilled water in a separatory funnel, the hexane was evaporated and the final iron oleate-complex was

stored in glass flasks at 4°C.

A.1.2 Synthesis of iron oxide nanoparticles

Oleic acid SPIONs were synthetized as follow: 14.51 g of freshly prepared iron oleate-complex and 2.31
ml of oleic acid (pur. 90%, Aldrich) were dissolved in 105.3 ml of trioctylamine (pur. >97%, bpt:367°C,
TCI) and degassed at 50°C for 2 hours. Then the solution was heated to 320°C under a constant flow of
argon with an automatized 2-step heating process (Thermostat T Huber): firstly the temperature was
quickly increased to 120°C (speed rate 10 °C/min), after the heating rate was decreased to 3°C/min and
this speed was kept constant until 320°C. The reaction was then maintained for 60 minutes at the final
temperature to allow the growth of the crystal. After air mediated cooling, hexane and ethanol were added
to precipitate the NPs and a multi steps centrifugation was performed to separate the iron oxide

nanocrystals.
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Fig. A.1. Heating ramp used for SPIONs synthesis (A) and TEM image of the oleic acid coated
nanocrystals (B).

A.2 AMF heating and dynamic phase change

A.2.1 Temperature-controlled sample holder

For phase change experiments a temperature-controlled sample holder was developed. The design render
with a CAD software (FreeCAD 0.15) and realized with a 3D printer (Form 2, Formlabs) in hard plastic.

2-wall chamber

A

B Cross-section

Water at T const.

Magnetic coil

Fig. A.2. Schematic of the temperature-controlled sample holder (A) and its cross-section (B).

A.2.2. Temperature raise during AMF stimulation

AMF-triggered phase change was obtained for the hydrogel containing 5% of SPIONs after having
stabilized in water at temperatures around 33 °C. In the gels were allowed to equilibrate for 1 hour and
then excited with magnetic an AMF on for 15 minutes and off for 10 minutes. For the hydrogels (n=4) the

maximum temperature recorded with the fiber optic cables was always below 35.5°C.
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Fig. A.3. Temperature profile of the magnetic hydrogels (PNIPAM-SPIONs 5%, n=4) upon exposure to
AMF (523 kHz, 15.9 KA/m).

A.3 Viability quantification — control experiments with hydrogel pre-cursor monomers

As control experiments NIH 3T3 murine fibroblasts were exposed to increasing concentrations of NIPAM
and BIS. Specifically cells were exposed to NIPAM solutions at 10, 100, 500, 1000 and 10000 pM and
BIS solutions at 0.1, 1, 5, 10 and 100 uM. Positive control for cytotoxicity was monitored by exposure to
0.2 viv% Triton X-100 while for negative control fresh media was applied on the cells. The obtained data

showed that at the given concentrations both monomers are not toxic for the cells.
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Fig. A.4. Cytotoxicity of NIPAM and BIS monomers exposed to NIH 3T3 murine fibroblasts measured by
LDH release due to membrane damage (A), and mitochondrial activity via the reduction of resazurin to
resorufin (B). Tests were done in triplicate with three replicates per test and all the measurements were

compared to the mean of the negative control (media only).



