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Cell Activities on Viscoelastic Substrates Show an Elastic
Energy Threshold and Correlate with the Linear Elastic
Energy Loss in the Strain-Softening Region

Francesco Piazza, Pasquale Sacco,* Eleonora Marsich, Gabriele Baj, Francesco Brun,
Fioretta Asaro, Gabriele Grassi, Mario Grassi, and Ivan Donati

Energy-sensing in viscoelastic substrates has recently been shown to be an
important regulator of cellular activities, modulating mechanical transmission
and transduction processes. Here, this study fine-tunes the elastic energy of
viscoelastic hydrogels with different physical and chemical compositions and
shows that this has an impact on cell response in 2D cell cultures. This study
shows that there is a threshold value for elastic energy (≈0.15 J m−3) above
which cell adhesion is impaired. When hydrogels leave the linear stress–strain
range, they show softening (plastic) behavior typical of soft tissues. This study
identifies a correlation between the theoretical linear elastic energy loss in the
strain-softening region and the number of cells adhering to the substrate. This
also has implications for the formation of vinculin-rich anchorage points and
the ability of cells to remodel the substrate through traction forces. Overall,
the results reported in this study support that the relationship between cell
activities and energy-sensing in viscoelastic substrates is an important aspect
to consider in the development of reliable ex vivo models of human tissues
that mimic both normal and pathological conditions.

1. Introduction

Viscoelasticity is an almost universal property of living tissues
and extracellular matrices (ECMs).[1] In response to a mechan-
ical stimulation, viscoelastic tissues exhibit an immediate elas-
tic response characteristic of purely elastic solids, followed by a
viscous energy dissipation characteristic of viscous fluids. Beside
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elasticity, viscoelasticity is increasingly rec-
ognized as an important regulator of cell
activity.[2–10]

In biological terms, cells probe the sur-
rounding ECM through volume expan-
sion or via the “molecular clutch machin-
ery,” i.e., the myosin-actin-integrin axis.[3,11]

In the latter case, myosin contractility
drives a continuous retrograde flow of
actin toward the center of the cell, sens-
ing through the integrins the elastic re-
sistance of the ECM to deformation. For
almost elastic materials, the high load-
ing rate allows the force-sensitive pro-
tein talin to unfold before the integrin-
ECM link breaks, leading to vinculin bind-
ing, adhesion site growth, and downstream
signaling.[12] Given the viscoelastic nature
of living tissues, the molecular clutch model
has been generalized by introducing dis-
sipative contributions, revealing that vis-
cosity mediates via the same talin unfold-
ing mechanism.[13] Strikingly, it was found

that viscosity can compensate for reduced elasticity if the relax-
ation of stresses generated by cells is fast.[14] The amount of vis-
cous energy dissipated is tissue-dependent, so tissues such as the
brain can dissipate at least as much energy as they store in elas-
tically recoverable deformations.[1]

Viscous energy dissipation can be determined under
loading/unloading stress–strain cycles (hysteresis area) or
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by calculating the loss tangent through rheometry.[2,10,15] Soft but
also stiffer tissues exhibit viscous moduli that are generally 10%
to 20% of their elastic moduli, i.e., loss tangents in the range of
0.1–0.2. Apart from viscous energy dissipation, it has recently
been shown that cells exhibit elastic energy-sensing that affects
important biological functions mediated by the same molecular
clutch machinery. This material trait can be specifically manip-
ulated by releasing weak physical entanglements or introducing
energy dampers.[16,17] Thus, the easier the escape from the linear
stress–strain response (and the subsequent entry into the plastic
region), the more biological processes of mechanotransduction
are activated in 2D cell cultures.

This evidence seems to point to the presence of an elastic en-
ergy threshold for viscoelastic substrates that cells must over-
come to transduce specific biophysical cues, but whether and
how it correlates with specific cell functions is unclear. Here, we
have fabricated viscoelastic substrates from agaroses with vary-
ing chemical and physical composition showing very low viscous
energy dissipation (low loss tangents, in the range 4–6%) and
suitable for 2D cell culture to investigate the effect of the elas-
tic energy determined by oscillatory shear on cell behavior. First,
we were able to demonstrate that there is a threshold value for
the elastic energy above which the adhesion to the substrate is
prohibited for cells of different origins. Secondly, the easier the
entering into the nonlinear (strain softening) region, the higher
the theoretical linear elastic energy loss generated by the oscil-
latory shear. This type of energy correlates with cell activities in
terms of adhesion to the substrate, mechanotransduction of bio-
physical cues and ECM remodeling caused by cell traction forces.

2. Results

2.1. Methylation Pattern in Agarose Regulates the Linear
Stress–Strain Region, Discouraging Cell Adhesion

In the present work, three agarose samples from Gracilaria, Ge-
lidium and agarose for electrophoresis (EP), which have a low
content of agaropectins (Appendix S2, Table S1, Supporting In-
formation), were considered. Molecular differences between the
samples concern the amount and pattern of methyl groups along
the chain and molecular weight. The NMR analyses allow the
identification of the signals of the two sugars (D-galactose and
3,6-anhydro-L-galactopyranose) that compose the agarose (dis-
accharide) repeating unit (Figures S1–S3, Supporting Informa-
tion). While the NMR signals of the repeating unit overlap, a
close examination of the 3.3–3.6 ppm range reveals differences in
methylation between the three samples (Figure 1a and Figure S4,
Supporting Information). 1H-, 13C-HSQC spectra allow determi-
nation of the methylation pattern for the three samples (Figure 1a
and Figures S5–S7, Supporting Information). The EP sample
shows methylation on G6 of agarose repeating unit. The signal
3.43 ppm; 61.4 ppm is assigned to the methoxy group on G6,
while the signal at about 3.70 ppm; 74.2 ppm corresponds to the
two protons on G6. The analyses performed on agarose from Ge-
lidium show the presence of two methylation sites, G6 and A2, re-
spectively. The methoxy group of the latter appears at 3.52 ppm;
61.4 ppm. In the 1H-, 13C-HSQC, two additional peaks are de-
tected: 3.81 ppm; 81.2 ppm, assigned to the protons of A2 of the
methylated disaccharide. 5.19 ppm; 101.1 ppm, which belong to

the proton of A1 of the methylated disaccharide. In the agarose
samples of Gracilaria, in addition to the methylation at G6, the
peak at about 3.44 ppm; 64.1 ppm is assigned to the methoxy
group at G4. Interestingly, the three agarose samples exhibit dif-
ferent amount and pattern of methylation (Table in Figure 1a).
The complete assignments of the methylated disaccharides in the
three agarose samples are listed in the Appendix S1 (Supporting
Information).

The agarose samples from Gelidium and EP have similar shear
viscosity (𝜂) and thus similar molar mass (M) (𝜂 = N3.4 =
M3.4 where N is the number of repeating units in the polysac-
charide chain),[18,19] while a slightly higher value was found for
the agarose from Gracilaria (Figure 1b). The gelling temperature
measured by the hard shaking method seems to correlate more
with the viscosity and thus the molar mass than with the presence
of methyl residues along the chain (Figure 1c). Collectively, this
evidence suggests a different degree and pattern of methylation
in the three agarose samples examined.

Next, we mechanically analyzed hydrogels from agaroses of
different sources dispersed in PBS buffer that were produced by
temperature-assisted gelation (Figure 2a).[20] Figure 2b shows the
initial elastic modulus determined by uniaxial compression for
1% (w/V) hydrogels of the three agarose hydrogels considered.
The presence of methoxy groups does not significantly affect the
elastic response of the hydrogel networks, albeit a mild decrease
is observed for Gelidium sample. Additional mechanical charac-
terizations were carried out on hydrogels from different agarose
source. The time required to halve the initial stress, i.e., 𝜏1/2 (Ap-
pendix S3, Supporting Information), is not statistically different
for the three samples considered (Figure 2c), meaning that the
hydrogels exhibit the same viscoelasticity. However, differences
among the three agarose samples emerge when shear stress is
applied, as shown by the trend in critical strain, 𝛾crit, (Figure 2d).
The latter is defined as the strain at which the linear stress–strain
relationship is lost for the hydrogel sample (Appendix S4, Sup-
porting Information). While the hydrogel from EP agarose has a
very low value of critical strain, larger 𝛾crit values are measured
for agarose from Gelidium and Gracilaria. This leads to a signif-
icant difference in the linear elastic energy, Ee (Equation 1)[16,17]

for the three hydrogel samples (Figure 2e). Ee is defined as the to-
tal energy stored by the material in the linear deformation range,
which extends from 𝛾 = 0 to 𝛾crit:

Ee = ∫
𝛾crit

𝛾=0

(
d𝜎
d𝛾

||||𝛾=0

)
𝛾 d𝛾 = 1

2
G0𝛾

2
crit (1)

Considering the different amount and spatial distribution of
methyl groups in the three agarose samples examined, we con-
clude that the chemical composition of agarose plays a key role in
influencing the elastic energy that can be stored by the material
in the linear stress–strain regime.[21,22] This parallels the effect of
acetyl groups within chitosan hydrogels[16] and of the physical
entanglements throughout semi-interpenetrating networks.[17]

When MG63 (human osteosarcoma cell line) are plated on these
hydrogels they adhere to and spread on hydrogels of EP agarose,
while Gelidium and Gracilaria hydrogels behave as nonpermis-
sive substrates (Figure 2f). Considering that all agarose hydro-
gels have the same elastic modulus, viscoelasticity, and protein
density on the surface (Figure S17, Supporting Information), this
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Figure 1. Agaroses from different sources show different chemical composition and physical properties. a) The agaroses used in this study are from
different sources. One is a standard agarose used for electrophoresis (EP) and the others are agaroses from the seaweeds Gelidium and Gracilaria. Overall,
the repeating unit consists of the disaccharide D-galactose (G unit) and 3,6-anhydro-L-galactopyranose (A unit). The agaroses have been analyzed by
1H- and 13C-HSQC to verify residual methylation: G6-OMe represents the signal of the methoxy group on carbon 6 of the G residue while G6-OMe
represents the signal of the two protons on carbon 6 of the methylated G residue. A2-OMe represents the signal of the methoxy group on carbon 2
of the A residue while A2-OMe and A1-(A2-OMe) represent the signals of the protons on carbon 2 and on carbon 1, respectively, of the methylated A
residue. G4-OMe represents the signal of the methoxy group on carbon 4 of the G residue while G4-OMe represents the signal of the proton on carbon
4 of the methylated G residue. The table summarizes the degree and pattern of methylation for the three agaroses analyzed. b) Rotational viscosity and
c) gelling temperature for the three agaroses used in this study.

suggests that the extent of linear elasticity could play an impor-
tant role in controlling cell adhesion.

2.2. Identification of the Elastic Energy Threshold that
Determines Cell Adhesion

We prepared hydrogels with different concentrations of EP
agarose, and agarose of Gelidium and Gracilaria. While all EP
hydrogels with different polymer concentration relax the stress
rapidly and have similar 𝜏1/2 (Figure S13, Supporting Infor-
mation), shear modulus, critical strain, and linear elastic en-
ergy differ (Figure 3a-c). Cell adhesion of MG63 does not ap-
pear to correlate with either critical strain or shear modulus
(Figure 3a,b). Of note, a 0.5% w/V EP agarose hydrogel allows
cell adhesion despite a higher critical strain and lower shear mod-

ulus than a 1% w/V agarose hydrogel of both Gracilaria and
Gelidium. When correlating cell adhesion with the linear elas-
tic energy a pattern emerges (Figure 3d,e). Strikingly, all hy-
drogels with Ee below ≈0.15 J m−3 enable cell adhesion, defin-
ing a threshold for the elastic energy of the substrate for cell
adhesion. To confirm this intriguing evidence, we undertook a
material’s engineering approach to manipulate the linear elas-
tic energy of agarose gels following: i) the addition of physical
entanglements by a branched lactose-modified chitosan (CTL)
that is not involved in hydrogel formation;[17] (ii) the addition
of polystyrene beads as stress dampers (Figures S14 and S15,
Supporting Information). While showing the same shear mod-
ulus, EP hydrogels supplemented with various amounts of CTL
(0.5 and 1% w/V) display Ee lower than the threshold and al-
low for cell adhesion, although to a different extent. In the
case of polystyrene beads, only the 1/400 dilution, which has
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Figure 2. The chemical composition of agaroses affects the mechanical properties of the resulting hydrogels and cell adhesion. a) In this study, a 3-step
temperature-assisted gelation was used to prepare agarose-based hydrogels, which included solubilization of agarose at 121 °C by autoclaving, subse-
quent (quenching) cooling to room temperature and a step at T = 37 °C for 24 h.[20] b) Initial elastic modulus from uniaxial compression measurements
for hydrogels with different composition. c) Time needed to relax the stress to half of the initial value, 𝜏1/2. d) Critical strain at which strain softening
originates determined by oscillatory shear (rheometry). e) Linear elastic energy calculated according to Equation (1) in the main manuscript. All hydro-
gels were assembled in PBS buffer, pH 7.4, with constant agarose (1% w/V) amount. Data are reported as mean ± s.d., n = 6 – 8 hydrogels analyzed
for each experimental condition. Statistics: ns, not significant; **p < 0.01; ***p < 0.001; ****p < 0.0001 (One-way ANOVA followed by Tukey’s Multiple
Comparison post hoc test). f) Representative images of MG63 adhering atop hydrogels with different composition; scale bar is 200 μm.

an elastic energy lower than the threshold, allows cell adhe-
sion. Intriguingly, the addition of fibronectin as coating, and
the consequent increase in anchoring points for cells, increases
the number of adherent cells only on substrates whose elas-
tic energy is below the threshold of 0.15 J/m3 (Figure S16,
Supporting Information). However, the presence of fibronectin
does not help in the case of substrates whose elastic energy
is above the threshold. Taken together, these results show that
there is an energy barrier in the linear elastic response of the
substrate and that cells can only adhere below this thresh-
old.

2.3. Effect of the Elastic Energy Threshold Toward Different Cell
Lines

To support our findings, we next investigated the effect of elas-
tic energy threshold toward different cell lines. For this pur-
pose, cells were seeded on substrates with very low (EP 1%
w/V), medium (EP 0.5% w/V, just below the energy threshold)

and high (Gelidium 1% w/V, above the energy threshold) lin-
ear elastic energy. Fibroblast-like NIH-3T3 (embryo-origin), im-
mortalized human keratinocytes HaCaT (skin-origin), human
hepatoma HuH7 (liver-origin) and human hepatic stellate LX-2
(liver-origin) are selected as models and compared with the re-
sults of the MG63 cell line. All cell lines show a similar trend,
with marked and limited cell adhesion on low- and medium-
linear elastic energy hydrogels, respectively (Figure 4a,b). In
contrast, the Gelidium substrates prevented cell adhesion un-
der all conditions tested. Remarkably, the ratio in the num-
ber of adherent cells between medium and low linear elas-
tic energy substrates draws an interesting scenario (Figure 4c).
While NIH-3T3 is the most responsive to the change in hy-
drogel mechanics, there is an increase in tolerance to the elas-
tic energy of the substrate, with HuH7 and HaCaT appearing
to be the most tolerant to elastic energy modifications among
the cell types used. Overall, these results confirm the role
of the threshold as an energy barrier, below which the elas-
tic energy can be tolerated differently depending on the cell
type.

Adv. Funct. Mater. 2023, 33, 2307224 2307224 (4 of 12) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Adhesion of cells to viscoelastic agarose hydrogels is only permitted if the linear elastic energy of the substrate is below a threshold value.
a,b) Critical strain and shear modulus for hydrogels with different composition. c) Linear elastic energy for hydrogels with different composition; the
green dashed line indicates the elastic energy threshold (≈0.15 J m−3), while the red dashed line delimitates the hydrogels that do not support cell
adhesion. Data are reported as mean ± s.d., n ≥ 6 hydrogels analyzed for each experimental condition. d) Representative images of MG63 adhering
atop hydrogels with different composition; scale bar is 200 μm. e) Correlation plot of number of cells per mm2 versus elastic energy of substrates used
in this set of experiments; dashed black line was drawn to guide the eye.

2.4. Linear Elastic Energy Loss in the Strain-Softening Region
Correlates with Cell Activities

Agarose hydrogels show plastic deformation (strain softening)
when they leave the linear stress–strain regime (Appendix S4,
Supporting Information). The strain softening of the hydrogel is
accompanied by a reduction in the shear modulus (Appendix S5,
Supporting Information). We therefore wondered whether there
is a correlation between this plastic deformation of the hydro-
gel and the number of cells adhering to it. From the previous
paragraph, we assume that the cells apply an energy in the or-
der of 0.15 J m−3, i.e., the elastic energy threshold, to the hydro-
gel, which is therefore deformed to a maximum strain, 𝛾max. For
cell adhesion to occur Ee has to be lower than the elastic energy
threshold and, consequently, 𝛾max > 𝛾crit. The higher the plastic-
ity of the hydrogel, the greater the difference between 𝛾max and
𝛾crit.

On the material side, for hydrogels allowing for cell adhesion
we calculated the linear elastic energy loss, El (Appendix S6, Sup-
porting Information), which is the difference between the theo-
retical elastic energy calculated for a linear stress–strain relation-
ship and the experimental elastic energy from 𝛾crit to 𝛾max (Figure

5a). El reflects the plastic deformation of the hydrogel: hence, the
higher El the higher the network plasticity.

El = ∫
𝛾max

𝛾crit

((
d𝜎
d𝛾

)|||||𝛾=0

−
(

d𝜎
d𝛾

)|||||𝛾
)
𝛾d𝛾 with 𝛾max > 𝛾crit (2)

Figure 5b reports the correlation between El of different
agarose hydrogels considered in this study and the number of
adherent cells. The higher the linear elastic energy loss of the hy-
drogel, the higher the number of adherent cells on the agarose
networks. That is, the higher the plasticity of the hydrogel, the
higher the number of adherent cells. The deformation up to 𝛾max
causes different outcomes for the materials. We focus on 1% w/V
and 0.5% w/V hydrogels from EP agarose. While 𝛾max is higher
for the latter than for the former, the variation, namely Δ

𝛾
=

𝛾max − 𝛾crit shows the exact opposite trend (Figure S12, Support-
ing Information). It follows that 𝛾max in the 1% w/V hydrogels ex-
tends well above the linear stress–strain response, which causes a
large plastic deformation. 0.5% w/V hydrogel shows the opposite
trend. This reflects in the overall performance for the materials
upon cyclic deformations up to 𝛾max (Figure 5c). For the 0.5% w/V

Adv. Funct. Mater. 2023, 33, 2307224 2307224 (5 of 12) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. The elastic energy threshold is a barrier to the adhesion of cells of different origin. a) Representative images of fibroblast-like NIH-3T3, human
osteosarcoma MG63, immortalized human keratinocytes HaCaT, human hepatoma HuH7 and human hepatic stellate LX-2 cells adhering atop hydrogels
with different degree of linear elastic energy: low (electrophoresis, EP, 1% w/V), medium (EP 0.5% w/V) and high (Gelidium 1% w/V); scale bar is 200 μm.
The cartoon on the right summarizes the effect of the linear elastic energy on cell adhesion. b) Number of cells per mm2 on substrates with varying
degree of linear elastic energy. Data are reported as mean ± s.d., n ≥ 6 hydrogels analyzed for each experimental condition. c) Tolerance (ratio between
the number of adherent cells on substrates with medium, EP 0.5% w/V, and low, EP 1% w/V, linear elastic energy) for cells of different origin.

hydrogel, where 𝛾max ≈ 𝛾 crit, the plastic deformation is limited
and the cyclic response of the hydrogel is mainly elastic. After 10
cyclic deformations, the initial stress is decreased of a 14%, while
for the first 4 cycles no variation is detected. Conversely, the ef-
fect of the cyclic loading is more substantial for the 1% w/V case,
where the plastic deformation is higher since 𝛾max ≫ 𝛾crit. In
this case, the hydrogel shows a ≈85% decrease of the initial load
after 10 cycles and a ≈17% already after four cycles. All in all, we
expect that the higher the linear elastic energy loss in the plastic
region, the greater the deformation of the substrate exerted by
the cells.

2D traction force microscopy analysis monitors the force trans-
mission of cells to 1% w/V (high linear elastic energy loss) and
0.5% w/V (low linear elastic energy loss) hydrogels of EP agarose.
The force maps show a greater displacement of the embedded flu-
orescent beads after cell trypsinization in the 1% hydrogels than
in the 0.5% counterparts, indicating greater traction stresses ex-
erted by MG63 cells on high linear elastic energy loss substrates
(Figure 5d). Confocal microscopy studies are next performed to

investigate the reorganization of the substrate network (remodel-
ing of the matrix) that takes place following the generation of cell
traction forces (Figure 5e). MG63 cells plated on 1% w/V hydro-
gel are able to reorganize the agarose network more efficiently
than cells plated on 0.5% w/V counterpart, with the largest poly-
mer accumulations mainly at the edges of the cells. This evidence
is in nice agreement with mechanotransduction studies investi-
gating the formation of focal adhesion complexes (FAs) and vi-
sualization of actin stress fibers. On low linear elastic energy loss
hydrogel (0.5% w/V), actin appears to be predominantly located
in the cell periphery and organized in bundles, whereas on the
high linear elastic energy loss counterpart (1% w/V), actin stress
fibers are well developed and visible throughout the cytoplasm.
Vinculin-rich focal adhesions indicate two distinct scenarios: the
formation of greater FAs with a belt-like conformation and of
punctate FAs on high and low linear elastic energy loss hydro-
gels, respectively. This suggests that cells plated on 1% w/V EP
agarose hydrogel are in an active state of cytoskeletal reorgani-
zation triggered by full activation of the mechanotransduction

Adv. Funct. Mater. 2023, 33, 2307224 2307224 (6 of 12) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. The linear elastic energy loss in the strain-softening region correlates with the number of cells adhering to viscoelastic substrates and their
activities. a) Representative shear stress–strain curve profile of agarose-based substrates. Data are displayed up to the theoretical maximum strain
identified, 𝛾max (see Appendix S5, Supporting Information, for additional details). Solid orange area in the nonlinear stress–strain region represents
the linear elastic energy loss, El, calculated according to Equation (2) in the manuscript. b) Correlation plot of number of cells per mm2 versus linear
elastic energy loss of substrates used in this work; dashed black line was drawn to guide the eye. c) Cyclic mechanical response up to 𝛾max over time for
hydrogels with different concentration of electrophoresis (EP) agarose. d) Representative images of cell mask area and traction force maps for MG63
cells cultured on EP agarose hydrogels with different degree of linear elastic energy loss ([EP agarose] = 1%, high El, and 0.5% w/V, low El); scale bar
is 50 μm. Box and whiskers plot displays the maximum traction force transmitted by cells to the substrate. Data are reported as mean ± s.d., n = 4–9
cells analyzed. Statistics: **p < 0.01 (two-tailed Mann–Whitney test). e) Immunostaining and quantification of vinculin for MG63 cells on hydrogels with
different degree of linear elastic energy loss ([EP agarose] = 1%, high El, and 0.5% w/V, low El). Visualization and quantification of agarose remodeling.
The fluorescence intensity stands for the agarose fluorescence intensity underneath the boundary of cell normalized by background subtraction. The
arrows indicate agarose accumulation. Data are reported as mean ± s.d., n = 7–12 cells analyzed for vinculin quantification and n = 20–35 ROI images
for agarose quantification. Statistics: ***p < 0.001; ****p < 0.0001 (two-tailed Mann–Whitney test). Scale bars are 20 μm, zoom-in/inset 5 μm.

cascade. Overall, these results indicate that the higher the lin-
ear elastic energy loss in the plastic strain-softening region, the
stronger the transmission of forces by cells, the matrix remodel-
ing and the transduction of biophysical cues.

3. Discussion

In the present work, agarose hydrogels with controlled mechan-
ics are developed and used as substrate to identify a correlation
between cell activities and material elastic energy. Over the last
few years, cell response has been correlated predominantly to
the elastic (Young’s) modulus. The engagement of the molec-
ular clutch and the related unfolding of talin was reported to
take place within a specific rigidity range. This has led to pro-
pose a cell-sensitivity to the elastic modulus of the material.[23]

Various authors reported that substrate elasticity affects cell ad-
hesion, spreading and migration,[24] as well as proliferation and
apoptosis.[25,26] However, recognizing that natural ECM has vis-
coelastic properties has led to a novel interpretation on the role
of substrate mechanics, addressing both the elastic and viscous

response of the microenvironment as a key aspect to understand
cell behavior.[27] The role of viscoelastic and plastic properties is
nowadays the subject of intense research,[2–10,28] and the concept
of dissipation and storage of energy by viscoelastic substrates reg-
ulating cell activities has been put forward quite recently. Mecha-
nistically, natural tissues and extracellular matrices can dissipate
forces under stress, which depends on the nature of the cross-
links, slip and slide phenomena, the release of polymeric entan-
glements, and protein unfolding.[1,15,17,29–33] Furthermore, under
tension or compression, dissipation occurs due to the flow of wa-
ter into or out of the network within the extracellular matrix re-
sulting from volume changes (poroelasticity).[1]

In the present work we start comparing three agarose
samples characterized by a different methylation pattern. All
the three samples show initial elastic modulus > 15 kPa
(Figure 2b), thus above the threshold value required to trigger
force transduction.[12] In addition, all three samples show similar
stress relaxation time (Figure 2c), namely in the range from 30 to
40 s, well within the range reported to be essential for cell spread-
ing, proliferation, and differentiation.[4] Nevertheless, while
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hydrogels from EP agarose are permissive for cell adhesion, no
cell adhesion is shown by agarose hydrogels from Gelidium or
Gracilaria. These considerations imply that, in addition to stiff-
ness and viscoelasticity, the amount of sole energy stored by the
substrate, in terms of linear elastic energy, is also crucial for cell
adhesion in 2D cultures.

Focusing on the hydrogels from the three agarose samples
(Figure 3a–c), the different pattern of methylation causes a sub-
stantial modification in the critical strain that marks the onset of
strain-softening under oscillatory shear conditions. Specifically,
the methylation at A2 and G4 acts extending the linear stress–
strain relationship of the hydrogel, with the latter being more ef-
fective than the former. This reflects into a substantial difference
in the linear elastic energy needed to exit from linear stress-strain
regime and, in turn, in cell adhesion. These results seem to point
to an elastic energy threshold above which cells do not adhere. To
test this hypothesis, we have used several agarose hydrogel sys-
tems, varying the polysaccharide concentration to tune the shear
modulus, the critical strain and the linear elastic energy. No cor-
relation is found for cell adhesion on the shear modulus or criti-
cal strain for the different hydrogels tested. Our results indicate
that a trend exists when the linear elastic energy is considered
(Figure 3d,e). All hydrogels with an elastic energy of less than
≈0.15 J m−3 allow cell adhesion, while substrates exceeding this
threshold are no longer permissive.

It is known that the response to substrates is cell-specific and
could be correlated with the mechanical properties of the envi-
ronment naturally sensed by the different cells.[34,35] Recently my-
oblasts have been reported to self-organize in isotropic and highly
deformable gelatin hydrogels with a Young’s modulus ≤ 6 kPa,
although the deformation of the substrate was evaluated on the
basis of the Young’s modulus and no analyses on viscoelasticity
were conducted.[36] Interestingly, here we demonstrate that all the
cell types used in this study show an energy-sensing ability with
adaptable tolerance (Figure 4), likely acting via a pushing-pulling
mechanism toward the matrix to gauge the mechanical proper-
ties of the substrate.[37]

It has been demonstrated that cells can remodel the matrix and
reorganize the surrounding environment by means of the sole
mechanical forces, managing to re-orientate and align fibers in
an irreversible way.[29] In our case, the permanent deformation
upon cyclic loading is correlated with El, being higher for the
substrate showing a high linear elastic energy loss (Figure 5c).
The energy threshold is here interpreted as the total energy trans-
ferred to the substrate, which causes a plastic deformation, de-
tected as El, when higher than the linear elastic energy, Ee (Figure
6, cartoon). In this context, we tried to correlate the mechanical
model with the mechanotransmission of cells on the same sub-
strates. Strikingly, the cells on the 1% w/V EP substrate transmit
more forces and are able to efficiently remodel the polymer ma-
trix beneath their surface (Figure 5d). Conversely, the cells on the
0.5% EP counterpart seemed less inclined to remodel the sub-
strate. This body of evidence indicates that in the case of 1% w/V
EP hydrogel (high El, i.e., high plasticity) cells generate enough
traction forces to remodel the polymeric structure of the substrate
and elicit the focal adhesion assembly. This is confirmed by the
large, belt-like focal adhesions that are formed (Figure 5e). On the
opposite, cells transmit lower traction forces toward 0.5% w/V EP
hydrogel (low El, i.e., low plasticity) through small, dot-like focal

adhesions, which cause less pronounced agarose concentration
underneath the cell body.

Taking the results of this work together, we propose that the
cells sense a linear elastic energy feedback to adhere to the
substrate. When the elastic energy of the substrates exceeds a
threshold—in our set of viscoelastic substrates this is ≈0.15 J
m−3—cells can no longer adhere. In contrast, when the elastic
energy of the substrate is set lower than 0.15 J m−3, cells can
adhere. Additional and more complex considerations must be
made when taking into account the nonlinear stress–strain re-
gion, which in our case is manifested by strain-softening be-
havior under oscillatory shear stress. We find a good correlation
between the number of cells attached to the substrate and the
amount of theoretical linear elastic energy loss calculated by a
mathematical approach (Figure 5). How this translates in vitro
is currently unknown, but it is likely that the elastic energy loss
could act as substrate plasticity, which is known to influence cell
activities. In this work, for example, we have demonstrated that
the higher El is, the higher the remodeling of the matrix and
the mechanotransduction processes are (Figure 6, cartoon). More
knowledge needs to be gained to shed light on this intriguing
topic.

Accurate information of the relationship between cell adhe-
sion and the energy threshold of viscoelastic substrates is an im-
portant aspect of developing reliable ex vivo models of human tis-
sues that mimic both normal and pathological conditions. In this
regard, the data obtained in this work can, for example, help to de-
velop an effective in vitro model for culturing hepatic stellate cells
(HSCs, represented here by the LX2 cell line). HSCs, which ex-
hibit characteristics of fibroblasts, are localized in the liver where
they can undergo activation (proliferation/migration) due to var-
ious pathological stimuli (viral infection, toxic substances).[38]

Upon activation LX2 produce an aberrant extracellular matrix,
possibly altering the energy threshold compared to the normal
liver. This in turn leads to the formation of scar tissue that gradu-
ally depletes liver functions. Therefore, in order to study in vitro
drugs that counteract the activation of HSCs, it is necessary to
generate substrates that reflect the altered elastic energy both in
the linear and nonlinear stress–strain region.

4. Experimental Section
Agarose Sources and Analyses: Native agar from Gracilaria was kindly

provided by Java Biocolloid (Trieste, Italy). Native agar from Gelidium
(Oxoid Agar Bacteriological) was purchased from Thermofisher Scientific.
Agarose sample for Electrophoresys (code EMR920500) was purchased
from (Euroclone, Italy). The determination of the gelling temperature was
determined by hard-shaking method. Briefly, 25 mL of 1.5% w/V agarose
sample were poured in a graduated cylinder, following solubilization under
reflux for 15 min and sterilization by autoclave. An analogical thermometer
was inserted and the cylinder shaken vigorously for 10 s. The movement of
air bubbles in the sample was checked. The cylinder shaking was repeated
while the temperature was decreasing until the air bubbles remained still.
The temperature indicated by the thermometer indicated as the gelling
temperature. Rotational viscosity: 250 mL of 1.5% w/V agarose sample
were poured into a beaker, following solubilization under reflux for 15 min
and sterilization by autoclave. Rotational viscosity was measured at dif-
ferent temperatures with a Digital Viscometer (Biobase, Model BDV-1S).
Rotor 3 was used and the speed of the viscometer was set to 30 rpm. Ash
determination: ceramic crucibles were placed in a muffle (Electric Furnace,
Model SX2-2.5-10) at T= 550 °C overnight. The following day, the crucibles
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Figure 6. Cell activities on viscoelastic substrates show an elastic energy threshold and correlate with the linear elastic energy loss in the strain-softening
region. Schematic cartoon summarizing what was identified in this study. Agarose-based viscoelastic hydrogels exhibit a linear stress–strain response
followed by a softening behavior upon oscillatory shear stimulation. By varying the physical and chemical properties of the hydrogels, we finely modulated
the elastic energy required to exit the linear stress–strain regime. The linear elastic energy sets a threshold (≈0.15 J m−3) for cell adhesion: below the
threshold, cells can attach to the substrate with varying degrees of activities, while above the threshold this is no longer possible. Importantly, we found a
correlation between the calculated linear elastic energy loss (El) in the strain softening (plastic) region and the number of cells adhering to the substrate.
When El is set high, cells with well-established vinculin-rich anchoring points can spread while remodeling the underlying matrix by greater traction
forces. On the other hand, if El is set low, cells are less inclined to spread and remodel the substrate network.

were moved to a desiccator for 5 h and their weight recorded (cup initial
weight). The moisture of each agarose sample was measured with a Mois-
ture Analyzer thermobalance (Chanzhon Xingyum Electronic, Equipment
Co. Ltd). Subsequently, 5 g of each agarose sample was weighed inside
the crucible (Sample powder Initial weight) and processed by combus-
tion. When the sample was completely burned, the crucibles were placed
in the muffle at 550 °C overnight. The following day, crucibles were placed
in a desiccator for 5 h and their weight recorded (cup final weight). The
content of ashes was calculated as follows:

% Ashes =
cup final weight − cup initial weight

sample powder initial weight × 100 − moisture
100

× 100 (3)

The chemical composition of agaroses was determined by 1H-NMR
measurements through a Varian VNMRS-500 (11.74 T) and a Varian 400-
MR NMR spectrometer (9.4 T), operating for proton at 500 and 400 MHz,
respectively. The 13C and 2D spectra were recorded exclusively on the Var-
ian VNMRS-500 spectrometer, which is equipped with a 5 mm indirect
detection broadband gradient probe. The spectra were recorded at T =
80 °C from D2O solutions, previously kept at 90 °C for 30 min to attain
the complete dissolution of the gels. Chemical shifts are referred to 3-
(trimethylsilyl)propanesulfonate. For proton 256 scans were acquired over
16 K complex points employing a spectral width of 5980.9 Hz over 16 K

complex points, on the 500 MHz NMR spectrometer. For carbon 8000
scans were accumulated using a spectral width of 31 250 Hz over 32 K
complex point. The multiplicity-edited HSQC 2D spectra were carried out
by the gradient selected sequence with adiabatic pulses HSCQAD, en-
coded in the Vnmrj software, accumulating 32 scans over 897 complex
points for each of the 400 t1 increments. The spectral widths were 5980.9
and 25 117.7 Hz for 1H and 13C, respectively. The 13C resonances were
assigned according to the literature.[39,40]

Synthesis of Atto Rho101 NHS Ester-Labeled Agarose: An amount of
300 mg of agarose was dispersed in 15 mL of deionized water and result-
ing mixture stirred at ≈95 °C for 15 min to promote agarose solubilization.
Then, reaction temperature was cooled down at 60 °C and 125 μL of Atto
Rho101 NHS ester (Sigma, USA) dissolved in DMSO at 2 mg mL−1 were
added to the solution. The reaction mixture was stirred for 30 min and
in dark conditions. The mixture was then poured into a Petri dish and let
to gel at room temperature. Next, labeled-agarose gel was cut into small
pieces, extensively washed in deionized water, frozen overnight at −20 °C
and thawed the day after. Freeze–thaw steps were repeated thrice to elim-
inate most of solvent. The labeled-agarose was finally vacuum-dried at
60 °C and milled in a mortar.

Hydrogels Preparation: Agarose powders from different sources (final
concentration 0.5–2% w/V) were added to 1× PBS buffer, pH 7.4. The re-
sulting mixtures were autoclaved (T = 121 °C, 15 min) and placed in cylin-
drical supports before cooling at room temperature. The hydrogels were
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finally incubated 24 h at 37 °C under water-saturated conditions to prevent
evaporation of the solvent.

Mechanical Characterization: Rheological characterization of hydrogel
disks (20 mm in diameter, 2 – 2.5 mm thick, PBS buffer) was performed
by means of a controlled stress rheometer HAAKE MARS III operating at
T = 37 °C using a shagreened plate-plate apparatus (“HPP20 profiliert”:
diameter = 20 mm) as the measuring device. To avoid water evaporation
from hydrogels, measurements were performed in a water-saturated en-
vironment formed by using a glass bell (solvent trap) containing a wet
cloth. In addition, to prevent both wall-slippage and excessive hydrogel
squeezing, the gap between plates was adjusted by executing a series of
short stress sweep tests (𝜈 = 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 < 𝜏 < 1000 Pa) at
a frequency 𝜈 = 1 Hz (hence with 𝜔= 2𝜋𝜈 = 6.28 rad s−1). The mechanical
spectra (frequency sweep tests) were recorded by measuring the depen-
dence of the elastic (G’) and viscous (G’’) moduli on pulsation frequency
at constant shear stress 𝜏 = 5 Pa (well within the linear viscoelastic range).

Uniaxial compression of hydrogel disks (16 mm in diameter, 17 mm
thick, PBS buffer) 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−1 was applied to determine initial elastic modulus in
the strain range 1–3%. Stress–relaxation tests have been conducted by
applying a constant strain of 15% and recording the stress required to
maintain constant the strain for 600 s; a speed of 10 mm min−1 was used
in the stress loading phase. The time needed to relax the stress to half of
the initial value, 𝜏1/2, was considered as parameter to compare hydrogels
with different composition.

Synthesis of FITC-Labeled BSA: A total of 400 mg of bovine serum albu-
min (BSA, Sigma) were dissolved in 10 mL of NaHCO3 30 × 10−3 m. Then,
500 μL of a Fluorescein-isothiocyanate (FITC, Sigma) solution (2 mg mL−1

in pure ethanol) was added to the BSA solution. The reaction mixture was
stirred for 24 h at room temperature and under dark conditions. The mix-
ture was then dialyzed at 4 °C against NaHCO3 30 × 10−3 m (two shifts,
V = 500 mL) and deionized water (three shifts, V = 1 L). All steps were
carried out under dark conditions. Finally, the solution was freeze-dried.

Evaluation of BSA Absorption on the Hydrogels Surface: 1% w/V hydro-
gels of agarose from different origin were incubated O/N at 37 °C with
1.6 mL of FITC-labeled BSA (0.5 w/V dispersed in PBS). The next day, the
BSA solution was discarded and the hydrogels were washed extensively
with PBS to remove nonadherent BSA and punched to obtain 6 mm diam-
eter discs. They were then placed on a coverslip and analyzed by confo-
cal microscopy using a Plan Fluor 20× objective. A series of images were
saved at 266 × 266 μm with 4 μm z-resolution step size. The images were
acquired with identical acquisition settings to allow comparison of fluo-
rescence intensities between the analyzed samples and were processed
with Fiji-ImageJ. Fluorescence intensity was quantified within 8 μm depth
from the hydrogel surface by measuring the intensity of 8–10 different
10 × 10 μm fields using the ImageJ ROI manager tool.

Cell Culture: Human osteosarcoma MG63 (ATCC CRL-1427),
fibroblast-like NIH-3T3 (ATCC CRL-1658), immortalized human ker-
atinocytes HaCaT, human hepatoma HuH7,[41] and human hepatic
stellate LX-2 were cultured in Dulbecco’s modified Eagle’s Medium High
glucose with 0.584 g L−1 L-glutamine and 0.11 g L−1 sodium pyruvate
(EuroClone, Italy), supplemented with 10% heat-inactivated fetal bovine
serum (Cat. no. ECS5000L; Lot. No. EUS00K1, Euroclone, Italy) and 1%
penicillin/streptomycin (EuroClone, Italy), in a humidified atmosphere of
5% CO2 at 37 °C.

Plating of Cells Atop Hydrogels (Substrates): After autoclaving, the
agarose mixtures were transferred to a water bath preheated to T = 60 °C
and left for 10 min. For the experiments in the presence of lactose-modified
chitosan (CTL), CTL solutions were prepared by dissolving the CTL powder
in PBS buffer to obtain concentrations of 0.5% to 1.5% w/V. Agarose was
then added to the solutions and the mixtures were subjected to the same
temperature cycle. Additional experiments were performed in the presence
of carboxylate-modified FluoSpheres (dilution 1:100 to 1:400, 0.2 μm, In-
vitrogen) in the agarose mixture. After the temperature cycle, 400 μL of the

mixtures were distributed into 24-well plates and allowed to rest for 30 min
at room temperature to promote gelation. Finally, the substrates were in-
cubated 24 h at 37 °C in water-saturated conditions. For experiments with
fibronectin coating, the substrates were additionally incubated overnight
at 4 °C with 300 μL fibronectin (Sigma) dispersed in PBS. The next day, the
PBS was discarded and the substrates were washed with cold PBS. Cells
were trypsinized and plated out at a density of 30 000 cells per well in
1.6 mL cell culture medium/well supplemented with fetal bovine serum,
giving a final VPBS/Vmedium ratio of 20:80 v/v. The cells were incubated O/N
in a humidified atmosphere with 5% CO2 at 37 °C.

Assessment of Cell Adhesion: After overnight incubation, cell culture
medium was discarded and substrates washed extensively with PBS in or-
der to remove nonadherent cells. Then, 300 μL per well of PBS were added
and the number of adherent cells mm−2 was quantified by Fiji-ImageJ soft-
ware (multipoint tool) from images acquired through a Nikon Ti Eclipse
inverted bright-field microscope equipped with a Plan Fluor 10× objective.

Cell Immunostaining and Image Analysis: Cells were plated atop 0.5%
and 1% w/V EP agarose hydrogel containing Atto Rho101 NHS ester-
labeled agarose (20% w/w). After overnight incubation, cell culture
medium was discarded and substrates washed extensively with PBS in
order to remove nonadherent 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) in PBS for
30 min at room temperature. Then, substrates were washed 5× with PBS
and permeabilized with Triton 0.2% V/V (Sigma) in PBS for 15 min at room
temperature. Next, substrates were washed with PBS and incubated with
BSA 4% w/V (Sigma)+Normal Goat Serum 5% V/V (Sigma) in PBS for 1 h
at 37 °C. The blocking solution was then removed and the samples washed
with PBS. The following primary antibody was used for immunostaining:
vinculin antibody (dilution 1:200 or 5 μg mL−1, V9264, Sigma). Primary
antibody was diluted in blocking mixture. Incubation 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 μg mL−1, 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 μg
mL−1 in PBS) and Hoechst (33 258, Invitrogen, 5 μg mL−1 in PBS), re-
spectively. Finally, substrates were washed once and stored in PBS. Im-
ages from immunofluorescence and cellular staining experiments were
acquired using a Nikon C1si confocal microscope (Nikon, Tokyo, Japan),
containing 488 nm (argon), 408 nm 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 we used 40x Plan Apo objectives, saving series of optical
images with 1 μm 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-ImageJ (NIH, Bethesda, USA). The staining quantification was
performed and analyzed by the ImageJ tool ROI manager.

Traction Force Microscopy and Matrix Remodeling: After overnight incu-
bation, substrate disks assembled with carboxylate-modified FluoSpheres
(0.2 μm, red 580/605, Invitrogen, dilution 1:700) were placed in an inverted
microscope equipped with a 40x objective and the cells were trypsinized.
The images were acquired through a Nikon Ti Eclipse inverted bright-field
microscope at different time steps in order to monitor the evolution for a
time interval of 30 min after the addition of trypsin. Image pixel size was
0.073× 0.073 μm2 and several layers of 3 μm were acquired. The brightfield
and the red-fluorescence images are acquired for each time step. Traction
force analyses were performed by means of pyTFM software package.[42]

Images were first pre-processed to compensate for noise and BM3D[43]

was found to be an effective denoising filter. A 2× digital re-bin was also
performed. After that, images were co-registered via rigid registration in
order to compensate for stage drifts between first and last time steps. The
deformation field using particle image velocimetry (PIV) was computed
by following the recommended window size (about 6 times the size of the
bead) and overlap (no less than half of the window size). Traction force and
stress maps were then derived assuming a Young’s modulus of 18 kPa for
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the 1% w/V hydrogel and 2.5 kPa for 0.5% w/V counterpart. Poisson’s ra-
tio was set to 0.5 for both cases. Thanks to the corresponding brightfield
image, the region-of-interest covered by the cell was segmented in the red-
fluorescence images, thus to extract numerical results only in the signifi-
cant area. Separated color bars are used to better assess the local stresses
and vector arrows are also added as suggested by the pyTFM software in
order to infer the direction of the forces. Maximum force and stress exerted
by cells were assessed. To measure the matrix remodeling caused by cell
traction forces, osteosarcoma MG63 cells were plated atop Atto Rho101
NHS ester-labeled agarose substrates, immunostained as previously de-
scribed, and visualized by means of confocal microscopy. Images were
then analyzed using Fiji-ImageJ software to extrapolate the fluorescence
intensity of agarose in different ROI directly underneath the cell boundary.
The values were then normalized by background subtraction, where the
background was the fluorescence intensity of a ROI far from the cell.

Statistical Analysis and Software: Statistical comparisons and graphi-
cal elaborations were carried out using GraphPad Prism software. A one-
way ANOVA (analysis of variance) was performed, followed by a Tukey post
hoc test to assess differences between the different groups. An unpaired
Mann–Whitney two-tailed t-test was performed to assess differences be-
tween two groups. Differences were considered significant if the p-value
was less than 0.05. The cartoons have been created with BioRender.com.

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