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Abstract

Natural extracellular matrices (ECMs) are viscoelastic and exhibit stress relaxation. However,
hydrogels used as synthetic ECMs for three-dimensional (3D) culture are typically elastic. Here,
we report a materials approach to tune the rate of stress relaxation of hydrogels for 3D culture,
independently of the hydrogel’s initial elastic modulus, cell-adhesion-ligand density and
degradation. We find that cell spreading, proliferation, and osteogenic differentiation of
mesenchymal stem cells (MSCs) are all enhanced in cells cultured in gels with faster relaxation.
Strikingly, MSCs form a mineralized, collagen-1-rich matrix similar to bone in rapidly relaxing
hydrogels with an initial elastic modulus of 17 kPa. We also show that the effects of stress
relaxation are mediated by adhesion-ligand binding, actomyosin contractility and mechanical
clustering of adhesion ligands. Our findings highlight stress relaxation as a key characteristic of
cell-ECM interactions and as an important design parameter of biomaterials for cell culture.

Hydrogels composed of crosslinked networks of polymers, such as poly-ethylene glycol
(PEG)lvz, alginate3v4, and hyaluronic acid5v6, that are covalently coupled to integrin binding
ligands, such as RGD, are often used for 3D cell culture or as cell-laden biomaterial
implants to promote tissue regenerationsj‘ll. The use of these hydrogels is often preferred
over reconstituted extracellular matrices of collagen, fibrin, or basement membrane due to

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

"Correspondence to: ; Email: mooneyd@seas.harvard.edu

TThese authors contributed equally to this work.

AUTHOR CONTRIBUTIONS

OC, LG, DK, MD, NH, and DM designed the experiments. OC and LG conducted most of the experiments. DK helped with
experiments involving the MSCs, SB helped with alginate characterization, JW helped with EDS experiments and analysis, and HPL
assisted with mechanical characterization. EL and GD carried out fracture hematoma measurement. OC and LG analyzed the data.
OC, LG, DK, and DM wrote the manuscript.


http://www.nature.com/authors/editorial_policies/license.html#terms

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chaudhuri et al.

Page 2

the independent control over the physical and chemical properties (e.g. matrix elasticity,
ligand density, and porosity) possible in these hydrogels4'12‘14, as well as their homogeneity
at the microscale. However, normal cellular processes such as shape change, migration, and
proliferation are inhibited in these hydrogels unless they are designed to degrade over
time21416115. While non-degradable hydrogels can capture some characteristics of
physiological ECM, they are typically almost purely elastic. In contrast, reconstituted
extracellular matrices, such as collagen, or fibrin”, and various tissues, such as brainlﬁ,
Iiver17, adipose tissue18, coagulated bone marrow, initial fracture hematomas, or the soft
callus of regenerating bonelg, are all viscoelastic and exhibit partial stress relaxation when a
constant strain of 15% is applied (Fig. 1a). For comparison, cells typically exert strains of up
to 3-4% in 2D culturezo, and 20 — 30% in 3D culture21 (Supplementary Note 1). Also,
peak stresses measured during stress relaxation tests of these tissues ranged from 100 —
1,000 Pa, well within the range of stresses generated by cells in 3D culture21v22
(Supplementary Table 1). A decrease in stress corresponds to a decrease in the relaxation
modulus or the resistance to deformation over time. As it has been well established that the
mechanical properties of materials regulate adherent cell behaviorzg‘zg, the ability of a
substrate to either store (purely elastic) or dissipate (viscoelastic) cellular forces could
provide a powerful cue to interacting cells. Indeed, recent studies have found an impact of
altered substrate viscoelasticity, independent of substrate stiffness, on various cell behaviors
using hydrogels as substrates for cell culturego‘gs. In gels that exhibit stress relaxation, each
force or strain a cell applies to the matrix over time is initially resisted with a certain
stiffness, defined by the initial elastic modulus, followed by a decrease in resistance over
time. For hydrogels formed with weak crosslinks, relaxation arises in part from unbinding of
crosslinks and hydrogel flow, so that cellular forces can mechanically remodel the matrix°-.
Here we investigate the influence of hydrogel viscoelasticity and stress relaxation on cell
spreading, proliferation, and MSC differentiation in 3D culture.

Hydrogels with tunable stress relaxation

First we modulated the nanoscale architecture of hydrogels to develop a set of materials with
a wide range of stress relaxation rates, but a similar initial elastic modulus. As hydrogels
exhibiting minimal degradation were desired, the polysaccharide alginate was chosen for
these studies since mammalian cells do not express specific enzymes that can degrade this
polymer34. Alginate presents no intrinsic integrin binding sites for cells and minimal protein
absorption, but cell adhesion can be promoted through covalent coupling of the RGD cell
adhesion peptide to the alginate chains". While the stress relaxation properties of hydrogels
have been altered previously by changing crosslinking chemistriesgzv35 or polymer
concentrationBo, we developed an alternative materials approach to control the rate of stress
relaxation of hydrogels with a single crosslinker type and the same concentration of alginate.
We hypothesized that by using different molecular weight polymers in combination with
different crosslinking densities of calcium, which ionically crosslinks alginate, the stress
relaxation properties of the resulting hydrogels could be modulated due to the altered
connectivity and chain mobility36 in the network (Fig. 1b). Any associated decrease in the
initial elastic modulus resulting from decreased polymer molecular weight could be
compensated for by increased crosslinking. Further, we hypothesized that covalent coupling
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of short PEG spacers to the alginate would provide a steric hindrance to crosslinking of
alginate chains and enhance stress relaxation in the gel (Fig. 1b). Both approaches would
alter the net avidity between individual polymer chains and therefore be expected to control
the relaxation behavior. This was confirmed, as it was found that by lowering the molecular
weight of the alginate from 280 kDa to 35 kDa, and further by coupling 5 kDa PEG spacers
to the 35 kDa alginate, the rate of stress relaxation was enhanced markedly (Fig. 1c).
Specifically, the time for the initial stress of the material to be relaxed to half its value during
a stress relaxation test (t1/2) was modulated from ~1 hour to ~1 minute, while holding
alginate polymer concentration and the initial gel elastic modulus constant (Fig. 1c—e,
Supplementary Table 2). These timescales span a range similar to that measured in various
tissues (Fig. 1a). Further, this range of timescales is relevant to cell behaviors as cells are
thought to respond to force oscillations over a timescale of ~1 second37, exert traction forces
on a timescale of minutesgo, and undergo cell spreading on a timescale of minutes to
hours™>, The stress relaxation behavior of these materials follows that of a 2-element
Maxwell-Weichert linear viscoelastic model (Supplementary Note 2, Supplementary Fig.
S1). It was previously shown that stress relaxation measured in ionically crosslinked alginate
gels represents viscoelasticity of the hydrogel and unbinding of ionic crosslinks followed by
matrix flow™". This interpretation was confirmed by a measurement of the frequency
dependent rheology of the gels, as an increase in the rate of stress relaxation correlated with
a greater rate of decrease in the shear storage modulus with decreasing frequency
(Supplementary Fig. S2). Also consistent with this interpretation is the near complete
relaxation of the stress, indicating that these matrices can be plastically deformed/
mechanically remodeled and that the shorter the t1/, the faster the matrices remodel under
stress. Homogeneity of the gels at the microscale was confirmed with confocal fluorescence
microscopy (Supplementary Fig. S3). Importantly, the mechanical properties of these gels
and the dry polymer mass of the gels were both stable over a timescale of at least 7 days
under tissue culture conditions (Fig. 1f,g). In combination, these demonstrate that the
degradation of these matrices is negligible over this timescale. Taken together, these
demonstrate an approach to control matrix stress relaxation, independent of the initial elastic
modulus and polymer concentration, and without hydrogel degradation.

Impact of stress relaxation on cell spreading and proliferation

With this set of materials, the effect of the rate of substrate stress relaxation on cell
spreading and proliferation in 3D culture was investigated, and striking differences in both
were observed. First, 3T3 fibroblasts were encapsulated within RGD coupled alginate
hydrogels with varying stress relaxation rates but all with an initial elastic modulus of ~9
kPa (Fig. 2a). Both cell spreading and proliferation were suppressed within materials with
long timescales for stress relaxation (t1/» ~ 1 hour), and the rounded cell morphologies
typical of cells in non-degradable elastic hydrogels were observed under this condition.
Strikingly, both spreading and proliferation were found to increase with faster stress
relaxation (Fig. 2b—c, Spearman’s rank correlation, p <0.0001 for both). The influence of
substrate stress relaxation on cell spreading and proliferation was enhanced when RGD cell
adhesion ligand density was increased in gels with faster relaxation, indicating that the effect
of stress relaxation is mediated through integrin based adhesions (Fig. 2d, Spearman’s rank
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correlation, p < 0.0001). This enhancement in spreading and proliferation was attributable to
altered stress relaxation alone, as the initial elastic modulus and alginate concentration was
constant, and RGD cell adhesion ligand density was also held constant at either 0, 150, or
1500 uM. The observation of striking changes in cell shape in the rapidly relaxing hydrogels
suggest mechanical remodeling of the hydrogel by the cells, as these hydrogels are
nanoporous and non-degradable so that cell shape change and proliferation must be
accommodated by matrix displacement.

Regulation of MSC differentiation by matrix stress relaxation

Next, we looked at the influence of substrate stress relaxation on the differentiation of a
murine mesenchymal stem cell line (D1, MSCs) in 3D culture. A previous study found that
D1 MSCs, as well as primary human MSCs, encapsulated in ionically-crosslinked alginate
hydrogels undergo predominantly adipogenic differentiation at initial moduli of 1 — 10 kPa,
and predominantly osteogenic differentiation at initial moduli of 11 — 30 kPa®. An intuitive
expectation might be that cells integrate the elastic modulus over time and feel an effectively
lower elastic modulus on a viscoelastic substrate (Supplementary Fig. S4). If this were the
case, osteogenic differentiation of MSCs in matrices with an initial elastic modulus of 11 —
30 kPa would be reduced with faster relaxation in the gel. To test whether this is the case,
MSCs were encapsulated in alginate hydrogels with various timescales of stress relaxation
and initial elastic moduli (Fig. 3a—b, Supplementary Fig. S5). When the initial elastic
modulus of the matrix was ~9 kPa, MSCs exhibited primarily adipogenic differentiation, as
indicated by staining for neutral lipids, and very low levels of osteogenic differentiation, as
indicated by alkaline phosphatase staining and a quantitative assay of alkaline phosphatase
activity, for all timescales of stress relaxation probed (Fig. 3a — b). The level of adipogenesis
was found to decrease in rapidly relaxing gels, which had a relaxation time of ~1 min. In
contrast, at a higher initial elastic modulus of ~17 kPa, no adipogenic differentiation was
observed, and osteogenic differentiation was significantly enhanced in gels with faster stress
relaxation (Fig. 3a — b, Spearman’s rank correlation, p < 0.0001). This is surprising, as if
cells were simply integrating the elastic modulus of the matrix over time, decreased
osteogenesis and increased adipogenesis would be expected with faster stress relaxation.
Calcium used to crosslink the alginate gels did not influence differentiation (Supplementary
Fig. S6), consistent with previous findings4. Faster stress relaxation also promoted a greater
degree of cell spreading in MSCs, similar to the result with 3T3s (Supplementary Fig. S7).
Even though the initial seeding density of cells was held constant, there appeared to be a
higher density of cells in the stiffer gels after 7 days, possibly due to differences in
proliferation between the adipogenically and osteogenically differentiated cells
(Supplementary Fig. S7). Interestingly, cell morphologies were similar between MSCs in
slow relaxing gels (e.g. ty/2 of 2300 seconds) with an elastic modulus of 9 kPa, in which
adipogenesis is observed, and 17 kPa, in which osteogenesis is observed (Supplementary
Fig. S7). In addition, cell morphology was similar for MSCs in 17 kPa hydrogels with stress
relaxation times of 2300 seconds and 300 seconds, a range over which a striking increase in
osteogenesis is observed (Supplementary Fig. S7 and Fig. 3). Thus MSC fate was decoupled
from calllghape, consistent with previous findings regarding MSC differentiation in 3D
culture ™
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In addition to characterizing differentiation of the MSCs, the functional activity of the
osteogenically differentiated stem cells was examined. Previous studies have found
osteogenic differentiation of MSCs within 3D matrices of slowly relaxing alginate gels4,
PEG gelsgg, degradable hyaluronic acid gelsls, or thixotropic PEG silica gels40. However,
formation of an interconnected, mineralized, and collagen-1 rich matrix, the three key
structural features of bone, by these differentiated cells has not been reported. Here, Von
Kossa staining, immunohistochemistry, and energy-dispersive X-ray spectroscopy (EDS)
revealed that matrix mineralization and type-1 collagen deposition were both enhanced after
14 days in culture with faster stress relaxation (Fig. 3c—d, Supplementary Fig. S8).
Strikingly, MSCs formed an interconnected bone-like matrix in rapidly relaxing gels that
exhibit a time constant of stress relaxation on the order of ~1 minute. Intriguingly, this
timescale of stress relaxation approaches that of an initial fracture hematoma (Fig. 1a), and
is similar to that reported for an early fracture callous™. This result demonstrates that the
rapidly relaxing gels not only promote maximal osteogenesis but also enable bone-forming
activity in the osteogenically differentiated stem cells.

After finding strong effects of the initial elastic modulus and the rate of stress relaxation on
MSC differentiation and bone forming activity, we investigated the underlying mechanism
by which fast stress relaxation promotes these behaviors. Cells sense mechanical cues in the
ECM through binding to ECM ligands, so the impact of RGD density on MSC
differentiation was first examined (Fig. 4a, Supplementary Fig. S9). At a lower RGD density
of 150 uM, a more graded trend of enhanced osteogenesis with faster stress relaxation is
observed in hydrogels with an initial elastic modulus of 17 kPa (Spearman’s rank
correlation, p < 0.0001), but the degree of osteogenic differentiation was significantly
diminished relative to at a higher RGD density (Fig. 4a). These findings demonstrate that the
effect of stress relaxation on osteogenic differentiation is mediated through ECM ligands.
Cells bind to ECM ligands through integrin receptors4l. An examination of the localization
of B1 integrin using an antibody recognizing an epitope of primed 1 integrin revealed
increased localization of primed B1 integrin to the periphery of the cell in gels with faster
relaxation (Fig. 4b). However, localization of paxillin to the periphery of the cells was not
observed, indicating that conventional focal adhesions42 were not being formed in this 3D
material system at any level of stress relaxation (Supplementary Fig. S10). As it was
previously found that ligand clustering was associated with osteogenic differentiation, the
clustering of RGD ligands was next assessed using a Forster Resonance Energy Transfer
(FRET) based technique4'43. FRET between fluorescein and carboxytetramethylrhodamine
(TAMRA) labeled RGD coupled to the alginate was analyzed in slow and fast relaxing
hydrogels with encapsulated cells using confocal microscopy (Fig 4c, d). A higher degree of
energy transfer was measured in regions of the hydrogels adjacent to MSCs in gels with fast
relaxation relative to MSCs in gels with slower relaxation after eighteen hours of culture
(Fig 4e). The FRET signal was typically enhanced in the entire area surrounding the cells in
fast relaxing gels, though in some cases a more asymmetric enhancement was observed
(Supplementary Fig. S11). As the FRET signal is a highly sensitive function of distance
between donor and acceptor fluorophores, this demonstrates nanoscale clustering of RGD
ligands and mechanical remodeling of the hydrogel by cells locally in hydrogels with faster
relaxation and an initial elastic modulus of 17 kPa. Though a similar trend of increased RGD
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ligand clustering with faster relaxation was observed for cells in gels with an initial elastic
modulus of 9 kPa, the degree of transfer in faster relaxing gels was significantly lower when
compared to the stiffer fast relaxing gels (Supplementary Fig. S11).

As binding and clustering of integrins activates signaling pathways44'45, we examined the
role of signaling pathways in mediating osteogenesis in gels with different levels of stress
relaxation. Previous work has found that cells sense the stiffness of ECM substrates through
actomyosin contractility46, often mediated through activation of the Rho signaling pathway,
and sense the loss modulus of 2D acrylamide substrates through activation of the Rac
signaling pathway30. Pharmacological inhibition of myosin, Rho, and Racl was performed
on MSCs encapsulated within hydrogels with an initial elastic modulus of 17 kPa. Inhibition
of myosin light chain kinase with ML-7 diminished osteogenesis, demonstrating that
enhanced osteogenesis in substrate with fast stress relaxation involves myosin contractility
(Fig. 4f). Interestingly, inhibition of Rho with Y-27632 resulted in enhanced osteogenesis, in
three of four rates of stress relaxation (Fig. 4g). Inhibition of Racl with NSC 23766 did not
have a significant effect on osteogenesis (Fig 4h).

Next, nuclear localization of the YAP transcriptional regulator was examined. The YAP
transcriptional regulator is thought to be the key regulatory element controlling the gene
expression of cells in response to mechanical or geometric cue547. Nuclear localization of
YAP was previously found to direct MSC differentiation into adipogenic or osteogenic
Iineage’sM'48 for MSCs cultured on 2D acrylamide substrates in response to altered substrate
stiffness. We find nuclear translocation of YAP increases with faster stress relaxation for
both values of initial elastic moduli tested (Spearman’s rank correlation, p < 0.0001 for
both), indicating that matrix stress relaxation has an impact on transcriptional factor activity.
Interestingly, the levels of nuclear YAP spanned the same range for the two different moduli
(Fig 5a—b, Supplementary Fig. S12). As adipogenic differentiation is primarily observed in
substrates with an elastic modulus of ~9 kPa, and osteogenic differentiation is primarily
observed in substrates with an elastic modulus of ~17 kPa, this demonstrates a decoupling of
nuclear translocation of YAP from MSC fate (Fig 5¢—d). These findings indicate that
localization of YAP does not by itself control the differentiation of MSCs in 3D cell culture.

This work demonstrates an approach to modulating stress relaxation properties in alginate
hydrogels, and indicates that substrate stress relaxation has a profound effect on cell biology.
Several recent studies have used alternative material approaches to examine the role of
altered substrate viscoelasticity on cell biology. These include modulating both the covalent
crosslinking density and polymer concentration in acrylamide hydrogels to tune the loss
modulus for 2D culture30'31, utilizing different stoichiometry of dynamic covalent
crosslinkers with different affinities to modulate stress relaxation in PEG hydrogelssz, or use
of covalent versus physical crosslinking of alginate hydrogeI533. These approaches revealed
that an enhanced loss modulus and substrate creep led to increased spreading and osteogenic
differentiation of MSCs in 2D culturegovsl, and that increased substrate stress relaxation
promoted cell spreading and proliferation in 2D cuIture33 and altered cell morphology in 3D
culture®”. The approach described in this paper is unique in that only one type of
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crosslinking is utilized, while maintaining compatibility with 3D culturing of cells and
holding alginate concentration constant. The nanoscale architecture of these gels does not
capture the fibrillarity of some natural ECM /n vivo". However, this approach does allow
modulation of stress relaxation properties over a range similar to that observed in various
tissues16 and enables presentation of a homogenous microenvironment to cells, providing a
well-controlled system for probing cell-ECM interactions. There is some coupling between
the initial elastic modulus and the range of stress relaxation timescales for alginate with a
given molecular weight and PEG coupling state, as stiffening the hydrogels from 9 kPa to 17
kPa shifted the range of stress relaxation timescales from 3300s — 70s to 1300s — 40s.
Generally, this approach to decouple the initial elastic modulus from relaxation rate, and the
associated development of rapidly relaxing gels, may be useful in a variety of material
applications.

Mechanistically, we find that the enhancement in cell spreading, proliferation, and
osteogenic differentiation of MSCs by faster matrix stress relaxation is mediated through
integrin based adhesions, local clustering of RGD ligands, actomyosin contractility, and
nuclear localization of YAP (Supplementary Fig. S13). MSC differentiation depended
strongly upon the initial elastic modulus in viscoelastic matrices in 3D, with osteogenesis
only occurring when the initial elastic modulus was 17 kPa. In contrast, MSC differentiation
loses sensitivity to matrix stiffness in covalently crosslinked hydrogelsl?’, which are
presumably elastic, highlighting the importance of stress relaxation in cell responding to
mechanical cues of ECM. Inhibition of actomyaosin contractility completely abrogated
osteogenesis, indicating the role of contractile forces in sensing stiffness and stress
relaxation, and driving osteogenesis. As forces exerted by cells on the weakly crosslinked
alginate hydrogels are relaxed through unbinding of ionic crosslinks and matrix flow,
actomyaosin contractility coupled to the matrix through binding to RGD ligands
mechanically clusters RGD ligands over time in gels with faster relaxation. RGD ligand and
integrin clustering in turn is known to activate signaling pathways‘m*45 and has been
associated previously with osteogenic differentiation, providing a mechanistic link between
altered stress relaxation and modulation of biological signaling and long term cell fate.
While Rho-mediated contractility has been found to be critical for osteogenesis in 3D
culture in degradable hydrogelsls, inhibition of Rho did not diminish osteogenesis in the
non-degradable alginate hydrogels, and in some cases enhanced it. Further, previous work
has found that an increased loss modulus in acrylamide substrates increases Rac
activationSl, whereas inhibition of Rac did not diminish osteogenesis in alginate hydrogels.
These suggest that the role of Rho and Rac in osteogenesis is context dependent.

While many previous studies have highlighted the importance of matrix remodeling through
proteolytic degradation on cell function, the altered behavior of cells in rapidly relaxing gels
suggests that the ability of cells to mechanically remodel their matrix is also an essential
component of cell-ECM interactions (Fig. 6). In particular, it is likely that the greater
malleability of fast relaxing hydrogels that enabled increased RGD ligand clustering on short
timescales also facilitated the physical aspects of the processes of cell spreading,
proliferation, and formation of an interconnected bone-like matrix by osteogenically
differentiated MSCs over longer timescales, in the absence of matrix degradation. Similar to
the observed trend of diminishing osteogenic differentiation with decreased stress relaxation,
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a recent study showed that osteogenic differentiation of MSCs was inhibited in non-
degradable covalently crosslinked gels, which presumably cannot be remodeled
mechanically, though differences in material systems preclude a direct comparison13
Previous work has highlighted the effect of matrix degradation in bone regeneration15 or
cartilage formation10 in implantable scaffolds, as well as on cell shape and MSC
differentiation in 3D culture in vitro-. Our work suggests the possibility that the effect of
degradation may be in part due to enhanced matrix stress relaxation in regions of the matrix
that exhibit substantial degradation. Indeed, it was recently found that proteolytic
degradation of covalently crosslinked PEG hydrogels by encapsulated MSCs locally
converts elastic matrices into viscoelastic fluids

Broadly, these results highlight the importance of considering matrix stress relaxation as a
fundamental signal in understanding the basics of cell-ECM interactions and the underlying
biophysics of mechanotransduction, since most physiological extracellular matrices exhibit
some degree of stress relaxation. These findings point towards the use of stress relaxation as
a design parameter for materials in tissue engineering8, particularly in the context of
regulating cell proliferation and promoting bone regeneration.

METHODS

Alginate preparation

Sodium alginate rich in guluronic acid blocks and with a high molecular weight (280 kDa,
LF20/40) was purchased from FMC Biopolymer, and was prepared as has been described
previously3. Briefly, high molecular weight alginate was irradiated by a 3 or 8 Mrad Cobalt
source to produce lower molecular weight alginates. RGD-alginate was prepared by
coupling the oligopeptide GGGGRGDSP (Peptides International) to the alginate using
carbodiimide chemistry at concentrations such that 2 or 20 RGD peptides were coupled to 1
alginate chain on average for high molecular weight alginate (peptide molar concentrations
in low molecular weight alginates were kept the same according to high molecular weight
alginate for each degree of substitution, respectively). For FRET experiments, either
GGGGRGDASSK (carboxyfluorescein)Y or

GGGGRGDASSK ((Carboxytetramethylrhodamine)Y were used instead of standard RGD
peptide sequence, and were coupled at a concentration of 2 peptides per alginate chain on
average for high molecular weight alginate (peptide molar concentrations in low molecular
weight alginates were kept the same according to high molecular weight alginate). The
coupling efficiency using this procedure was previously characterized using 1251 labeled
RGD peptidesg. These correspond to densities of 150 uM and 1500 UM RGD in a 2% wt/vol
alginate gel. Alginate was dialyzed against deionized water for 2-3 days (molecular weight
cutoff of 3.5 kDa), treated with activated charcoal, sterile filtered, lyophilized, and then
reconstituted in serum free DMEM (Life Technologies).

Polyethylene glycol (PEG)-alginate was prepared by coupling PEG-amine (5 kDa, Laysan
Bio) to the low molecular weight alginate (35 kDa) using carbodiimide chemistry with a
similar procedure to the RGD couplings. In brief, 295 mg of PEG-amine was mixed with 50
mL of 10 mg/mL alginate in 0.1 M MES (2-(N-morpholino)ethanesulfonic acid, Sigma-
Aldrich) buffer at pH 6.5. Then 242 mg of EDC (N-(3-Dimethylaminopropyl)-N’-
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ethylcarbodiimide hydrochloride, Sigma-Aldrich) and 137 mg of Sulfo-NHS (N-
hydroxysulfosuccinimide, Thermo Fisher Scientific) were added into the solution. The
reaction was carried out for 20 hours under constant stirring. The product was dialyzed
against deionized water for 3 days (molecular weight cutoff of 10 kDa), filtered with
activated charcoal, sterile filtered, and lyophilized. The structure of the PEG-alginate was
confirmed with nuclear magnetic resonance (NMR) and gel permeation chromatography
(GPC). Based on the change of molecular weight of alginate before and after PEG coupling
(from 35 kDa to 45 kDa), an average of 2 PEG molecules were coupled to 1 alginate chain.
This number was confirmed by IH NMR spectroscopy (Supplementary Fig. S14).

Alginate characterization

Molecular weights of alginates and PEG-alginate were analyzed with a Malvern Viscotek
270max GPC equipped with a GPCmax solvent and sample delivery module, an Eldex
Ch-150 temperature-controlled column holder, a VE 3580 refractive index (RI) detector,
viscotek 270 Dual Detector featuring intrinsic viscosity (IV-DP) and right angle light
scattering (RALS), and OmniSec software. Samples were dissolved in 0.1 M NaNO3 buffer
solution at a concentration of 5 mg/mL, and 200 pL of sample was injected. Polymers
separated through a set of two TSK-gel columns (G4000PWXL and G3000PWXL) were
analyzed with the triple detector system. Malvern PEO and pullulan standards were used in
molecular weight calculation, and weight average molecular weights (Mw) were used.

High-resolution 1H NMR spectra were obtained in deuterium oxide (D,0) using a Varian
Unity-400 (400 MHz) NMR spectrometer (Varian). 'H NMR was used to characterize PEG
coupling of alginate and degree of functionalization of PEG-alginate.

Mechanical characterization

Rheology measurements were made with an AR-G2 stress controlled rheometer (TA
Instruments). Alginate gels were deposited directly onto the surface plate of the rheometer
immediately after mixing with the crosslinker. A 20 mm plate was immediately brought
down, forming a 20 mm disk of gel with an average thickness of ~1.8 mm. The mechanical
properties were then measured over time until the storage modulus reached an equilibrium
value. The storage modulus at 0.5% strain and at 1 Hz was recorded periodically for 45
minutes. Then, a strain sweep was performed to confirm this value was within the linear
elastic regime, followed by a frequency sweep. No prestress was applied to the gels for these
measurements.

The initial elastic moduli and stress relaxation properties of alginate gels were measured
from compression tests of the gel disks (15 mm in diameter, 2 mm thick, equilibrated in
DMEM for 24 hr) using a previously published method™**>. The gel disks were compressed
to 15% strain with a deformation rate of 1 mm/min using an Instron 3342 single column
apparatus. Within 15% compression, the stress vs. strain relations of the gels are almost
linear, and the slope of the stress-strain curves (first 5-10% of strain) gives the initial elastic
modulus. Subsequently, the strain was held constant, while the load was recorded as a
function of time. Compression and stress relaxation measurements of polyacrylamide
hydrogels and biological tissues were performed using the same procedure. Polyacrylamide
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hydrogels were formed following previously established protocolszs. In brief, 0.2 g of
acrylamide and 0.02 g of bis-acrylamide were dissolved in 2 mL of water. Then 60 pL of
137 mg/mL ammonium persulfate and 60 pL of 70 mg/mL tetramethylethylenediamine
(TEMED) were added into above mixture. The solution was mixed and allowed to gel for 6
hours. The hydrogel was then equilibrated in PBS for 24 hours before mechanical testing.
We note that some stress relaxation of the covalently crosslinked hydrogels is observed at
longer timescales, but this was previously found to arise from water leaving the hydrogel
under bulk compression35. Sprague Dawley Rats (male, 7 weeks of age, Charles River Lab)
were euthanized in compliance with National Institutes of Health and institutional
guidelines. Brain, liver, and adipose were collected immediately after euthanization and
tested with Instron 3342 single column apparatus. Bone marrow from multiple rat femurs
and tibias were collected fresh after euthanization and allowed to coagulate for 1 hr before
compression testing. A fracture hematoma from human patient was retrieved from the bone
fracture site at the moment of bone stabilization surgery. The surgery took place 7 days after
occurrence of the fracture, when the surrounding soft tissue trauma around the fracture gap
was sufficiently stabilized. The complete hematoma was collected and processed for
mechanical testing within 1h after surgery. The same procedure of compression and
relaxation measurements was performed as with the rat samples but on a Bose TestBench
LM1 system using a 2509 load cell. Care was taken to not test samples that contained bone
chips. Fracture hematoma collection was approved by the Institutional Review Board of the
Charité University Hospital Berlin, where the collection and testing were performed, and the
participant gave written informed consent. Stress relaxation tests that were noisy were
smoothed with a Savitzky-Golay filter in Igor Pro (Wavemetrics) with a 4s window.

Characterization of gel degradation

For characterization of gel degradation, hydrogels were formed and incubated in culture
media at 37 °C for 1 or 7 days. Then, the hydrogels were removed from the incubation
medium, frozen, and then lyophilized. The dry mass of the hydrogels was then measured
following lyophilization.

Characterization of gel homogeneity

Cell culture

Gels were formed with fluorescein-RGD coupled alginates for each rate of stress relaxation
with an initial elastic modulus of 9 kPa. Gels were incubated in cell culture media in the
incubator for one day. Multiple fluorescence images were taken of at least 3 gels for each of
the conditions with a 20X objective using a laser scanning confocal microscope (Zeiss, LSM
710). ImageJ was used to collect histograms of pixel intensity from each image.

3T3 fibroblasts (ATCC) were cultured in standard Dulbecco’s Modified Eagles Medium
(DMEM, Invitrogen) with 10% Fetal Bovine Serum (Invitrogen) and 1% penicillin/
streptomycin (Invitrogen). D1 cells, clonally derived mouse bone marrow stromal
mesenchymal stem cells, were originally obtained from Balb/c mice™". The D1s were
maintained at sub-confluency in DMEM containing 10% Fetal Bovine Serum and 1% Pen/
Strep. For differentiation experiments, the culture medium was supplemented with 50 pg/mL

Nat Mater. Author manuscript; available in PMC 2016 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chaudhuri et al.

Page 11

L-ascorbic acid (Sigma), 10 mM B-glycerophosphate (Sigma), and 0.1 uM dexamethasone
(Sigma)51. The medium was changed every 3—4 days.

Encapsulation of cells within hydrogels

Cells in flasks were trypsinized using 0.05% trypsin/EDTA (Invitrogen), washed once in
serum free DMEM, and resuspended in serum free media at 10X the final concentration. The
concentration of the cells was determined using a Coulter counter (Beckman Coulter). Cells
were then mixed well with alginate, also reconstituted in serum free DMEM using luerlock
syringes (Cole-Parmer) and a female-female luerlock coupler (Value-plastics). The cell-
alginate solution was then rapidly mixed with DMEM containing the appropriate
concentration of calcium sulfate, and then deposited between two glass plates spaced 1 mm
apart. The solutions were allowed to gel for 45 minutes, and then disks of hydrogel were
punched out and transferred to well plates where they were immersed in media.

Immunohistochemistry

For immunohistochemical staining, media was first removed from the gels. The gels were
then fixed with 4% paraformaldehyde in serum free DMEM at 37°C for 30 — 45 minutes.
Gels were then washed 3 times in PBS containing calcium (cPBS), and incubated overnight
in 30% sucrose in cPBS at 4°C. The gels were then placed in a mix of 50% of a 30% sucrose
in cPBS solution, and 50% OCT (Tissue-Tek) for several hours. Then the media was
removed, the gels were embedded in OCT and frozen. The frozen gels were sectioned with a
cryostat (Leica CM1950) to a thickness of 30 — 100 um, and stained following standard
immunohistochemistry protocols. The following antibodies/reagents were used for
immunohistochemistry: Rabbit-anti-mouse Collagen | polyclonal antibody (Abcam, cat. #
34710), YAP antibody (Cell signaling, cat. # 4912), Paxillin antibody (Abcam, cat. # 32084),
B1 integrin antibody (BD Biosciences, cat. # 550531), Prolong Gold antifade reagent with
DAPI (Invitrogen), AF-488 Phalloidin to stain actin (Invitrogen), Goat anti-Rabbit 1IgG AF
647 (Invitrogen). The Click-1T EdU cell proliferation assay (Invitrogen) was used to identify
proliferating cells.

Image analysis

For measurements of YAP nuclear localization in 3D, images of DAPI/phalloidin/YAP
antibody stained cells were taken with an NA=1.40 63X PlanApo oil immersion objective
with a laser scanning confocal microscope (Zeiss, LSM710). Images were thresholded on
each color channel to determine the nuclear area and cell/cytoskeleton area outside of the
nucleus. The YAP nuclear localization ratio was then determined as the summed intensity of
the YAP signal within the nucleus normalized by the nuclear area divided by the summed
intensity of the YAP signal outside of the nucleus normalized by the non-nuclear
cytoskeleton area. For quantification of the percentage of MSCs with nuclear YAP shown in
Supplementary Fig. S12, the number of cells exhibiting nuclear YAP in cryosection stains
was manually counted and then this number was divided by the total number of cells and
multiplied by 100 to get a percentage.

Spreading of 3T3 cells was quantified using Imaris software (Bitplane). Z-stack images of
DAPI/phalloidin stained cells were taken with a laser scanning confocal microscope. The
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stacks were analyzed using Imaris with embedded cell body algorithm. The DAPI channel
was used for nuclei detection and the phalloidin channel was used for cell body detection.
Statistics of the cells were generated by the algorithm, and the longest dimension of the
object-oriented bounding box of each cell was determined as an indication of cell spreading.

Analysis of MSC differentiation

Oil Red O staining was performed on 100 um frozen sections to probe for neutral lipids.
Slides were equilibrated in 60% isopropanol and stained in 1.8 mg/ml Oil Red O in 60%
isopropanol for 30 minutes. Frozen sections were probed for alkaline phosphatase by Fast
Blue staining. The slides were equilibrated in alkaline buffer (100 mM Tris-HCI, 100 mM
NaCl, 0.1% Tween-20, 50 mM MgCI2, pH 8.2) for 15 minutes and stained in 500 pg/ml
naphthol AS-MX phosphate (Sigma) and 500 pg/ml Fast Blue BB Salt Hemi (ZnCl) salt
(Sigma) in alkaline buffer for 60 minutes. The sections were then washed in alkaline buffer
and neutralized in PBS. Von Kossa staining was performed on 30 um frozen section to probe
for mineralized matrix. Samples were equilibrated in distilled water and exposed to 3%
silver nitrate solution under UV light for 1 min. After several dips in distilled water, a 2.5%
sodium thiosulphate solution in 50 mM HEPES with 25 mM CaCl2 was added for 2
minutes, followed by washes in distilled water.

To quantify ALP enzyme activity, cells were retrieved from the gels after 7 days of culture.
Cells were collected by incubation in trypsin for 10 minutes followed by a PBS wash, and
soaking gels in 50mM EDTA in PBS for 10 minutes at room temperature. The cells were
washed, counted using a Z2 Coulter Counter and lysed for 30 min in lysis buffer (50 mM
Tris-HCI, 0.1% Triton X-100) at 4°C. 10 uL of each lysate was added to 100 L 4-
Methylbelliferyl phosphate (4-MUP) substrate (Sigma) and incubated for 25 minutes at
37°C. Bovine ALP (Sigma) was used to create a standard curve. After incubation,
fluorescence was read by a fluorescent plate reader (BioTek) and measured ALP activity was
normalized to cell counts.

Color micrographs of Oil Red O, Fast Blue, and von Kossa staining were acquired using a
Nikon E800 upright microscope and an Olympus DP-70 color camera.

Structural and compositional analyses of the alginate gels were performed with a Tescan
Vega environmental scanning electron microscope (SEM) equipped with a Bruker XFlash
5030 energy dispersive X-ray spectrometer (EDS). Frozen sections of alginate gels with a
thickness of 100 um were attached to a silicon wafer with conductive carbon tape. The gel
sections were washed in DI water for 4 times, 5 minutes each time to remove any soluble
Ca?* and phosphate, and dried under vacuum overnight before SEM-EDS. Elemental
mapping and compositional analysis of phosphorus for each sample was performed under
identical conditions at an accelerator voltage of 20 keV and 12 Pa of pressure.

FRET measurements of RGD clustering

FRET-based analysis of ligand clustering was carried out through imaging energy transfer
between fluorescein-labeled RGD donors and tetramethylrhodamine-labeled RGD acceptors
coupled to different alginate chains using confocal microscopy, following a previously
established technique4'43. High-MW and low-MW-PEG alginate were coupled to RGD-
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fluorescein (RGD-FITC) and RGD-tetramethylrhodamine (RGD-TAMRA) separately as
described above. MSCs were encapsulated in hydrogels that had a final concentration of 40
UM RGD-FITC and 40 uM RGD-TAMRA, an initial elastic modulus of 17 kPa and 9kPa,
and different levels of stress relaxation as described above. The gels were then incubated in
phenol red free complete culture media for 18 hours following encapsulation, and then
treated with DAPI to stain the nuclei of cells for 10 minutes. Images of the FRET signal
were taken with a laser scanning confocal microscope (Zeiss, LSM710) using a 20X
objective (NA = 0.8), by exciting the fluorescein donor (488 nm) and collecting emissions
from the TAMRA acceptor (580 — 720 nm). A confocal 3D stack of images of DAPI and
FRET signal were taken for each cell. The z-slice corresponding to the center of the cell
body, or where the cell body took up the maximum area, was selected for image analysis.
FRET enhancement for each cell was calculated as the average FRET signal within ~2 — 3
um of the cell border divided by the background FRET signal in the hydrogel, which was
determined as the average FRET signal ~10 — 20 um away from each cell. At least 30 cells
were analyzed for each condition. Images were analyzed using ImageJ.

Inhibition studies

For pharmacological inhibition studies, the inhibitors were added to the culture media
following encapsulation. The concentrations used for each inhibitor were: 25 uM for ML-7
(Tocris Bioscience); 10 uM for Y-27632 (Tocris Bioscience); and 25 uM for NSC 23766
(Tocris Bioscience). These concentrations matched those used in similar studies™®"
Analysis of alkaline phosphatase activity was performed as described above after 7 days of
culture.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Modulating the nanoscale ar chitecture of alginate hydrogelsto modulate stress

relaxation propertiesindependent of initial elastic modulus and matrix degradation to capture

the

viscoelastic behavior s of living tissues

a, Living tissues are viscoelastic and exhibit stress relaxation. Stress relaxation tests of a

cro
(hu

sslinked hydrogel (polyacrylamide), a collagen gel, an initial fracture hematoma
man), and various tissues (rat) at a strain of 15%. Stress is normalized by the initial

stress. b, Schematic depicting how lowering the molecular weight (MW) of alginate
polymers (blue) crosslinked by calcium (red) decreases entanglement and connectivity
(orange arrows) of the network, and coupling of low-MW PEG spacers provides a steric
spacing of crosslinking zones in the alginate. Both approaches are predicted to increase the
rate of stress relaxation. c, Stress relaxation tests on gels composed of alginates with
different molecular weights, or low molecular weight alginate coupled to a PEG spacer

(15

% compressional strain). d, Quantification of timescale at which the stress is relaxed to

half its original value, tq/,, from stress relaxation tests in c. Timescale of stress relaxation
decreases significantly with alteration in architecture (Spearman’s rank correlation
coefficient, p < 0.0001). e, Initial modulus measurements of gels in c. Differences between
elastic moduli are not significant, and elastic moduli show no statistical trend with altered
architecture. f, Initial elastic modulus of alginate hydrogels after 1 day or 7 days in culture,

nor

malized by the value at day 1. g, Measured dry mass of alginate hydrogels after 1 day or

7 days in culture normalized by the value at day 1. All data are shown as mean +/- s.d.

Nat Mater. Author manuscript; available in PMC 2016 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chaudhuri et al. Page 17

a Faster stress relaxation
@)
O]
x
=
=
o
v
a
O
x
=
=k
o
o
wn

3300

relaxation time (s)

b mi150yMRGD c ©150 uM RGD d @7 =170s
£ W1500 uM RGD m 1500 yM RGD £  W7,=70s
= = 100 . 3 100
»100 < —= 2 80
X T x
(V] o ©
— = — 60
8 50 g 50 @
o) (o) o> 40
= = [=
:  mi[l : e
£ 0 ) Eoles £ o
= O & O S AR R S 0 150 1500
s S A X RN g

relaxation time (s) relaxation time (s) RGD density (um)

Figure 2. Cell spreading and proliferation for fibroblasts encapsulated within gels are enhanced
with faster stressrelaxation

a, Representative images of 3T3 cells encapsulated within alginate gels with the indicated
112 Tor stress relaxation and two RGD concentrations (average initial modulus of 9 kPa).
Green color represents actin staining and blue represents nucleus. Images were taken after 7
days in culture. Scale bar is 100 um for the larger image and 20 pum for the inset. b,
Quantification of the longest dimension of the smallest bounding box fully containing
individual 3T3 cells for the indicated conditions. ** indicates p<0.01 (student’s t-test).
Spreading increases significantly with faster stress relaxation (Spearman’s rank correlation,
p <0.0001 for both values of RGD). ¢, Quantification of proliferating cells. * indicates
p<0.05 (student’s t-test). Proliferation was found to increase with faster stress relaxation
(Spearman’s rank correlation, p <0.0001 for both values of RGD). d, Quantification of the
longest dimension of the smallest bounding box fully containing individual 3T3 cells as a
function of RGD density in alginate gels with a relaxation time of 70 or 170 seconds.
Spreading increases significantly with increased RGD concentration for both gels
(Spearman’s rank correlation, p <0.0001 for both values of ty/,). Data are shown as mean +/
- s.d.
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Figure 3. M SCs under go osteogenic differentiation and form an interconnected mineralized
collagen-1 rich matrix only in rapidly relaxing gels

a, Representative images of cryosections with Oil red O (ORO) staining (red), indicating
adipogenic differentiation, and alkaline phosphatase staining (blue), indicating early
osteogenic differentiation, for MSC cultured in gels of indicated initial modulus and
timescale of stress relaxation for 7 days. RGD density is 1500 uM. Scale bars are 25 pm. b,
Quantification of the % of cells staining positive for ORO, and a quantitative assay for
alkaline phosphatase activity from lysates of cells in gels from the indicated conditions at 7
days in culture. *, ** and **** indicate p <0.05, 0.01, & 0.0001 respectively (student’s t-
test). Bars for % cells staining for ORO in gels with initial modulus of 17 kPa and alkaline
phosphatase activity of cells in gels with initial modulus of 9 kPa are barely visible due to
the small values relative to the other conditions. Osteogenic differentiation increases
significantly with a faster stress relaxation (Spearman’s rank correlation, p < 0.0001). ¢, Von
Kossa (mineralization) and collagen-1 stain on cryosections from gels with the indicated
conditions after 2 weeks of culture. Scale bars are 25 um. d, Scanning electron microscope
and energy dispersive X-ray spectrometry (SEM-EDS) images of sections of gels with the
indicated conditions (all gels at 1500 uM RGD) after 2 weeks of 3D culture of MSCs.
Phosphorus elemental maps (P mapped in red) are overlaid on their corresponding
backscattered SEM images. Scale bar is 50 um. All data are shown as mean +/- s.d. For
simplicity, Ty values shown in this figure are an average of the t1» values at 9 kPa and 17
kPa. Specific values for each condition are shown in Supplementary Table 2.
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Figure 4. Osteogenic differentiation of M SCs mediated through ECM ligand density, enhanced
RGD ligand clustering, and myosin contractility in stiffer hydrogels

a, Quantification of ALP activity of MSCs encapsulated in hydrogels with an initial elastic
modulus of 17 kPa after 7 days in culture with an RGD density of 150 or 1500 uM. b,
Representative immunofluorescence staining for actin (green), nucleus (blue), and 1
integrin (red) in MSCs cultured in the indicated conditions for a week. ¢, schematic of assay
using FRET between RGD-fluorescein and RGD-rhodamine coupled to different alginate
chains to monitor mechanical clustering of RGD ligands at the nanoscale by cells locally. d,
Representative confocal microscope images of nucleus (DAPI/ blue) and FRET acceptor
signal from hydrogel (red) surrounding MSCs cultured in hydrogels with different stress
relaxation properties after 18 hours of culture. Blank spot in FRET signal images indicates
location of cell. e, Quantification of enhancement of FRET acceptor signal within ~2 — 3 um
of cell border relative to the background of the hydrogel. Data are shown as mean +/- s.d.
and **** indicates p < 0.0001 (student’s t-test). f, ALP activity of MSCs in the presence of
ML-7, a myosin light chain kinase inhibitor. g, ALP activity of MSCs in the presence of a
Rho kinase inhibitor, Y-27632. h, ALP activity of MSCs in the presence of a Racl inhibitor,
NSC 23766. All experiments were done in hydrogels with an initial elastic modulus of 17
kPa and RGD concentration of 1500 uM. All data are shown as mean +/- s.d. *,** indicate p
< 0.05, 0.01 respectively (student’s t-test). Scale bars are all 10 pm.
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Figure 5. Nuclear localization of YAP isenhanced by faster stressrelaxation, but decoupled from
MSC fate

a, Representative immunofluorescence staining for actin (green), nucleus (blue), and YAP
(red) in MSCs cultured in the indicated conditions for a week. Scale bar is 10 um. b,
Quantification of the ratio of the concentration of nuclear YAP, to the concentration of YAP
in the cytoskeleton. Nuclear YAP increases significantly with faster stress relaxation for both
initial elastic moduli (Spearman’s rank correlation, p < 0.0001 for both). ¢, Quantification of
percentage of D1 cells that stain positive for ORO as a function of the relative nuclear YAP.
d, Quantification of ALP in differentiated D1 cells as a function of the relative nuclear YAP.
No trend is observed in c and d. All data are shown as mean +/- s.d.
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Figure 6. Hypothesisfor how initial elastic modulus and stressrelaxation properties of matrix
regulate cellular behaviors

A cell in a 3D matrix initially exerts strains on the matrix, resulting in forces/stresses
resisting this strain, as determined by the initial elastic modulus of the matrix. In an elastic
matrix, these forces are never relaxed so that there is no remodeling of the matrix
microenvironment. In a viscoelastic matrix, forces in the matrix can be relaxed over time due
to mechanical yielding and remodeling of the matrix. The rate of stress relaxation
determines the degree of this mechanical remodeling of the matrix. In fast relaxing matrices,
this facilitates adhesion ligand clustering, cell shape change, proliferation, and bone matrix
formation by MSCs undergoing osteogenic differentiation.
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