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Abstract

Cell activity is coordinated by dynamic interactions with the extracellular matrix, often through
stimuli-mediated spatiotemporal stiffening and softening. Dynamic changes in mechanics occur in
vivo through enzymatic or chemical means, processes which are challenging to reconstruct in cell
culture materials. Here we present a magnetoactive hydrogel material formed by embedding
magnetic particles in a hydrogel matrix whereby elasticity can be modulated reversibly by
attenuation of a magnetic field. We show orders of magnitude change in elasticity using low
magnetic fields and demonstrate reversibility of stiffening with simple permanent magnets. The
broad applicability of this technique is demonstrated with two therapeutically relevant bioactivities
in mesenchymal stem cells: secretion of proangiogenic molecules, and dynamic control of
osteogenesis. The ability to reversibly stiffen cell culture materials across the full spectrum of soft
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tissue mechanics, using simple materials and commercially available permanent magnets, will
make this approach viable for a broad range of laboratory environments.
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materials

1. Introduction

Cells adapt to and respond to their local microenvironment in a context dependent fashion,
that depends on spatiotemporal control of biophysical and biochemical propertiesli]. The
chemistryl2], structurel3] and mechanics[4 of the extracellular matrix (ECM) all influence
cellular activity. This sensitivity to the environment enables cells to maintain ECM
homeostasis by responding to external changes!®] and allows highly versatile stem cells to
take on multiple roles in different nichesl’]. This complexity, however, is significantly
challenging to deconstruct with in vitro approaches when trying to decipher the properties
that facilitate a specific activity or outcomel®l. Thus, the development of engineered model
matrices is imperative for the study of ECM properties that guide cellular behavior.

Mechanotransduction, whereby cells sense their mechanical environment and process this
information into biochemical signals, is a complex process(®! that occurs ubiquitously[10]
and has severe consequences when disrupted[*1l. Adult mesenchymal stem cells (MSCs),
due to their relevance to regenerative medicine, have been studied extensively to investigate
their responsiveness to mechanical properties of the ECM. MSC fate decisions can be driven
by mechanical factors such as substrate stiffness[22:13] and cell geometry!14-161,
Furthermore, the MSC secretome can be influenced by such factors, which may be used to
optimize their pro-angiogenic therapeutic capabilities(1718]. Interestingly, in several of these
studiest12:19.20] ysing physiological conditions gave optimal results.

Contrary to the polymeric cell culture substrates used in most of these studies, cellular
environments are not static. In fact, the ECM is constantly changing in normall?l and
diseased[22:23] tissue. Several reports have shown that, in addition to sensing their current
environment, stem cells are affected by or ‘remember’ their mechanical history[24-261, |n
addition, although great care is usually given to the temporal regulation of chemical factors
used in several protocols (during somatic cell reprogramming(27] for instance), there is no
reason to assume that mechanical regulation is not just as important. In fact, a recent study
utilizing tunable polymeric materials to study the effects of parameters such as anisotropic
topgraphic cues(28] or stress relaxation[2] reveal highly dynamic cellular responses.
Therefore, there is a need for in-vitro cell culture platforms with externally tunable
mechanical properties in order to study the temporal effect of these parameters[30l,

There have been several innovative strategies for making tunable stiffness systems. For
example, pH[3L], DNA strands[32] and calcium ion concentration[33] have been used to
reversibly change substrate stiffness. However, these factors may affect cellular signaling
and stiffness changes occur over different time scales. Another strategy is to alter the
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structure of the hydrogel using multi-step crosslinking[34! (for stiffening) or controlled
degradation[3®! (for softening) using various methods. For example, Kloxin et al. used
photodegradable hydrogels to tune the gel microenvironment through visible light
irradiation[3¢l. Although these methods work well for one-directional changes in elasticity,
they cause irreversible changes in gel structure and do not offer reversibility. Recently,
Rosales et al.37] used an azobenzene based reversibly photo-switchable PEG hydrogel.
However these gels can thermally relax and only show a modest change in modulus.
Reversibility and the ability to modulate stiffness in a controlled manner are important to
study continuous, temporally modulated changes that occur in vivo such as during
development, homeostasis or disease (For example, fibrosis or wound healing)[38] or in vitro
to ascertain how long it takes for changes in cell behavior to become permanent (mechanical
dosing). MSCs, for instance, show irreversible changes in localization of transcriptional co-
activator Yes-associated protein (YAP) in the nucleus by 10 days of culture in stiff
conditions but these changes could be reversed by switching the environment before 10
daysl23],

In this paper we adapt magnetorheological gelst3%] and elastomers[4041] into a magnetically
tunable hydrogel platform for cell culture. We modify carbonyl iron (CI) particles for
incorporation into polyacrylamide hydrogels and we demonstrate over two orders of
magnitude shift in hydrogel compliance in response to magnetic fields. The gel stiffness can
be easily and reversibly changed using permanent magnets, obviating the need for complex
instrumentation, and thus making this technique amenable to virtually any research
laboratory. Using mesenchymal stem cells as a model adult stem cell with therapeutic
potential we show how magnetic fields modulate cell spreading and cytoskeletal tension,
which impacts secretion of pro-angiogenic molecules and the propensity to undergo
osteogenesis. The simplicity in which hydrogel mechanical properties can be modulated in
situ will make this tool useful for a wide variety of applications, where temporal control over
the biophysical microenvironment is desired.

2.1. Gel concept and fabrication

We used polyacrylamide (PA) as the base polymeric hydrogel for our system, because of
PA’s flexibility as a cell culture platform with tunable elasticity within physiological
stiffness ranges(42l. Furthermore, PA has been previously used in multiple studies with
MSCs[12.16.17.43] ‘which provides a wealth of preliminary data for MSC behavior on soft and
stiff PA substrates. These gels are formed through radical addition polymerization (Figure
1a) as described previously[42].

In order to add magnetic tunability to our hydrogels, we adapted the approach of Mitsumata
et al. to incorporate carbonyl iron (Cl) particles in carrageenan hydrogelst3®! (Figure 1b). In
order to make the particles more stable in cell culture conditions, and allow functionalization
of the particles, we used silane chemistry to modify the surface with different functional
groups (Figure 1c, top) This has the added benefit of allowing modular modifications to the
system such as covalent incorporation of moieties to the particles or the chemical
crosslinking of particles in the hydrogel network. To demonstrate the efficacy of this
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treatment, we used two different silanes: aminopropyl triethoxysilane (APTES) to passivate
the particles to stabilize them for long term cell culture, and 3-(Trimethoxysilyl)propyl-
methacrylate (TMSPM) to enable covalent incorporation into PA gels. FTIR analysis shows
a change in the spectrum upon treatment with APTES and TMSPM with characteristic peaks
showing chemical conjugation at ~1080 cm™1, attributed to open chain siloxane groups, with
the TMSPM treated particles showing characteristic peaks at ~1638 cm™1 (C=C) and 1720
cm~1 (C=0)[*4] (Figure S1). Upon incorporation of the modified particles into the
hydrogels, the gels were dried and imaged using SEM to see whether there was any visible
effect on the structure (Figure 1c, bottom). The amine-terminated particles, while they
appear similar to untreated particles in SEM, demonstrated a significant improvement in
stability under prolonged cell culture conditions, where gels made with untreated particles
dissolve within 10 days (Figure S2). The methacylate-terminated particles, on the other
hand, show different characteristics to both amine terminated and untreated particles. SEM
images show gel residues attached to the particles indicating covalent attachment of the
hydrogel to the particles during gelation. An unforeseen consequence of the treatment,
however, was aggregation of the particles into ‘clumps’, presumably due to heterogeneous
polymerization between monomer and particles. For all particle treatments, repeated
application and removal of magnetic fields does lead to some limited leaching of particles
from the hydrogel, however leached particles sediment to the bottom of well plates and do
not further impact cell behavior. APTES modified particles were used for the remainder of
the study unless otherwise noted.

2.2. Mechanical characterization of hydrogels

Shear rheometry was used to characterize the hydrogel’s mechanical properties and their
response to magnetic fields using a magnetorheological setup (Figure S3a). The gel
composite is a viscoelastic solid as observed by creep compliance and oscillatory shear
measurements (Figures S3b, S3c), with linear viscoelastic equilibrium compliance J~0.01
Pa~1 (modulus G~0.1 kPa). Figure S3b shows the strain amplitude dependence of the gel
composite viscoelasticity at a frequency of 1 rad s~1; the sweep range was chosen to avoid a
nonlinear response that may irreversibly affect the sample. We observed almost constant
storage modulus and a slowly rising loss modulus between 0.1% and 10% strain. This agrees
with previous data for polyacrylamidel45]. We use a strain amplitude of 1% for performing
all further linear viscoelastic measurements on the gel. Linear viscoelastic frequency sweep
measurements (Figure S3c) indicate minimal frequency dependence. Further information at
longer timescales is obtained from a creep compliance test (Figure S3d). At short times,
inertio-elastic oscillations are observed, due to the well-known effect of sample elasticity
coupling to instrument rotational inertia. At longer times beyond 100s, the compliance J(t) is
nearly constant, indicating solid-like behavior at these timescales.

The gel composite dramatically stiffens in response to magnetic field, as shown in Figure 2.
The reproducibility of the magnetic field effect is shown in Figure 2a, as observed by
cycling the magnetic field between 0 and 0.75T several times. Each full cycle was 1 minute
(30 seconds at OT and 30 seconds at 0.75T). The storage modulus G” at 0T ranged between
0.1-0.14 kPa and at 0.75T stiffened to 60-90 kPa. The gel recovered its elastic modulus at
0T with each cycle, indicating no irreversible disruption of the polymer network. The
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modulus at 0.75T increased marginally with each cycle, but this is insignificant in the
context of the relative change in moduli from OT to 0.75T. Importantly, this range of
mechanical behavior corresponds to nearly the entire range of physiological stiffness
observed in biology, from brain tissue to collagenous bonel2]. Thus, a single hydrogel can
cover the entire spectrum of physiological elasticity, dynamically, and on a single gel
surface.

The sensitivity to continuously modulated magnetic field strength is shown in Figure 2b,
with a magnetic field ramp from 0.1T to 1T. The elasticity (G”) transitioned smoothly and
continuously as the magnetic field was raised, starting to level off and saturate around 0.8T.
Magnetic saturation is a well-known effect in magneto-responsive materialsl46l, Hysteresis
effects are also apparent when the magnetic field is cycled through positive and negative
values (Figure 2c), with cyclic ramps from 1T to -1 T. Between cycles, the gel appeared to
attain identical values of G” at OT, but the approach to this value depended on the direction
of the field, showing signs of hysteresis in the mechanical response. When compared with
cycle 1 (1T to OT), the gel elasticity in cycle 2 is larger in the first half of the cycle (-1T to
0T), but smaller in the second half (0T to 1T). We attribute this to the magnetic hysteresis of
the particles, which may consequently result in the particle network maintaining its
configuration from a previous cycle (cycle 1, 0T to —1T), and rearranging to a different
configuration in cycle 2 when the field was being ramped up from 0T to 1T.

Next, we checked the particle fraction dependence of the composite (Figure S4). At B=0T,
the linear elastic modulus (G”) shows no frequency dependence for all considered
concentrations and the loss modulus (G”) shows weak frequency dependence before being
affected by instrument rotational inertia, shown as a limit line in the figurel47]. Up to a
volume fraction of 30% in the composite, both moduli increase with increasing particle
concentration, beyond which the composite elasticity drops with particle inclusion, and the
gel degrades. The magnetic field dependent mechanical properties of each resulting
composite are outlined (Figure S4b), and serve as a good reference for the choice of 30%
particle volume fraction in the gel, which represents the maximum change in (G”).

To determine the effect of the surface functionality on treated/untreated ClI particles in the
composite, we studied the magnetic field dependent mechanical properties of untreated and
amine-treated particles in the polyacrylamide gel (Figure S5). The linear viscoelastic
properties of the composite show no significant difference when compared to the properties
of the composite with untreated particles. Both moduli show strong magnetic field
dependence (Figure S5b) and increase ~100X as the field is ramped from OT to 1T. The
same material is then exposed to five cycles of a pulsed magnetic field from0Tt0 0.75 T
(Figure S5c). The linear viscoelastic moduli are reversible between cycles 2-5 and show
~200X increase in moduli. A larger relative change in moduli here is attributed to a faster
rate of change of magnetic field, in contrast to a slow and gradual growth from OT to 1T in
the ramps shown in Figure S5b. A study with methacrylate treated particles in the gel was
also attempted, but consistently resulted in a heterogeneous composite that showed
noticeable phase separation at the volume fractions of interest, ¢=30%.
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As a control with particles alone, we formulated a suspension of amine-treated carbonyl
particles in a silicone oil-grease medium (Figure S6). This medium has a low yield stress of
~2 Pa which inhibits particle sedimentation for ~24 hours[48]. The storage modulus and loss
modulus increase with increasing particle volume fraction. We show this volume fraction
dependence with a characteristic shear modulus Gy=G" (w=1 rad s™1), both with and
without magnetic field (Figure S6b). The suspension shows magnetic field dependent linear
viscoelasticity that scales as Gy ~ ¢#2-2, an exponent that is slightly larger than the earlier
observed scaling of 1.7[49],

While tunability across the entire range of elasticity is desirable, the equipment used to
impose a variable magnetic field is expensive, requires electrical power, and is cumbersome
in cell culture environments. An alternate solution is to use permanent magnets which can
provide a constant magnetic field, which can be changed by varying the distance between
magnet and gel. We used permanent rare earth magnets attached to a well plate cover
(Figure 3, inset), upon which the hydrogel samples with cells in well plates can be placed.
By measuring the magnetic field strength using a Hall probe, we found the field to be ~0.2—
0.25T which corresponds to a storage modulus in the range ~8-15 kPa. (Figure 2b)
Therefore, with this setup, we can ‘switch’ or ‘oscillate’ the modulus between 0.1-0.14 Pa
(no magnet) and 8-15 kPa (with magnet). Henceforth these will be given the designations
‘soft’ and “stiff’, respectively.

2.3. Modulation of substrate stiffness guides secretion of pro-angiogenic molecules, cell
spreading and differentiation

Previously we demonstrated how increasing stiffness of fibronectin conjugated hydrogels
will enhance MSC pro-angiogenic potentiall17]. First, to confirm protein incorporation onto
the magnetoactive gel surfaces we used fluorescently tagged fibronectin and confirmed
increased fluorescence signal from the hydrogels after addition (Figure S7a). Next, we
micropatterned fibronectin on our gel surface using a polydimethylsiloxane (PDMS) stamp
fabricated through photolithography to present oval features in relief. After addition of
MSCs we observe preferential adhesion to the micropatterned regions (Figure S7b). We also
tested the effect of magnetic fields on protein arrangement on the gel surface (Figure S8).
Fluorescence analysis indicates negligible changes in the uniformity; however, direct gel
contact with the magnet leads to the appearance of fluorescent lines suggesting some
adhesion to the particles within the gel that becomes apparent after alignment in a magnetic
field.

We cultured MSCs on our tunable hydrogel for two days and performed a tube formation
assay (h(MVECs on matrigel as described previously[17]) using the conditioned medium
from MSCs cultured on the surfaces with (+B) or without (—B) a magnetic field. We also
used EGM-2 growth media as a positive control and unconditioned DMEM as a negative
control. Quantifying the tube area from the different media (Figure 3) shows almost double
the tube formation for MSCs cultured on stiff vs soft surfaces. This trend agrees with our
expectations for MSCs on soft or stiff substrates and demonstrates the potential for using
dynamic magnetoactive materials to guide angiogenesis when MSCs are a therapeutic agent.
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To further investigate how changing the elasticity in-vitro will influence adherent cells, we
used one of the fastest ‘cellular indicators’ of substrate elasticity: cell spread area. Cell
spread area generally increases with substrate stiffness and the changes happen relatively
quickly. We cultured MSCs on soft and stiff conditions for 4 hours and then we switched a
subset of the MSCs from stiff to soft and cultured them for a further 4 hours (Figure 4a).
Overall, MSCs on soft substrates had an average area of about 750 pm? while those on stiff
substrates had an average area of ~1,300 um? (Figure 4b). Cells cultured on stiff-to-soft
substrates reverted to an area of ~900 pm2, just above that from soft substrates. Interestingly,
some cells showed more prominent actin stress fibers when cultured on stiff vs soft
substrates which persisted for 4 hours (Figure 4a, bottom). Taken together, this shows that
reversible changes in substrate stiffness can lead to reversible changes in cellular spreading.

MSC osteogenesis is another phenomenon that has been studied extensively on
hydrogels[2.17.50] Generally, going to stiffer substrates increases osteogenic marker
expression. Runx2 is an important transcription factor involved in regulating lineage
specification, and is the most common marker used to classify early osteogenesis. Several
reports have demonstrated a ‘memory effect” where the properties of a previous
microenvironment influences cell state to a degree that lineage-specific activity remains
apparent[2526.34] Guvendiren et al. show a dependence of Runx2 expression when gels are
switched from soft-to-stiff at different time points, with gels switched earlier showing
increased Runx2 expression[34]. We performed a similar experiment with MSCs cultured on
soft, stiff or switched from soft-to-stiff. First, cells were seeded and allowed to attach for 1
day at one stiffness, then the stiffness was changed at day 2, and again at day 5 (Figure 5a,
left). We then imaged and quantified Runx2 expression at 10 days (Figure 5b). The
experiment was performed in this way in order to see the relative effects of stiffness changes
during cell attachment and spreading (up to day 2) and in the early (up to day 5) and late
stages (day 5-10) of our study of early osteogenic lineage specification. We used 6 different
variations labeled with H for high stiffness and L for low stiffness (e.g. HLH indicates high
stiffness for 1 day, low stiffness for 4 days and high stiffness for the remaining 5 days). To
highlight relative differences between samples, the data is shown as deviation of Runx2
expresssion from the average of all samples at day 10. Analysis of Runx2 expression
indicates that initial stiffening plays a significant role in guiding the final differentiation
state. Furthermore, stiffeness condition during the latter stages of culture (last 5 days)
corresponded with the largest increase in Runx2 intensity. Surprisingly, intermediate
stiffening (between days 2 and 5) did not exert a significant influence on Runx2 expression.

Interestingly, after 10 days the average cell area was similar between the soft and stiff
conditions (Figure S9a). This result is somewhat surprising, and may be related to cells
adapting a preferred shape after differentation, or through remodelling their
microenvironment and the hydrogel properties. Nevertheless, looking at cell area vs. Runx2
expression for a random sample of 200 cells (Figure S9b) we observed that for virtually any
particular range of areas, Runx2 expression was higher in cells on stiff matrices when
compared to soft.
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3. Discussion

We have demonstrated a magnetically tunable hydrogel system, using functionalized
carbonyl iron particles in a polyacrylamide matrix, which shows a several-fold change in
elasticity when subjected to magnetic fields. The CI particles reinforce the gel at higher
magnetic fields, increasing elasticity reversibly. The CI particles can be modified by flexible
silane chemistries for conjugation to the polymer network or other moieties. Using a
magnetic field as a stimulus has the added benefit of not affecting cellular cycle and growth
which has been shown for fields up to 10T,

Mechanical characterization shows possible modulation of storage modulus between
~0.1kPa to ~80 kPa reversibly. This accessible range of elasticities can cover most of the
physiologically relevant tissue stiffness giving this platform wide applicability as a model
system for studying mechanical effects on different cellular systems in-vitro.

We show how simple and inexpensive permanent magnets can be used to dynamically stiffen
hydrogels for the investigation of several cellular activities that are influenced by mechanical
properties. Although this approach sacrifices the ability to continuously tune the elasticity, it
allows switching between soft and stiff conditions and retains the reversibility. It is
important to consider that, with particle alignment, there are some changes in protein
distribution and changes in surface topography and alignment may also occur that modulate
cell behavior or adhesion[40]. MSCs cultured on soft substrates show nearly a 2-fold increase
in spread area when a magnet is applied. The influence on cell area is reversible and the cell
area is reduced after removal of the magnet; curiously however, stained actin remains
brighter in cells cultured on magnetically treated gels compared to cells cultured on soft gels
without an applied field. This may be related to residual “stiffening” effects caused by
hysteresis we observed when magnetic fields are removed.

Using this simplified system, we show that the pro-angiogenic potential of MSCs increase
when they are cultured on magnetically-stiffened substrates, which agrees with our previous
observations on static polyacrylamide hydrogels. In addition to pro-angiogenic secretion, we
show how the degree of MSC osteogenesis can be dynamically modulated by simply adding
or removing a magnet below the culture plate. After 10 days exposure to differentiation
promoting media, MSCs cultured on magnetoactive hydrogels display susceptibility to the
temporal dynamics of stiffening. MSCs initially seeded on a stiff matrix appear predisposed
to osteogenesis, while initial seeding on soft matrices appears to discourage lineage
commitment. Interestingly, stiffening during intermediate times in our experimet (days 2-5)
did not enhance osteogenesis compared to MSCs cultured on soft gels for the entire
experiment. Stiffening at later timepoints (days 5-10) exerted a larger influence on
osteogenesic marker expression at 10 days. Notably, since we are evaluating Runx2
expression through immunofluorescent staining, accumulation of protein with time plays a
role, giving extra weight to total time spent at each stiffness condition, perhaps explaining
why the HHH condition shows higher protein expression than the LHH or HLH conditions.
Overall, we speculate that mechanotransduction during early stages of culture are important
for initiation of osteogenic signaling. This is consistent with previous reports of early
mechanical signals promoting a susceptibility to the osteogenesis program[2].
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4. Conclusion

The dynamic modulation of stem cell activity using magnetic fields demonstrates the
potential of this system for studying temporal regulation of ECM mechanical properties in
physiological and pathological contexts, adding tunable stiffness to other applications of
magnetoactive hydrogels in tissue engineering such as on-demand drug and cell delivery[®2]
and modulation of surface roughness and topography[®3l. To our knowledge, there has only
been one other study where magnetoactive hydrogels have been used in cell culturel4], and
then with PDMS elastomer. Our study here facilitates bridging the gap between the need for
tunable hydrogels for cell culture and magnetoactive systems to study dynamic
microenvironments. Some examples of dynamic microenvironments observed in vivo
include gastrulation[>#, branching morphogenesist®, cardiovascular development and
function[8], and pathophysiological processes such as fibrosis and cancer(22:571. Although
the use of permanent magnets is convenient, more advanced magnetic accessories will be
necessary to capture subtle changes underlying many biological processes. Nevertheless, this
simple technique for studying the effect of dynamic temporal modulation of substrate
mechanics on cell activity, that is flexible enough to be used in many different hydrogel
platforms, may find broad applicability for cell biology studies and for “priming’ cells to an
appropriate state for therapy.

5. Experimental Section

All materials were bought from Sigma Aldrich unless otherwise noted.

5.1. Carbonyl Iron (Cl) particle modification and hydrogel preparation

Cl particles (grade EW) were generously provided by QED technologies. The particles were
are either amino functionalized using aminopropyl trimethoxysilane or methacrylate
functionalized using 3-(Trimethoxysilyl)propyl-methacrylate. The treatment is performed by
incubating the particles in the desired silane dissolved in 90% ethanol solution overnight
under shaking. Modified CI particles are washed thoroughly with DI water at least 4 times
before use.

For gel preparation, a pre-polymer solution mixture of acrylamide and bis-acrylamide
(Fisher Scientific) is mixed according to the desired crosslinking density (here we use 3%
acrylamide and 0.06% bis-acrylamide) and degassed under nitrogen gas for 10 minutes. 18
mm glass coverslips are cleaned by sonication under ethanol for 15 minutes followed by
sonication in DI water for 15 minutes. Coverslips are activated for gel attachment by
treatment with 0.5% solution of APTES for 3 minutes followed by thorough washing with
DI water 3 times. Coverslips are then treated with 0.5% glutaraldehyde solution for 30
minutes and washed with DI water. A hydrophobic microscope slide is prepared by
treatment with Rain-X (SOPUS). The desired mixture of CI particles by volume is prepared
in pre-polymer solution. Gelation is initiated by addition of 0.1% ammonium persulfate and
0.1% tetramethylethylenediamine (TEMED) and vortexing the solution. 20 pl of solution is
pipetted onto the hydrophobic microscope slide and the activated coverslip is placed face
down on the drop. The gel is left to solidify for ~20 minutes and is then detached from the
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hydrophobic slide. Gels are washed at least 3 times with DI water to remove any particles
not incorporated during gelation.

For protein incorporation, fibronectin (from human plasma) at 50pg mi~1 is incubated on the
surface of PDMS stamps for 30 minutes. Then, air is used to blow excess solution from the
surface of the PDMS stamps and fibronectin is transferred to the surface of the gel by
stamping. Gels are washed several times in DI water and stored in 12 well plates until cell
culture.

5.2. Scanning electron microscopy (SEM)

SEM images of dried PA hydrogels with modified CI particles were acquired using a JEOL
6060-LV scanning electron microscope under high vacuum. A thin layer of gold was
sputtered onto the surfaces to ensure electrical conductivity of the samples. Images were
taken at either 1,000x or 3,500x.

5.3. Fourier transform infrared spectroscopy

FTIR was performed on a Spectrum 100 (Perkin EImer) machine in transmittance mode.
Spectra were taken at each point between 450 to 4000 cm~Lon samples in dichloromethane
on a potassium bromide salt plate. Baseline correction and normalization were performed on
spectra.

5.4. Mechanical characterization

Dynamic shear measurements were performed on a rotational rheometer (combined-motor-
transducer, DHR-3, TA Instruments) with a Magneto-Rheology (MR) setup for uniform and
controlled application of magnetic fields from =1 T to +1 T (experimental setup shown in
Figure S2a). Disks of samples of 1 mm thickness and 20 mm diameter were prepared, and
measurements were made with a non-magnetic 20 mm diameter parallel plate fixture. An
electro-magnetic coil beneath the sample imposed magnetic field lines orthogonal to the
plate surface, and a hall probe under the bottom fixed plate gave real time measurement of
the external field strength during tests. An upper yoke surrounded the upper geometry to
draw field lines orthogonal to the plate surfaces. Tests were run at a constant temperature of
37°C, maintained by a closed-loop-control fluid circulator through the bottom MR fixture.
For experiments performed in the presence of a magnetic field, oscillations were run at a
frequency of 1 rad s=1 and shear strain amplitude of 1% (in the linear viscoelastic regime).

5.5. Cell culture

Human MSCs were purchased and tested for purity from Lonza and were positive for
CD105, CD166, CD29, and CD44 and negative for CD14, CD34, and CD45 by flow
cytometry. Human microvascular endothelial cells (HMVECSs) were purchased from Cell
Systems. Endothelial growth media-2 (EGM-2)-supplemented media was purchased from
Lonza. The use of human cell lines in this work was reviewed and approved by the
University of Illinois at Urbana-Champaign Biological Safety Institutional Review Board.

MSCs were cultured in low glucose DMEM supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin. HMVECSs were cultured in EGM-2 on attachment factor (Life
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Technologies). Media was changed every 3-4 days and cells were passaged at ~80%
confluence. Cells were seeded on surfaces at passages 3—-7.

For differentiation experiments, MSCs were cultured for 10 days in mixed (1:1) bipotential
adipogenic/osteogenic differentiation media (Lonza) as per the manufacturer’s instructions.

5.6. Tube formation assay

Vascularization assays were performed with MSC conditioned media as described
previously!17]. Briefly, growth-factor-reduced basement membrane (matrigel, Trevigen) was
coated on the bottom surfaces of a 48-well plate and gelled at 37°C for 30 minutes.
HMVECs were seeded onto the matrigel at ~15,000 cells/well in serum and growth factor
free media (EBM-2, Lonza) and conditioned media from MSCs cultured at different
conditions was added. After 8 hours, tube formation was imaged using a Rebel DSLR
camera (Cannon) and tube area quantified using imageJ (NIH).

5.7. Immunostaining

Surfaces were rinsed twice with phosphate buffered saline (PBS) and were then fixed with
4% paraformaldehyde for 20 minutes. Surfaces were permeabilized for 30 minutes in 0.1%
Triton X-100 and then blocked in 1% bovine serum albumin (BSA) for 1 hour. Runx2 was
stained with a primary rabbit-anti-Runx2 (ABCAM) overnight at 4°C and secondary 555-
Alexa fluor goat anti-rabbit antibody (1:200) (Invitrogen). Actin and nuclei were stained by
Alexa-Fluor 488-phalloidin (1:200) and 4,6-Diamidino-2-phenylindole (DAPI; 1:5000),
respectively. Secondary staining was performed for 20 minutes at 37°C.

5.8. Fluorescence imaging and data analysis

Immunostained cells were imaged using a Zeiss Axiovert inverted fluorescence microscope
(Carl Zeiss) or an IN Cell Analyzer 2000 (General Electric). Cell area was measured from
phalloidin staining of the actin cytoskeleton using ImageJ and nuclear Runx2 intensity was
measured using DAPI as a mask for nuclei. Runx2 intensity is reported as Nuclear intensity
minus cytoplasmic intensity. Statistical significance was determined using two-tailed p-
values from unpaired t-test for comparing two groups. Error bars represent standard error.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Carbonyl iron polyacrylamide composite hydrogel formation and stiffening
(a) Formation of polyacrylamide via radical polymerization from acrylamide and bis-

acrylamide monomers. (b) Schematic of magnetoactive hydrogel system formed by
incorporation of carbonyl iron (CI) particles in a polyacrylamide matrix. Subjecting these
gels to magnetic fields causes alignment of the particles, stiffening the hydrogels3®. (c)
Silane modification of CI particles (top) Silane chemistry can be used to modularly modify
the surface of Cl particles. (bottom) SEM images of dried PA hydrogels with incorporated
Cl particles that are untreated, treated with an amine-terminated silanes or treated with a
methacrylate terminated silane. The latter shows covalent incorporation into the hydrogel
and aggregation behavior.
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Figure 2. Magnetic field dependent elasticity of PAC-CI gels
(a) Pulsed magnetic field from OT to 0.75 T showing three orders of magnitude change to

elasticity. (b) A magnetic field ramp showing a continuous rise in the modulus with field
strength, with the highlighted region representing magnetic flux density achieved with
permanent magnets. (c) Elastic hysteresis is observed between back and forth ramps from
-1T to 1T.
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Figure 3. Stiffening hydrogels enhances secretion of pro-angiogenic factors
hMVEC tube formation on matrigel is quantified as a function of secreted factors in the

conditioned medium. Conditioned medium is obtained from MSCs cultured on
magnetoactive hydrogels cultured with and without a magnetic field. EGM-2 media is used
as a positive control and unconditioned DMEM is used as a negative control. (below)
representative images of tube formation on the positive, with or without magnetic field
conditions (scale bar:100um) (Inset) Permanent rare earth magnets taped to the underside of
a well plate cover. Well plates with samples inside them can be placed on top of this well
plate cover to introduce a magnetic field to substrates. Error bars represent standard error.
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Figure 4. Modulating hydrogel stiffnessin-vitro reversibly affects M SC spread area
(@) (top) cells were cultured with (+B) or without (-B) a magnetic field or cultured for 4

hours on a magnetic field and then then the field was switched off (+B-B). (bottom)
Representative images of MSCs cultured on these substrates at these different conditions
(Scale bar: 50um). (b) Quantification of average MSC area.
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Figure 5. Dynamic stiffneing guides the extent of osteogenesisin mesenchymal stem cells
(a) Magnetization profile for dynamic stiffening in culture. (b) Representative images of

DAPI, Phalloidin and Runx2 of MSCs cultured for 10 days at various magnetic field
profiles, with (+B) or without (—B) magnetic fields (scale bar: 500um). (c) Percent change of
Runx2 expression (compared to average of all samples at day 10) in MSCs cultured for 10
days in bi-potential osteogenic/adipogenic medium at different magnetic field profiles from
the overall average. * P<0.05.
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