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Regulation of Substrate Dissipation via Tunable Linear

Elasticity Controls Cell Activity

Pasquale Sacco,* Francesco Piazza, Chiara Pizzolitto, Gabriele Baj, Francesco Brun,

Eleonora Marsich, and lvan Donati

Natural tissues and extracellular matrices (ECMs) are not purely elastic mate-
rials but exhibit dissipative properties. Although it has recently emerged as a
novel regulator of cellular responses, the contribution of material dissipation
to guiding cell-fate decisions is still in its infancy. Here, a strategy for tuning
the dissipation rate of viscoplastic substrates while precisely regulating linear
elasticity is reported. Semi-interpenetrating substrates consisting of a rigid
hydrogel network intertwined with a branched biopolymer are described. The
release of these weak physical entanglements under loading dissipates the
applied stress and leads to the extension of the linear elasticity. These results
reveal a crucial link between this material property and cell response in 2D
cultures, impacting cell migration mode and speed, vinculin-dependent focal
adhesion geometry and size, F-actin organization, the transmission of forces,
and Yes-associated protein nuclear translocation. It is shown that cells require
joint actomyosin contractility and microtubule tension to probe the substrate

viscoelasticity, plasticity, and nonlinear
elasticity. Rather than being purely elastic,
biological milieus manifest a time- and
frequency-dependent response to loading
or deformation, with dissipation of forces
exerted to deform them.l!! Mechanistically,
ECMs can dissipate forces under loading
depending on the nature of cross-links, 2!
both slipping and sliding phenomena,**!
the release of polymer entanglements,
protein  unfolding, and poroelastic
effects.l! Under 2D conditions, cells probe
the underlying substrate rigidity through
the molecular clutch machinery, that
is myosin-actin-integrin axis.*®! Upon
tethering to ECM proteins, cells gen-
erate and transmit forces outward, elic-

and decide whether or not to adhere, revealing a clear correlation between
force transmission, substrate dissipation rate, and amount of anchoring
points. Overall, these findings introduce linear elasticity as a novel design
parameter for assembling tunable dissipative materials to study cell mecha-

nosensing in 2D and possibly also in 3D cultures.

1. Introduction

Extracellular matrices (ECMs), and more broadly native tis-
sues, exhibit complex mechanical behaviors including
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iting intracellular mechanotransduction
processes entailing talin unfolding and
ensuing vinculin binding,”! focal adhesion
assembly,!% alteration of lamin A expres-
sion,™ and nuclear translocation of the
Yes-associated protein (YAP).'”) Given the
emerging role of force dissipation linked
to ECM in cell mechanobiology,"3! the
molecular clutch model has been generalized introducing dis-
sipative contributions,"! revealing that viscosity can suppress
reduced stiffness in modulating cell functions if substrate stress
relaxation is set in between the timescale for clutch binding
(=1 s) and its characteristic lifetime (=10 to 100 s neglecting
clutch reinforcement). Over the last few years, intriguing strate-
gies aimed at developing bioengineered materials recapitulating
ECM mechanics and timescales have been undertaken. Dissi-
pative viscoelastic materials composed of polyacrylamide,¢-'8!
alginate,”?% chitosan,”l and poly(ethylene glycol)?223 are
gradually replacing unnatural, purely elastic substrates as
models to understand and eventually predict functional
responses of cells in terms of morphology, proliferation, and
differentiation. Engineering the network architecture through
the combination of different molecular weights or the coupling
of spacers to the constituent polymers, as well as modulating
the total number, affinity and ratio of weak/covalent bonds
yield attractive approaches to tune the viscoelasticity of mate-
rials independent of the initial elastic modulus.?*1 Here, we
present a smart approach to alter substrate dissipation while
precisely regulating linear elasticity. By incorporating a varying
amount of weak physical entanglements into a rigid polymer
network, we provide evidence to extend the linear stress—strain
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regime, as the release of entanglements dissipates the applied
load and delays the fracture of the material. Furthermore, we
demonstrate that this material property results a pivotal trait
instructing cells whether and how to anchor the substrate in
2D cultures. This impacts key aspects such as cell adhesion
growth, migration mode, cytoskeletal organization, transmis-
sion of forces, and transduction of biophysical cues.

2. Results

2.1. Substrates with Tunable Linear Elasticity

First, we aimed at developing a set of materials with adaptable
linear elasticity, similar initial elastic modulus and fast stress
relaxation. To achieve this goal, semi-interpenetrating polymer
networks composed of agarose incorporating different amounts
of uncrosslinked lactose-modified chitosan (CTL) were assem-
bled using a 3-step procedure: i) preparation of CTL solutions
in phosphate buffer; ii) addition of agarose powder; iii) tem-
perature-assisted gelation (Experimental Section; Appendix S1,
Supporting Information). CTL was selected as the unbound
polymer because of its chain semi-flexibility, low viscosity,
optimal solubility, and nearly uncharged nature at neutral
pH.B2331 We hypothesized that we can leverage the architecture
of agarose networks to keep the initial elastic modulus of sub-
strates constant and achieve fast stress relaxation while signifi-
cantly modulating linear elasticity by adding CTL.

This is confirmed by the extension of the critical strain
marking the onset of nonlinear region up to =3% (Figure 1a,b;
Appendix S2, Supporting Information), the time needed to relax
the stress to half of the initial value, 7,5, in the range of 10-80 s
(Figure S1, Supporting Information) and the calculation of the
elastic modulus (=19 kPa) for substrates with different composi-
tions (Figure 1c). The loss tangents at 0.1 Hz[®¥! derived from
the mechanical spectra (Figure S2, Supporting Information)
do not vary significantly (Figure 1d), indicating similar viscoe-
lasticity for substrates with different CTL content. In addition,
substrates exhibit permanent deformation (plastic behavior)
in the range of 15-30% (Figure S3, Supporting Information).
3D renderings of the internal network architecture obtained by
confocal microscopy show optimal homogeneity, with CTL well
dispersed throughout agarose matrix without forming polymer
aggregate domains (Figure le). Of note, swelling and degrada-
tion studies demonstrate the structural stability of substrates
with different compositions over a 7-day period after incubation
under cell culture conditions (Figure S5, Supporting Informa-
tion). Collectively, these findings reveal a controlled approach
to assemble viscoplastic substrates with tunable linear elas-
ticity but similar initial elastic modulus, fast stress relaxation,
without significant swelling, or degradation.

To elucidate the mechanism underlying the difference in
linear elasticity, creep experiments were performed under uni-
axial compression conditions and the agarose mass, indicating
polymer flow under loading, was calculated by 'H-NMR spec-
troscopy (Figure 1f). The progressive decrease in matrix flux
as well as agarose content in the lower part of the hydrogels
clearly indicate that the resistance of the network to slippage
increases with increasing amount of CTL. Therefore, this

approach is predicted to increase the applied load to release
the weak entanglements between the polymer chains and thus
extend the linear elasticity (Figure 1g).

2.2. Cell anchorage is Governed by Substrate Dissipation
and Requires Joint Actomyosin Contractility and Microtubule
Tension

Next, we calculated the extent of dissipation linked to the
release of weak entanglements for substrates with different
compositions (Figure 2a,b; Appendix S4, Supporting Informa-
tion).l?l Agarose does not provide integrin binding sites for cell
anchorage, hence protein motifs can be covalently coupled to
the polymer to enhance substrate—cell interactions.**3°! Here,
we exploited the presence of serum in the cell culture medium
to form a protein coating on the substrates to avoid chemical
functionalization of agarose. This approach ensures the adsorp-
tion of a comparable amount of proteins regardless of substrate
type (Figure 2c). The efficacy of serum coating in promoting
cell adhesion was tested in a control experiment (Figure S7,
Supporting Information). When MG63 cells are seeded on sub-
strates with different dissipation but similar elastic modulus
(=19 kPa) a progressive decrease in both cell number per sur-
face area and cell spreading is observed (Figure 2d—g). Interest-
ingly, cells spread similarly atop non-dissipative substrates and
plastic wells (Figure 2g). Remarkably, a correlation is identified
between cell spread and the number of cells per substrate area
(Figure 2h), suggesting the compelling hypothesis that both
processes are controlled by the same biological machinery.

Beside dissipation associated with the substrate itself, cells
can dissipate forces through the dynamic remodeling of cell-
extracellular matrix binding sites, intracellular damping due to
creep or viscous slippage between the cytoplasm and the stress
fibers, and the interfacial liquid trapped between them and the
substrate, the latter playing the crucial role in cell adhesion.36:3]
To rule out the possibility that substrate surface wettability is the
cause of the difference in cell behavior, contact angle measure-
ments were undertaken (Figure 2i), indicating straightforward
hydrophilicity (contact angle < 90°) independent of substrate
composition when incubated in cell culture medium.?8! Taken
together, these results indicate that substrate dissipation plays
a crucial role in cell anchorage independent of elastic modulus
and surface wettability.

After adhesion by integrins, cells respond to substrate
mechanics through the generation of forces.*”! To understand
how MG63 probe surrounding milieu in the early stages of
cell-substrate interplay, we precisely inhibited actomyosin con-
tractility using blebbistatin (inhibitor of myosinll ATP-ase) and
cytochalasin D (inhibitor of actin polymerization) (Figure 3a,b).
Additionally, MG63 cells were incubated in the presence of 1
and (3 integrin blocking antibodies (Figure 3c). Cell number
per surface area and cell spreading area progressively lower
while increasing inhibitor amount or perturbing cell binding
sites. Given the relationship with the actin-myosin-integrin
axis via the Rho/ROCK pathway,*! we additionally investi-
gated the role that microtubules play in cell adhesion process.
MG63 plated on non-dissipative substrates were incubated
in the presence of paclitaxel and nocodazole, a microtubule
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Figure 1. Development of semi-interpenetrating substrates of agarose incorporating an uncrosslinked lactose-modified chitosan (CTL) to modulate
linear elasticity independent of elastic modulus and viscoelasticity. a) Elastic modulus, G’, profiles on applied shear strain for substrates with different
composition; strain sweep experiments were performed under a constant frequency of 1 Hz. b) Critical strain at which strain softening originates;
critical strain was determined according to the Soskey—Winter model (Appendix S2, Supporting Information). c) Initial elastic modulus from uniaxial
compression measurements. d) Loss tangent at 0.1 Hz from frequency sweep tests. All substrates were assembled in PBS buffer, pH 7.4, with constant
agarose (1% w/v) and variable CTL (0-1.5% w/v) amounts. Data are reported as mean * s.d., n = 5-8 hydrogels analyzed for each experimental con-
dition. Statistics: “p < 0.01; ““p < 0.001; NS, not significant (one-way ANOVA followed by Dunnett’s or Tukey’s Multiple Comparison post hoc test).
e) Confocal fluorescence microscopy of internal architecture of substrates with different composition; the scale bar is 20 pm. f) Schematic of experi-
mental setup employed to understand tunable linear elasticity of substrates. Total strain upon constant loading and agarose amount in the bottom
section of substrates after cutting; data are reported as mean, n = 3—6 hydrogels analyzed for each experimental condition. g) Cartoon depicting how
adding uncrosslinked CTL to agarose network increases the number of weak physical entanglements (purple dots) between the polymer chains. This
approach allows the elastic modulus to be kept constant due to the strong agarose junctions and it is predicted to increase the applied load to release
the entanglements and thus extend the linear elasticity.

stabilizing and depolymerizing agent, respectively (Figure 3d). = Whatever the perturbing agent or substrate type used to modu-
While the effect of paclitaxel is negligible, nocodazole elicites  late cell anchorage, a significant correlation with cell spreading
=30% reduction of cell number per substrate surface area. emerges (Spearman’s rank correlation, r = 0.898) (Figure 3e).
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Figure 2. Substrate dissipation controls cell anchorage irrespective of elastic modulus and surface hydrophilicity. a) Representative shear stress—strain
curve profiles of substrates with different composition. Data are displayed up to the critical strain at which linear elasticity ends. Dotted areas represent
the energy per unit volume generated by shear to release the weak entanglements. b) Dissipation values are computed by normalizing the energy per
unit volume at critical strain to the substrate crosslinking density (Appendix S4, Supporting Information for further details); data are reported as mean
* s.d., n = 5-7 hydrogels analyzed for each experimental condition, PBS buffer as solvent, pH 7.4. ¢) Schematic of protocol for seeding MG63 cells in
the presence of serum proteins. Serum proteins adsorbed atop substrates surface were quantified through UV spectroscopy (Figure S6, Supporting
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Figure 3. Cells harness actin-myosin-integrin axis to anchor the substrate but require microtubule tension. Representative images of MG63 adhering
atop non-dissipative substrates (=0 ] mol™) following treatment with chemical inhibitors or blocking antibodies. Cells were incubated in the presence
of a) blebbistatin, b) cytochalasin D and c) integrin blocking antibodies for 24 h, whereas 4 h in the case of d) paclitaxel and nocodazole; at the end of
experiment, total cell number/substrate area, and cell spread area were determined. Data are reported as mean £ s.d., n = 23-50 images analyzed for
the determination of cell number and n = 50-170 cells for computing cell spreading. Statistics: *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant
(one-way ANOVA followed by Dunnett’s or Tukey’s Multiple Comparison post hoc test in (a—c); unpaired two-tailed t-test in (d). Scale bar is 200 um in
all images. e) Cell spread area as a function of cell number per surface area follows an almost linear correlation for all experimental conditions explored
(Spearman’s rank correlation, r = 0.898, p < 0.0001).

Taken together the observations reported in Figures 2,3, we can  2.3. Anchoring of Cells atop Dissipative Substrates can be Fully
conclude that cell anchorage is governed by substrate dissipa- Compensated Upon Increasing Cell-Binding Sites

tion linked to linear elasticity, which is mediated by the same

machinery operating in cell spreading (actin-myosin-integrin  Cells transmit forces toward underlying substrate and gauge
axis) and requires microtubule tension. the feedback to make their fate decisions depending on the

Information); data are reported as mean + s.d., n = 6 samples analyzed for each experimental condition. d) Representative images of MG63 adhering
atop substrates with different dissipation but same elastic modulus (=19 kPa); scale bar is 200 um. e-g) Total cell number/substrate area, fluores-
cence generated by adherent MG63 cells and cell spread area for substrates with different dissipation and traditional plastic culture, the latter used
as control. Data are reported as mean + s.d., n = 28-50 images analyzed in (e), n = 5 replicates for substrate type in (f), and n = 90-230 cells in (g).
Statistics: #p < 0.05; ™, ###p < 0.001; NS, not significant (one-way ANOVA followed by Tukey’s Multiple Comparison post hoc test). h) Correlation
plot of cell spread area versus cell number/substrate area; solid black line was drawn to guide the eye. i) Representative images of water droplets
atop substrates with different composition in PBS buffer or equilibrated for 24 h at 37 °C in cell culture medium (DMEM) supplemented with serum.
The plot recapitulates contact angle results upon image processing; data are reported as mean + s.d., n = 6-12 droplets analyzed in PBS and n =3 in
DMEM-equilibrated conditions.
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Figure 4. Cells can conceal dissipation to anchor the substrate if the amount of ligands increases. Experimental setup 1: cell seeded on fibronectin-
coated substrates without serum proteins. a) Representative images of MG63 atop non-dissipative (=0 ) mol™) and high dissipative (1.5 ) mol™)
substrates upon increasing fibronectin. b,c) Total cell number/substrate area. Data are reported as mean + s.d., n = 48-50 images analyzed.
Statistics: “*p < 0.001; NS, not significant (one-way ANOVA followed by Tukey’s Multiple Comparison post hoc test). Scale bar is 200 um in all
images. The gradual change of cell spreading upon increasing fibronectin is reported in the insets (scale bar is 20 um). Experimental setup 2:
cell seeded on fibronectin-coated substrates with serum proteins. d) Representative images of MG63 atop non-dissipative and high dissipative
substrates upon increasing fibronectin in the presence of a constant amount of serum proteins. e,f) Total cell number/substrate area. Traditional
plastic culture was used as a control. Data are reported as mean * s.d., n = 28-50 images analyzed. Statistics: ““p < 0.001; NS, not significant
(one-way ANOVA followed by Tukey’s Multiple Comparison post hoc test). Scale bar is 200 um in all images. g) Cell spread area as a function

of cell number per surface area follows a significant correlation for all experimental conditions explored (Spearman’s rank correlation, r=0.963,
p < 0.0001).

amount of anchoring points.>#l Therefore, we wondered
whether there was a correlation between the number of ligands
and substrate dissipation. First, the amount of anchoring

in the presence of serum proteins to increase the number of
cell-binding sites. Here, cells completely suppress the dissipa-
tion associated with the substrate upon increasing fibronectin,

points was systematically manipulated by the addition of
the extracellular matrix protein fibronectin to the substrates.
MG63 seeded atop substrates with diverse dissipation using
a serum-free culture medium respond differently. While the
cells do not anchor on the dissipative substrate, they progres-
sively adhere and spread on the non-dissipative counterpart
as expected (Figure 4a—c; Figure S8, Supporting Information).
Second, MG63 were plated on fibronectin-coated substrates

hence anchoring and spreading likewise under plastic-cultured
conditions (Figure 4d—f; Figure S9, Supporting Information).
Importantly, a significant master curve describes the relation-
ship between the amount of cell binding sites and substrate
dissipation (Spearman’s rank correlation, r = 0.963) (Figure 4g).
On the whole, these results indicate that increasing the number
of anchorage sites represents a cunning ploy to overcome sub-
strate dissipation and thus promote cell adhesion growth.



2.4. Substrate Dissipation Impacts on Cell Migration Mode,
Focal Adhesion Geometry, and Mechano-Transmission/
Transduction Processes

We then examined the effects of substrate dissipation on cell
migration. Live cell microscopy was used to track MG63 on non-
dissipative and dissipative substrates. Sample migrating cells
recorded after 120 min of seeding show two modes of migra-
tion depending on substrate type (Figure 5a,b; Videos S1, S2,
Supporting Information). Migration tracks display that the cells
follow a zigzag or nearly linear trajectory on non-dissipative
and dissipative substrates, respectively. Determination of the
cell circularity parameter shows that cells prefer to migrate
with rounded morphology on dissipative substrates up to
=500 min before they begin to firmly anchor and spread, while
cell polarization in the direction of migration is noticed on non-
dissipative substrates (Figure 5c). This is accompanied with
greater speed but less spreading observed for migrating MG-63
on dissipative substrates (Figure 5d).

From a mechanotransduction perspective, we next investigated
whether substrate dissipation affected the assembly of focal adhe-
sions and nuclear translocation of YAP. Vinculin-rich mature focal
adhesions with a belt-like geometry are observed at the trailing
edge of cells on non-dissipative substrates, whereas dot-like struc-
tures are evident in MG-63 on dissipative counterparts (Figure 5e).
This is supported by punctate 41 integrin structures in cells on
non-dissipative substrates, reminiscent of mature focal adhesions
(Figure S10, Supporting Information). Quantification of vinculin
shows straightforward differences between the two systems, with
a larger adhesion area observed for cells on non-dissipative sub-
strates (Figure 5e). Furthermore, actin distribution results dis-
tinct, with stress fibers localized throughout the cytoplasm and
actin bundles confined at cell periphery for cells on non-dissi-
pative and dissipative substrates, respectively. Interestingly, the
sensor YAP preferentially translocates in the nucleus for MG-63
on non-dissipative substrates (Figure 5f), indicating a different
downstream response in how cells perceive substrate dissipation
as mechano-regulator. In addition, we embedded fluorescent
beads in the substrates to investigate the outward transmission of
forces exerted by the cells. Using live imaging microscopy expeti-
ments we were able to create 3D maps showing the qualitative
displacement of the beads in single stacks on dissipative and non-
dissipative substrates (Figure 5g). While the fluorescent beads
continued to accumulate toward the cell-substrate interface over
time in the case of non-dissipative substrates, a modest move-
ment of the beads was detected in the same time period for dissi-
pative counterparts. Calculation of the m factor, which is indicative
of cell traction (pulling) forces exerted by the cells, reveals unam-
biguous differences between the two materials analyzed. Together,
these results indicate that substrate dissipation promotes cell
migration with rounded morphology, associated with smaller dot-
like anchoring points, greater speed, less pulling forces generated
by the cells, and less nuclear translocation of YAP.

3. Discussion

In summary, this work unveils an unprecedented approach
to the development of 2D viscoplastic substrates with tunable

linear elasticity, fast stress relaxation, and similar elastic mod-
ulus (Figure 1). Nonetheless, our findings establish dissipation
associated with linear elasticity as a potent controller directing
cell-substrate interplay. Although recent works have reported
the physical entrapment of a very high molecular weight
linear polyacrylamide in a purely elastic material or partial
crosslinking strategy to modulate viscous dissipation,'*-8 our
approach is unique for two main reasons: i) the assembly of
semi-interpenetrating networks by temperature-assisted gela-
tion of agarose without the addition of crosslinkers; ii) the
release of weak entanglements to dissipate the load inde-
pendent of viscoelasticity. Widely, our experimental approach
allows to readily fabricate 3D extracellular matrix mimics as
model to build fundamental knowledge about the influence of
linear elasticity—and ensuing dissipation—on cell behavior.

In this work we have exploited this set of materials to deci-
pher how cells probe the underlying substrate and decide
whether and how to anchor or not. Our results reveal that cells
exert traction forces through the actin-myosin-integrin mole-
cular clutch but require microtubule tension to adhere firmly
(Figure 3). Substrate dissipation yields a crucial material trait
(Figure 2), but can be completely suppressed if the amount
of ligands is increased (Figure 4). This evidence supports the
intriguing vision that a strict correlation between substrate dis-
sipation, number of cell-binding sites, and cytoskeletal architec-
ture does exist. While the materials used in this study differ in
stress relaxation response, the latter is fast (tens of seconds).
The agarose/CTL substrates therefore accurately recapitulate
the rapid timescale of cell dynamics and the range of dissipation
(0-1.5 ] mol™) for initial cell mechanosensing.?*24I In this
regard, nascent adhesion points with size =0.2 pm? build up
and turnover in discrete phases on glass dishes, entailing
assembly, stability, and disassembly in a timescale of 20-100 s.
Maturation then occurs slowly in a time frame of a few minutes
along an cractinin-actin template extending centripetally from
the nascent adhesions, with actin cross-linking by myosin II
playing an important role in this process.*! Molecular clutch
dynamics occurs in the range of seconds on viscoelastic or rela-
tive elastic hydrogels and manifests a stiffness and viscoelas-
ticity sensing.[%7%] The question of how adhesion points on
viscoplastic substrates with adjustable linear elasticity and fast
stress relaxation in the range of tens of seconds, as in our case,
are assembled in relatively short periods of time is a more dif-
ficult question that remains to be answered.

While viscosity has been found to have an effect on cell adhe-
sion growth,['®18l it is important to recall that dissipation in our
materials is related to the extent of linear elasticity due to the
release of weak entanglements, not viscosity, and cells respond
to this material trait. A recent study has shown that viscosity
serves to stiffen soft viscoelastic substrates on a timescale
faster than the clutch off-rate, which enhances cell spreading.
In contrast, viscosity does not influence cell spreading in rela-
tive stiff substrates, since the bound clutches are saturated by
the elevated stiffness.™ Our substrates are viscoelastic and are
relative stiff’ (=19 kPa), thus it is to be expected that viscosity
plays a negligible role in cell response. Hence, it results attrac-
tive to envisage that cells, upon binding protein ligands, probe
the substrate via rapid pulling/pushing mechanics where both
actomyosin and microtubules tensors are involved in these
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Figure 6. Cell activity on 2D cultures is controlled by substrate dissipation linked to linear elasticity. a) Cell spread area as a function of cell number per
surface area follows a significant correlation for all different experimental conditions examined in this study (Spearman’s rank correlation, r = 0.929,
p < 0.0001). b) Cartoon schematic recapitulating what identified in this study. After substrate anchoring, cells exert traction forces via the actin-
myosin-integrin axis and helped by microtubules tension. In fast stress-relaxing and non-dissipative material, cells sense the mechanical feedback
from the substrate, which triggers the activation of the mechanotransduction cascade and causes adhesion growth; this is associated with reduced
cell migration and is thought to be associated with matrix remodeling. For fast stress-relaxing and dissipative material, force transmission is partially
dissipated through the substrate and mechanical feedback is expected to be lower. This promotes greater cell migration but less anchorage and
spreading. Importantly, substrate dissipation can be completely suppressed when the amount of cell-binding sites is increased, indicating a correlation
between force transmission, substrate dissipation rate, and the number of anchoring points.

timescales.[!! Starting now, substrate dissipation linked to linear
elasticity intervenes as key actor directing cell fate decisions
(Figure 6). When dissipation is set very low, force transmis-
sion is almost completely converted to a feedback response,*!l
promoting mechanotransduction events entailing maturation
of vinculin-dependent focal adhesions, YAP nuclear translo-
cation, and highly spread morphologies (Figure 5). Instead,
when dissipation is set high, force transduction occurs only
upon increasing extracellular matrix sites tethering, thereby
concealing substrate mechanics and promoting true adhesion
growth (Figure 4).

In addition, substrate dissipation impacts on cell migration
mode (Figure 5). Typical lamellipodia-mediated migration!®+]
at the leading edge on non-dissipative substrates, whereas
rounded-morphology associated with greater speed on dissipa-
tive counterparts is seen, likewise what observed in different
cancer cell lines on soft viscoelastic substrates.*®! How dis-
sipation mediates cell migration on relatively stiff viscoplastic
substrates is a more challenging question that remains to be
answered, but it is tempting to speculate that nascent adhesions
together with filopodia protrusion might jointly contribute.

In contrast to purely elastic substrates, which have a
threshold of stiffness that marks the onset of massive trac-
tion forces exerted by cells, YAP nuclear translocation and the
growth of focal adhesions rich in vinculin®! our substrates

manifest same stiffness and show plasticity (Figure S3, Sup-
porting Information) likewise reconstituted ECM materials
based on type-1 collagen, fibrin, and basement membrane
matrix.2*! Here, live imaging microscopy allowed us to under-
stand that cells generate much more traction (pulling) stresses
on non-dissipative substrates associated with cell spread mor-
phology (Figures 2,5). It is possible that a correlation between
substrate plasticity and spreading speed exists at a very low
dissipation rate (=0 vs 0.3 ] mol™).5% However, our findings
show that cell anchorage is completely suppressed at a high
dissipation rate (>0.8 ] mol™), low ligand amount, and com-
parable substrate plasticity (=20%). Moreover, substrates with
different dissipation exhibit fast stress relaxation. This suggests
that cells transduce biophysical cues on relatively similar time
scales. Instead of a threshold for stiffness, this body of evidence
again justifies the existence of a threshold for dissipation in
the case of viscoplastic substrates. Hence, when the dissipation
threshold is exceeded, the cells exert high traction forces and
spread. If the dissipation threshold is not exceeded, the cells
exert less traction forces and spread less. It will be interesting
to see the results of future studies on how cell mechanotrans-
mission correlates with matrix remodeling for this set of sub-
strates. Broadly, this study confirms that dissipation represents
a paramount feature to consider for investigating cell mecha-
nosensing both in 2D and in 3D experimental conditions, and

are 100 um. b) Migration tracks of randomly selected MG63 on indicated substrates over a timescale of =800 min. Scale bars are 100 um. c) Circularity
plot profile over time (left) and representative images of migrating MG63 cells (right) on indicated substrates. The circularity parameter is reported in
the upper left corner for each image. Note that circularity equal to 1 refers to almost perfectly rounded cells. Scale bars are 100 um. d) Cell migration
speed on non-dissipative and dissipative substrates. Data are reported as mean * s.d., n = 4-9 cells analyzed. Statistics: *p < 0.05 (unpaired Mann—
Whitney t-test). Immunostaining and quantification of e) vinculin and f) YAP for MG63 cells on non-dissipative and dissipative substrates. Data are
reported as mean + s.d., n =7-12 cells analyzed in (e) and n =20-35 in (f). Statistics: “p < 0.01; “**p < 0.0001 (Student’s t-test). Scale bars are 20 pum,
zoom-in/inset 5 um. g) 3D intensity maps showing fluorescent beads (normalized) position within 60 um-depth for non-dissipative and dissipative
substrates over a time scale of 600 min. Note that 0 um indicates the outermost substrate layer, that is the cell-substrate interface. The slope over
time (m factor) of the regression plane, indicative of cell traction (pulling) forces exerted by cells, is reported in the bar plot.
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introduces linear elasticity as a design parameter in the fabrica-
tion of materials with adjustable dissipation rates.

4. Experimental Section

Substrates Preparation: Hydrochloride lactose-modified chitosan, CTL,
was kindly provided by biopolLife, (ltaly). The chemical composition
of CTL resulted: fraction of deacetylated units (Fp) 0.21, fraction of
lactose-modified units (F) 0.63, and fraction of acetylated units (Fp)
0.76. The calculated molar mass of CTL repeating unit (MW, ,)—given
its chemical composition—resulted 403 g mol™. The intrinsic viscosity,
[n], was 344 mL g7 and the related molar mass was around 800 000 g
mol~'.B" Different amounts of CTL powder were dissolved in deionized
water. The pH was adjusted to 7.4 and 10x phosphate buffered saline
(PBS, Sigma, USA) added. Final experimental conditions are the
following: [CTL] = 0-1.5% w/v, 1x PBS as solvent, pH 7.4 (see Supporting
Information for further details). Agarose LE powder (code EMR920500)
with gelling temperature 36 £ 1.5 °C (Euroclone, Italy) was next added
to CTL solutions under vigorous stirring to have a final concentration
of 1% w/v. Resulting mixtures were autoclaved and dispensed into
cylindrical supports prior cooling down at room temperature. Substrates
were finally incubated overnight at 37 °C in water-saturated conditions to
prevent solvent evaporation.

Mechanical Characterization: Rheological characterization of substrate
disks (20 mm in diameter, 2-2.5 mm thick, PBS buffer or cell culture
medium-equilibrated conditions) was performed by means of a
controlled stress rheometer HAAKE MARS 11l operating at 37 °C using
a shagreened plate-plate apparatus (“HPP20 profiliert”: diameter =
20 mm) as the measuring device. To avoid water evaporation from
substrates, measurements were performed in a water-saturated
environment formed by using a glass bell (solvent trap) containing
a wet cloth. In addition, to prevent both wall-slippage and excessive
substrate squeezing, the gap between plates was adjusted by executing
a series of short stress sweep tests (v =1 Hz; stress range 1-5 Pa) until
a constant G” was reached. The linear viscoelastic range was determined
by means of stress sweep tests consisting in measuring the elastic
(G) and viscous (G”) moduli variation with increasing shear stress
(1 Pa < 7< 1000 Pa) at a frequency v =1 Hz (hence with @ = 2zv =
6.28 rad s7'). The mechanical spectra (frequency sweep tests) were
recorded by measuring the dependence of the elastic (G) and viscous
(G”) moduli on pulsation frequency at constant shear stress 7= 5 Pa
(well within the linear viscoelastic range). Quantification of substrate
plasticity was determined by creep-recovery measurements with 7 =
100 Pa for 900 s followed by 7= 0 Pa for 900 s. The degree of plasticity
was calculated as previously described.]

Uniaxial compression of substrate disks (20 mm in diameter,
2-2.5 mm thick, PBS buffer or cell culture medium-equilibrated
conditions) was performed by means of a universal testing
machine (Mecmesin Multitest 2.5-i) equipped with a 100 N load cell.
A compression speed of 1 mm min~' was applied to determine initial
elastic modulus in the strain range 1-3%. Stress relaxation tests were
conducted by applying a constant strain of 15% for 600 s. The time
needed to relax the stress to half of the initial value, 7,5, was considered
as parameter to compare substrates with different composition.[4

Structural Characterization: The distribution of agarose and CTL
throughout substrates was analyzed by confocal microscopy (Nikon
Eclipse Clsi confocal laser scanning microscope using a 40x as
objective). Substrates were assembled using 10% w/w of FITC (Sigma,
USA)-labeled CTL and 10% w/w of Atto Rhol01 NHS ester (Sigma,
USA)-labeled agarose. Protocols describing polymer labeling procedures
are reported in Appendix S3, Supporting Information. Substrates
were sectioned and the fluorescent signals acquired. Resulting stacks
of images were analyzed using Fiji-Image] software to develop 3D
renderings of the inner part of substrates with different composition.
The distribution of agarose and CTL throughout substrates upon
mechanical stimulation was analyzed by 'TH-NMR. Uniaxial compression
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of substrate cylinders (16 mm in diameter, 8 mm thick, PBS buffer) was
performed with a compression speed of 1 mm min~' up to achieving a
load of 0.6 N (3 kPa). The load was then kept constant for 15 min. At the
end of experiment the cylinders were gathered, cut in two pieces and the
bottom section frozen and lyophilized. Freeze-dried samples were next
dissolved in warm D,O (T = 95 °C) and finally transferred into NMR
tubes. 'TH-NMR spectra were recorded by means of a 400 VNMRS Varian
NMR spectrometer operating at 400 MHz. Prior to the measurement,
samples were heated to 93 °C for 5 min and then kept at 60 °C during
the NMR analyses.

Swelling and degradation properties of substrates were verified after
1 and 7 days of incubation in cell culture medium at 37 °C. At the end of
incubation, substrates were laid down on filter papers to blot the excess
of medium, weighed, frozen, and lyophilized. The dry mass of substrates
was finally recorded.

Evaluation of Surface Wettability: Contact angle on substrates
with different composition were measured by means of an optical
stereomicroscope (MZ16, Leica Microsystems GmbH) equipped with
a digital camera (DFC320, Leica Microsystems GmbH) and a 45° tilted
mirror. A droplet of deionized water (4 uL) was placed atop substrates
surface and let to rest for 1 min. The profile of water droplet was next
recorded. Image-Pro Plus 6.2 software (Media Cybernetics, Inc.)
was used to acquire, process the images, and measure the contact
angle. Substrates were analyzed in PBS buffer or cell culture medium-
equilibrated conditions and room temperature.

Cell Culture: Human osteosarcoma MG63 (ATCC CRL-1427) were
cultured in Dulbecco’s Modified Eagle’s Medium High glucose with
0.584 g L7' L-glutamine and 0.11 g L' sodium pyruvate (EuroClone,
Italy), supplemented with 10% heat-inactivated fetal bovine serum
(Cat. n° ECSOT180L, Euroclone, ltaly) and 1% penicillin/streptomycin
(EuroClone, ltaly), in a humidified atmosphere of 5% CO, at 37 °C.

Plating of Cells atop Substrates: Upon autoclaving, agarose/CTL
mixtures were transferred into a water bath pre-warmed at 60 °C and
let at rest for 10 min. Next, 400 pL of mixtures were dispensed into
24-well plates and let at rest for 30 min at room temperature to promote
gelation. Substrates were finally incubated overnight at 37 °C in water-
saturated conditions. For fibronectin-coated experiments, substrates
were additionally incubated overnight at 4 °C with 300 uL of fibronectin
(Sigma, USA) dispersed in PBS. The day after PBS was discarded and
substrates washed by cold PBS. Cells were trypsinized and plated at a
density of 30 000 cells per well using 1.6 mL of cell culture medium/
well supplemented or not with fetal bovine serum, hence the final
Vigs/Vimedium ratio resulted 20:80 v/v. Cells were incubated overnight in a
humidified atmosphere of 5% CO, at 37 °C.

Assessment of Cell Adhesion and Spreading: After overnight incubation,
cell culture medium was discarded and substrates were washed
extensively with PBS in order to remove non-adherent cells. Then, 300 puL
per well of PBS were added and the number of adherent cells mm=2 and
cell spread area were quantified by Fiji-Image] software (multi-point and
freehand selection tools, respectively) from 1000 um x 700 pm images
acquired through a Exacta Optech microscope equipped with a Pentax
digital camera using a 10x as objective. PBS was next discarded and
cells incubated furthermore with 200 uL per well of AlamarBlue reagent
(Sigma, USA), 10% v/v in complete DMEM medium for 4 h at 37 °C. At
the end of incubation, 150 uL of incubation medium were transferred
in a black 96-well plate and the fluorescence was measured using a
FLUOStar Omega-BMG Labtech spectrofluorometer (A, = 544 nm;
Aem = 590 nm).

Blocking Adhesion Experiments: Cells were plated at a density of 30 000
cells per well using 1.6 mL of cell culture medium/well supplemented
with fetal bovine serum in the presence of following chemicals:
(£)-blebbistatin (10-100 um, Santa Cruz Biotechnology), cytochalasin D
(0.2-20 pwm, Santa Cruz Biotechnology), paclitaxel (0.2 um, Sigma), and
nocodazole (10 um, Sigma).1%214%51 Fyrthermore, cells were incubated
with mouse anti-human integrin $1 monoclonal antibody (5 ug mL™,
clone P5D2, Catalogue no. MAB1959, Merck, Germany) and mouse
anti-human integrin -3 monoclonal antibody (5 pug mL™, Catalogue
no. MAB2023Z, Merck, Germany). Substrates were then incubated for



4 or 24 h in a humidified atmosphere of 5% CO, at 37 °C. At the end of
experiment, the substrates were washed extensively with PBS in order
to remove non-adherent cells, processed for image acquisition, and
incubated with the AlamarBlue mixture as described above.

Cell Immunostaining and Image Analysis: After overnight incubation,
cell culture medium was discarded and substrates washed extensively
with PBS in order to remove non-adherent cells. Then, substrates were
punched into small disks (9 mm in diameter, 2.5 mm thick) and moved
in clean 48-well plate. Cells were fixed with formaldehyde 4% v/v (Sigma,
USA) in PBS for 30 min at room temperature. Then, substrates were
washed 5x with PBS and permeabilized with Triton 0.2% v/v (Sigma,
USA) in PBS for 15 min at room temperature. Next, substrates were
washed with PBS and incubated with BSA 4% w/v (Sigma, USA) +
Normal Goat Serum 5% v/v (Sigma, USA) in PBS for 1 h at 37 °C. The
blocking solution was then removed and the samples washed with
PBS. The following primary antibodies were used for immunostaining:
YAP antibody (dilution 1:200 or 0.5 ug mL™, sc-101199, Santa Cruz),
integrin -1 antibody (dilution 1:200 or 1 ug mL™, sc-9970, Santa Cruz),
and vinculin antibody (dilution 1:200 or 5 ug mL™, V9264, Sigma).
Primary antibodies were diluted in blocking mixture. In the case of YAP,
Triton 0.1% v/v was also added to blocking mixture. Incubation was
proceeded overnight at 4 °C. Then, cells were washed and incubated
with secondary antibody Mouse IgGk light chain diluted in blocking
solution (dilution 1:250 or 1.6 g mL™", sc-516179, Santa Cruz) for 2 h at
room temperature. For the visualization of F-actin filaments and nuclei,
cells were counterstained with Phalloidin Fluorescein Isothiocyanate
Labeled (P5282, Sigma, 1 ug mL™' in PBS) and Hoechst (33258,
Invitrogen, 5 pg mL™' in PBS), respectively. Finally, substrates were
washed once and stored in PBS. Images from immunofluorescence
and cellular staining experiments were acquired using a Nikon Clsi
confocal microscope (Nikon, Tokyo, Japan), containing 488 (argon), 408,
and 561 nm (diode) lasers. Light was delivered to the sample with an
80/20 reflector. The system was operated with a pinhole size of one Airy
disk. Electronic zoom was kept at minimum values for measurements
to reduce potential bleaching. For the different fields collected 60x Plan
Apo objectives were used, saving series of optical images respectively at
160 m x 160 pum with 0.4 um z-resolution step size. Images in various
conditions were captured under identical acquisition settings in order
to allow comparison of fluorescent intensity and were processed for
maximum z-projection by using Fiji-lmage) 1.53c (NIH, Bethesda, USA).
The staining quantification was performed and analyzed by the Image)
tool ROI manager. The degree of YAP nuclear localization was assessed
as previously described.!

Cell Migration Experiments and Pulling Force Measurements:
Substrates were assembled in 24-well plate in the presence of 0.2% v/v
carboxylate-modified FluoSpheres (0.2 um, red 580/605, Invitrogen).
Cells were trypsinized and plated at a density of 100 000 cells per well
using 1.6 mL of cell culture medium/well supplemented with fetal
bovine serum. Live imaging of cells was performed using a Nikon
Eclipse Ti microscope equipped with incubator on stage for the control
of environment parameters, temperature at 37 °C and CO, at 5%. The
fields were acquired with a long working distance PlanApo 40x objective
at the maximum camera resolution. The imaging protocol lasted
16 h with a sampling frequency of one field every 10 min. In order to
account variable surface of the substrate at each time point a multiple
stacks acquisition was performed for a total thickness of 120 um with
a step size of 20 um. All videos were subsequently processed for
maximum intensity projection of z-stacks at each time point and for
fluorescence intensity equalized over time. Digital image processing
was performed in order to segment the cells from the background. An
automatic segmentation protocol composed of flat fielding, denoising,
thresholding, and refinement via morphological processing was fine
tuned. Segmentation was performed on the top-most layer of the
brightfield channel for each available time point. Then, the centroid and
the circularity of the segmented cells were computed by means of the
regionprops MATLAB command. The number of identified beads was
also computed and, in this case, all the slices (i.e., the different depths)
of the stack of images were taken into account, thus to jointly assess
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both time and depth dependencies. A pulling force could be then
derived as the slope (m factor) of the regression plane interpolating
these points.

Statistical ~ Analysis: ~ Statistical comparisons and graphical
elaborations were carried out using GraphPad Prism software. A
one-way ANOVA (analysis of variance) was performed, followed by
a Dunnett or Tukey post hoc test to assess differences between the
different groups and the control. An unpaired Mann-Whitney two-
tailed t-test was performed to assess differences between two groups.
Differences were considered significant if the p-value was less than
0.05. Spearman’s rank correlation test was performed to assess the
significance of the data trends.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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