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Abstract

Current methods to dynamically tune three-dimensional hydrogel mechanics require specific
chemistries and substrates that make modest, slow, and often irreversible changes to their
mechanical properties, exclude the use of protein-based scaffolds, or alter hydrogel microstructure
and pore size. Here, we rapidly and reversibly alter the mechanical properties of hydrogels
consisting of extracellular matrix proteins and proteoglycans by adding carbonyl iron
microparticles (MP) and applying external magnetic fields. This approach drastically alters
hydrogel mechanics: rheology reveals that application of a 4,000 Oe magnetic field to a 5 mg/mL
collagen hydrogel containing 10 wt% MPs increases the storage modulus from approximately 1.5
kPa to 30 kPa. Cell morphology experiments show that cells embedded within these hydrogels
rapidly sense the magnetically-induced changes to ECM stiffness. Ca2* transients are altered
within seconds of stiffening or subsequent softening, and slower but still dynamic changes occur
in YAP nuclear translocation in response to time-dependent application of a magnetic field. The
near instantaneous change in hydrogel mechanics provides new insight into the effect of changing
extracellular stiffness on both acute and chronic changes in diverse cell types embedded in protein-
based scaffolds. Due to its flexibility, this method is broadly applicable to future studies
interrogating cell mechanotransduction in three-dimensional substrates.
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1. Introduction

Our understanding of how cells respond to the mechanics of their extracellular matrix
(ECM) has been traditionally informed by experiments using two-dimensional (2D)
substrates2. These studies have demonstrated that cells alter their morphology?3, signaling?,
and phenotype® based on the mechanical properties of polyacrylamide or
polydimethylsiloxane substrates to which they are attached. Yet, most non-epithelial cell
types are fully surrounded by their ECM, and 2D substrates are unable to capture this aspect
of the in vivo microenvironment. Alternatively, cells can be seeded within three-dimensional
(3D) hydrogels to mimic cell-ECM interactions. Studies using hydrogels have identified
multiple facets of the cell response that differ between 2D and 3D geometries®’. However,
in contrast to the linearly elastic substrates used for 2D mechanotransduction studies, the
mechanics of 3D hydrogels, especially those comprised of natural proteins including
collagen and fibrin, are complicated by viscoelastic and strain stiffening properties that have
been shown to alter the cell response®-11, Nonetheless, these properties are more
representative of the mechanics of the ECM in vivo.

Although 3D hydrogels better mimic the geometry and mechanics of the ECM, tuning the
mechanical properties of these scaffolds is more difficult than 2D substrates. Doing so
dynamically is even more challenging. Currently, methods to alter the mechanics of cell-
seeded 3D scaffolds rely primarily on photocrosslinkable!2:13 and photodegradablel4:15
chemistries. However, these approaches generally require substantial modification of
hydrogel chemistry and composition and cannot be reversibly cycled through a broad range
of mechanical properties. Moreover, cytotoxicity assays reveal that cell viability
significantly decreases as the concentration of photocrosslinkers increases, limiting the
possible range over which these substrates can be tuned. Studies have found that altering the
degradability of these hydrogels affects the cell response to the mechanics of their
surroundings, preventing direct interrogation of the effect of 3D substrate stiffness2. These
limitations necessitate a reversible and repeatable method to modify hydrogel mechanics
without changing the microstructure of the surrounding fibrous matrix.

Magnetorheological materials containing carbonyl iron microparticles (MPs) provide a
means to overcome the limitations of previous methods to tune hydrogel mechanics. These
materials respond to external magnetic fields in a rapid, reversible, and repeatable
manner8.17; their stiffness can substantially increase or decrease by changing the strength of
the magnetic field. This effect is dependent upon MP concentration, demonstrating that
greater changes can be achieved by adding more magnetic particles!®. Previous studies have
used 2D substrates embedded with MPs to study cell mechanotransduction®. However, cells
can also be embedded inside of magnetorheological materials like kappa-carrageenan and N,
N-dimethylacrylamide (DMAAm) and laponite without a loss of viability12:20,
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This study evaluates the ability of MPs to dynamically tune the mechanical properties of
hydrogels consisting of natural proteins and proteoglycans, creating a method that is
applicable to a broader range of scaffolds than previously described synthetic
magnetorheological materials. Here, scaffold mechanics are dynamically tuned by
submerging carbonyl iron MPs and applying an external magnetic field. Embedding 10 wt%
MPs into a 5 mg/mL collagen scaffold with the application of 4,000 Oe magnetic field
drastically increases the storage modulus from approximately 1.5 kPa to 30 kPa. More
importantly, translating this approach to hydrogels containing proteins and proteoglycans
gives rise to a more physiologically-relevant platform to control cell morphology,
mechanosensing pathways, and calcium transients. The findings described in this study
demonstrate that magnetically-responsive hydrogels provide a new means to rapidly and
reversibly tune hydrogel mechanics to evaluate cellular mechanotransduction in 3D.

Experimental Section

Hydrogel preparation

Magnetic-responsive (MR) hydrogels were constructed by seeding carbonyl iron
microparticles (MPs) into hydrogels prior to polymerization. Hydrogels either consisted of
collagen, fibrin, or a mixture of collagen and high molecular weight (2-2.4 MDa)
hyaluronan. Collagen hydrogels were fabricated using a previous method at concentrations
of either 2 or 5-mg/mL2122, 1 mg/mL fibrin hydrogels were polymerized using 1U/mL of
thrombin. Hyaluronan was added to the collagen gels without any additional crosslinking.
The collagen and collagen/HA concentrations were chosen to match previous studies of
astrocyte-seeded hydrogels23. MPs were sterilized with 70% ethanol, dried by evaporation,
and subsequently submerged in distilled water at a stock concentration of 100 wt% (w/v) 24
hours prior to hydrogel preparation.

2.2 Scanning electron microscopy (SEM)

Carbonyl iron microparticle were seeded into 5 mg/mL collagen hydrogels with a
concentration of 0.1 wt% for matrix characterization. Hydrogels were thoroughly washed
and fixed with 5% glutaraldehyde (VWR) for 30 minutes at 4°C. Following fixation, MR-
gels were rinsed with PBS and sequentially dehydrated in 20%, 50%, 70%, 90% and 100%
ethanol (VWR) for 10 minutes at room temperature. These samples were lyophilized for 2
hours and sputter coated prior to SEM imaging.

2.3. Mechanical characterization

Rheology measurements of collagen-based hydrogels were conducted on a
magnetorheometer attachment for a TA Discovery rheometer (TA Instruments). MR collagen
hydrogels were deposited directly onto the 37°C surface plate of the rheometer after mixing.
A nonferrous 20-mm Peltier plate was set to a gap height of 00 um. 1% cyclic strain at a
frequency of 1 Hz was applied to the MR gels for a total time of 900 s, with no magnetic
field applied during the first 300 s. Magnetorheological properties were measured after
hydrogel polymerization for the remaining 600 s. Each magnetic pulse was axially applied
for 20 s, with an initial field strength of 500 Oersted (Oe), followed by 2000 Oe and then
4000 Oe. The storage and loss moduli were used to evaluate the tunable mechanical
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properties of the magnetic-collagen hydrogels. In order to determine whether the direction of
the field altered the rheological results, MR collagen hydrogels were polymerized on a non-
ferrous Peltier plate (gap height: 24-um) of a DHR-2 rheometer (TA Instrument) with a 1°
20-mm cone. The cyclic strain and frequency settings matched experiments using the
magnetorheometer. A magnetic field of 500 Oe was applied in the transverse direction using
permanent magnets. The rheology of fibrin- and PDMS-based materials was measured with
an Anton Paar rheometer (MCR502, Anton Paar GmbH, Germany) equipped with a
temperature-controlled electromagnet that produces a uniform field perpendicular to the face
of a disk-shaped samples between parallel plates. The sample diameter was 20 mm and
height varied from 0.3 to 1 mm. Shear storage and loss moduli (G’ and G”, respectively)
were measured as a function of magnetic field at 1% shear strain a frequency of 10 rad/s.

In order to visualize MP displacement within fibrin hydrogels, unpolymerized hydrogels
were added to a transparent stage and a 20-mm flat disk applied controlled levels of shear
stress using a Bohlin rheometer. For these experiments, a constant magnetic field of 1000 Oe
was applied horizontally across the disk-shaped hydrogel using permanent magnets. The
instantaneous MP deformation was tracked during the initial application of shear stress, and
then tracked during the creep period while the rheometer tracked creep angle.

2.4. Confocal Microscopy

Confocal microscopy was used to examine whether the application of the magnetic field
caused carbonyl iron MP displacement. For these experiments, 1 wt% of Nile-red magnetic
MPs were embedded in 2 mg/mL and 5 mg/mL collagen hydrogels. After suspending the
MPs, gels were either immediately transferred to the stage of a Nikon Al laser scanning
confocal microscope or incubated for an hour to polymerize. Images were taken with a 40X
oil immersion objective (Nikon) to visualize displacement over a total period of 40-s. The
gels were unmagnetized for the first 20-s and a magnetic field of 2700 Oe was applied to the
gel for an addition 20-s for all conditions.

2.5. Microfabricated devices

Cell-seeded collagen hydrogels were polymerized inside a polydimethylsiloxane (PDMS)-
based device fabricated using soft lithography24:25. Briefly, a rectangular chamber was
fabricated using positive-feature PDMS stamps with dimensions of 4 mm x 6 mm x 2 mm
(L x W x H). The feature layers were cured at 150°C for 7 mins. The top of these devices
remained open to allow nutrient and oxygen transport. In addition to nutrient transport, we
found that adding 3-mm glass spacers on each side of these devices substantially increased
cell viability.

2.6. Cell Culture

Human coronary artery smooth muscle cells (h\CASMC) infected with RFP-LifeAct using an
MOI were thawed at passage 6 and cultured in smooth muscle cell growth medium (Lonza)
until confluency. P5 normal human astrocytes (NHA) were cultured in astrocyte growth
medium (AGM, Lonza) according to a previous protocol26.
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Live cell microscopy of hCASMC-mediated bead displacement

Cells were seeded into MR collagen-hyaluronan composite hydrogels at a cell density of
1x10% cells/mL. A particle concentration of 0.5 wt% was chosen to visualize local
deformation mediated by hCASMCs. Following suspension, the collagen-cell solution was
injected into the central chamber of the microfabricated device and placed in a tissue plastic
35 mm petri dish that contained 5 mL of SMC growth medium. These hydrogels were
incubated for 15 min and transferred to a live-cell incubator (Nikon). For gels exposed to a
magnetic field, four neodymium magnets (two N52 magnets on each side, 1.5” x 0.5” x
0.125”, BX882-N52, K&J Magnetics) were positioned to apply a horizontally-oriented 500-
Oe magnetic field to the hydrogels. Encapsulated cells were imaged using an inverted epi-
fluorescent microscope (Nikon) for 3 hours. These images were then analyzed using F1JI
and MATLAB.

2.8. Cell viability assays

To examine the effect of MP concentration on astrocyte viability, P5 normal human
astrocytes (NHASs) were seeded at a density of 1x10° cells/mL into 5-mg/mL collagen
hydrogels with the following MP concentrations: 0 wt%, 0.5 wt%, 2.5 wt%, 5 wt%, 10 wt%,
and 20 wt%. After 3 days, cell-seeded hydrogels were washed twice with PBS and stained
with 4 mM of calcein AM and 2 mM of EthD-I11 (Biotium) for 45 minutes at room
temperature. Hydrogels were imaged on a Nikon A1l laser scanning confocal microscope.
Five frames were used for each condition to quantify cell viability.

2.9. Cell morphology and mechanotransduction studies of normal human astrocytes

Similarly, NHAs were seeded into MR collagen hydrogels at a density of 1x10° cells/mL. A
magnetic particle concentration of 5 wt% was used to increase the effect of the magnetic
field on substrate stiffness. The collagen-cell solution was injected into the central chamber
of the microfabricated devices, placed in a P100 tissue plastic petri dish, and incubated for
15 minutes. For gels exposed to a magnetic field, eight neodymium magnets (four N52
magnets on top and underneath, 1.5” x 0.5” x 0.125”, BX882-N52, K&J Magnetics) were
positioned with 2-mm spacers to apply a vertically-oriented 7,700-Oe magnetic field. A
computational model constructed in COMSOL was used to calculate the magnitude and
uniformity of the field in the region of the hydrogels (Figure S1A-C). In order to construct
the model, a gauss meter (Model 410, LakeShore) was used to measure the surface field of a
single BX882-N52 magnet and at locations 2- and 4-mm removed from the surface. The Br
parameter in COMSOL was set at 1.145 to produce the correct surface field (1,780-Oe)
(Figure S1D). The measurements of the gauss meter at 2- and 4-mm from the surface
showed good agreement with the computational results (Figure S1E). The COMSOL model
predicted a field of approximately 7,200-Oe, which was close to the 7,700-Oe field
measured by the gauss meter. For negative controls, the same NHA density was seeded into
hydrogels without magnetic particles and also exposed to a 7,700-Oe magnetic field. All
cell-seeded hydrogels were incubated with AGM throughout the experiment.
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Immunocytochemistry

For immunocytochemical staining, culture medium was aspirated from the gels followed by
PBS wash and fixation in 4% paraformaldehyde (Alfa Aesar) at room temperature for 30
min. Gels were then permeabilized with 0.2% Triton X-100 (Sigma) for 30 min at room
temperature. MR collagen hydrogels were removed from the central chamber and blocked
with 3% bovine serum albumin (BSA) for 30 min at room temperature. The permeabilized
hydrogels were incubated with 1:200 yes-associated protein (YAP) primary antibodies
overnight at 4°C. These gels were then washed thoroughly with PBS and incubated with
1:250 DAPI, 1:50 TRITC phalloidin, and 1:200 secondary antibody 488 at 37°C for 60 min.
Images were acquired on a Nikon Al laser scanning confocal microscope.

2.11. Calcium transient measurements in hCASMC-seeded hydrogels

2.12.

To examine the effect of rapidly changing matrix mechanics on cell response, LifeAct-
transfected hCASMC were seeded into 2 mg/mL collagen with and without 2.5 wt% MPs at
a density of 1 x 108 cells/mL. The cell-seeded hydrogels were incubated at 37°C with
smooth muscle cell growth media 24h prior to imaging to preserve optimal spreading. To
observe calcium transients in real time, SMCs were incubated with 20 uM Fluo-4 AM (Life
Technologies) in DMEM/F-12 medium consisting of 10% FBS, 20 mM HEPES, and 0.25%
pluronic acid for 45 minutes?’. These hydrogels were then washed with F-12 media
containing 10% FBS and 20 mM HEPES for 15 minutes and transferred to a live-cell
incubator. Images were taken every 1-s for 9 minutes at a wavelength of 488-nm to visualize
instantaneous calcium transients with respect to dynamically tuning the mechanical stiffness
of the hydrogels. An external field of 2850 Oe was applied to the gels (indicated as “w/
MF”) for 3 minutes, removed for 3 minutes (“w/o MF”), and finally reapplied for the final 3
minutes of the experiment. Rheology indicated an increase in storage modulus from
approximately 100 Pa to 650 Pa for these conditions. These experiments were conducted
with and without magnetic particles to provide a negative control.

Image analysis

Spreading of NHAs was quantified using ImageJ. Z-stacks images of DAPI/phalloidin
stained cells were taken with a laser scanning confocal microscope using a 40X oil
immersion objective (Nikon) and condensed to create 2D images. For cell morphology
measurements, the freehand selection tool was used to trace the area of the cell. Mean and
standard deviations of these morphology measurements were then calculated. For
measurements of cell shape index (CSI) and YAP nuclear localization in 3D, quantification
was conducted as previously described?®. Briefly, binary masks were generated for 3D
image stacks of DAPI and actin images by using Otsu’s intensity-based thresholding
method. The counter function was used to calculate cell volumes (V) and surface areas (Ap).

The obtained values were used to calculate 3D CSI using the following equation:
1 2
CSI = %28. The generated metric defined a line with a CSI of 0 and a sphere with a

CSl of 1. For nuclear YAP localization measurements, single cell images were analyzed and
quantified. Images were converted into binary masks to create thresholds for each color
channel to determine nuclear volume (V,)) and cell cytoskeleton volume (V). The counter
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function was again used to determine V,, and V. along with the intensity of YAP signal

within those regions. The measured values were inserted into the following equation to

Nuclear Y AP signal
V}’l

Cytosolic YAP signal
VC

28 In order to

generate YAP nuclear/cytosolic ratio: Nuclear YAP =

quantify calcium transients, fluorescent intensities inside of each cell were measured for
individual frames during the three phases of the hydrogels. Normalized Fluo-4 fluorescence
ratios were expressed as (F-Fg)/(Fmax-Fo) (instantaneous fluorescence — initial fluorescence/
maximum fluorescence - initial fluorescence) to compare differences in calcium cycling.
Transients were averaged for each condition, and the initial slope of the transient was
measured by fitting a line to the increase in normalized fluorescence.

2.13. Statistical analysis

Two-sample t-tests, One-way ANOVA, two-way ANOVA, and post-hoc Tukey’s HSD tests
were used to calculate statistical significance. Statistical significance of the rheological MP
deformation was calculated using a paired t-test, assuming normal distributions with unequal
variances between groups. For morphology and YAP studies, measurements were averaged
from at least 25 cells per condition.

3. Results

3.1. Magnetorheology of collagen and fibrin hydrogels seeded with magnetic particles

Initial experiments were used to quantify the effect of magnetic fields on the viscoelastic
properties of collagen and fibrin hydrogels seeded with carbonyl iron MPs. Magnetic fields
of increasing strengths were transiently applied to the hydrogels following polymerization
within a cone-plate rheometer fitted with a coil to apply an axial magnetic field to the
hydrogel (Figure 1A). To demonstrate the dynamic nature of this effect, 5 mg/mL collagen
hydrogels were seeded with different concentrations of magnetic particles exposed to three
increasing magnitudes of magnetic field for a duration of 20 seconds, with approximately 2
minutes in between application of the fields of 500 Oe, 2,000 Oe, and 4,000 Oe (Figure 1B).
The storage and loss moduli are plotted as a function of time in Figures 1C-D. The largest
increase in storage and loss modulus was observed in collagen hydrogels containing 10 wt%
MPs and exposed to a 4,000 Oe magnetic field (Figure 1Ci,Di). The increase in storage
modulus appeared to be proportional to the strength of the field for the range of conditions
tested. Moreover, for all conditions, removing the magnetic field reversed the increase in
viscoelastic properties, which is consistent with previous resultsl’. Decreasing the
concentration of magnetic particles reduced the effects of the magnetic field, although the
increase remained proportional to the field strength. Next, the magnetic field was applied in
the transverse direction to determine whether the direction of the field would alter the
rheological measurements. Similar to the rheological tests on a magnetorheometer, a
magnetic field of 500 Oe was transiently applied to 5-mg/mL collagen hydrogels seeded
with 5 wt% and 10 wt% of MPs for a period of 20 seconds. The data demonstrated that the
storage and loss modulus resulted in similar magnitudes as the measurements in the
magnetorheometer, which applied a field in the axial direction (Figure S2). Increasing the
magnitude of the magnetic field also resulted in an increase in the storage modulus of a 1
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mg/mL fibrin hydrogel, as shown in Figure 1E, demonstrating the broad applicability of this
approach. Overall, these results verify that previous observations of magnetoviscoelasticity
in MR-composite gels?%:30 can be extended to protein-based hydrogels containing MPs.

3.2. Analytical model of magnetic-induced changes to hydrogel mechanics

An analytical model was used to provide a mechanistic basis to the rheological
measurements, and MPs were seeded within a polydimethylsiloxane (PDMS) elastomer to
validate the model. PDMS was chosen to test the theoretical model because, unlike collagen
or fibrin, it is a nearly ideal linear, incompressible elastomer with a constant Poisson’s ratio,
affine deformation, and a very small mesh size that ensures no rotation or slippage of MPs
when the field is applied or the sample is sheared. In the presence of a magnetic field, shear
deformation of the gel causes the ferromagnetic MPs in the elastomer to become misaligned
with the imposed field causing volume-distributed torques. The magnetic permeability of the
gel becomes a function of the deformation tensor3L, ;.. In Einstein summation notation:

Hik = W08k + ayui + apuy by Equation (1)

where 40 is the relative permeability of the undeformed gel, 5;4 is the Kronecker delta, and
a; and a; are constants. Since the hydrogels are incompressible, u;; = 0, and the last term can
be omitted. The magnetic anti-symmetric stress, as in magnetic liquids, is

Oik = %€ik1[M x Hy] Equation (2)

where €y is the Levi-Civita symbol, M is the magnetization, and Hg is the external
magnetic field. Taking the z-direction to be the axial direction of the rheometer plate, the
shear stress is then

Oz ==MH, Equation (3)

The deformation tensor for oscillatory rheometry can be modeled assuming linear shear

_ 1 Juy

Uy, = 397 Equation (4)

The x-component of magnetization can be written as follows:

_ Hxz

M= 4z

H, Equation (5)
where u,, is the xz component of the magnetic permeability, and H, is the z component of

the internal magnetic field within the hydrogel taking the demagnetization into
consideration. Writing ., in terms of equation (1), and accounting for linear strain in (4)

yields:
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1 aux)

Hyz = A lUxz = al(fﬁ 6Equation (6)

. . H .
In the case of an incompressible gel, H, = —8, so the shear stress can be written as:
U
1 (Ho\*ou _
Oy = 1671'a1( #_O ) _dzx Equation (7)

. . . . du
using the value of a; from a previous experiment32 and noting o, = G’a—x, the shear
V4

modulus as a quadratic function of the external field is as follows:

1 (0-1)

2 .
——Hj Equation (8)

G =

From eq. 8, a plot of G* vs H was predicted to be quadratic in H, and the quantity p° could
be calculated from the fitting parameter. Experimentally, G’ should have a finite value in the
absence of a field due to the elastic properties of the elastomer in which the ferromagnetic
particles are embedded. This value was treated as a constant in the fitting of the data. This
theory was tested with 10 wt% MPs distributed homogenously in PDMS. As shown in
Figure 1F, the increase in shear modulus was well fit by eq. 8, where a = Lu =6.88

40z MO

x 1073, From this parameter, the magnetic permeability p° = 2.5 was in reasonable
agreement with the value obtained from magnetometry measurements, u0y, = 1.1. Although

the increasing rates were similar during the application of the magnetic field, the relative
stiffening effect of the fibrin and collagen gels was much greater than in PDMS. Moreover,
the increases in G’ of fibrin and collagen were closer to linear than to quadratic in H. The
reason for discrepancy with the theory is unknown but could be due to larger mesh sizes in
these hydrogels compared to PDMS, the highly non-affine deformation of these networks in
shear, or the non-linear elastic response of these fiber networks. Nevertheless, this model
provides a mechanistic basis of the observed rheological results, and implies that the change
in stiffness results from the intrinsic properties of the iron particles and not from an internal
stress that they apply to the network in which they are embedded.

3.3. The effect of magnetic fields on magnetic particle displacement within hydrogels

A key assumption of the analytical model is that the magnetic particles are constrained
within the network. In order to evaluate this assumption, fluorescently-labeled MPs were
seeded within collagen hydrogels and observed by a resonance laser scanning confocal
microscopy. Labeled MPs were tracked over a period of 20 seconds during the application of
a magnetic field in collagen hydrogels of two different concentrations (2 and 5 mg/mL). In
contrast to the rheology conducted in Figure 1, the magnetic field was applied perpendicular
to the z-axis using permanent, neodymium magnets (the direction of the field is shown in
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Figure S3) to allow higher resolution detection of small displacements. In order to assess the
effect of fiber formation within the hydrogels, the MPs were tracked before and after
polymerization. As Figure S3A-B indicates, a 2,500 Oe magnetic field caused measurable
displacement of the MPs only before polymerization of the 2 mg/mL collagen gel. Once the
hydrogel solidified, the magnetic field did not induce any measurable displacement of the
particles. Figure S3C-D demonstrates a similar effect in the higher concentration collagen
gel. Again, the magnetic field did not cause any measurable displacement in the polymerized
hydrogel. The distribution of MP displacement over the 20-second period is graphed in
Figure S3E-F for the 2 and 5-mg/mL hydrogels. Figure S3G shows that the collagen
concentration had no significant effect on the total displacement of the MPs prior to
polymerization. These findings indicate that the application of a magnetic field did not cause
substantial displacement of the MPs in the polymerized collagen hydrogels even at the
lowest concentration of collagen, indicating that the change in viscoelastic properties
observed during magnetorheology was not caused by prestress on the fibrous network.

3.4. Tracking magnetic particle displacement within hydrogels under shear stress

In order to determine the effect of magnetic fields on the displacement of MPs in the
presence of externally applied stress, a constant shear stress was applied by a flat plate
rheometer fitted with a fluorescence microscope33, so that MP displacement could be
tracked during the initial application of stress and subsequent creep in the hydrogel (Figure
2A-B). These measurements were conducted at regions located at the same radial distance
from the rotational axis for consistency. In order to demonstrate the broad applicability of
this effect, these experiments used 1-mg/mL fibrin hydrogels containing 1 wt%
fluorescently-labeled MPs. Figures 2C-E indicate the distribution of MP displacement with
and without the presence of a 1,000 Oe field immediately following the application of 10,
25, and 50 Pa. These findings are consistent with previous studies that found a distribution
of local strain within a fibrous network exposed to global strain34. For each magnitude of
stress, the instantaneous MP displacement was substantially reduced in the presence of a
magnetic field. The disparity was most apparent at the lowest level of applied stress (10 Pa).
Not only did the magnetic field reduce the instantaneous displacement, but it also reduced
the spread of the distribution, attenuating non-affine motion. To quantify this effect, the
widths of the distributions at their half-heights were averaged across the three levels of stress
and compared between magnetic and non-magnetic conditions (Figure 2F). The magnetic
field also affected the creep behavior of the fibrin hydrogels. The creep rate was measured
with two metrics: the deformation rate of the MPs as well as the creep angle recorded by the
rheometer. Figure 2G shows that the magnetic field significantly decreased the deformation
rate of the MPs at a stress of 50 Pa. These results are consistent with the creep rate measured
by the rheometer plate for stress levels of 25 and 50 Pa plotted in Figure 2H. Overall, these
results indicate that the magnetic field restricted the displacement of the MPs within
hydrogels exposed to the external mechanical stimulus of shear stress, suggesting that the
presence of the field reduces relative motion between MPs.

3.5. Cell-mediated magnetic particle displacement

Although rheological experiments revealed the effect of magnetic fields on MP displacement
within a globally deformed fibrous network, this approach could not elucidate the effect of
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magnetic fields on local deformation of MPs entrapped within the fibers. Therefore, live cell
experiments were conducted by seeding 1x108 human coronary artery smooth muscle cells
(hCASMCs) cells/mL into 5 mg/mL collagen and 1 mg/mL hyaluronan composite hydrogels
containing 0.5 wt% MPs. The concentration of MP was chosen to visualize particle
displacement in brightfield microscopy. A schematic of the microfabricated device
containing the hydrogel is shown in Figure S4A. Additionally, a scanning electron
microscopy image of the hydrogel containing 0.1 wt% MPs is shown in Figure S4B. Figure
3A provides a schematic of the cell-seeded hydrogels polymerized within a microfabricated
device, and Figure 3B shows how the magnetic field was applied to the hydrogel while on
the stage of an epifluorescence microscope using neodymium magnets. The magnets were
positioned to apply a uniform field of 500 Oe to the cell-seeded hydrogels. This combination
of magnetic field strength and MP density was chosen to increase hydrogel storage modulus
without affecting the contractility of the smooth muscle cells: rheological results indicated
that the application of a 500 Oe field to collagen hydrogels seeded with 0.5 wt% MPs
increased the storage modulus by a modest amount (from 500 Pa to approximately 650 Pa).
We found no significant difference between cell morphology and alpha-smooth muscle cell
actin expression in the hCASMCs between this range of storage moduli (Figure S5),
suggesting similar cell contractility in both conditions. Figure 3C shows a representative cell
at 6-hrs post gel polymerization in the absence of a magnetic field. The displacement of the
MPs in that time was quantified and displayed in the form of a heat map in Figure 3D. Both
the cell and the displacement of adjacent MPs in the presence of a 500 Oe magnetic field are
presented in Figure 3E. As the heat map indicates, the displacement of the MPs was
substantially reduced in the presence of the magnetic field (Figure 3F). Quantification of
total MP displacement distributions verified that application of the magnetic field reduced
MP displacement (Figure 3G). Box plots provided in Figure 3H indicate a significant
difference in MP displacement. These results are consistent with the rheological findings:
the MPs are constrained from moving relative to one another in the presence of a magnetic
field. Since the MPs are effectively trapped within the fibrous network, the magnetic field
then increases the storage modulus of the hydrogel. This increase in stiffness was apparent
in both global deformation (Figure 2) and local, cell-mediated matrix deformation (Figure
3).

3.6. Alteration of ECM mechanics instantaneously affects calcium transients

In order to highlight the ability of MR hydrogels to instantaneously change 3D substrate
mechanics to an extent that alters the cell response, calcium transients were measured in
smooth muscle cells seeded inside collagen hydrogels with and without MPs. 1 x 108
HCASMC/mL were seeded into 2-mg/mL collagen hydrogels without magnetic particles as
negative controls. The same cell density was seeded into 2 mg/mL collagen hydrogels
containing 2.5 wt% of MPs to observe the dynamic effects of magnetically induced stiffness
changes on calcium transients. Application of a magnetic flux of 2850 Oe increased the
storage modulus from approximately 100 Pa to 650 Pa (Figure S6), yielding a substantial
increase in the stiffness of the hydrogel and providing an opportunity to interrogate how this
change in stiffness altered calcium signaling. Spontaneous calcium transients were observed
to occur at a frequency of approximately one cycle per three minutes in both MR and non-
MP-seeded collagen hydrogels (Videos S1-2), so the magnetic field was applied for three
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minutes (increased storage modulus), removed for the next three minutes (decrease storage
modulus), and subsequently reapplied for three minutes (re-increase storage modulus).This
“on-off-on” provided a means to directly evaluate how the increase in stiffness affected
calcium signaling in the hCASMC (Figure 4A). Figure 4B provides an image of Fluo-4-
labeled hCASMC in hydrogels without any magnetic particles as a negative control, whereas
Figure 4C shows an image of hCASMC in MP-seeded collagen hydrogels. Averaged
calcium transients indicate no significant difference in cells when the field is applied
compared to no magnetic field (Figure 4D). Quantification of the rate of calcium influx also
indicated no significant effect caused by the magnetic field in the absence of MPs as a
function of time (Figure 4E) and averaged over all measured transients with and without the
field (Figure 4F). The magnetic field also did not appear to alter the frequency of
spontaneous calcium transients in the cells embedded in the non-MP-seeded collagen gels.
Figure 4G shows that the application of a magnetic field significantly altered the dynamics
of calcium transients of hCASMC in MR-hydrogels. The period of the transient was
significantly shorter and the rate of initial influx was significantly higher. Quantification of
the slope of the transient indicated that the SMCs increased their rate of calcium influx in
response to the higher storage modulus yielded by the application of a magnetic field, but
there was no difference between the slope of the transient between the first and last three
minutes (Figure 4H). Two-sample t-tests between the “on” and “off” condition revealed a
significant difference in the slope of the transient in MR hydrogels (Figure 41). These
measurements can be compared to previous studies using smooth muscle cells3® and
cardiomyocytes on 2D substrates with tunable stiffness3® and myofibroblasts in collagen
gels of differing concentrations2’, though these experiments were performed under
conditions where the time scale for the response to dynamic changes to stiffness could not
be measured. In contrast, the results in Figure 4 are measured after dynamically and
reversibly altering stiffness on a second time scale without any alteration to the pore size of
the collagen fibrous matrix. Taken together, these findings provide new insight into the effect
of ECM stiffness on calcium handling in cells in 3D, and pave the way for future
mechanotransduction experiments to interrogate the mechanisms by which cells respond to
dynamically altered ECM mechanics.

3.7. Cell morphology in response to hydrogel stiffness in 3D

Having demonstrated the short-term, immediate cell response to changing substrate
mechanics, experiments were then conducted to assess long-term changes in cell behavior.
For these experiments, normal human astrocytes (NHA) were used to demonstrate the
flexibility of the approach. Cells were seeded at a density of 1x108 cells/mL into 5 mg/mL
collagen hydrogels containing 5 wt% of MPs. Rheological testing indicated that a magnetic
field of 7,700 Oe increased the hydrogel stiffness from 0.8 kPa to 8.5 kPa (Figure S7), which
represented a sufficient increase to investigate changes in cell morphology. Furthermore, 5
wt% MPs was chosen due to the high viability of cells seeded in hydrogels containing that
concentration of MPs (Figure S8). Three conditions were tested: a magnetic field applied to
the cell-seeded hydrogel in the absence of MPs (Figure 5A), cell-seeded hydrogels
containing MPs in the absence of a magnetic field (Figure 5B), and cell-seeded hydrogels
containing MPs and exposed to the 10,000 Oe magnetic field (Figure 5C). Cell morphology
was measured at 11 and 22 hours by fixing the cells and staining with DAPI and phalloidin.
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At 11 hours, the spread area of the cells in hydrogels containing the MPs and exposed to the
magnetic field was significantly reduced, and the cell shape index was significantly
increased compared to the other conditions (Figures 5D,E). Moreover, the cells in MP-
seeded hydrogels exposed to the magnetic field continued to exhibit reduced spread area and
increased cell shape index (Figures 5F-1). These findings are consistent with previous studies
in 3D hydrogels showing that one phase, non-degradable hydrogels with high stiffness
reduce cell spreading due to the inability of cells to elastically deform/mechanically remodel
the ECM in 3D28:37, Although the mechanical properties of these synthetic hydrogels have
exhibited a capacity to study mechanotransduction, the photo-active dynamics affect the
hydrogel’s pore sizes. Previous studies have shown that the stiffening effect in
photocrosslinkable hydrogels resulted in a decrease of dextran diffusivity38, limiting the
ability to dynamically tune substrate stiffness without altering porosity. The cells in the
hydrogels seeded with MPs and exposed to a magnetic field sense a substantially increased
substrate stiffness, even though the hydrogel composition and pore size is unaffected by the
presence of MPs and magnetic field.

3.8. Dynamic tuning of hydrogel mechanics to control cell mechanotransduction

Altering hydrogel mechanics with magnetic fields yields a useful tool to study cell
mechanics in 3D environments, but the reversibility of the effect substantially amplifies its
impact. These studies interrogated whether tuning hydrogel mechanics with transient
application of a magnetic field (Figure 6A-B) could control mechanosensing by the
astrocytes. Three different conditions in MP-seeded hydrogels were evaluated: (i) NHA were
allowed to spread in the absence of a magnetic field for a full 22-hr period, (“off-off”), (ii) a
magnetic field was applied for the first 11-hrs and then removed for the remaining time
(“on-off”), and (iii) NHA experienced 11-hrs in the absence of a field and then a magnetic
field was applied for the remaining 11-hrs (“off-on”). Figures 6A-C provide schematics
summarizing these conditions. At the end of the 22-hr period, all hydrogels were fixed and
stained with DAPI, phalloidin, and an anti-YAP antibody, given previous findings that
substrate mechanics affects translocation of the transcription factor to the nucleus?®. As
Figure 6D,E show, astrocytes in the “off-off” and *“on-off” conditions spread and YAP was
diffuse throughout the cytoplasm. In contrast to the previous conditions, cells exposed to the
“off-on” regimen exhibited increased YAP staining within the cell nucleus (Figure 6F). The
was no significant difference in either the spread area or the cell shape index between the
“off-on” and “on-off” conditions, though both were significantly different from the “off-off”
control (Figure 6G,H). Quantification of the YAP staining verified that the “off-on”
condition exhibited significantly increased nuclear translocation in Figure 61. These results
suggest that cells in the “off-on” condition initially sense a more compliant ECM and begin
to spread, but once the magnetic field is applied the cells sense a stiffer environment and
YAP translocation increases. In contrast, cells in the “on-off” condition are initially
constrained from spreading by the increased stiffness, but once the magnetic field is
removed the cells sense a softer environment and begin to spread and reduce YAP
translocation. These results mirror the findings in other approaches to dynamically tune
substrate stiffness with more complex alterations to hydrogel properties?.28.37.39 vet, this
approach requires no alteration to hydrogel composition or chemistry to dynamically tune
hydrogel mechanics and interrogate cell mechanotransduction.
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4. Discussion

The results presented here demonstrate that magnetic tuning of hydrogel mechanics yields a
new means to study cell mechanobiology in 3D environments. One of the advantages of
using MPs to dynamically alter 3D hydrogel mechanics is the ability to generalize this
approach across multiple hydrogel systems and platforms. Several recent studies have
examined the magnetorheological properties of MPs embedded in various hydrogels
including carrageenanl’49, alginate*! and acrylamideZC. Here, we demonstrate that the
stiffness of several different hydrogel formulations (collagen, fibrin, collagen-hyaluronan)
compatible with multiple different cell types (smooth muscle cells and astrocytes) can be
altered without any modification to crosslinking chemistry or ligand density. Therefore,
researchers using in vitro systems to study cell mechanobiology in 3D geometries can use
MPs to dynamically alter ECM mechanics by the simple application of a magnetic field.
Showing that the magnetic field does not cause measurable displacement of the MPs after
gel polymerization suggests that the pore size and microstructure of the hydrogel is not
altered, indicating that the magnetic field changes hydrogel mechanics independent of any
effect on ligand density or topology. Therefore, magnetically active hydrogels can
complement the complex light- and pH-sensitive approaches that have been used
previously12.13.28 \hich all require specific chemistries and substrates, providing a broadly
adaptable alternative?243, The results presented here mirror several results from studies
using photo-crosslinkable chemistries, specifically the inability of cells to spread within
hydrogels exhibiting storage moduli that exceed 10 kPal228, But they also demonstrate the
potential for magnetically tunable hydrogels to provide new insight into the dynamics of cell
mechanotransduction, showing that cells allowed to spread in a lower stiffness environment
increase their nuclear translocation of YAP as the hydrogel becomes stiffer and
instantaneous alteration of ECM mechanics results in immediate changes to calcium
handling within cells in 3D.

The near-instantaneous effect of magnetic stiffening and its rapid reversibility distinguish
this approach from previous means of dynamically altering 3D substrate mechanics. As
shown in the rheological tests, removal of the magnetic field returns the hydrogel to its
original mechanical properties nearly instantaneously. The analytical model and confocal
microscopy experiments provide some insight into the mechanisms underlying these effects.
In the presence of a magnetic field, the MPs likely form dipoles that resist any motion
relative to adjacent particles. The application of an external mechanical stimulus causes the
ferromagnetic particles to become misaligned and results in antisymmetric stresses, and thus
contributes to the increase of shear modulus as demonstrated in rheological studies. Due to
the stiffening effect, this resistance gives rise to the increase in hydrogel stiffness in the
presence of the magnetic field, and also explains how removal of the magnetic field returns
the fibrous networks to their original state. Previous studies that have demonstrated the
concentration of carbonyl iron MPs substantially affect the stiffness of the hydrogel
conclude that particle dispersibility contributes to a drastic change in elastic modulus
compared to highly organized magnetic chains!”-18, which supports this proposed
mechanism. The rheological data and live cell experiments, which represent the global and
local application of force respectively, both demonstrate that MP displacement is impeded in
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the presence of magnetic fields and subsequently stiffen the fibrous network. Thus,
removing the magnetic field abruptly ends the stiffening effect, yielding a means to
transiently and reversibly alter hydrogel mechanics.

The rapid and reversible nature of magnetic stiffening provides new insight into both short-
term and chronic characteristics of the cell response. As evidenced by the calcium transient
studies, smooth muscle cells respond to the stiffness of the surrounding matrix within
seconds by altering the rate of calcium influx and period of the calcium transient. The MR
hydrogels therefore provide a platform for future studies to interrogate the underlying
molecular mechanisms by which cells sense the mechanics of their environment and alter
calcium handling and actomyosin force generation within very short time scales. The
morphology and YAP measurements in astrocytes also demonstrate how this technique can
be used to study longer term aspects of the cell response. A previous study has shown that
cells readily uptake magnetic microparticles with diameters as large as 5.8 um without
affecting cell function?*. Therefore, the effect of dynamic stiffness on gene expression can
be evaluated by probing the transcriptional state of the cells in hydrogels undergoing
controlled changes in rheological properties. In this way, magnetic hydrogels provide a new
means to study cell-ECM interactions in the context of various tissues. There are several
physiological and pathological processes involving time-dependent changes to ECM
mechanics that can be mimicked by dynamic and reversible modification of hydrogel
stiffness: cardiac fibrosis36:4546 wound healing#’#8, tumor metastasis#9->0, and
atherosclerosis®1:52 are all relevant examples. Beyond the time-dependent studies presented
here, focusing of magnetic fields within sub-millimeter loci can create well-defined spatial
gradients. Therefore, MP-seeded hydrogels can interrogate the effects of local stiffening
within 3D in vitro blood vessel models and other microfluidic applications.

There is also the potential to use protein-based MR hydrogels in applications related to
tissue engineering, given the cytocompatibility of the MPs16:20 and the ability of magnetic
fields to penetrate further into tissue than the UV light used for photocrosslinkable
chemistriesS3-55, There is specific relevance for central nervous system (CNS) injury, given
the results related to controlling astrocyte morphology and YAP translocation to the nucleus.
Previous studies have found glial scars that form in the aftermath of CNS injury exhibit a
lower stiffness than surrounding tissue, which may affect neuroregeneration®. Implanting
hydrogels seeded with MPs into the cord provides a means to dynamically alter the stiffness
of the scaffold during the healing process to encourage axon infiltration and outgrowth from
the injury area. Due to the presence of the skull and spine, the CNS is also a good example
of a tissue that would not be compatible with UV-photocrosslinkable means of tuning
scaffold mechanical properties®®. Overall, the flexibility of magnetic hydrogels amplifies its
potential use for both in vitro and in vivo applications.

5. Conclusion

The results presented here demonstrate that a broad variety of hydrogels embedded with
magnetic particles respond rapidly and reversibly to external magnetic fields. An analytical
model accounting for volume-distributed torques by the magnetic particles in the presence of
an external magnetic field predicts the observed increase in hydrogel storage modulus. Using
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fluorescently labeled magnetic particles, we validate the model’s assumption that the
magnetic field does not induce substantial displacement of particles within the hydrogel.
Rather, the magnetic field impedes magnetic particle displacement during both global strain
of the fibrous network in a rheometer and local strain caused by cell-mediated contraction,
giving rise to the observed changes in hydrogel mechanics. The results indicate that cells
directly respond to changes in the hydrogel stiffness, as indicated by calcium handling in
short-term experiments and cell morphology and YAP translocation during extended studies.
Overall, this work establishes a new approach to interrogating cell mechanobiology in 3D
without altering hydrogel microstructure and pore size.
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Magneto-rheological characterization of common hydrogels and model validation. (A)
Magnetorheology test set-up with axial application of magnetic field to hydrogels within a
cone and plate geometry. (B) Variation of magnetic field controlled by the
magnetorheometer. Blue = 500 Oe, yellow = 2000 Oe red = 4000 Oe. Collagen hydrogel
storage moduli with (C,i) 10 wt%, (C,ii) 5 wt%, and (C,iii) 0.5 wt% MPs. Loss modulus of
(D,i) 10 wt%, (D,ii) 5 wt%, and (D,iii) 0.5 wt% MPs. Data presented as mean * s.d. (n = 3).
(E) Dependence of 1 mg/mL fibrin storage modulus on magnetic field strength. (F)
Measurement of PDMS storage modulus, embedded with 10 wt% MPs, as a function of

magnetic field (blue circles) and prediction of analytical model (line).
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Figure 2.
Displacement of magnetic particles within 2 mg/mL and 5 mg/mL collagen hydrogels.

Confocal images of 0.5 wt% magnetic particles in 2 mg/mL collagen hydrogels (A) prior to
polymerization and (B) post polymerization (20-seconds between images) (n = 115).
Fluorescent images of 0.5 wt% magnetic particles in 5 mg/mL collagen hydrogels (C) prior
to polymerization and (D) post polymerization, (n = 115). Cyan = without magnetic field,
magenta = with magnetic field of 2500-Oe. Scale = 50-um. (E,F) Quantification of bead
displacement in response to a magnetic field in 2 mg/mL and 5 mg/mL collagen hydrogels.
(G) Box plots of bead displacement. *p < 0.05
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Figure 3.
Schematic of rheometer setup of magnetically responsive fibrin hydrogels (A) without and

(B) with a magnetic field (MF). Quantification of instantaneous bead displacement
undergoing (C) 10 Pa, (D) 25 Pa, (E) 50 Pa shear stress with and without 1000-Oe magnetic
field (n = 35 per condition). (F) Average width of the instantaneous displacement
distribution. (G) Creep rate measured by tracking bead displacement in fibrin gels exposed
to 50 Pa of shear stress over 30 seconds (n = 3). (H) Creep angle measured from the
rheometer. These fibrin hydrogels contained 1 wt% of MPs. * p < 0.05
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C) 2 mg/mL Collagen
2.5 wt% MP

w/ MF

w/o MF

Schematic of 3D hydrogels used for live cell microscopy (A) without and (B) with a 500-Oe
magnetic field (MF). RFP-LifeACT-labeled hCASMC in 5 mg/mL collagen, 1 mg/mL HA,
and 0.5 wt% MPs (C) without a magnetic field and (D) corresponding heat map of bead
displacement. (E) Cells and (F) heat map with a magnetic field. Quantification of beads’
displacement due to cell motility with (G) 0 Oe (w/o MF) and 500 Oe (w/ MF) (n =75
beads per condition). Box and whisker plots of (H) bead displacement. Scale = 25-pym. *p <

0.05.
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" Normal human
- astrocytes (NHA)
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Schematic of cell experiments with (A) 5 mg/mL collagen in the presence of a 10,000 Oe
magnetic field, (B) 5 mg/mL collagen and 5 wt% magnetic particles (MPs) without a
magnetic field, and (C) 5 mg/mL collagen and 5 wt% magnetic particles (MPs) with a
10,000-Oe field. Representative images of cells in (D) for the three conditions at 11 hours.
Representative images of cells in (E) for the three conditions at 22 hours. Quantification of
(F) cell area and (G) cell shape index (CSI) for the 11-hour timepoint and (H) cell area and
(1) cell shape index (CSI) for the 22-hour timepoint. DAPI (blue) and F-actin (red). Scale =

25-pum. *p <0.05. (n > 25 per condition)
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Dynamically tunable hydrogels by transient application of a 10,000-Oe magnetic field
(A,B). Representative images of (C) cell morphology and (Ci) YAP in the “off-on”

condition. Representative images of (D) cell spreading and (Di) YAP in the “on-off”

condition. Quantification of (E) cell area, (F) cell shape index, and (G) nuclear to
cytoplasmic YAP ratio. DAPI (blue), F-actin (red), and YAP (green). Scale = 25-pym. *P <
0.05. (n > 25 cells per condition).
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