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Abstract:

The biophysical microenvironment of cells dynamically evolves during embryonic development,
leading to defined tissue specification. A versatile and highly adaptive magneto-responsive
hydrogel system composed of magnetic nanorods and a stress-responsive polymeric matrix is
developed to dynamically regulate the physical stem cell niche. We utilize the anisotropic
magnetic/shape factor of nanorods to maximize the strains on the polymeric network, thus
regulating the hydrogel modulus in a physiologically relevant range under a minimal magnitude
of the applied magnetic fields below 4.5 mT. More significantly, the pre-alignment of magnetic
nanorods induces greater collective strains on the polymeric network, resulting in a superior
stiffening range, over a 500% increase as compared to that with randomly oriented nanorods.
The pre-alignment of nanorods also enables a fast and reversible response under a magnetic field
of the opposite polarity as well as spatially controlled heterogeneity of modulus within the
hydrogel by applying anisotropic magnetic fields. The mechano-modulative capability of this
system is validated by a mechanotransduction model with human-induced pluripotent stem cells
where the locally controlled hydrogel modulus regulates the activation of mechano-sensitive
signaling mediators and subsequent stem cell differentiation. Therefore, this magneto-responsive
hydrogel system provides a platform to investigate various cellular behaviors under dynamic

mechanical microenvironments.
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1. Introduction

Over the past decade, the clinical potential of patient-specific cell therapy has been substantially
enhanced through the safe derivation and utilization of induced pluripotent stem cells (iPSCs).!!!
Human iPSCs not only offer a therapeutic source for personalized regenerative medicine but also
provide a cell/tissue platform to investigate human diseases without encountering ethical barriers
or improperly using genetically mismatched animal-derived cells.[?! During development, it is
being more realized that the physical microenvironments of stem cells among many
environmental factors significantly affect their maintenance of pluripotency, differentiation
behaviors, and subsequent tissue morphogenesis.”’! Specifically, it has been demonstrated in
various studies of embryonic development that mechanical cues drive stem cell differentiation
toward specific lineages.!¥! For example, the immobilization of chick embryos using
neuromuscular blocking agents results in a malformation of the skeletal system in the absence of
dynamic mechanical stimulation from muscle contractions,’®! demonstrating the significance of
dynamic mechanical stimulation for the development of the musculoskeletal system. Similarly,
studies have also shown the involvement of biomechanical factors in the morphogenesis of
various other tissues such as the brain, blood vessels, and heart.!®! These developmental studies
showed that in vivo stem cell niches are mechanically dynamic microenvironments that
continuously evolve to orchestrate cellular activities for tissue morphogenesis and homeostasis.!”!
Therefore, extracellular matrix (ECM) modeling/remodeling is integral in modulating stem cell
behaviors.

In order to recapitulate the physical niches for desired stem cell behaviors, i.e.,
differentiation towards specific lineages/phenotypes, various types of scaffolds have been
utilized.®! Among numerous platforms, hydrogel systems including mammalian cell-derived
Matrigel/Geltrex, tissue-derived collagen, hybrid gelatin methacrylate (GelMA), and synthetic
polymeric scaffolds, have been widely utilized due to their physicochemical similarities to the
3D microenvironments of in vivo ECM. However, their static nature falls short of mimicking the
dynamic stem cell microenvironments, especially the continuously evolving mechanical
microenvironment that guides tissue morphogenesis. Two major approaches to recapitulate the
dynamic mechanical niche of cells in hydrogel systems involve one utilizing the in-situ control
over crosslinking density to regulate hydrogel stiffness.”’! Jeon et al. developed a reversibly

tunable alginate hydrogel that relies on calcium concentration to control the crosslinking density,
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allowing for the tuning of hydrogel elastic modulus."'’! A shortfall of this approach includes a
small dynamic range of modulus as well as a slower stiffening/softening rate. The other approach
utilizes exogenously applied physical stimuli to control hydrogel elastic modulus such as
temperature or a magnetic field. Hackelbusch et al. developed a thermo-tunable elastic hydrogel
that enables reversible tuning of mechanical elasticity through temperature adjustment.!'!! This
method, however, is not suitable for biological systems due to the temperature sensitivity of cells
and tissues. On the other hand, magnetic fields in combination with magnetic nanoparticles
(MNPs) embedded within the hydrogel have shown a potential for dynamically controlling the
mechanical microenvironment of cells while maintaining the proper cell culture conditions.['? In
this application, MNPs are used as a mediator, converting the applied magnetic fields to the
change of hydrogel modulus by the particle motion, straining the polymeric network of the
hydrogel. Recently, Yan et al. developed a magnetic nanocomposite hydrogel with tunable
modulus utilizing the activation of the magnetic nanoparticles under a magnetic field, where the
cells cultured on the surface of the hydrogel experienced and responded to the magnetic field-
induced stiffness change of the hydrogel.!'*! One shortcoming of this approach is the efficiency
of magnetic energy-to-hydrogel modulus change in that high intensity of the magnetic field is
required to obtain a relatively small range of modulus change, which may cause physiological
and growth abnormalities of the cells cultured under such strong magnetic fields.['*] Furthermore,
the reversibility of the system is questionable as the application of magnetic fields resulted in the
permanent deformation of the composite hydrogel.

In this study, a magneto-responsive hydrogel system was developed by incorporating
Fe304@S10, magnetic nanorods (MNRs) within GelMA hydrogel, where the elastic modulus of
the hydrogel can be dynamically and reversibly modulated by the application of relatively low
magnetic fields (Figure 1). A four-electromagnet setup was utilized to simultaneously control
the polarity and magnitudes of the applied magnetic fields in real time, allowing complete
control over heterogeneous modulus mapping. We demonstrated that the application of magnetic
fields predictably controlled the local modulus of the hydrogel due to MNR rearrangement,
straining the polymeric network of the hydrogel. Furthermore, we showed that pre-aligning
MNRs prior to hydrogel cross-linking substantially enhanced the dynamic range of the modulus

change. Such control of the hydrogel stiffness significantly affected iPSC differentiation via the
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modulation over the RhoA and Y AP signaling pathways, demonstrating the potential of the

magneto-responsive hydrogel system for guiding stem cell-based tissue morphogenesis.
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Figure 1. Schematic of a magneto-responsive hydrogel system, based on the stiffening of the hydrogel
from the mechanical straining of polymer network by magnetic Fe304@SiO: nanorod (MNR) re-
orientation under the applied magnetic fields. (a) MNR-incorporated gelatin methacrylate (GelMA)
hydrogel was cast in a PDMS mold with a cylindrical well (diameter: 6 mm, height: 1 mm), which was
placed in the center of four electromagnets. The four electromagnets were orthogonally placed around the
hydrogel and the distance between two face-to-face electromagnets was 5 cm. (b) Randomly distributed
MNRs in the hydrogel network. (c¢) Mechanical straining when exposed to magnetic fields (graphics are

not in scale).

2. Results

The working principle of our strategy to utilize a magneto-responsive hydrogel system for the
mechano-modulation of stem cell niche is based on the straining of the hydrogel polymer
network by the re-arrangement of MNPs within the hydrogel under the applied magnetic fields.
Therefore, the shape of the MNPs is an integral factor determining the efficiency of magnetic
field-induced hydrogel stiffening. To examine the effects of the shape factor, the change in the
elastic modulus of the hydrogel in response to an applied magnetic field was monitored when
incorporated with either magnetic nanospheres (MNSs) or MNRs, having dimensions to occupy
the same volume (Figure 2a, b). In order to obtain a uniform magnetic field, the optimal
configuration/placement of the electromagnets was determined by COMSOL modeling. The
same polarity on each electromagnet generated the magnetic field gradients to evenly align in the
center of those orthogonally positioned electromagnets, where the MNP-incorporated hydrogel

will be placed (Figure 2¢). With increasing magnetic field intensity from O mT up to 4.5 mT in
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this electromagnet configuration, the hydrogel incorporated with MNSs exhibited a slight
increase in the reduced Young’s modulus from 10 kPa to 16 kPa, measured by an atomic force
microscope (AFM) with a spherical tip (Figure 2d). In comparison, MNR-incorporated hydrogel
exhibited a modulus change from 10 kPa to 21 kPa (Figure 2e), demonstrating a superior
dynamic range of approximately a 2-fold increase compared to that of MNS.
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Figure 2. Transmission electron microscopy images showing the morphology of (a) magnetic
nanospheres (MNSs; 340 &+ 44 nm in diameter) and (b) nanorods (MNRs; 1800 + 125 nm in length and

120 + 19 nm in diameter), both with a 40 nm thick layer of SiO, coating. A total of 60 MNSs and MNRs

were used for the quantification of dimensions. (¢) COMSOL modeling of the magnetic field distribution
near the four-electromagnet setup. Modulus change of hydrogel with (d) MNSs or (¢) MNRs (20 ug/ml)
when exposed to the same magnetic field magnitude (up to 4.5 mT). At least 5 samples for each condition

were used for modulus measurement.

Unlike MNSs, MNRs present morphological anisotropy that may exhibit orientation
dependency where the initial arrangements of individual particles would affect the overall
magnitude of polymer network straining, thus hydrogel stiffness. To determine the effect of
MNR alignment prior to the application of magnetic fields or pre-alignment, on the modulus

change of the hydrogel under magnetic fields, the mechanical properties of hydrogel with pre-
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aligned MNRs were compared to that of hydrogel with randomly oriented MNRs under various
magnitudes of magnetic fields. An aligned distribution pattern of MNRs was obtained by
exposing the hydrogel-MNR mixture to 7.5 mT of the magnetic field for 5 mins, after which the
hydrogel was crosslinked by UV exposure (Figure 3a, b). The distribution of the MNRs within
the hydrogel was quantified by imaging analysis, where, as expected, MNRs predominantly
aligned to the major magnetic field directions shown in Figure 2c¢ (Figure 3¢, d). Subsequent
application of magnetic fields with the same polarity to this pre-alignment induced the modulus
change from approximately 10 kPa to 61 kPa (Figure 3e). In contrast, the hydrogel with
randomly oriented MNRs exhibited an inferior dynamic modulus range from approximately 10
kPa to 21 kPa (Figure 3e). The results of the lower modulus range in hydrogels with randomly
oriented MNRs are likely because their random rotational/translational movements neutralize
each other, reducing the overall straining of the hydrogel network. These results demonstrate the
enhancement of dynamic modulus range by pre-aligning MNRs, more than 500% as compared to

randomly oriented MNRs.
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Figure 3. The pre-alignment of magnetic nanorods (MNRs) having a concentration of 20 pg/ml under the

applied magnetic fields by the electromagnets with the same polarity. (a, b) Bright-field images of
hydrogel with (a) randomly oriented MNRs or (b) pre-aligned MNRs. (¢, d) MNR distribution was
quantified by imaging analysis. (¢) Modulus changes of randomly oriented and aligned MNRs under the
applied magnetic fields (n=5, * and ** denote statistical significance of p <0.05 and p <0.01,

respectively).
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To examine the effects of pre-aligned MNR concentration on hydrogel modulus change
under the applied magnetic fields, hydrogel samples with various amounts of the pre-aligned
MNRs were photo-crosslinked under UV light and then further subjected to various magnitudes
of the applied magnetic fields. Furthermore, the effect of the magnetic polarities, either the same
or opposite to the magnetic field applied during the pre-alignment, was investigated. As the
concentration of NMR increased, the pattern of magnetic fields, visible from MNR alignment,
became apparent (Figure 4a-d). As expected, the dynamic range of reduced Young‘s modulus
increased as the MNR loading concentration increased (Figure 4e-h). Specifically, the 3 pg/mL
condition did not exhibit an appreciable change in modulus under any applied magnetic fields.
The increase in the MNR loading concentration, however, not only increased the dynamic
modulus range but also shortened the response time required to reach the stable modulus.
Interestingly, the application of a magnetic field with the opposite polarity to the magnetic field
applied during the pre-aligning induced less modulus change in all conditions (Figure 4i-1).
These results demonstrate that our magneto-responsive hydrogel system with pre-aligned MNRs
delivers almost 10 folds of modulus change from 10 kPa up to nearly 100 kPa, with a
significantly less magnitude (under 4.5 mT) and application duration (20 mins) of magnetic

13.131 Based on our previous research,

fields, superior to other magneto-responsive systems.!
which determined the stem cell-relevant modulus range,®* ) the 20 pg/mL condition was used

in the rest of this study.
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Figure 4. (a-d) Alignment pattern of the magnetic nanorods (MNRs) within the hydrogel having various
concentrations. Modulus change of hydrogel depending on the loading concentration ((e, 1) 3, (f;j) 10, (g,
k) 20, and (h, 1) 30 ng/mL) of pre-aligned MNRs and the polarity of the applied magnetic fields ((e-h)
same polarity, (i-1) opposite polarity) with various magnitudes. The modulus was in-situ measured by
atomic force microscopy. At least 5 samples were used for each MNR concentration and magnetic field

polarity.

In order to verify the consistency of the modulus change throughout the entire hydrogel
under magnetic fields with different polarities and magnitudes, the mechanical properties of the
hydrogel at multiple locations were measured under the applied magnetic fields (Figure 5). The
samples were subjected to the stepwise magnitude and polarity changes of the applied magnetic
fields, after pre-aligning MNRs and subsequent hydrogel UV crosslinking (Figure 5a).
Corroborating with the previous results, the magnitude of the applied magnetic field was the
predominant factor determining the modulus of the hydrogel. As expected from the distribution
of MNRs within the hydrogel, the modulus change showed location-dependency; a similar, high

increase in the reduced Young’s modulus was observed in the regions with the MNRs oriented
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toward the magnetic field (i.e., points 2-5; approximately an average of 10 kPa - 70 kPa when
4.5 mT of the same polarity was applied) whereas the center of the hydrogel, point 1,
experienced a less modulus change from approximately 10 kPa to 40 kPa under the same applied
magnetic fields (Figure 5b-f). This discrepancy is likely due to the relatively lower magnitude of
magnetic fields exposed at the center location as shown in Figure 2¢. These results indicate that
the modulus change at a specific location within the hydrogel can be predicted by the magnetic
field map, thus the local alignment of MNRs. Furthermore, the magneto-responsive hydrogel
system was subjected to repeated cycles of stepwise magnetic field changes. The system
demonstrated its superb repeatability over various stimulation regimens, showing its reversible
capability, being able to stiffen and soften the hydrogel under dynamic magnetic polarities and
field intensities (Figure 5g). To test if the elasticity of the hydrogel down to its original modulus
can be enhanced through the aid of applying the opposing polarity, two different conditions were
monitored. One condition highlighted the relaxation time of the hydrogel to return to its original
modulus after exposing it to a magnetic field of up to 4.5 mT and then removing the magnetic
stimulus. As shown in Figure 5h, the hydrogel returned back to its original modulus of around
10 kPa in 80 minutes after the magnetic field was removed. In contrast, when the magnetic field
stimulus was switched to the opposing polarity of 4.5 mT after the same polarity magnetic
exposure, the hydrogel returned to its original modulus within only 10 mins (Figure 5i). Further
subjection of the opposite polarity beyond 10 mins, however, reversed the modulus change,
slightly increasing it to the saturation value as shown in Figure 4C. The stiffening of hydrogel
under both attractive and repulsive magnetic fields was further investigated by video-capturing
the movements of pre-aligned MNRs under the applied magnetic fields. With the magnetic
attraction, the outward movement of MNRs was clearly observed as shown in a time-lapse video
(Supplementary Video 1) and its snap-shots with the feature tracking method (digital image
correlation) in Figure S1a, b. This MNR movement would strain the hydrogel polymer fibers in
localized areas, resulting in a modulus change. In comparison, magnetic repulsion caused the
inward movement of MNRs (Figure Sle, d), also resulting in straining the hydrogel fibers albeit

less degree.

10
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Figure 5. Local modulus change of magnetic nanorod (MNR)-incorporated hydrogel under various
magnitudes and polarities of the applied magnetic fields. (a) Schematic showing the procedure of MNR
pre-alignment/hydrogel crosslinking, and modulus measurements under the applied magnetic fields with
the same polarity as the pre-aligning magnetic fields, followed by modulus measurements under the
opposite polarity of the pre-aligning magnetic fields. (b-f) Changes in the modulus under various
magnitudes and polarities of the applied magnetic fields at different locations of the hydrogel as shown in
(a). (g) Reversibility and repeatability of modulus control in the hydrogel incorporated with pre-aligned
MNRs. At least nine-point measurements from various areas on the hydrogel were used for the presented

averages. (h) The relaxation duration of MNR-incorporated hydrogel was monitored by first subjecting

11
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the system to a 4.5 mT magnetic field for 30 mins then the magnetic stimulus was removed while
measuring modulus. (i) Facilitated relaxation duration of MNR-incorporated hydrogel was demonstrated
by subjecting the system to a 4.5 mT magnetic field and then the polarity of the magnetic fields was
switched to decrease the duration of the relaxation time. At least 5 samples for each condition or each

point were used for the measurement of the modulus.

To further demonstrate the versatility of the hydrogel system to present anisotropic, yet
predictable modulus changes in its local areas, three different magnetic field configurations were
used, in which nine different points in the hydrogel were measured (Figure 6a-c). The
configuration with the same polarity (to the pre-aligning magnetic fields) for all electromagnets,
Configuration 1, induced the greatest change in modulus, where the sides nearest to the
electromagnets (points 2-5) experienced greater modulus change at 50-70 kPa than Point 1, the
middle region of the hydrogel at ~25 kPa (Figure 6d). The diagonal corners of the
electromagnets (points 6-9) experienced a similar increase in modulus to those in points 2-5. In
the second configuration, where the hydrogel was exposed to two different polarities, the top and
bottom experienced the same polarity while the left and right regions experienced the opposite
polarity at the same magnetic magnitude of 4.5 mT, generating an anisotropic modulus change
(Figure 6e); the sides of the same polarity (i.e., points 2 and 5) experienced a substantially
increased modulus change, approximately at 50 kPa while the regions subjected to the opposite
polarity (i.e., points 3 and 4) experienced only a slight modulus increase, approximately at 20
kPa (Figure 6e). When the magnetic field polarity was switched (Configuration 3), a similar
pattern of modulus change was observed, where the sides of magnetic fields with the same
polarity as the pre-aligning magnetic field exhibited a greater modulus change than those with
the opposite polarity in a predictable manner (Figure 6f). These results demonstrate the
capability of the system to apply an anisotropic, local modulus change in a predictable manner,
enabling the subjection of individual cells to various magnitudes of modulus within a single cell

culture.

12
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Figure 6. Heterogeneous modulus changes under different polarity configurations of the applied magnetic
fields. Schematics showing different configurations of the applied magnetic fields and corresponding
modulus measurements at various areas. (a) Same polarity (to the pre-aligning magnetic field)
configuration (Configuration 1), (b) anisotropic polarity configuration (Configuration 2), and (c)
alternative anisotropic polarity configuration (Configuration 3). (d-f) Corresponding location-dependent
modulus changes in response to various polarity configuration ((d) Configuration 1, (¢) Configuration 2
and (f) Configuration 3) and magnitude of the applied magnetic fields. At least 5 samples were used for

each configuration.

In order to apply this magneto-responsive hydrogel system to biological applications, we
examined the potential cytotoxicity of the GeIMA incorporated with MNRs. Human iPSCs were
inoculated in the hydrogel either with or without MNRs and the cell viability was determined
using a live/dead cell assay for various culture durations (Figure 7a). There was no statistically
significant negative effect of MNRs on cells as all conditions exhibited high cell viability above
90% (Figure 7b). It should be noted that the cells also formed spherical colonies with increasing
size over the 7-day culture duration (Figure 7a, ¢), demonstrating a 3D culture system that

provides a cellular microenvironment compatible with widely used Matrigel/Geltrex systems.[!”]

13
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Figure 7. Cell viability in the MNR-incorporated hydrogel. (a) Representative live (green)/dead (red) cell

assay images of human-induced pluripotent stem cells (iPSCs) cultured within 7.5 wt% gelatin
methacrylate (GeIMA) with or without MNRs for various durations (scale bar = 500 um). (b) Quantitative
analysis of cell viability in GeIMA with or without the incorporation of MNRs. (c) Quantitative analysis
of spherical cell colony diameter cultured in GeIMA with or without the incorporation of MNRs (n=35, *

and ** denote statistical significance of p <0.05 and p <0.01, respectively).

To investigate the effects of MNR-induced hydrogel modulus control on stem cell
behaviors, iPSCs were seeded into the hydrogel system and precultured for 5 days prior to being
subjected to the applied magnetic fields. Applying a magnetic field at 4.5 mT without MNRs
(control) did not induce the expression of Active-RhoA and YAP, both of which are mechano-
sensitive signaling mediators (Figure 8a, Figure S2a). In contrast, iPSCs seeded with randomly
oriented MNRs and subjected to two hours of 4.5 mT magnetic field after 5 days of pre-culture
exhibited a slight increase of YAP and Active-RhoA expression on the outer regions of the
colony (Figure 8b, d, Figure S2b). More significantly, the cells in the hydrogel with pre-aligned
MNRs exhibited the greatest expression of active-RhoA and YAP expression under the same
magnetic field (Figure 8c, d, Figure S2¢), again demonstrating a superior dynamic range of the

hydrogel with pre-aligned NMRs, which resulted in greater cellular responses.

14
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Figure 8. The effects of hydrogel stiffening on the mechano-sensitive RhoA signaling of human-induced
pluripotent stem cells (iPSCs) cultured within MNR-incorporated hydrogel. Representative confocal
images of the iPSC colonies in the hydrogel (a) without the incorporation of MNRs, (b) with randomly
oriented MNRs, or (¢) with pre-aligned MNRs, subjected to the applied magnetic field of 4.5 mT for 2
hours (scale bar = 40 um). (d) Quantification of YAP and active-RhoA fluorescence intensities for

various conditions (n =35, * and ** denote statistical significance of p <0.05 and p <0.01, respectively).

Based on the results, which demonstrated the system’s capability to generate a
heterogeneous stiffness field within the individual hydrogel when exposed to anisotropic
magnetic fields (Figure 6), the local modulus-dependent iPSC differentiation was investigated.
Cells were inoculated into hydrogel with pre-aligned MNRs and pre-cultured for 5 days before
being subjected to the anisotropic 4.5 mT magnetic field as shown in Figure 6b. Under the
biochemical stimulation with BMP4 to induce simultaneous germ layer differentiation, the
morphology of cell colonies significantly changed depending on the local hydrogel modulus. As
shown in the 3D reconstructed images, while the iPSCs remained relatively spherical colony
morphology in the absence of both MNRs and the applied magnetic field (Control), in the
absence of MNRs but with the applied magnetic field (Control/Magnetic field) or the softer
regions of the anisotropic condition, the cells formed a discoidal colony within the stiffer region
of the hydrogel (Figure 9a-d, Figure S3a-d). The difference in the colony morphology was
quantitatively assessed by measuring their sphericity, a degree of shape relative to the perfect

sphere, through the 3D rendering of confocal images, showing the regional modulus-dependent
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colony morphology under the same biochemical environment (Figure 9¢). More interestingly,
cells under the control, control/magnetic field, and softer conditions mainly expressed the
ectodermal marker, SOX2, while a minimal expression of the mesendodermal marker
expression, Brachyury (T), was observed (Figure 9a-c, f). In contrast, the migrating cells that are
responsible for the colony morphology change in the stiffer region mainly expressed Brachyury
(T), a mesendodermal marker, while SOX2, an ectodermal marker, was slightly expressed in the
cells that were localized in the center of the colonies (Figure 9d, f). It should be noted that the
modulus of the softer and stiffer regions remained relatively stable after 36 hours of anisotropic
magnetic field exposure (Figure S4).
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Figure 9. The effects of local modulus on the differentiation of human induced pluripotent stem cells
(iPSCs). Representative confocal images of iPSC colony and its 3D reconstruction in (a) GelMA
encapsulation without both MNR incorporation and magnetic field exposure (control), (b) GeIMA
encapsulation without MNR incorporation but with magnetic field exposure (control/magnetic field), (c)
GelMA with both MNR incorporation and anisotropic magnetic field exposure at softer region (softer), or
(d) GeIMA with both MNR incorporation and anisotropic magnetic field exposure at stiffer region
(stiffer). (e) Quantification of colony sphericity from the 3D reconstruction of iPSC colonies in the
control, control/magnetic field, softer, and stiffer conditions. (f) Local modulus-dependent iPSC
differentiation quantified from T (mesendodermal marker) and SOX2" (ectodermal marker) cells in the
3D iPSC colony under various conditions (n= 15, * and ** denote statistical significance of p <0.05

and p <0.01, respectively, C: control, C/MF: control/magnetic field).
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3. Discussion

In vivo, stem cells sense their niche and differentiate in accordance with their physicochemical
microenvironment.!'® During the development, the ECM secreted from these differentiating cells
and the forces from neighboring tissues dynamically alter their biomechanical environment,
further stimulating the cells and guiding their tissue morphogenesis. To understand the role of
mechanical factors on cellular behaviors, numerous studies have focused on statically controlling
the physical microenvironment by utilizing scaffolds of different elastic moduli or
unidirectionally stiffening or softening hydrogels via a time-dependent increase or decrease in
crosslinking density.[* 1 Although these systems have provided excellent platforms to study
mechanobiology, they often fail to capture the dynamic nature of in vivo microenvironment,
especially during tissue morphogenesis. One approach to dynamically control matrix stiffness
utilizes the hydrogel with reversible mechanics by in-situ control over crosslinking density.[% 20!
This approach requires exogenous chemical (e.g., Ca®") or physical (UV/NIR) stimuli to control
the interaction among hydrogel polymer networks, hence its stiffness, but such stimuli may also
directly affect cells through Ca®" signaling and heat shock proteins.!*!! Another approach utilizes

(126, 5] However, these

the magneto-responsiveness of MNPs embedded within the hydrogel.
systems require substantial magnitudes of magnetic fields in the range of hundreds of mT, likely
causing heat generation issues when magnetic generators (e.g., electromagnet) are used to
dynamically regulate magnetic fields.

To address the shortcoming of MNP-based systems requiring high magnetic fields for
cell-relevant stiffness control, we utilized two separate yet collaborating approaches. The
mechanism underlying the MNP-induced stiffening of the hydrogel is based on the microscopic
movement of the MNPs, straining the polymeric fibers of the hydrogel in response to the
magnetic stimuli. Instead of spherical MNPs (MNSs), we employed a rod shape of MNPs
(MNRs); since MNRs have a clear polarity with respect to the length of the particle, changing
the polarity of a magnetic field causes MNRs to rotate in addition to their translational motion,
exerting greater strains to the surroundings in comparison to MNSs as demonstrated in our
previous study.??! Furthermore, this magnetic anisotropy in MNRs allows alignment of the
particles according to a magnetic field, providing an opportunity to maximize the magneto-
responsiveness of the system; the pre-alignment of MNRs before hydrogel crosslinking resulted

in a more than 500% increase in the dynamic modulus range as compared to that of randomly
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oriented MNRs within the hydrogel, likely by avoiding the canceling effect of random
orientation. This improvement in the magneto-responsiveness in our system significantly
reduced the required magnitudes of magnetic fields from hundreds of mT to several mT!!2" 13- 23]
for the dynamic range of modulus to cover the physiologically relevant stiffness to direct diverse
cellular responses. The response time of the system is also substantially enhanced as the modulus
change was stabilized within minutes of magnetic field application as compared to the hours
required to reach the maximum modulus change in other systems.!3]

The pre-alignment of MNRs also enables faster reversible change in modulus and its
anisotropic distribution within the same hydrogel in a predictable manner. As demonstrated in
the disproportional modulus change under various configurations of electromagnets, the
movement of the MNRs within the hydrogel, hence straining of the hydrogel polymeric network
is influenced by the polarity as well as the magnitude of the magnetic field. As shown in the
response under a stepwise magnetic field stimulation, removal of the magnetic field does not
result in the immediate recovery of the original hydrogel modulus, likely due to the viscoelastic
nature of the hydrogel. The application of the magnetic field in the opposite polarity, however,
readily changes the hydrogel modulus to the original state. Further exposure of the opposite
polarity, interestingly, caused the increase of the hydrogel modulus. The increase of the stiffness
under the opposite polarity (repulsive), however, was less than that under the same polarity
(attractive) of the magnetic field. This was consistent with the observation of MNR movement
under magnetic fields (Figure S1), where the movement distance of the MNRs under the
repulsive magnetic field is shorter than that under the attractive magnetic field, leading to a less
amount of polymeric chain straining, thus a less increase of the modulus. This difference in
moving distance is likely due to the distance-dependent magnetic field intensity from the
electromagnets, where the farther the distance from the magnet (the closer to the center), the
lower the magnetic field. Under the attractive magnetic field, the MNRs were attracted towards
the electromagnets, receiving a stronger magnetic field and a stronger attractive force, resulting
in a longer movement distance and straining the fibers more. In contrast, under the repulsive
magnetic field, the MNRs were pushed away from the electromagnets, receiving a weaker
magnetic field and a weaker repulsive force, resulting in a shorter movement distance and
straining the fibers less. Such a translational movement of MNRs, regardless of the direction, has

been shown to exert an internal force on the hydrogel fiber network for its stiffening response as
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demonstrated by Chen et al.l' The local concentration change of MNRs could have an effect on
the modulus change but its effect appears minimal based on the fact that 1) an insignificant
difference of hydrogel modulus was observed when the concentration of MNRs was varied under
no magnetic field, and 2) the center of the construct exhibited a modulus increase even under the
attractive magnetic field, which would reduce the local MNR concentration. Based on the
location-specific heterogeneous modulus response under the anisotropic polarities of the applied
magnetic fields, we also demonstrated the generation of variable modulus fields within the
monolithic hydrogel. The local modulus of the hydrogel was precisely controlled resulting in the
regions that were exposed to the same polarity to the pre-aligning magnetic field experiencing
the highest change in modulus in comparison to regions under the opposing magnetic field
polarity. These results demonstrate the potential use of the magneto-responsive hydrogel for
mechanobiology studies where the mechanical factor can be decoupled from other
physicochemical factors by culturing the cells in the same biochemical conditions yet in a
different local mechanical environment.

The feasibility of the system for mechanobiology study was demonstrated by
investigating both a short-term cellular response and a long-term iPSC differentiation. Among
various mechano-responsive signaling cascades, the RhoA signaling pathway has been shown to
be vital in determining stem cell fate.”?*! The RhoA signaling drives cytoskeletal remodeling and
regulates gene expression in response to the mechanical change in the microenvironment (e.g.,
change in substrate stiffness) leading to lineage specification.*>! YAP is also a mechano-
mediator that is significantly involved in embryo development.!?®! iPSCs cultured in the hydrogel
without MNRs or not subjected to magnetic fields did not exhibit RhoA and Y AP signaling
activation. In contrast, iPSCs that were inoculated within the hydrogel with both randomly
oriented or aligned MNRs, under magnetic stimulation, exhibited RhoA and YAP activation. The
aligned MNR condition, however, showed greater expression of these mechano-sensitive
markers. Due to the dynamic stiffening, the RhoA signaling pathway was activated in which the
actin-myosin bundles reciprocated to compensate for the change in the physical
microenvironment, hence leading to the activation of YAP.?”l We also showed modulus-
dependent differentiation of iPSCs by applying anisotropic magnetic fields to create a gradient of
modulus field within the hydrogel. Colonies positioned in the stiffer regions exhibited the

migration of T" cells, similar to that observed during embryo development. In contrast, colonies
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in the softer regions exhibited a more spherical morphology with greater SOX2 expression.
Previous studies have shown how the mechanical/physical niche can affect iPSC dimensionality
and differentiation patterns, where greater expression of mesendodermal markers was observed
in the iPSC colonies on stiffer scaffolds as compared to softer scaffolds that induced greater
ectodermal differentiation.®?! Furthermore, compared to previous 2D culture systems where cells
were typically seeded on top of the hydrogel surface, our magneto-responsive hydrogel system
enabled the 3D culture of iPSCs where the 3D microenvironment can be more precisely

12¢] The results from the current study demonstrate that

controlled to mimic in vivo conditions.!
our magneto-responsive hydrogel system with pre-aligned MNRs can produce a monolithic
culture platform with a controlled gradient of hydrogel modulus in 3D, providing a means to
subject cells to diverse mechanical microenvironment under otherwise identical culture

conditions.

4. Conclusion

Overall, the GeIMA hybrid hydrogels incorporated with MNRs show a strong mechanical
response to low-intensity magnetic fields. By using the nanorod’s ferromagnetic properties, the
pre-alignment of MNRs prior to hydrogel crosslinking not only further enhances the dynamic
range but also enables the generation of a modulus gradient in a location-specific manner. The
feasibility of the system in mechanobiology studies is demonstrated by the activation of the
mechano-sensitive RhoA and YAP signaling pathways, indicating that the magneto-responsive
hydrogel can dynamically control hydrogel modulus in a stem cell-relevant range. Therefore, the
presented magneto-responsive hydrogel system offers a facile means to dynamically modulate
the mechanical microenvironment of stem cells to induce local modulus-dependent cellular
responses within the same substrate. Collectively, these results demonstrate the versatility and
reliability of the magneto-responsive hydrogel system as an excellent platform for investigating
the mechanobiology of various cells/tissues for the discovery/development of potential

therapeutics.

5. Experimental Section

Magnetic Fe304-SiO2 Nanorod (MNR) synthesis: The FeOOH nanorods, having a length of
approximately 2 um, were firstly synthesized using a hydrothermal method as described
elsewhere.[2>22- 28] Briefly, 19.464 g of iron chloride (FeCls, Sigma) was dissolved in 200 mL of
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deionized (DI) water. The solution was placed in an oven at 98 °C for 24 h. The obtained
FeOOH nanorods were washed three times and redispersed in 160 mL of DI water. For the SiO>
encapsulation of the nanorods, FEOOH nanorods were first modified by polyacrylic acid (PAA,
Sigma); 40 mL of PAA (0.1 M) was added to the above solution and stirred overnight. The
samples were centrifuged and redispersed in 50 mL DI water. Silica coating on FeOOH was then
achieved by injecting 40 pL of tetraethyl orthosilicate (TEOS, Sigma) into a mixture containing
20 mL of ethanol, 1.5 mL of DI water, 0.5 mL of above FeOOH solution, and 1 mL of
ammonium hydroxide (NH3-H>O, Fisher). After sonication for 30 minutes, the FeOOH-SiO; was
collected by centrifuge and washed with ethanol and DI water. Fe304 MNRs were synthesized by
reducing FeOOH-Si0; nanorods at high calcination temperatures; FeOOH-SiO; nanorods were
dried in crucibles and placed in a tubular furnace. The reduction occurred at 360 °C for 2 hours.
After cooling down to room temperature, the prepared MNRs were washed with DI water three
times. As a comparison to the MNRs, magnetic Fe304-SiO2 nanospheres, having a diameter of
approximately 450 nm, were synthesized according to a previous study.*” Briefly, 0.6 g of
poly(4-styrenesulfonic acid-co-maleic acid, SS:MA = 3:1) sodium salt (PSSMA (3:1), Sigma)
and 0.325 g of FeCl; were added to the mixture containing 39.6 mL of ethylene glycol (Sigma)
and 0.4 mL of water. After stirring for 15 min, 1.026 g of sodium acetate (Sigma) was added to
the mixture and stirred for another 15 min. The obtained solution was transferred to a Teflon-
lined stainless-steel autoclave (100 mL) and reacted at 200 °C for 10 h. After cooling to room
temperature, the product was washed with ethanol and water and dispersed in 20 mL of water.
The silica coating was applied to the nanospheres using the same method as described above.

GelMA Synthesis: For the hydrogel preparation, 4 g of type A porcine skin gelatin was dissolved
in 40 mL Dulbecco’s phosphate buffered saline (DPBS; GIBCO) at 60 °C and stirred until fully
dissolved.*®! 3 mL of methacrylic anhydride (Sigma) was then added, at a rate of 0.5 mL/min, to
the gelatin solution under stirring conditions at 50 °C and the mixture was allowed to react for

1 hr. The reaction was terminated by adding 120 mL DPBS and the mixture was then dialyzed for
5 days to remove any unreacted methacrylic anhydride or acrylic acid byproduct. The polymer
solution was lyophilized for 7 days. The GelMA precursor solution was prepared by dissolving a
certain amount of GelMA in the DPBS, having 0.05% of a photoinitiator, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP).

MNR alignment and encapsulation: To incorporate MNR into the GeIMA hydrogel, various
concentrations of MNRs in GeIMA precursors were used. 1 mL of 7.5 wt% GelMA precursor
was placed into a 1.5 mL microcentrifuge tube while mixing with 3, 10, 20, or 30 ug of MNRs.
The GelMA/MNR precursor solution was sonicated at 37 °C for 1 min to prevent MNR
aggregation. To align the MNRs within the GeIMA precursor, 40 uLL of the GeIMA/MNR
precursor solution was pipetted into a PDMS mold, having a cylindrical well of 6 mm in
diameter and 1 mm in depth, and was then placed at the center of four 12 V DC electromagnets
(McMASTER-CARR). The four electromagnets were orthogonally placed around the hydrogel
and the distance between two face-to-face electromagnets was 5 cm. 7.5 mT of the magnetic
field, generated by the four electromagnets with north polar facing inwards (same polarity), was
applied to the GeIMA/MNR precursor solution for 5 minutes. The precursor was then
crosslinked using a UV light for 90 s. The GeIMA precursor without aligned MNRs was also
crosslinked as a control group. Magnetic field intensities were measured using a Gauss meter
(HT20, Resolution: 1 mT) on the surface of the electromagnets.
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Mechanical Characterization of MNR incorporated hydrogel under magnetic field: The reduced
Young’s modulus of the randomly oriented or aligned MNR hydrogel with different MNR
concentrations under various magnitudes/polarities of the applied magnetic fields was measured
using the MFP-3D AFM (Asylum Research). Briefly, a modified silicon nitride tip (spring
constant: 0.6 N/m) attached with a 20 um diameter borosilicate sphere (indenter’s diameter) was
used to generate load-indentation depth curves. Hertz model was used to calculate the Reduced
Young’s modulus E” as described below:

B = %.R—i.h—g.p.z’ﬁl]

, where R is the indenter’s radius, h is the indentation depth, P is the load, and Z is the correction
factor.

iPSC culture in MNR-incorporated hydrogel: A well-characterized human iPSC cell line!® 4]
was maintained on Geltrex-coated tissue culture polystyrene plates in mTeSR™ 1 medium
(Stemcell Technologies, Vancouver, Canada) in a humidified incubator at 37 °C and 5% CO»
prior to their inoculation into the MNR-incorporated hydrogel. The cells were detached from the
culture plates using Accutase (Fisher) and mixed with the hydrogel precursor solution of 15 wt%
of GeIMA precursor to achieve 2 million cells per mL. 40 pL of cell/GeIMA precursor solution
was mixed with 0.8 pg of MNRs (20 pg/mL) and pipetted into the previously mentioned PDMS
mold in a petri dish in which the final GeIMA concentration was 7.5 wt%. The precursor was
then photo-crosslinked for 90 s under UV light exposure either with or without pre-aligning the
NMRs as previously described. 10 uM of Y-27632 (Sigma) was added during the first 24 hours
of culture duration to enhance the cell viability.

After 5 days of the pre-culture period, the cell/GeIMA complex having non-aligned or aligned
MNRs (20 pg/mL) was exposed to 4.5 mT of magnetic field for 1 hour before being fixed with
4% paraformaldehyde (PFA, Fisher). The cells encapsulated within the hydrogel without any
MNR were also fixed and used as a control. To examine iPSC differentiation behavior within the
hydrogel of anisotropic modulus, iPSCs were pre-cultured for 5 days and then treated with
BMP4 (40 ng mL™") for 36 hours while applying a magnetic field of 4.5 mT (same polarity as
pre-alignment) for the entire duration of the 36-hour differentiation to induce simultaneous germ
layer differentiation. Differentiated 3D iPSC colonies were fixed using 4% paraformaldehyde.

iPSC Viability assessment: Viability for cells encapsulated in 7.5 wt% GelMA and the hydrogel
with MNRs were assessed through a live/dead cell assay (Invitrogen). Cells were cultured for 3,
5, and 7 days before the viability assay. The cells were stained with 0.5 pl/mL of calcein AM and
2 wl/mL of ethidium homodimer-1 (EthD-1) in DPBS for 5 mins at room temperature.
Fluorescent image acquisition was carried out using a Nikon-Eclipse TI microscope (Nikon).
Cell viability % was evaluated using the ImagelJ software.

Immunofluorescence confocal imaging: Samples were immuno-stained following a standard
immunofluorescence staining protocol. Briefly, the fixed samples were permeabilized by 0.1%
Triton-X in a phosphate-buffered saline (PBS) followed by blocking of non-specific binding sites
with 1% bovine serum albumin (BSA) in PBS. The following antibodies were utilized for the
detection of specific protein expression: rabbit anti-Y AP (Cell Signaling), mouse anti-Active
RhoA-GTP (NewEast Biosciences), goat anti-BRACHYURY (R&D Systems), rabbit anti-SOX2
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(Cell Signaling) and appropriate secondary antibodies. The samples were then counter-stained
with 4',6-diamidino-2-phenylindole (DAPI, Sigma) to visualize the nuclei. Z stack images with 1
um interval were taken using a Zeiss 880 confocal microscope.

Image analysis: Imaris 7.1.1 (Bitplane) was used to analyze the colony morphology of iPSCs
from confocal imaging to measure the sphericity (i.e., the ratio of the surface area of a sphere to
the surface area of the object).! 164l

Statistical Analysis: All experiments were conducted with a minimum of triplicate biological
samples and data are represented as mean + standard deviation (SD). Comparison of groups for
statistical significance was determined using SPSS 15 software with one-way ANOVA analysis
with Tukey’s posthoc.
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