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ARTICLE INFO ABSTRACT

Keywords: Cell behaviors and functions show distinct contrast in different mechanical microenvironment. Numerous ma-
Cell terials with varied rigidity have been developed to mimic the interactions between cells and their surroundings.
Mechanotransduction However, the conventional static materials cannot fully capture the dynamic alterations at the bio-interface,
Intracellular force . . . : . .

Biomaterials especially for the molecular motion and the local mechanical changes in nanoscale. As an alternative, flexible

materials have great potential to sense and adapt to mechanical changes in such complex microenvironment. The
flexible materials could promote the cellular mechanosensing by dynamically adjusting their local mechanics,
topography and ligand presentation to adapt to intracellular force generation. This process enables the cells to
exhibit comparable or even higher level of mechanotransduction and the downstream ‘hard’ phenotypes
compared to the conventional stiff or rigid ones. Here, we highlight the relevant studies regarding the devel-
opment of such adaptive materials to mediate cell behaviors across the rigidity limitation on soft substrates. The
concept of ‘soft overcomes the hard’ will guide the future development and application of biological materials.

Soft materials

1. Introduction

The mechanics of local microenvironments (e.g., matrix stiffness) are
known to strongly affect cell behaviors such as migration, proliferation,
differentiation and metabolism [1-4]. Meanwhile, cells could exert
myosin-generated contractile forces on surroundings to remodel their
extracellular matrix (ECM) during adhesion [5,6]. In fact, the intracel-
lular force instead of the environmental mechanics is the direct regu-
lator for gene expression and phenotype decision [7]. Therefore,
understanding the force-based communications between cells and their
surroundings plays the central role in characterizing the molecular basis
of various physiological processes and diseases. However, the mecha-
nisms by which individual cells sense surrounding mechanical signals
and transduce them into biochemical signals leading to transcriptional
regulation in the nucleus (known as mechanotransduction), are far from
sufficiently explored.
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Many studies have confirmed that cell response to the elements of
ECM is mechanics-dependent, which even overrides the influence of
biochemical signals [8]. Specifically, the dose, loading kinetics and
spatial distributions of the force regulate the force transmission and
transduction across the adhesive receptors (e.g., integrin, cadherin)
within the cell membranes [6]. High force loading on cells could facil-
itate cell mechanotransduction. Stiff environment is usually recognized
to promote the intracellular force through cell spreading and cytoskel-
eton assembly by bearing high traction force [7]. One viewpoint sug-
gests that a loading force over a certain threshold may induce the
conformational or organizational changes of the force-bearing proteins
(talin, integrins, stretch-sensitive ion channels etc.) [9]. These unfolded
proteins recruit adhesive and structural proteins for enhancing the force
transmission through focal adhesions. Meanwhile, the newly exposed
active sites of these unfolded proteins activate the enzymes to transduce
the mechanical cues to biochemical factors. The assembled actomyosin
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generates appropriate traction force to balance the intra and
extra-cellular force through adhesive proteins. The traction force is
transmitted to the nucleus along the actin filaments, thereby regulates
gene expression and guides cell fate [7]. For example, mesenchymal
stem cells on stiff substrates (>30 kPa) tend to generate more stress fi-
bers and focal adhesions and prefer osteogenic differentiation. While on
soft substrates (<10 kPa), cell adhesion is highly suppressed, and cells
undergo adipogenic differentiation [10]. Importantly, the molecular
clutch model reveals the transmission of mechanical signals through the
clutch is driven by the force loading kinetics [11,12]. Substrate stiffness
usually  controls  the  force loading  rate. In  the
actin-talin-integrin-ligand chain models (molecular clutch), the talin
unfolding time and the integrin-ligand lifetime which affect cell adhe-
sion comprehensively. When a constant force acts on a talin molecule,
the time of talin unfolding decreases exponentially as the loading force
rate increases. Meanwhile, integrin-ligand bonding lifetime increases
first and then decreases with the loading force rate increase. When the
lifetime is enough (beyond a certain rigidity threshold) for the intra-
cellular force to unfold talin on stiff substrate, the cell adhesion can be
switched from slip-bond to catch-bond mode to establish the stable
force-dependent adhesion as well as to activate mechanotransduction
pathways. The integrin-ligand lifetime is greatly extended in the
catch-bond mode. In contrast, the force loading rate on the clutch is
slower than the integrin debonding speed on the soft matrix, which
cannot unfold talin to form stable adhesion [6,8]. However, the adapt-
able materials can alter the integrin bonding and debonding kinetics to
change the integrin bonding lifetime, which may switch cell mechano-
sensing on soft matrix. Therefore, the cell mechanosensing is not as
simple as the traditional opinion that stiff environment stimulates
cellular force and enhances the force-dependent cell behaviors (‘hard’
phenotypes).

In natural tissue, the ECM is highly dynamic that exhibits rate-
dependent behaviors such as non-linear viscoelasticity or thermody-
namic instability [1,13,14]. Cells secrete proteins and enzymes as well
as exert force to remodel the ECM for adapting the microenvironment to
their requirement. Meanwhile, various physical signals of the deformed
microenvironment, such as viscoelasticity, topographic features, and
ligand re-presentation provide multiple stimulations to regulate cellular
behaviors. Thus, the ECM remodeling provides a force-feedback loop for
cells [9]. For instance, the stiffness of the cardiac matrix increases after
myocardial infarction due to the formation of fibrotic scar [15]. Bone
resorption by cell-secreted proteases as in microgravity results in more
porous and weaker ECM networks, while bone growth by cell-secreted
and reinforced ECM occurs with weight-bearing exercise [16]. There-
fore, the mechanical properties of ECM are not always constant but
change over time. It provides new challenges for researchers such as
how to capture and track these dynamic interactions in such complex
microenvironment, how to decouple the chemical cues from mechanical
cues, and how to integrate the dynamic mechanics to cellular mecha-
notransduction etc.

To address these challenges, new material models are required to
mimic the complex biochemical and biophysical cues of ECM. Not only
do they support regular cell adhesion, but also are sensitive enough to
respond to the tiny mechanical changes at the cell-materials interface.
One emerging strategy to achieve this goal is to design flexible materials
to create self-adaptive microenvironment for cells. Unlike the stiff or soft
static materials, these flexible materials could adapt to some typical
biological processes across multiple time and space scales. They can
locally deform to permit complex cellular functions while maintaining
their long-term integrity. These properties on the one hand enable them
to be good candidates to study cell-environment interactions, on the
other hand make them well-suited for biotechnology and medical
applications.

It should be noticed that the flexible materials are usually soft. The
soft materials exhibit irreplaceable advantages in biomedical applica-
tions. They require lower concentration of backbone polymers or lower
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Fig. 1. Scheme of a cell adhered on stiff/rigid and soft fibrous matrix. The cell-
mediated soft fiber recruitment promotes intracellular force to the similar or
even higher level comparing with the force on stiff/rigid fibers.

degree of cross-linking, which can degrade faster to support tissue
growth and limit the immune response [17,18]. Here we focus on the
recent studies of regulating cell mechanoresponse through these flexible
biomaterials. The soft deformable materials and the soft materials with
controllable ligand presentation are the main catalogs of flexible ma-
terials that can adapt to cell adhesion to promote the intracellular force
generation. As a result, these ‘soft materials’ successfully stimulate the
‘hard’ cell phenotypes, e.g., cell adhesion, stem cell osteogenic
differentiation.

2. Deformable materials
2.1. Fibrous matrix

Natural ECM has a complex micro/nano topological structure. Its
mechanical properties mainly depend on three components: elastin
fiber, fibrillary collagen, and glycosaminoglycans. Elastin and collagen
fibers usually provide stiffness, strength, extensibility and resilience to
the tissue [19,20]. The fibrous structure of the natural ECM is often
mimicked by biomaterials [21-23]. Compared with a highly crosslinked
polymer chain in bulk hydrogels with the same components, the stiffness
of a single fiber in fibrillar network is lower. It thus can be easily
remodeled by cell traction force. Chen et al. prepared RGD decorated
dextran nanofiber network via electrospinning to mimic the ECM
structure(Fig. 1) [24]. As the stiffness of the fiber network decreases,
both cell spread area and proliferation increase, which is in contrast to
cell mechanoresponse on conventional flat hydrogels. It has been
revealed that cellular traction force deforms the very soft fibers and
recruits them to the cell spread region. The deformed network generates
extra counterforce to cell adhesive points and offers cells more adhesive
area. Therefore, it promotes the focal adhesion (FA) formation and FAK
phosphorylation to activate the cell mechanotransduction. The fiber
stiffness, fiber-fiber welding, and fiber density synergistically affect the
cell mechanosensitive behaviors [24]. The stiff fibrous networks that
cannot be deformed by cells fail to stimulate cell spreading. The similar
phenomenon has been observed on self-assembled native collagen fibers
[25]. It suggests that cells pull the collagen network to alter the local
arrangement to increase the local stiffness [21]. Baker et al. have
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reaction force reaction force
Fig. 2. Surface roughness drives cellular mechanoresponse. Cells sense the synergy of roughness and stiffness stimuli. Soft and rough surface adapt to cellular
traction force to initiate the mechanotransduction pathways.

revealed cell-mediated aggregation of the fibrous matrix through contractility. Besides fiber stiffness, high fiber density and/or cross-
actomyosin-generated force [26]. The deformed collagen fibers form linking degree inhibit matrix aggregation as well. Asgari et al. have
bundles, which carry significant tensile forces to guide cell migration revealed that the nanoscale assembles of Col-I and Col-III could regulate
[27]. Matrix aggregation no longer occurs by inhibiting cell the topography and stiffness of heterotypic fibrils in a ratio-dependent
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Fig. 3. Cell adhesion on the matrix with stress relaxation. The optimal stress relaxation rate reduces the retrograde actin flow, maximizes the integrin-ligand lifetime
on soft substrate, and effectively improves cell adhesion. The force exerted by the cells increases, when the relaxation time exceeds the time required for the integrins
to fully connect to the matrix. The substrate stress relaxation will slow down the integrin-ligand disconnection, which prolongs the lifetime of each signal integrin-
ligand bonds. When the lifetime is over the time to unfold structural protein talin, the single integrins can be clustered to form FAs to stabilize the cell adhesion (slip
bond to catch bond transition).
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manner. The viscoelasticity of the fibrils is directly affected by the
external force loading rate. These properties make the collagen fibrils
adapt to the physiological conditions and requirements of different tis-
sues at different developmental stages [28]. In general, cells have the
impression of active and passive physical factors in the surrounding fiber
networks. Cells actively apply force to the surroundings for adhesion and
are also passively affected by physical factors such as matrix
deformation.

2.2. Rough hydrogel

Besides the fibrous pattern, the topographical features of natural
ECM range from nanometers to micrometers. Increasing evidence has
suggested that the micro/nano structures play essential roles in regu-
lating cell adhesion and mechanosensing [29-32]. The concept of using
ECM-mimicking topographic information to direct cell function has
been widely accepted in the design of various biomaterials [33,34]. For
instance, surface roughness mediates cell adhesion and the downstream
behaviors. As realized on the rigid surfaces, such as titanium [33],
semiconductor [35], glass [36], hydroxyapatite [34], and polymers
(stiffness ranges from MPa to GPa), the low roughness (nanometer
range) promotes cell spreading and intracellular force generation, but
the high roughness (sub-micrometer and micro range) inhibits them.

Hydrogels are the most widely used biomaterials for mimicking ECM
chemical and physical parameters, especially for ECM elasticity, due to
the convenient fabrication and functionalization methods. However, it is
difficult to construct ECM-mimicking micro/nano topological structures
on the hydrogel surface. We have developed roughness gradient gelatin
methacryloyl hydrogels (roughness ranges from 50 nm to 1 pm) with
physiological stiffness (about 3-30 kPa) [37]. The rough surfaces are
printed from mussel-inspired catecholic coating [38-40] via silicone
molds. Cell spread area increases with the increasing roughness on soft
hydrogels (Fig. 2), which is distinct from the trend on stiff hydrogels or
rigid surfaces as described above. The FA area, FAK phosphorylation
level, Lamin A/C assembly level, YAP nuclear localization and osteo-
genic differentiation of the cells are all in line with the trend of cell
spread area, indicating the enhanced intracellular force generation
induced by the rough features of the soft hydrogels. Similar to the soft
fibrous matrix, the adhered cells exert traction force on the tip structures
of the rough hydrogels. The force deforms the rough surface of the soft
hydrogels, which offers counterforce and more adhesive sites allowing
cells to generate higher intracellular force. Instead, the force fails to
deform the stiff or rigid tip structures. As a result, the cell membrane is
confined in the micro-size groove structures on the surface, which im-
pedes cell adhesion. Overall, the deformation of the soft and flexible
matrix changes the local mechanical properties of the environment and
the density of binding sites, which optimizes the cell adhesion in the
local area, thereby enhancing intracellular force generation and
mechanotransduction.

2.3. Hydrogel with stress relaxation

Most of the studies only focus on elastic materials, but natural tissues
and ECM components are not linearly elastic materials, they are in fact
viscoelastic. For example, many of our tissues exhibit stress relaxation or
a decreasing elastic modulus over time (from tens to hundreds of sec-
onds) when a constant strain is applied [41]. The viscoelastic matrixes
can dissipate energy via stress relaxation and creep, while the elastic
matrixes store energy and maintain a constant elastic coefficient under
stress. There are various molecular mechanisms producing viscoelas-
ticity in hydrogels. Since viscosity corresponds to energy dissipation,
any molecular phenomenon that dissipates energy will cause visco-
elasticity [42]. Non-covalently or some reversibly crosslinked hydrogels
are usually viscoelastic. These crosslinking points are dynamic. The
debonding and rebounding process allows the polymer matrix to flow
under applied stress or strain [43]. Notably, the viscoelasticity of the
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matrix has been revealed to regulate cell mechanosensing and mecha-
noresponse (Fig. 3). Chaudhuri et al. have found that cells spread better
on the soft hydrogels with stress relaxation compared with the elastic
hydrogels with the same modulus [41]. Traditionally, cell adhesion and
proliferation are considered to be inhibited on the soft matrix. However,
the matrix stress relaxation successfully compensates for the effect of
reduced stiffness on cell adhesion by enabling ligand accumulation after
matrix softening [44,45]. This process activates integrin adhesion, actin
assembly, and myosin contractility and thereby promotes cell mecha-
notransduction. It must be emphasized that high ligand density is
required to achieve the integrin clustering threshold [46,47]. The ligand
accumulation can also lead to the enhancement of local stiffness [43]. In
the energy sight, the energy is dissipated through the yield of the matrix,
which leads to a reduction of stored energy, so that the cells generate
more work for spreading on the viscoelastic substrate than on the elastic
matrix with the same elasticity. Similar results were also found in 3D
culture microenvironment. Faster stress relaxation or enhanced creep in
hydrogel systems such as alginate, hyaluronic acid and collagen pro-
motes cell spreading, cycle progression, mitosis and differentiation
[48-51]. For example, short PEG spacers are covalently coupled with
the ionically crosslinked alginate to prepare viscoelastic hydrogels. In
the case of the same initial modulus, the hydrogels with lower alginate
molecular weight exhibit faster stress relaxation. The hydrogels with
stress relaxation exhibit improved cell adhesion and spreading as well as
the osteogenic differentiation of stem cells [48]. Notably, unlike cell
adhesion on 2D with unlimited space, spacing confinement in 3D
hydrogels is also one of the key parameters to regulate cell mechano-
sensing [52]. Normally, the assembly and force generation of the acto-
myosin cytoskeleton require enough space in expanding cells [53].
However, the stress relaxation offsets the space limitation of the 3D
matrix even independent of cell adhesion. Therefore, the adhesive cells
combine adhesion-independent and adhesion-mediated mechanisms to
sense matrix viscoelasticity [54]. This provides a new perspective that,
besides degradability and pore size, the matrix viscoelasticity also
governs confinement in 3D culture. Recently, the Anseth group enhances
the hydrogel stress relaxation via reversible non-covalent bonding or
dynamic covalent bonding. These hydrogels can better adapt to the cell
adhesion and mechanoresponse [55,56].

A speed-dependent adhesion model has been proposed to describe
the effect of stress relaxation on cell adhesion [57]. The force exerted by
the cells increases, when the relaxation time exceeds the time required
for the integrins to fully connect to the matrix. The substrate stress
relaxation will slow down the integrin-ligand disconnection, which
prolongs the lifetime of each signal integrin-ligand bond [58]. When the
lifetime is over the time to unfold structural protein talin, the integrins
can be clustered to form FAs to stabilize the cell adhesion (slip bond to
catch bond transition) [59]. When the relaxation time is shorter than the
time required for the integrin-ligand interaction, the substrate will
directly convert to the final stress state. The effect of viscosity becomes
negligible and the cell adhesion will be even weaker than on the elastic
hydrogel with the same initial modulus. When the relaxation time is too
long and exceeds the lifetime of FAs, the substrate does not relax during
the adhesion maturation. Cell adhesion is consistent with on the elastic
substrate [57].

2.4. Stress-stiffening hydrogel

Many filamentous biopolymers such as F-actin, microtubules fibrin and
vimentin show strain stiffening properties [53]. However, the effects of
stress stiffening on cell mechanoresponse are very difficult to be achieved
by biomaterials. Rowan et al. proposed a polyisocyanopeptide-based
hydrogel (0.2-0.4 kPa) with stress-stiffening effect for cells in three di-
mensions [60]. Cells can freely expand in the hydrogels in the beginning of
spread as the stiffness is still low. Afterwards, the stress acting over the
hydrogels surrounding the cells makes the microenvironment being stiffer.
The cells which have extended already get increasing mechanical stimuli



Q. Sun et al.

) RhoA
C
,>’ A \ Rac
A)ﬂ \\\\ ) o 20
Lamellipbdium - 053”1””
Diffusible

Bioactive Materials 10 (2022) 397-404

Nuclear

force sensmg

@Qﬂ\

3&30 ROCK
Actomyosin \myosm | RhoA ,,’
o . '
#  § Wn{ TCLUCTTTEN, “,‘.
a581 avB3
Static

Fig. 4. Ligand diffusion selectively activates a5p1 integrin and initiates Rac and RhoA signaling to enable actomyosin force-independent cell adhesion through
lamellipodium. Static ligand stimulates cell adhesion through the cooperation of a5p1 and 583 integrin to initiate the canonical actomyosin force-dependent

mechanotransduction pathways.

and have enough space to organize their cytoskeleton. Thus, these cells
successfully generate intracellular force in the hydrogels with low initial
stiffness, which promotes the osteogenic differentiation of the stem cells.
Further studies have confirmed the microtubule-associated protein
DCAMKL1, which acts as the inhibitor of RUNX2, participates in the
mechanotransduction under stress-stiffening environment. As the
stress-stiffening happens, RUNX2 is activated to initiate the osteogenic
differentiation process.

2.5. Degradable hydrogel

Natural ECM is biodegradable, which enables the cells to remodel the
microenvironment to adapt to their functions. Increasing evidences have
demonstrated that ECM degradation regulates cell adhesion and differen-
tiation, especially in the 3D microenvironment. Cells in 3D could degrade
the hydrogels to obtain enough space for assembling their actomyosin
cytoskeleton, which generates intracellular force and regulates mechano-
transduction [61]. The substrate degradation also affects cell mechano-
sensing on the 2D surface without space limitation. Ding et al. have
introduced the biodegradable polyethylene glycol (PEG)-based hydrogels
and revealed that rapid degradation promotes the osteogenic differentia-
tion of the stem cells on soft hydrogels. The degradation rate even takes
precedence effect over the matrix stiffness [62]. Similar result was also
found in a study of neural progenitor cell stemness in a 3D hydrogel [52].
The neural progenitor cell stemness is strongly related to degradability
rather than gel stiffness. These results together reveal that the degradability
could increase cell-mediated matrix remodeling and then enhance the cell
mechanoresponse. Besides offering space for cells in 3D, the degradable
matrix can offer a relatively high stiffness for a relatively larger bonding
constant (ko) in the initial cell adhesion step. Then, the degradation can
make the matrix flexible, which may decrease the debonding constant (ko)
to increase the lifetime of integrin-ligand adhesion. It is similar to the effect
of stress relaxation. Meanwhile, the degradation will change the ligand
presentation, which will be discussed below.

2.6. Diffusible ligands

As described above, the natural ECM is both viscoelastic and
degradable. The cells in vivo are located in a highly dynamic environ-
ment that directly contact the ECM through receptor-ligands in-
teractions. Cells sense the microenvironment through membrane
receptors, which support cell adhesion and initiate signaling pathways.
Therefore, the dynamic spatiotemporal distribution of ligands plays a
central role in cell-ECM interactions [63].

At the molecular level, ECM dynamics lead to ligand diffusion at the
adhesive interface. The lipid bilayer is the most frequently used model to
study the ligand diffusion. Salmeron-Sanchez et al. have designed two
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types of RGD functionalized lipid bilayer with different diffusion rates.
Cells can feel higher traction force on the surface with lower diffusion
rate (higher viscosity), which promotes the formation of FAs and slows
down the actin flow [64].

The lipid bilayers match cell membrane fluidity, but the diffusion
rate is too fast to match the ligand movement in the dynamic ECM. The
assembly of the amphiphilic block copolymers offers another model to
mimic the dynamic behaviors of natural ECM. The ligand diffusion can
be controlled by adjusting the interactions between the assembly blocks.
The size and chemical properties of the polymer chains can indepen-
dently adjust the mechanical properties and the polymer/ligand diffu-
sion on the assembled films [65]. Kourouklis et al. designed the
amphiphilic block copolymer 1,2-polybutadiene-b-polyethylene oxide
(PB-b-PEO) to create a self-assembled film with adjustable lateral
mobility. The RGD polypeptide is immobilized at the terminal of the
hydrophilic blocks with a constant density, while the fluidity of the film
is controlled by adding the hydrophobic homopolymer poly(isobu-
tylene). The effect of ligand diffusion on cell adhesion is non-linear. The
low ligand diffusion rate enhances cell spreading. Meanwhile, the
integrin-ligand binding occurs faster and more effectively with higher
ligand diffusion rate, resulting in a greater number of FAs but less
clustered integrin numbers in a single FA [66]. Further studies reveal
that a5p1 and avp3 integrins contribute to the cell adhesion on the li-
gands with high and low diffusion rate, respectively [67].

We have revealed the mechanosensing and mechanotransduction
pathways of cell adhesion on the ligands with different diffusion rates
based on a self-assembly monolayer of amphiphilic block copolymer
(Fig. 4) [68]. The highly mobile ligands recruit a5p1 integrins, which
further activate the RhoA and Rac pathways, and lead to a
force-independent lamellipodium-like cell spreading. In contrast, the
formation of actomyosin stress fiber is limited due to the lack of ROCK
activation. In comparison, the constantly immobilized ligands activate
the intracellular-force-based canonical mechanotransduction pathways
to enhance cell adhesion and osteogenic differentiation of stem cells.

Based on the mechanism study, we have developed self-dynamic
interfacial materials to regulate cell behaviors and functions. The RGD
functionalized amphiphilic polyglycerol (PG) brushes are immobilized
on the substrates via hydrophobic interaction of spiropyran/mer-
ocyanine (SP/MC) anchors [69]. In the more hydrophilic MC form, the
anchor force of the polymer brushes is about 26 pN, resulting in a higher
diffusion rate. Meanwhile, the force increases to about 240 pN in the
more hydrophobic SP form, resulting in the almost static state of the
polymer brushes. The MC form spontaneously isomerize to SP form,
which lasts about 24 h in dark conditions. Therefore, the polymer with
MC anchors can activate the a5p1 integrin and Rac signaling in the first a
few hours of cell spreading. The following MC-SP isomerization
strengthens the cell adhesion to activate avp3 integrin and RhoA/ROCK
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Fig. 5. The ligand spacing regulates the lifetime of a single integrin-ligand connection. The large ligand spacing on soft matrix adapts to the intracellular force-
induced talin unfolding, which switches cell-matrix interaction from slip-bond to catch-bond mode. With the decreasing ligand density (i.e., increasing ligand
distance), the number of integrin-actomyosin molecular clutch decreases. Since the activated myosin II molecules distribute along the filamentous actin fibers, each
clutch obtains more myosin II molecules and generates a larger intracellular traction force. The increasing traction force accelerates the force loading rate, which can
be faster than the integrin debonding speed on soft substrates but not on the stiff/rigid substrates. Thus, only the increasing force on soft substrates can unfold talin to
switch the slip bonds catch bonds, resulting in the stable cell adhesion and activated mechanotransduction.

signaling in a stimuli-free manner. These two subsequently activated
signaling pathways enhance the intracellular force and promote
mechanotransduction, which further improve the osteogenic differen-
tiation of stem cells [69].

2.7. Soft hydrogel with controllable ligand spacing

Besides flexible materials, well-ordered ligand spacing can also adapt
to intracellular force generation to promote mechanotransduction on
soft substrates. The large ligand spacing (>70 nm) causes the unstable
cell adhesion and decreased intracellular force on stiff or rigid substrates
[45,70]. Conversely, the unexpected phenomenon has been observed
that large ligand spacing supports cell adhesion and the assembly of
actomyosin cytoskeleton on very soft substrates (lower than a few
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kilopascal). Roca-Cusachs et al. revealed the mechanism based on the
molecular clutch theory [6]. With the decreasing ligand density (i.e.,
increasing ligand distance), the number of integrin-actomyosin molec-
ular clutch decreases since the activated myosin II molecules distribute
along the filamentous actin fibers, each clutch obtains more myosin II
molecules and generates larger intracellular traction force. The
increasing traction force accelerates the force loading rate, which can be
faster than the integrin debonding speed on soft substrates but not on the
stiff/rigid substrates. Thus, only the increasing force on soft substrates
can unfold talin to switch the slip bonds to catch bonds, resulting in the
stable cell adhesion and activated mechanotransduction (Fig. 5). [71].

This new phenomenon enables us to develop soft hydrogels adapting
to intracellular force generation, which allows stem cells to differentiate
to osteoblasts. The soft hydrogels (about 3 kPa) are functionalized with
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Table 1
The flexible materials promote cell mechanotransduction.
Flexible materials Mechanism for promoting intracellular Ref.”
force
Soft fiber Reaction force increase [21,
24-27]
Soft rough hydrogel [37]
Diffusible ligands Integrin clustering and Rac signaling [66-69]
activation
Stress relaxation Integrin binding lifetime increase [41-43]
hydrogel
Ligand spacing [71,73]
hydrogel
2D degradable hydrogel [62]
3D degradable hydrogel =~ Balancing space and stiffness [52]
Stress-stiffening [60]
hydrogel

# Representative reference.

quasi-hexagonally distributed gold nanodots (diameter c.a. 6 nm, dis-
tance c.a. 230 nm). The gold nanodots are further decorated by RGD
peptide. Since the size of a single gold nanodot is smaller than the size of
integrin, each single gold nanodot can only bind to one integrin in
principle [72]. This well-designed ligand spacing initiates cell mecha-
notransduction and leads to the osteogenic differentiation of mesen-
chymal stem cell [73].

3. Conclusion

Here, we highlight the flexible materials for promoting cell mecha-
nosensing and summarize the design principles and their unique advan-
tages in mechanobiology (Table 1). Compared to the conventional stiff
materials, these soft materials adapt to cell mechanosensing and capture
the cell-environment dynamics to match the cellular requirements. The
adaptation enables better cell adhesion and enhances mechano-
transduction, which further activates the ‘hard’ cell phenotypes.

Although it shows great promise, the development of the adaptive
materials remains many challenges. Cells are always changing over
time. How to match the time-scale and force-scale of cell actions, how to
monitor and quantify the tiny changes within cells and their surround-
ings, and how to adapt to cell signaling pathways, are the remaining
questions. All of these require a deep understanding of cellular mecha-
nosensing and mechanotransduction. Solving these problems and
developing adaptive materials will significantly contribute to the tissue
engineering and regenerative medicine.
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