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Abstract

Skeletal muscle stem cells (MuSCs) are essential for efficacious muscle repair, making MuSCs 

promising therapeutic targets for tissue engineering and regenerative medicine. MuSCs are 

presented with a diverse and temporally defined set of cues from their microenvironment during 

regeneration that direct stem cell expansion, differentiation, and return to quiescence. 

Understanding the complex interplay among these biophysical and biochemical cues is necessary 

to develop therapies targeting or employing MuSCs. To probe the role of mechanical cues 

presented by the extracellular matrix, we leverage chemically defined hydrogel substrates with 

controllable stiffness and adhesive ligand composition to characterize the MuSC response to 

matrix cues presented during early and late phases of regeneration. We demonstrate that relatively 

soft hydrogels recapitulating healthy muscle stiffness promote MuSC activation and expansion, 

while relatively stiff hydrogels impair MuSC proliferation and arrest myogenic progression. These 
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effects are seen on soft and stiff hydrogels presenting laminin-111 and exacerbated on hydrogels 

presenting RGD adhesive peptides. Soluble factors present in the MuSC niche during different 

phases of regeneration, prostaglandin E2 and oncostatin M, synergize with matrix-presented cues 

to enhance stem cell expansion on soft substrates and block myogenic progression on stiff 

substrates. To determine if temporally varied matrix stiffness reminiscent of the regenerating 

microenvironment alters MuSC fate, we developed a photoresponsive hydrogel system with 

accelerated reaction kinetics that can be rapidly softened on demand. MuSCs cultured on these 

materials revealed that the cellular response to a stiff microenvironment is fixed within the first 

three days of culture, as subsequent softening back to a healthy stiffness did not rescue MuSC 

proliferation or myogenic progression. These results highlight the importance of temporally 

controlled biophysical and biochemical cues in regulating MuSC fate that can be harnessed to 

improve regenerative medicine approaches to restore skeletal muscle tissue.

1. Introduction

Skeletal muscle stem cells (MuSCs), also known as satellite cells, inhabit a specialized niche 

between the plasma membrane of skeletal muscle fibers and the basal lamina surrounding 

the fibers.1,2 MuSCs normally exist in a quiescent state but activate rapidly upon injury to 

repair damaged muscle tissue.3 The central role of MuSCs in muscle regeneration has made 

them promising therapeutic targets for conditions spanning congenital muscular dystrophies, 

volumetric muscle loss, and aging-related muscle wasting (sarcopenia).4,5 Many proposed 

regenerative therapies require ex vivo manipulation of MuSCs, such as gene editing to 

correct mutations underlying muscular dystrophies or expansion and differentiation to 

generate engineered muscle tissues to replace lost tissue.6–8 To advance these therapeutic 

goals, an improved understanding of how microenvironmental cues regulate MuSC fate is 

required to ensure that functional stem cells are delivered to patients.

In the process of muscle regeneration, MuSCs experience a defined sequence of biochemical 

and biophysical cues to orchestrate stem cell activation, differentiation, and return to 

quiescence.2 Shortly after injury, soluble factors such as the pro-inflammatory metabolite 

prostaglandin E2 (PGE2) and hepatocyte growth factor (HGF) trigger activation and 

expansion of resident MuSCs that subsequently differentiate and fuse to repair damaged 

muscle fibers.9,10 To maintain the stem cell pool following regeneration, factors such as 

oncostatin M (OSM), Wnt7a, and collagen V play a critical role in promoting self-renewal 

and a return to quiescence.11–13

Biophysical cues provided by the extracellular matrix (ECM) also vary throughout the 

regeneration process. Injury results in a transient stiffening of the skeletal muscle tissue. For 

instance, one prior study reported that the elastic modulus of bulk mouse muscle tissue 

increased over the first three days following barium chloride injury and then subsequently 

returned to baseline.14 More recent studies investigating changes in local ECM mechanics 

within the MuSC niche suggest that microenvironmental stiffening occurs later during 

regeneration, beginning around 7–10 days post-injury.15,16 Concurrently, the cell-adhesive 

protein components of the ECM through which MuSCs sense matrix stiffness also change in 

abundance during regeneration. For example, early regeneration involves increased laminin-
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α1 production,17 while later phases of regeneration exhibit increased fibronectin deposition.
18

We previously reported that MuSCs are acutely sensitive to microenvironmental stiffness, 

exhibiting optimal proliferation in vitro and engraftment in vivo after culture on substrates 

mimicking the stiffness of healthy skeletal muscle (E~12 kPa).19 Others have also reported 

that myoblasts, proliferative progenitor cells derived from MuSCs, are sensitive to the 

stiffness of cell culture substrates. Proliferation varies as a function of stiffness20 and 

optimal differentiation into myotubes is observed on substrates with stiffness similar to 

native tissue.21,22 We therefore hypothesized that mimicking the changes in mechanical 

properties of the ECM during muscle regeneration would alter MuSC fate in vitro.

While most engineered platforms present cells with a fixed stiffness, the stiffness of muscle 

tissue changes during regeneration.14 In a seminal study, Kloxin, et al. developed cell culture 

substrates with dynamically-tunable stiffness using hydrogels containing photocleavable 

ortho-nitrobenzyl (oNB) ester moieties that enabled controlled softening of the hydrogels by 

exposure to UV light.23 Similar oNB functionalities have been employed in other hydrogel 

systems to study how mesenchymal stromal cells respond to changes in matrix mechanics.
24,25 One limitation of these studies is the use of relatively high energy 365 nm light to 

trigger hydrogel softening. While short-term exposure to low doses of 365 nm light has been 

shown to induce minimal cytotoxicity, longer exposure can cause DNA damage and cell 

death.26,27 Therefore, use of longer wavelength, lower energy light is desirable to minimize 

unintended perturbations. Fortunately, certain oNB esters, such as those used in these 

previous studies, can be cleaved with 405 nm light, albeit at a slower rate than with 365 nm 

exposure.23 The development of new oNB ester crosslinks that cleave more rapidly upon 

exposure to 405 nm light would thus enhance the bioselectivity of these approaches to tune 

material stiffness on demand and explore the reversibility of mechanically induced cell fate 

changes.

Here we leverage the control afforded by synthetic poly(ethylene glycol) (PEG) hydrogels 

crosslinked by the bioorthogonal strain-promoted azide-alkyne cycloaddition (SPAAC) 

reaction to present MuSCs with well-controlled biophysical cues mimicking the native 

regeneration process. PEG-based hydrogels crosslinked by step-growth polymerization are 

known to possess nearly ideal network connectivity,28–30 resulting in uniform presentation 

of mechanical cues to cells. Furthermore, the highly selective nature of the SPAAC reaction 

facilitates incorporation of cell-adhesive cues, including full-length ECM proteins and 

adhesive peptides, to mimic changes in ECM composition. We introduce a new oNB 

photocleavable crosslinker that is compatible with SPAAC crosslinking while cleaving ~5x 

faster in response to 405 nm light exposure, enabling rapid, cytocompatible softening of the 

hydrogels on demand to model the decrease in bulk tissue stiffness occurring during 

regeneration. Finally, we demonstrate that treatment of MuSCs on the engineered 

microenvironments with soluble factors mimicking the inflammatory (PGE2) and self-

renewal (OSM) phases of regeneration synergizes with biophysical cues presented by the 

matrix to modulate MuSC fate. Our results identify optimal conditions for promoting 

proliferation of stem-like MuSCs while uncovering an unexpected temporal role of substrate 

stiffness in modulating MuSC activation.
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2. Materials and Methods

2.1. Materials

Chemical precursors and solvents were purchased from Sigma-Aldrich, Fisher Scientific, or 

Acros Organics and used without further purification, unless otherwise noted. PEG 

precursors were purchased from JenKem Technology USA. Cell culture reagents were 

purchased from Thermo Fisher Scientific, unless otherwise noted.

2.2. Synthesis of hydrogel precursors

Detailed synthetic protocols are provided in the supporting information. The amine-reactive 

bicyclo[6.1.0]nonyne precursor BCN-NHS was prepared following known synthetic routes.
31–33 The methyl substituted oNB crosslinker N3-Me-oNB-NHS (compound 8a) was 

synthesized following previously published protocols starting from acetovanillone.33,34 For 

synthesis of the tert-butyl substituted oNB crosslinker N3-tBu-oNB-NHS (compound 8b), 

1-(4-hydroxy-3-methoxyphenyl)-2,2-dimethylpropan-1-one (compound 2) was prepared 

from o-dimethoxybenzene following a known synthetic route.35 Compound 2 was then used 

to synthesize N3-tBu-oNB-NHS by adapting the synthetic protocols used to synthesize N3-

Me-oNB-NHS.33,34 Azide-functionalized multi-arm PEG macromers were prepared from 8-

arm PEG-amine (MW~10 kDa or 20 kDa) by reacting with activated NHS ester azides under 

standard amide coupling conditions.31,36 To improve solubility and prevent polymer 

aggregation, 4-arm PEG-amines used to prepare BCN-functionalized macromers were first 

sulfated by reacting with Boc-L-cysteic acid followed by deprotection with trifluoroacetic 

acid.37 The 4-arm PEG-sulfo-amines were subsequently reacted with BCN-NHS under 

standard amide coupling conditions to afford 4-arm PEG-sulfo-BCN.31,36 PEG macromers 

were dialyzed against MilliQ-grade water and lyophilized prior to use. Azide-functionalized 

laminin-111 was prepared by adapting our previous protocols for laminin functionalization.
19 Laminin was first dialyzed (MWCO~10 kDa) into sterile PBS and then reacted with a 50-

fold molar excess of N3-PEG-NHS (MW~3.5 kDa) for 6 hours at room temperature. The 

reaction mixture was further dialyzed against sterile PBS to remove unreacted N3-PEG.

2.3. Rheological analysis

Multi-arm PEG precursors were separately dissolved in PBS to the desired polymer 

concentration. Azide- and BCN-containing macromers were mixed, immediately added to 

cylindrical silicone molds (8 mm diameter × 0.8 mm thickness), and incubated at 37°C for 

30 minutes. The resulting hydrogels were transferred to PBS and allowed to equilibrate for 

at least 1 hour before mechanical testing. For dynamically softening hydrogels, following 

equilibration, the hydrogels were exposed to 405 nm light (~600 mW/cm2) for the desired 

time and then further allowed to equilibrate in PBS for an additional hour. Oscillatory 

rheology was performed on a ARG2 rheometer using a flat 8 mm geometry. Frequency 

sweeps from 0.1 to 10 Hz with 5% strain were collected for each sample, and the shear 

modulus (G’) was taken to be the average storage modulus over the linear range centered at 

1 Hz, following our established protocol.19 Shear moduli were converted to Young’s moduli 

(E) by assuming that the PEG hydrogels are incompressible (i.e., Poisson’s ratio is ~0.5).
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2.4. Reaction kinetics characterization

For analysis of solution phase reaction kinetics, multi-arm PEGs functionalized with methyl 

and tert-butyl oNB esters were separately dissolved in PBS to 20 mg/mL to achieve a similar 

concentration to the amount of oNB in the hydrogels. The solutions were exposed to 405 nm 

light (~600 mW/cm2), and aliquots were removed at predetermined time intervals. These 

aliquots were further diluted 20:1 in PBS to ensure a linear absorbance vs. concentration 

profile, and absorbance was measured using a NanoDrop 2000 microvolume 

spectrophotometer. Reaction progress was quantified using the normalized absorbance 

values at 275 nm.

2.5. Muscle stem cell isolation

All animal protocols were approved by the Stanford University Administrative Panel on 

Laboratory Animal Care (APLAC) and experiments were performed in compliance with the 

institutional guidelines of Stanford University. Myogenin reporter mice were generated by 

breeding Gt(ROSA)26Sortm5(CAG-Sun1/sfGFP)Nat mice harboring the floxP-STOP-floxP 

Sun1-GFP construct (JAX #021039)38 with Myogtm1.1(cre/ERT2)Lepr mice expressing Cre-

ERT2 under control of the myogenin promoter (JAX #025668).39 Mice heterozygous for 

both alleles were used for all experiments. To mark myogenic cells that were already 

committing in vivo and exclude these cells from hydrogel experiments, mice were treated 

with tamoxifen by intraperitoneal injection of 100 μL of a 20 mg/mL solution daily for 3 

days, followed by a recovery period of at least 3 weeks. Muscle stem cells were then isolated 

from the dissected hindlimb muscles of the reporter mice following our published 

procedures.19,40 Briefly, muscles were digested with collagenase and dispase, mechanically 

dissociated with a gentleMACS Octo Dissociator, and passed through a 45 μm cell strainer. 

The cell suspension was then incubated with PE-Cy7 conjugated antibodies against CD45, 

CD11b, CD31, and Sca1 (BD Biosciences; lineage markers, Lin) to label non-muscle cell 

types, in addition to fluorescently tagged antibodies to label MuSCs: integrin-α7-PE (Ablab) 

and CD34-Alexa647 (BD Biosciences). The cell suspension was sorted by FACS to deplete 

non-muscle lineage cells and enrich MuSCs (Lin−/integrin-α7+/CD34+/GFP−).

2.6. Muscle stem cell culture and analysis

PEG hydrogels for MuSC culture were cast directly in glass bottom 24-well plates (Cellvis). 

The bottoms of the wells were first functionalized with azides by incubating with a solution 

of 95:5:0.5 ethanol/acetic acid/(3-azidopropyl)trimethoxy silane31 for 10 minutes, washing 

extensively with ethanol, and drying in a biosafety cabinet. PEG precursors were dissolved 

in PBS and sterilized by filtration through a 0.22 μm filter. Working on ice to slow gelation, 

PEG-sulfo-BCN and either laminin-PEG-N3 (100 μg/mL final concentration) or cycloRGD-

N3 (500 μM final concentration) were mixed together, followed by addition of azide-

functionalized PEGs. The crosslinking PEG solution (200 μL/well) was pipetted into the 

well plate, and the plate was then centrifuged at 2000×g for 10–15 minutes at room 

temperature to uniformly coat the well surface. The plates were incubated for 30 minutes at 

37°C to complete crosslinking and then equilibrated in cell culture medium at 37°C prior to 

cell seeding. Freshly isolated MuSCs were immediately seeded onto hydrogels at a density 

of 2000 cells/well. To facilitate live cell fluorescence microscopy, MuSCs were cultured in 
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FluoroBrite DMEM supplemented with 15% fetal bovine serum (FBS), 1x L-glutamine, 1x 

sodium pyruvate, 1x nonessential amino acids, 1x penicillin/streptomycin, and 2.5 ng/mL 

FGF-2. The medium was supplemented daily with 4-hydroxytamoxifen (1 μM) to enable 

Cre-mediated recombination and expression of the Sun1-GFP reporter in committing 

MuSCs. Media was replaced on days 3 and 5. For soluble factor experiments, cells were 

treated with either DMSO vehicle or PGE2 (10 ng/mL) at the time of seeding and then either 

fresh media or media containing OSM (100 ng/mL) on days 3 and 5 of culture. For dynamic 

hydrogel softening experiments, stiff controls and oNB containing gels were exposed to 405 

nm light (~300 mW/cm2) for two minutes. Live cell images were collected on days 3 and 7 

on a Zeiss AxioObserver inverted microscope with a motorized scanning stage and 

environmental stage incubator, collecting a 7×7 tiled region near the center of the gels with 

20x magnification. Images were stitched using a custom GPU-accelerated image processing 

pipeline, which allows for highly accurate and performant flatfield correction, high-

dimensional image alignment/registration, deconvolution, stitching, chromatic aberration 

correction, and background subtraction.41

2.7. Immunofluorescence analysis of MuSC fate

After 7 days of culture on hydrogels, MuSCs were fixed with 4% paraformaldehyde in PBS. 

Cells were permeabilized with PBS plus 0.25% (v/v) Triton X-100 (PBST), blocked with 

5% bovine serum albumin (BSA) and 5% goat serum (GS) in PBST, and incubated with 

primary antibodies against Pax7 (Developmental Studies Hybridoma Bank, 2 μg/mL) and 

MyoD (Santa Cruz Biotechnology, clone G-1, 1:200) diluted in 2.5% BSA and 2.5% GS in 

PBST. Samples were washed with PBST and then incubated with secondary antibodies (Cy3 

goat anti-mouse IgG2b and AF647 goat anti-mouse IgG1, Jackson ImmunoResearch, 1:500) 

diluted in 2.5% BSA and 2.5% GS in PBST. Samples were washed with PBST and imaged 

on a Zeiss AxioObserver inverted microscope equipped with a 7-channel ZEISS Colibri 7 

light source for multichannel fluorescence imaging. Tiled image regions were collected near 

the center of the gels and were stitched into composite images using our custom image 

processing pipeline described above.

2.8. Analysis of MuSC Viability

For live/dead viability assays, MuSCs derived from wild-type (GFP-) mice were isolated and 

cultured on hydrogels as described above. At days 3 and 7, MuSCs were treated with 

calcein-AM (1 μM) and ethidium homodimer (1 μM) diluted in FluoroBrite DMEM 

supplemented as above for 30 minutes prior to fluorescence imaging. To determine the 

fraction of apoptotic cells, MuSCs were fixed with 4% paraformaldehyde in PBS and 

immunostained as described above, using a primary antibody against cleaved caspase-3 

(Cell Signaling Technology, clone 5A1E, 1:400) and an AF647 goat anti-rabbit secondary 

antibody (Jackson ImmunoResearch, 1:500).

2.9. Generation of fluorescent reporter fibroblast cell line

MRC-5 human fetal lung fibroblasts and HEK 293T cells were purchased from ATCC. For 

routine culture, both MRC-5s and HEK 293Ts were cultured in high-glucose DMEM, 

supplemented with 10% FBS and 1x penicillin/streptomycin and passaged by trypsinization. 

Lentiviral expression plasmids encoding H2B-GFP with puromycin resistance (plasmid 
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#69550) and LifeAct-mRuby2 with blasticidin resistance (plasmid #84384)42 were 

purchased from Addgene. Lentivirus was packaged by transfecting a 10 cm2 dish of HEK 

293Ts with one of the fluorescent reporter plasmids (3.83 μg) and the packaging plasmids 

Delta8.9 (2.87 μg) and PMD1G (1.91 μg) using Fugene6 transfection reagent (Promega). 

Viral supernatants were collected after 48 and 72 hours and filtered (0.4 μm) to remove cell 

debris. The unconcentrated supernatants were diluted 1:1 with fresh media to transduce 

MRC-5s. To produce the dual reporter cells, MRC-5s were first transduced with the LifeAct-

mRuby2 reporter and selected with blasticidin (4 μg/mL). The cells were then subsequently 

transduced with the H2B-GFP reporter and selected with puromycin (Invivogen, 1 μg/mL).

2.10. Time lapse microscopy on softening hydrogels

For time lapse microscopy, hydrogels were fabricated within glass bottom 12-well plates 

(Cellvis). The wells were functionalized with azides as described above. Separately, 12 mm 

circular glass coverslips were passivated with Sigmacote, washed with ethanol, and dried. 

PEG precursors were separately dissolved in PBS and sterile filtered (0.22 μm). CycloRGD-

N3 dissolved in PBS was added to the PEG-sulfo-BCN to achieve a final concentration in 

the gels of 500 μM, incubated at room temperature for 10 minutes, and then mixed with the 

azide-bearing PEG component. The crosslinking mixture (25 μL) was pipetted onto the 

azide-functionalized glass bottom. The passivated coverslip was placed on top of the 

precursor solution, and the gel was crosslinked at 37°C for 30 minutes. The well was 

flooded with PBS and incubated at 37°C for one hour to enable easy removal of the 

coverslip, affording a flat hydrogel surface for cell culture. After washing with PBS, the 

wells were seeded with the MRC-5 reporter cells at a density of 25,000 cells/well in 

FluoroBrite DMEM supplemented with 10% FBS, 1x L-glutamine, and 1x penicillin/

streptomycin. Cells were allowed to adhere overnight. Time lapse microscopy was 

performed using a Zeiss AxioObserver inverted microscope with a motorized scanning stage 

and environmental stage incubator, collecting a 7×7 tiled region near the center of the gels 

with 20x magnification. Acquisition was paused for exposure to 405 nm light (~600 

mW/cm2 for 1 minute) to enable hydrogel softening.

Tiled regions were stitched into composite images using our custom image processing 

pipeline described above. Using ImageJ software, the stitched images were cropped to be 

uniform in dimension, and masks of the objects in the individual channels were obtained. 

The GFP channel was used to detect the cell nuclei based on H2B-GFP expression, and the 

DsRed channel was used to detect the cell cytoplasm based on LifeAct-mRuby2 expression. 

Spatial variations in background fluorescence intensity were removed using a rolling ball 

filter, followed by processing with a median filter (despeckle) to remove pixel-level noise. 

The DsRed channel was further processed with a Gaussian Blur filter for smoothing. The 

resulting images were converted to binary masks by implementing Huang’s fuzzy 

thresholding method.43 Objects outside of the expected cell size range were discarded. Only 

those objects identified as GFP+ nuclei that were surrounded by cytoplasm were selected for 

further analysis. Binary images were created, consisting of cell cytoplasm containing nuclei, 

and were used to quantify the cell spread area.
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2.11. Statistical analysis

At least 3 independent replicates were used for each experiment. Statistical analysis was 

performed using GraphPad Prism 8. Comparisons between two experimental groups with a 

single varying parameter were performed using two-tailed Student’s t-tests. Comparisons 

among more than two experimental groups with two varying parameters were performed 

using two-way analysis of variance (ANOVA) with Bonferroni post-hoc testing. Statistical 

assessment of synergy among hydrogel stiffness, adhesive ligand composition, and soluble 

factor treatment was performed using three-way ANOVA. For quantification of reaction 

kinetics, first-order exponential association or decay models were fit to the data, and the 

kinetic parameters were compared using an extra sum-of-squares F test.

3. Results

3.1. Soft hydrogels promote MuSC activation and expansion

The elastic modulus of healthy skeletal muscle is ~12 kPa.14,19,21 Following injury, the 

stiffness of the bulk muscle tissue has been reported to transiently increase during 

regeneration.14 To mimic these different tissue stiffness regimens in engineered 

microenvironments, hydrogels were prepared from multi-arm PEG macromers separately 

functionalized with azide or bicyclo[6.1.0]nonyne (BCN) groups that enable crosslinking by 

the bioorthogonal SPAAC reaction. The elastic moduli of these materials can be tuned over a 

broad range spanning physiologically relevant stiffness by varying the total polymer content 

of the hydrogels as well as the molar ratio of BCN-bearing macromers to azide-bearing 

macromers. By modulating these two variables, “soft” hydrogels with elastic moduli similar 

to native muscle tissue (E~12 kPa) and “stiff” hydrogels with elastic moduli similar to stiffer 

regenerating and fibrotic tissue (E~40 kPa) were prepared (Supporting Figure S1). To mimic 

the ECM composition during the initial phases of regeneration, purified laminin-111 was 

functionalized with linear PEG-azides and incorporated into hydrogels during crosslinking. 

Alternatively, to mimic the fibronectin-rich ECM characteristic of later phases of 

regeneration, azide-bearing cyclic RGD peptides were incorporated into the gels during 

crosslinking.

MuSC fate is regulated by a series of transcription factors that direct key steps in the 

myogenic progression, including stem cell activation and differentiation.1 Muscle stem cells 

express a characteristic transcription factor, Pax7, in their quiescent state prior to injury. 

These quiescent MuSCs do not express MyoD or myogenin, two other myogenic 

transcription factors that are involved in MuSC responses to injury. Following injury, MuSCs 

activate and begin expressing MyoD, which is required for myogenic differentiation. 

However, MyoD expression is not sufficient to commit MuSCs to differentiate, as MyoD+ 

progenitors are proliferative and can return to quiescence.1,44 MyoD is involved in 

regulating the expression of myogenin, which is expressed in progenitors that are committed 

to differentiation. Myogenin expression promotes terminal differentiation and fusion of 

myogenic progenitors into multi-nucleated myofibers.

To facilitate tracking of MuSC fate (Figure 1A), MuSCs were isolated from transgenic 

reporter mice harboring GFP fused to the nuclear envelope protein Sun1 downstream of a 
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loxP-STOP-loxP cassette that express tamoxifen-inducible Cre recombinase driven by the 

myogenin promoter. Accordingly, in the presence of 4-hydroxytamoxifen, myogenin 

promoter activity results in excision of the STOP codon and expression of the GFP signal, 

marking cells that are committed to myogenic differentiation and expression of myogenin. 

To ensure only non-committed myogenic cells were isolated, mice were dosed with 

tamoxifen daily for 3 days. To identify committed MuSCs, the 3 days of tamoxifen treatment 

were followed by a 22-day rest period during which committed cells were labeled by Sun1-

GFP expression. MuSCs were isolated from the hindlimb skeletal muscles of the reporter 

mice following our published protocols.19,40 Purified MuSCs were obtained by FACS by 

selecting for integrin-α7+/CD34+/GFP− cells. Freshly isolated MuSCs were plated on soft 

(E~12 kPa) or stiff (E~40 kPa) hydrogels that were functionalized with either laminin-111 or 

RGD peptides to promote cell adhesion and mechanosensing, mimicking the different ECM 

stiffness and composition that are observed during regeneration (Figure 1B). Following 

seven days in culture with daily 4-hydroxytamoxifen treatment, the samples were fixed and 

immunostained for the MuSC transcription factor Pax7 and the activated myogenic 

progenitor transcription factor MyoD to assess myogenic progression in conjunction with 

the myogenin GFP reporter.

MuSCs cultured on soft hydrogels exhibited enhanced activation and proliferation when 

compared to culture on stiff hydrogels (Figure 1C–F). This finding is consistent with our 

previous studies in which we observed optimal MuSC expansion and engraftment when 

cultured on hydrogels with physiological stiffness (E~12 kPa).19 On laminin-presenting gels, 

MuSC numbers were significantly greater on soft hydrogels (Figure 1D). A similar trend 

was observed for the RGD-presenting hydrogels. The expression pattern of myogenic 

transcription factors suggests that the difference in proliferation was mediated by a larger 

pool of activated progenitors on the soft hydrogels. Notably, MuSCs on laminin appeared to 

preferentially adhere to the substrate rather than forming cell-cell contacts with other 

MuSCs. In contrast, MuSCs on RGD matrices exhibited increased cell aggregation and 

formed more cell-cell contacts. On stiff gels, proliferation was impeded but a greater fraction 

of these growth arrested MuSCs expressed Pax7 than on soft gels (Figure 1E), suggesting 

impaired activation on stiff microenvironments. On soft hydrogels, a larger fraction of 

MuSCs expressed MyoD without co-expression of Pax7 and myogenin, suggesting the 

presence of a highly proliferative progenitor pool (Figure 1F, Supporting Figure S2). 

Commitment to differentiation, as measured by myogenin reporter expression, was not 

sensitive to stiffness on laminin presenting gels, while a lower fraction of MuSCs on stiff 

RGD-presenting gels expressed the myogenin reporter when compared to soft RGD-

presenting gels (Figure 1G).

To confirm that the decreased MuSC numbers on stiff substrates are due to impaired 

proliferation and not increased cell death, we assessed cell viability on days 3 and 7 of 

culture. Staining with calcein-AM to mark live cells and ethidium homodimer to mark dead 

cells revealed that MuSCs cultured on all substrates remained highly viable (>94%) 

throughout the culture duration, with no differences among substrates (Supporting Figure 

S3). Furthermore, immunostaining for cleaved caspase-3 revealed that the vast majority 

(>99%) of cells were not apoptotic, which was consistent across all substrates tested 

(Supporting Figure S4). Taken together, these results indicate that soft hydrogels promote 
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MuSC activation and proliferation to expand the stem cell pool, while stiff hydrogels block 

activation and commitment, resulting in a population of less proliferative, Pax7-expressing 

cells.

3.2. Soluble niche factors synergize with matrix cues to promote expansion of MuSCs on 
soft gels

During muscle regeneration, MuSCs are presented with a temporally defined sequence of 

biochemical cues that can be roughly divided into an inflammatory phase and a self-renewal 

phase (Figure 2A).2 We recently identified two soluble factors that are key mediators of 

these two phases of regeneration. During the inflammatory phase, the lipid metabolite 

prostaglandin E2 (PGE2) promotes MuSC survival and expansion.9 Later during 

regeneration, the cytokine oncostatin M (OSM) promotes maintenance of the stem cell pool 

by acting as a potent quiescence inducer.11 As the presentation of these two factors is tightly 

controlled during regeneration, we hypothesized that the sequential treatment of MuSCs 

with PGE2 and OSM would enable improved expansion of MuSCs on engineered 

microenvironments (Figure 2B).

As soft, laminin-presenting hydrogels best enabled MuSC expansion, we first assessed 

whether PGE2 and OSM treatment would synergize with these permissive matrix cues to 

regulate MuSC fate. Treatment with only OSM beginning at day 3 of culture, to simulate the 

onset of the self-renewal phase, suppressed MuSC proliferation (Figure 2C,D, Supporting 

Figure S5), while increasing the fraction of cells that were positive for Pax7 (Figure 2E) in 

agreement with its function in vivo.11 OSM treatment simultaneously decreased the total 

number and fraction of cells that were MyoD+/Pax7−/MyoG− progenitors (Figure 2F) and 

committed myogenin reporter positive cells (Figure 2G). Decreased proliferation with 

increased Pax7 expression and decreased commitment toward differentiation is consistent 

with the expectation that OSM induces a more quiescent-like phenotype.

As we previously demonstrated that PGE2 treatment augments MuSC expansion,9 we 

hypothesized that sequential treatment with PGE2 followed by treatment with OSM would 

both increase proliferation and maintain a larger pool of stem-like, Pax7-expressing cells. 

On soft, laminin-presenting gels, MuSCs treated with a single dose of PGE2 at the time of 

seeding, followed by treatment with OSM starting at day 3, resulted in increased cell 

proliferation by day 3 (Supporting Figure S6) and an overall higher cell number by day 7 

(Figure 2D). As with OSM treatment alone, a significantly larger fraction of the resulting 

cells was Pax7+ compared to the control treatment. Taken together with the increase in cell 

number afforded by early PGE2 treatment, this resulted in a large increase in the number of 

Pax7+ cells when compared with either the vehicle control or OSM treatment alone (Figure 

2E). Furthermore, the fraction of myogenin reporter positive cells was also decreased 

relative to the control (Figure 2G), indicative of less commitment to differentiation. Thus, 

sequential treatment with PGE2 followed by OSM on soft, laminin-presenting cells resulted 

in enhanced expansion of stem-like cells.

To determine how matrix-presented cues such as stiffness and adhesive ligand presentation 

impact the MuSC response to PGE2 and OSM, the soluble factor treatments were also 

carried out on stiff laminin-presenting substrates and on both soft and stiff RGD-presenting 
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substrates. The proliferation and myogenic progression of MuSCs cultured on stiff, laminin-

presenting gels were largely insensitive to the presence of OSM or PGE2 (Figure 2C–G), 

using previously optimized concentrations.9,11 Similar to untreated cells, those treated with 

OSM or sequentially treated with PGE2 and OSM failed to activate, instead remaining more 

Pax7+. However, on RGD-presenting gels, OSM treatment and sequential PGE2 and OSM 

treatment altered MuSC proliferation and commitment (Figure 2C–G, Supporting Figure 

S7). On both soft and stiff RGD-presenting gels, OSM treatment resulted in decreased 

proliferation, similar to soft, laminin-presenting gels. Unexpectedly, sequential treatment 

with PGE2 followed by OSM further suppressed proliferation. Thus, on the stiff, RGD-

presenting gels, proliferation was severely repressed, with cells expanding only ~3-fold 

between days 3 and 7 (Figure 2D). Both treatment with OSM and sequential treatment with 

PGE2 and OSM reinforced the arrested myogenic progression observed on untreated stiff, 

RGD-presenting gels, resulting in a very small number of cells after 7 days in culture that 

were nearly all Pax7+, but did not activate, proliferate, or commit (Figure 2E–G). Three-way 

ANOVA revealed statistically significant interaction terms for stiffness, cell-adhesive ligand 

composition, and soluble factor treatment (Supporting Figure S8), indicating that treatment 

with PGE2 and OSM synergizes with matrix properties to modulate MuSC proliferation and 

commitment. Neither treatment with OSM nor sequential treatment with PGE2 and OSM 

altered cell viability (Supporting Figure S9) or the fraction of apoptotic cells (Supporting 

Figure S10) across all conditions tested, indicating that the observed changes in cell number 

can be attributed predominantly to changes in proliferation. Taken together, these results 

suggest that the stiffness and composition of the substrate modulates MuSC responses to the 

soluble niche factors OSM and PGE2.

3.3. Development of dynamically softening substrates with improved reaction kinetics

We sought to test whether temporally changing stiffness reminiscent of in vivo regeneration 

could modulate MuSC fate. As bulk muscle stiffness was previously shown to increase 

shortly after injury, followed by a return to baseline after about 3 days,14 an ideal material to 

test the effects of dynamically changing stiffness would start out relatively stiff and then 

soften on demand. Because photocleavable oNB esters have previously been successfully 

used for this purpose,23–25 we decided to leverage this technology to probe the MuSC 

response to a softening microenvironment.

As oNB esters are sensitive to near-UV light, we sought to use the lowest energy wavelength 

of light that was practical, while also reducing the overall time of exposure, to limit potential 

cytotoxic effects that could confound our results. Longer wavelength 405 nm light can still 

trigger photolysis of oNB esters but requires longer exposures than 365 nm light.23 To 

increase the rate of photolysis in response to 405 nm light, we developed a novel 

bifunctional oNB ester crosslinker. As the alignment of the ester linkage with the nitro group 

on the aromatic ring is known to be required for photolysis to proceed, we were inspired by 

prior work demonstrating that substitution at the benzyl position of the oNB ester could 

improve reaction kinetics.35 We reasoned that substituting the commonly used methyl group 

at the benzyl position with a bulky tert-butyl group would sterically hinder rotation about the 

benzyl bond, enforcing alignment of the ester and nitro groups, increasing the reaction rate. 
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By adapting known synthetic routes,33–35 bifunctional azide-bearing oNB ester crosslinkers 

with both methyl and tert-butyl substituents at the benzyl position were prepared (Figure 3).

Eight-arm PEG macromers were subsequently synthesized wherein a subset of the azide 

groups used in crosslinking were connected to the PEGs via oNB linkages, allowing 

breakage of a fraction of the crosslinks upon light exposure to soften the gels (Figure 4A,B). 

The photolysis kinetics of the two oNB linkers were first assessed in solution phase using 

UV-visible light spectroscopy (Figure 4C,D). Upon illumination with 405 nm light, the 

cleavage reaction for the tert-butyl substituted oNB materials rapidly reached completion, 

with a reaction half-time on the order of 30 s (Figure 4E,F). In contrast, methyl substituted 

materials exhibited a reaction half-time on the order of 150 s (Figure 4F). Fitting a first-

order association curve to the spectroscopy data revealed a ~5-fold increase in the reaction 

rate for the tert-butyl substituted material (Figure 4G). To confirm that the enhanced solution 

phase kinetics applied to crosslinks that are part of a hydrogel network, gels prepared from 

tert-butyl or methyl substituted oNB materials were subjected to rheological testing after 

exposure to fixed doses of 405 nm light. The decrease in elastic modulus for the tert-butyl 

samples saturated after ~60 s, whereas saturation for the methyl samples occurred around 

300 s (Figure 4H). Fitting a first-order exponential decay curve to the rheology data 

confirmed a ~4-fold increase in softening rate for the tert-butyl substituted materials (Figure 

4I,J). The initial and softened stiffness of the material was tuned by controlling the total 

polymer content of the hydrogels within a physiologically relevant range (Supporting Figure 

S11).

3.4. Cells respond to dynamic softening of cell culture substrates

Using our materials capable of on-demand softening with improved reaction kinetics, we 

tested if cells could sense the dynamic changes in elastic modulus on these new materials. 

As fibroblasts have well-characterized responses to culture on substrates of different 

stiffness, we used human fetal lung fibroblasts for these confirmatory studies. Fibroblasts 

spread extensively and develop well-defined actin stress fibers on relatively stiff gels, while 

remaining poorly spread on soft gels. To track real-time changes in fibroblast spreading 

upon hydrogel softening, we generated a stable cell line that was lentivirally transduced to 

express a H2B-GFP fusion protein to label the nuclei green and the actin-binding LifeAct 

peptide fused to mRuby2 to label the actin cytoskeleton red. The fibroblasts were seeded 

onto RGD-presenting PEG gels, allowed to adhere overnight, and imaged by time lapse 

fluorescence microscopy (Figure 5).

Fibroblasts seeded on relatively soft (E~8 kPa) control gels adhered well but maintained a 

rounded morphology throughout the time lapse experiment. Stiff (E~28 kPa) control gels 

that did not contain photocleavable oNB crosslinks but were exposed to 405 nm light to 

simulate the softening stimulus retained a highly spread and elongated morphology 

following light exposure, indicating that cell spreading was not altered by light exposure 

alone. Similarly, fibroblasts seeded on a second stiff (E~28 kPa) control, oNB-containing 

materials that were not exposed to 405 nm light, maintained a highly spread morphology 

throughout the experiment. In contrast, fibroblasts seeded on oNB materials that were 

initially stiff (E~28 kPa) started off well-spread but rapidly rounded up following softening 

Madl et al. Page 12

Biomaterials. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to ~8 kPa (Figure 5A). Quantifying changes in spreading behavior by tracking cell spread 

area over time confirmed the poor spreading observed on soft gels, the consistently well-

spread morphology observed on stiff controls, and the rapid loss of spreading following 

softening on the dynamically tunable materials (Figure 5B). These experiments confirmed 

that cells are able to sense real-time changes in substrate stiffness on our tert-butyl oNB 

materials.

3.5. Transient exposure to stiff microenvironments blocks MuSC proliferation and 
commitment

Having established a hydrogel cell culture platform that enables rapid on demand softening 

in response to 405 nm light, we sought to determine how mimicking the transition from a 

stiff to soft microenvironment during muscle regeneration impacts MuSC fate in vitro. As 

above, MuSCs were isolated from Sun1-GFP myogenin reporter mice and cultured on 

hydrogels of controlled stiffness presenting RGD adhesive peptides. Three control materials 

consisted of soft (E~12 kPa) hydrogels, stiff (E~40 kPa) hydrogels without oNB linkages 

that were exposed to 405 nm of light after 3 days in culture, and stiff (E~40 kPa) hydrogels 

containing oNB linkages but not exposed to light (Figure 6A). MuSCs were additionally 

cultured on oNB-containing hydrogels that were initially stiff (E~40 kPa) and then 

subsequently softened after 3 days of culture to ~12 kPa. To determine if sequential delivery 

of soluble niche cues was able to synergize with the dynamic change in stiffness, additional 

experimental groups included treatment with OSM at day 3 and sequential treatment with 

PGE2 upon initial seeding followed by treatment with OSM at day 3 (Figure 6B).

In the absence of additional soluble factors, MuSCs cultured on dynamically softened 

materials presenting RGD peptides behaved strikingly similar to MuSCs cultured on the stiff 

control materials (Figure 6C). Decreased total cell numbers were observed on both 

persistently stiff control materials, as well as materials that were initially stiff and 

subsequently softened at day 3 (Figure 6D), suggesting a diminished proliferation capacity. 

Furthermore, MuSCs that had spent any time exposed to a stiff microenvironment exhibited 

less commitment to myogenic differentiation, as evidenced by a lower fraction of cells 

expressing the myogenin reporter (Figure 6E). As above, the quiescence promoting 

sequential treatment of PGE2 and OSM further decreased cell numbers and the fraction of 

cells positive for the myogenin reporter on both the persistently stiff and transiently stiff 

hydrogels (Figure 6D,E). Taken together, these results suggest that even transient 3-day 

exposure to a stiff microenvironment is sufficient to impair MuSC proliferation and block 

activation and commitment to differentiation.

4. Discussion

Identifying optimal MuSC expansion conditions ex vivo remains a major challenge for 

musculoskeletal tissue engineering and regenerative medicine. Once MuSCs become 

activated and commit, they are rendered incapable of extensive muscle repair. Although such 

in vitro cultured myoblasts can differentiate and fuse to form tissue engineered constructs, 

they do not retain the ability to function as stem cells when transplanted in vivo. While 

freshly isolated MuSCs can engraft into the satellite cell niche and respond to injury by 
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expanding and fusing to form myofibers, transplanted myoblasts lose the ability to engraft 

and repair.40,45 Engineered cell culture platforms are therefore needed to maintain MuSCs in 

a stem cell state ex vivo. Given the critical role that MuSCs play in maintaining muscle 

homeostasis throughout life, any regenerative approach employing MuSCs or MuSC-derived 

cells will need to provide patients with functional stem cells. This is true for gene editing to 

restore functional protein expression in muscular dystrophies or for engineering tissue 

replacements for large scale muscle loss.6,8

We previously demonstrated that the high stiffness of rigid plastic dishes typically used in 

cell culture impairs the ability of MuSCs to expand and subsequently engraft in vivo,19 

implicating dysfunctional mechanosignaling as a key barrier to proper MuSC function. 

Consistent with our earlier work, here we report that soft, laminin-presenting hydrogel 

materials that recapitulate healthy muscle stiffness (E~12 kPa) best enable MuSC activation 

and proliferation, while maintaining a substantial pool of Pax7+ cells (Figure 1). We further 

demonstrate that soluble factors from the regenerating muscle niche augment MuSC 

expansion. Sequential treatment with PGE2 followed by OSM results in robust expansion of 

Pax7+ cells on soft, laminin-presenting hydrogels, with OSM, a quiescence inducer, 

apparently dominating over PGE2, a stimulant of proliferation (Figure 2).

In contrast, culture on physiologically stiff (E~40 kPa) hydrogels results in decreased MuSC 

proliferation and impairs myogenic progression (Figure 1). MuSCs cultured on stiff gels 

remain largely arrested in a dysfunctional non-proliferative, non-activated state. This 

response contrasts with previous studies demonstrating increased myoblast proliferation as 

stiffness increases.20 We hypothesize that the initial culture of myogenic progenitors on rigid 

plastic to generate myoblasts selects for a subset of cells that are capable of sustained 

proliferation on stiff substrates. However, in agreement with the data presented in this report, 

our previous studies using freshly isolated MuSCs revealed decreased proliferation on stiff 

substrates that corresponded to diminished in vivo engraftment.19 The process of 

engraftment likely requires transient activation and expansion to obtain an experimentally 

detectable number of stem cells, while retaining the ability to return to quiescence and 

respond to subsequent injury. The increased activation of MuSCs with simultaneous 

maintenance of Pax7 expression on soft, laminin-presenting materials suggests that these 

cells would indeed engraft better than the cells cultured on stiff gels with an arrested 

myogenic phenotype. While this hypothesis is consistent with our prior data, additional in 
vivo engraftment experiments will be required to confirm differences in MuSC function.

Gaining a better understanding of MuSC behavior in stiff microenvironments with varied 

matrix composition is also critically important for developing therapeutic strategies targeting 

MuSCs in the context of disease and aging, in which fibrosis of the muscle results in tissue 

stiffening and aberrant ECM deposition.46–51 We have previously implicated 

mechanosensing in MuSC dysfunction in aged mice. Culture on relatively soft substrates 

was necessary to render interventions blocking overactivated p38 MAP kinase signaling in 

aged cells effective at restoring engraftment capacity.52 As MuSCs lose regenerative 

capacity with age,53 it is plausible that increased microenvironmental stiffness results in 

arrested myogenesis as we observe here in vitro. Our observation that even transient 

exposure to stiff substrates impairs MuSC expansion suggests a form of “mechanical 
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memory”24,54 that may impact the ability of aged MuSCs to respond to therapeutic 

interventions in a fibrotic microenvironment. Future studies are warranted to both uncover 

the prevalence of dysfunctional mechanosignaling pathways in aged MuSCs and molecular 

mechanisms that may confer a “mechanical memory.”

5. Conclusion

The use of well-defined engineered microenvironments enabled identification of synergistic 

interactions among substrate stiffness, adhesive ligand presentation, and soluble niche 

factors that regulate MuSC fate. Culturing freshly isolated MuSCs on soft hydrogels that 

mimic healthy muscle stiffness and present laminin enabled robust MuSC expansion. Stem 

cell expansion was further augmented by sequential treatment with PGE2 and OSM, 

resulting in a large pool of Pax7+ cells after 7 days of culture. In contrast, culture on stiff 

hydrogels, particularly those presenting RGD adhesive peptides, impaired MuSC 

proliferation and arrested myogenic progression. On stiff, RGD-presenting gels, sequential 

treatment with PGE2 and OSM reinforced the arrested phenotype, resulting in a diminished 

number of cells of which most failed to activate in culture. To determine whether temporally 

changing substrate stiffness altered MuSC proliferation and commitment, we developed a 

novel oNB-based hydrogel with improved softening kinetics. Culturing MuSCs on these 

dynamic hydrogels revealed that culture for 3 days on a stiff substrate sufficed to impair 

MuSC proliferation and block commitment. These results emphasize the importance of 

biophysical matrix cues in regulating MuSC fate for tissue engineering and regenerative 

medicine applications.
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Figure 1. 
Culture on soft hydrogels promotes MuSC expansion and activation. (A) Schematic 

depicting the expression of myogenic transcription factors (Pax7, MyoD, and myogenin 

(MyoG)) as myogenesis progresses from quiescent stem cells to activated progenitors and 

commitment to differentiation. (B) Schematic depicting temporal changes in ECM 

properties (stiffness and protein composition) as a function of regeneration time. LN-α1 = 

laminin-α1; FN = fibronectin. (C) Immunofluorescence microscopy images characterizing 

the expression of Pax7 and MyoD by immunostaining and expression of the Sun1-GFP 

myogenin fluorescent reporter (MyoG) on hydrogels with controlled stiffness and adhesive 

ligand presentation. (D) Quantification of cell number, revealing increased MuSC expansion 

on soft gels. (E) Quantification of the fraction of cells expressing Pax7, revealing an 

arrested, more quiescent-like phenotype on stiffer gels. (F) Quantification of the fraction of 

cells that are activated progenitors, those positive for MyoD but negative for Pax7 and 
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myogenin reporter expression, revealing improved activation on soft gels. (G) Quantification 

of the fraction of cells expressing the myogenin reporter, revealing a combined effect of 

stiffness and ligand presentation on commitment. In D-G, data are presented as mean ± s.d. 

n = 4. *p<0.05, **p<0.01, ***p<0.001, two-tailed Student’s t-test.
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Figure 2. 
Soluble niche factors and ligand presentation synergize to enhance MuSC activation and 

expansion on soft hydrogels. (A) Schematic depicting temporal changes in expression of 

inflammatory factors and quiescence factors during regeneration. (B) Schematic depicting 

experimental setup treating cultured MuSCs with soluble niche factors that recapitulate the 

progression of regeneration. (C) Immunofluorescence microscopy images characterizing the 

expression of Pax7 by immunostaining and expression of the Sun1-GFP myogenin 

fluorescent reporter (MyoG). (D) Quantification of total cell number and fold-change in cell 

number between days 3 and 7. (E) Quantification of the number of Pax7+ cells and the 

fraction of total cells expressing Pax7, revealing optimal expansion of Pax7+ cells on soft, 

laminin-presenting gels with sequential PGE2 and OSM treatment. (F) Quantification of the 

number of activated progenitors (MyoD+/Pax7−/GFP−) and the fraction of total cells that 

are activated progenitors, revealing improved activation on soft gels that is suppressed by 
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OSM treatment. (G) Quantification of the total number of myogenin reporter positive cells 

and the fraction of total cells expressing the myogenin reporter, revealing suppressed 

commitment to differentiation following OSM treatment. In D-G, data are presented as mean 

± s.d. n = 3–4. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-way ANOVA with 

Bonferroni post-hoc test.
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Figure 3. 
Synthesis of oNB crosslinkers. (A) Synthetic route to prepare tert-butyl substituted 

precursor. (B) Synthetic route to prepare methyl and tert-butyl substituted bifunctional oNB 

crosslinkers bearing amine-reactive NHS esters and BCN-reactive azides.
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Figure 4. 
Substitution with tert-butyl moiety increases the softening rate of photoresponsive 

hydrogels. (A) Schematic of oNB ester hydrolysis reaction triggered by exposure to 405 nm 

light. (B) Idealized schematic of dynamically softening hydrogels comprised of oNB ester 

functionalized PEG macromers. Exposure to 405 nm light results in cleavage of the oNB 

esters, decreasing crosslink density and softening the network. Polymer chains that 

contribute to network elasticity are shown in black, while those that no longer contribute 

after photolysis are in gray. UV-visible light absorbance spectra for (C) methyl substituted 

and (D) tert-butyl substituted oNB ester photolysis after fixed durations of light exposure. 

(E) Solution phase photolysis kinetics were characterized by fitting a first-order exponential 

association curve to the extent of reaction progress obtained from the normalized absorbance 

at 275 nm over time. (F) Reaction half-time (τ1/2) and (G) reaction rate (k) determined from 

the curve fitting analysis in E. (H) Elastic moduli of hydrogels prepared from PEGs 
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containing methyl and tert-butyl substituted oNB ester crosslinks after controlled durations 

of exposure to 405 nm light. (I) Softening kinetics were characterized by fitting a first-order 

exponential decay curve to the rheology data. (G) Softening rate (k) determined from the 

curve fitting analysis in I. In E, H, and I, data are presented as mean ± s.d. n = 3. In H, 

*p<0.05, **p<0.01, two-tailed Student’s t-test with Holm-Sidak multiple comparisons 

correction. In F, G, and J, data are presented as best-fit values with 95% confidence 

intervals. n = 3. ****p<0.0001, extra sum-of-squares F test.
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Figure 5. 
Optimized dynamically softening hydrogels enable real-time tracking of cellular responses 

to changing matrix stiffness. (A) Representative time lapse fluorescence microscopy images 

of H2B-GFP and LifeAct-mRuby2 expressing MRC-5 fibroblasts on soft control gels, stiff 

control gels without oNB crosslinks that were exposed to 405 nm light, stiff control gels 

with oNB crosslinks that were not exposed to light, and initially stiff oNB-containing gels 

that were softened by exposure to 405 nm light. (B) Quantification of cell spread area from 

time lapse microscopy reveals a rapid decrease in cell spreading following exposure to 405 

nm light on the oNB-containing materials. In B, data are presented as mean with s.e.m. error 

envelopes. Greater than 100 individual cells were analyzed for each condition.
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Figure 6. 
Dynamic softening reveals that the MuSC response to stiffness is fixed within the first three 

days of culture. (A) Schematic depicting the substrate conditions used for MuSC culture. (B) 
Schematic depicting the soluble factor treatments for MuSCs cultured on the four substrate 

conditions. (C) Brightfield and fluorescence microscopy of MuSCs cultured on the four 

substrate conditions described in A treated with soluble niche factors as described in B. The 

green signal corresponds to the Sun1-GFP myogenin reporter. (D) Quantification of total 

cell number reveals decreased proliferation in cells cultured on stiff controls and 

dynamically softened gels compared to soft controls. Treatment with OSM or with PGE2 

followed by OSM further suppressed proliferation. (E) Quantification of the fraction of cells 

positive for myogenin reporter expression reveals decreased commitment for cells cultured 

on stiff controls and dynamically softened gels compared to soft controls. Treatment with 

OSM or with PGE2 followed by OSM further suppressed commitment. In D and E, data are 
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presented as mean ± s.d. n = 3–4. *p<0.05, **p<0.01, ***p<0.001, two-way ANOVA with 

Bonferroni post-hoc test.
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