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How cells sense extracellular matrix stiffness:

a material’s perspective

Britta Trappmann and Christopher S Chen

The mechanical properties of the extracellular matrix (ECM) in
which cells reside have emerged as an important regulator of
cell fate. While materials based on natural ECM have been used
to implicate the role of substrate stiffness for cell fate decisions,
it is difficult in these matrices to isolate mechanics from other
structural parameters. In contrast, fully synthetic hydrogels
offer independent control over physical and adhesive
properties. New synthetic materials that also recreate the
fibrous structural hierarchy of natural matrices are now being
designed to study substrate mechanics in more complex
ECMs. This perspective examines the ways in which new
materials are being used to advance our understanding of how
ECM stiffness impacts cell function.
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Introduction

Complex organisms are composed of tissues in which
most cells are embedded within a fibrous extracellular
matrix (ECM). The mechanical properties of this matrix
not only allow such tissues to withstand daily stresses, but
also regulate numerous cellular functions such as spread-
ing, migration, proliferation and stem cell differentiation
[1], thus impacting many fundamental biological pro-
cesses including embryonic development, adult tissue
homeostasis, and the pathogenesis of diseases such as
fibrosis and cancer [2-5].

Although a large body of data loosely suggests that matrix
mechanics is an important factor in driving cellular
behavior, there are several limitations to each of the
approaches taken to study this phenomenon. In particu-
lar, because changes in matrix stiffness often occur sim-
ultaneously with changes in other material properties, for
example, surface chemistry, topography or availability of

adhesive ligands, it is difficult to convincingly demon-
strate that stiffness alone is responsible for the observed
effects. Here, we will attempt to describe the various
methods that have been used to modulate matrix
mechanics, the biological responses that have been
reported, and the potential mechanisms by which these
responses occur.

Protein gels as mimics of natural ECM

Gels based on natural ECMs, such as type I collagen,
Matrigel and fibrin are composed of proteins that self-
assemble 7z vitro into higher order nanofibrous structures,
which reasonably mimic many 7z vive settings, and were
the first materials used to suggest an impact of stiffness on
cell fate. Studies in collagen and fibrin gels demonstrated
that increasing crosslinking of matrix, which modulates
matrix stiffness, impacts integrin signaling and actomyo-
sin-mediated cellular tension, important parameters in
tumor growth [6,7,8°]. Differentiation and proliferation of
normal cells are also regulated by these ECM protein gels.
For example, mammary epithelial cells cultured on soft,
as opposed to stiff, gels mimicking normal tissue stiffness
maintained expression of B-casein, a milk protein used as
functional differentiation marker for mammary epithelial
cells [9].

Despite the clear evidence that matrix manipulations
appear to impact cell function, it is difficult in these
systems to unequivocally isolate the contribution of sub-
strate stiffness from other important structural changes in
the matrix (Figure 1a). In most studies, gel stiffness is
varied by changing protein weight percentage in the gel
precursor solution, making orthogonal control over
mechanics and ligand density impossible. Importantly,
ligand density alone (which can be varied simply by
coating ECM onto rigid surfaces) is known to influence
integrin dependent signaling [10]. Hence, if we are to
understand the contribution of stiffness per se, it is
necessary to decouple the two parameters. Recent
approaches to control natural ECM stiffness have used
non-enzymatic collagen glycation to obtain scaffolds with
compressive moduli ranging from 175 to 730 Pa, without
changing overall collagen density [11]. Although this is a
promising approach, the obtainable stiffness range is
inadequate compared to the relevant 7z viveo range span-
ning hundreds of kPa, and the chemical composition of
the material changes for different stiffnesses as proteins
are crosslinked by varying concentrations of ribose. Ot-
her chemical crosslinking methods including glutaralde-
hyde, carbodiimide or hexamethylene diisocyanate
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Structural features of protein gels (a) and synthetic hydrogels (b) at the micron-scale and nano-scale. Substrate mechanics influence matrix density,

ligand availability (a) and hydrogel pore size (b).

treatment of collagen [12] and more recently, photoche-
mically induced fibrin crosslinking [13], also yield lim-
ited stiffness ranges. Furthermore, many of these
crosslinking agents target primary amines and carboxy-
lates on the matrix backbone, which also contain specific
adhesion receptor binding sequences. Thus, such cross-
linking agents may also directly alter adhesion ligand
availability.

Fully synthetic hydrogels

To address these limitations in natural ECMs, fully
synthetic, covalently crosslinked hydrogels with tunable
stiffness and orthogonal control over adhesive ligand
density have been developed as new model ECMs.
Unlike the majority of natural fibrous materials, synthetic
gel stiffness is generally not affected by deformation
magnitude or rate, and the gels are therefore considered
linear elastic and defined by a single bulk modulus.
Studies of cells cultured on the surface of matrix-coated
polyacrylamide hydrogels have revealed numerous
effects of substrate stiffness on cells. Stiffness modulates
the speed of migration of cultured cells, with lower
motility on stiff substrates correlating with increased focal
adhesion formation [14]. Substrates patterned with stiff-
ness gradients revealed preferential movement of cells
from soft toward stiff regions, a process called durotaxis
[15]. Finally, Engler ¢ a/. demonstrated that substrate
mechanics can direct lineage fate in human mesenchymal
stem cells (hMSCs) [16]. The stiffness that optimally
drove specific lineages (e.g. myoblasts) corresponded

with the stiffness of the relevant target tissue (e.g.
skeletal muscle).

To study multiple parameters governing cell-ECM inter-
actions individually, poly(ethylene glycol) (PEG) hydro-
gels with tunable mechanics and incorporated
functionalities (tethered ECM ligands and growth fac-
tors) mimicking natural ECM properties have been
designed [17,18]. Unlike polyacrylamide, the unpolymer-
ized components of these gels are cytocompatible. There-
fore, such tailored hydrogel systems can also be used to
encapsulate cells and study stiffness in three dimensions
(3D) [19,20]. Other common synthetic materials used are
based on sugars, such as hyaluronan, dextran or alginate
[21,22,23°]. Because of the abundance of available func-
tional groups along the polymer backbone, sugars offer
more flexibility than PEG in terms of chemical modifi-
cations with crosslinking moieties or bioactive molecules.
These materials are just now allowing researchers to
examine the relative contributions of ECM stiffness
versus density of adhesive ligands.

Hydrogels have attracted a lot of attention as fully syn-
thetic model substrates, partially due to their porous
nature ensuring the supply of nutrients, growth factors,
and oxygen to the cell, thus mimicking the structure of
natural tissues. However, one major drawback is that
porosity changes with variations in material stiffness
(Figure 1b), impairing, for example, the diffusion of small
molecules in stiff matrices [24]. Additionally, these
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synthetic matrices only recapitulate some of the proper-
ties of  vivo ECM. In many two dimensional (2D)
studies, cells adhere to an ECM coating bound to the
hydrogel surface and hence, sense an integrated stiffness
dictated by the mechanics of the material itself, but also
the mechanical properties of the ECM protein film
(which often times is made of fibrous units with hetero-
geneous stiffness distributions), and how that ECM
coating is tethered to the underlying substrate. The
importance of ligand presentation has been demonstrated
for both growth factor and integrin-mediated signaling
[25,26]. For example, cells cultured on rigid surfaces
functionalized with RGD via PEG linkers of different
length showed a decrease of cell-substrate interactions
for longer spacers [27,28], indicating that the mechanical
feedback of the adhesive ligand is crucial for integrin-
dependent signaling. In synthetic hydrogels, ECM tether-
ing is greatly influenced by the pore size, which changes as
hydrogel stiffness is varied. A recent study has shown that
cells cultured on polyacrylamide hydrogels with covalently
anchored collagen were influenced by the tethering
mechanics of collagen. Stiffer hydrogels with smaller pore
sizes offer more anchoring points for each collagen fibril,
leading to increased mechanical feedback at each cell
adhesion [29°]. The nanotopography of surfaces, as well
as the arrangement of adhesive ligands have previously
been shown to influence cell fate [30,31], and thus changes
in gel crosslinking appear to impact cell function in part
through their indirect effects on matrix tethering.

These complex mechanisms by which cells could be
transducing changes in matrix structure and mechanics
underscore a need to decouple mechanical properties
from ligand presentation in hydrogel systems. To
address this, Spatz and co-workers have developed
gold nanoparticle embedded PEG hydrogel substrates
with tunable stiffness and independent control over
biomolecule arrangement on the nanometer scale

Figure 2
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[32], providing a platform to study mechanotransduc-
tion events and adhesion-dependent signaling indepen-
dently. Additionally, our group has developed
poly(dimethylsiloxane) (PDMS) elastomer substrates
with vertically arrayed microposts that bend laterally
when a cell attaches and exerts force to the substrate
[33,34°°]. The micropost stiffness is tuned solely by the
height of the post, while keeping adhesive and other
material bulk and surface properties constant. While
these systems provide a means to show that stiffness
can modulate cell function, other materials approaches
will be needed to advance these studies into more
complex settings, such as 3D culture.

The described studies with model matrices demonstrate
that bulk modulus is only one of many physical parameters
that can impact how cells sense the ECM. 7 vivo, cells are
exposed to more complex hierarchical fibrous matrices that
introduce additional considerations for stiffness sensing. In
contrast to uniform and mechanically isotropic hydrogels,
fibrous ECM varies in structure and mechanics at the nano-
scale, cell-scale and bulk scale, suggesting that signals from
different cellular sensing mechanisms may be integrated to
evoke a functional output.

Designer ECMs

T'o gain a deeper mechanistic understanding of cellular
stiffness sensing, the field has begun to explore materials
which combine the complex physical features of natural
matrices (Figure 2) with the tunability of synthetic
matrices, which offer full and independent control over
mechanical as well as various adhesive properties. Recently
developed peptide hydrogels which undergo multi-hier-
archical self-assembly [35,36,37°], hold great promise for
such applications. Gelain ez /. have designed 3D self-
assembling peptide nanofiber scaffolds with incorporated
functional motifs for adhesion, differentiation and bone
marrow homing. Adult mouse neural stem cells displayed
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Hierarchical structure of 3D fibrous matrices, leading to different levels of cellular stiffness sensing. Focal adhesion formation is impacted by the
micron-scale (left), and integrin-mediated signaling affected by the nano-scale (right).
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enhanced survival without extra soluble factors [38],
demonstrating the biocompatibility of such materials. In
order to allow for stiffness control, Stupp and co-workers
have developed peptide amphiphiles with systematically
modified amino acid sequences self-assembling into nano-
fiber hydrogels of varying mechanical properties. By vary-
ing the number of valines and alanines present, matrix
stiffness was changed [39]. However, with this approach
changes in mechanics correlate with changes in the chemi-
cal structure of the building blocks, influencing peptide
folding and possibly availability of incorporated biofunc-
tional ligands. A recent report describes the design of a
PEG hydrogel system with incorporated collagen mimetic
peptide sequences which undergo triple helical assembly,
thus serving as crosslinking sites [40]. Such a composite
material offers the mechanical flexibility of synthetic PEG
matrices, while adopting the nanofibrous structure of
natural ECMs. Additionally, crosslinks are thermally
reversible, potentially leading to materials with dynami-
cally tunable stiffness.

Indeed, the availability of dynamic materials which soften
or stiffen over time, via external stimuli or cell-mediated
processes, enables the study of stiffness sensing in a more
natural setting, as /z sifu changes in matrix mechanics are
known to guide tissue development [41]. Matrix metal-
loproteinase-sensitive hydrogels allow for cell-mediated
matrix cleavage and active cellular remodeling, rendering
the material invasive and supportive of multicellular
network formation [42-44]. In order to precisely control
mechanical properties by external stimuli in the presence
of cells, PEG-based photodegradable hydrogels under-
going local changes of network crosslink density upon
irradiation have been developed [45°°]. Cells embedded
within the hydrogel initially adopted a rounded
morphology, but started to spread after irradiation and
gel degradation. In subsequent studies, the team showed
that valvular interstitial cell (VIC) activation into myofi-
broblasts, which only occurs on stiff substrates, can be
reversed upon softening of the substrate [46]. Taking a
different approach, Burdick and co-workers have fabri-
cated methacrylate-functionalized hyaluronic acid hydro-
gels which are crosslinked in two sequential steps [47°].
First, soft hydrogel networks are prepared using
dithiothreitol as crosslinker, and variable times after
cell seeding, hydrogels are further crosslinked by light.
Differentiation of hMSCs into adipocytes and osteoblasts
was determined by the pre-culture period on the surface
of soft hydrogels. Osteogenic differentiation was favored
when gels were stiffened earlier, in contrast to gels never
stiffened or stiffened later which encouraged adipogen-
esis, demonstrating a platform to guide stem cell fate
based on dynamic changes in matrix elasticity. In a
followup study, HA hydrogels with dynamically tunable
degradation properties have been used to interrogate
the mechanism underlying hMSC fate decisions in
3D environments [48]. Cell encapsulation within gels

permissive or restrictive to cell-mediated degradation
exhibited high and low degrees of cell spreading, corre-
lating with high and low traction forces, resulting in
favored osteogenesis versus adipogenesis, respectively.
Delayed secondary covalent crosslinking after the initial
cell spreading phase switched the matrix from degradable
to restrictive and locked cells in a spread state, while still
promoting adipogenesis. This example shows that
changes in crosslinking modulate material degradability
as well as 3D matrix stiffness, and that degradability
effects cell fate independent of stiffness, illustrating
the utility of dynamic materials to study the interplay
between such parameters and cellular responses.

Conclusions and future directions

Despite the wealth of literature studying cell behavior on
hydrogel substrates with tunable stiffness, it is only now
becoming appreciated that even the most sophisticated
materials approaches to modulate stiffness also influence
other physicochemical factors that themselves could
impact cell function. Thus, additional challenges remain
to decipher the true contribution of stiffness versus other
materials properties that could be used to engineer cell
behaviors. Simultaneously, an understanding of cellular
mechanotransduction events in the more complex hier-
archical materials of natural tissues is still lacking. In
particular, future efforts will have to focus on studying
how stiffness sensing occurs on different scales, as differ-
ing mechanics at various size scales is a feature intrinsic to
the heterogeneous and anisotropic structure of iz vivo
ECM (Figure 2). With the recent development of new
materials capable of structural control at the nanometer,
micrometer, and bulk level, stiffness at the single integ-
rin, focal adhesion and inter-focal adhesion scale can be
tuned, potentially leading to a full hierarchical under-
standing of the molecular stiffness sensing process. With
increasing structural complexity, it will also be important
to implement molecular sensors as a feedback tool linking
changes in matrix structure or conformation and intra-
cellular response (e.g. FRET-based sensor for matrix
protein folding upon cellular ECM remodeling [49]),
allowing observers to follow dynamic mechanotransduc-
tion events in real time. Finally, to gain deeper insight
into the role of stiffness sensing for tissue function,
studies will have to probe the impact of stiffness in a
broader context by incorporating additional physical and
chemical factors which will likely lead to enhanced cell
responses due to synergistic effects (e.g. [50]). A full scudy
of the mechanical parameters governing cell-ECM inter-
actions will enable the design of improved materials for
tissue engineering applications, and will provide novel
model systems to decipher how matrix mechanics control
normal and disease physiological processes.
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