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Biological tissues present a grand challenge for mechanicians. Not only are their mechanical properties
complex, they show a strong spatiotemporal heterogeneity due to ongoing and active remodeling of the
living matter they are composed of: cells and extracellular matrix (ECM). The main sensors and effectors
in this process are the cells, which direct tissue structure and mechanics by changing their own behavior
and by producing and reorganizing the ECM. Vice versa, the ECM exhibits unique mechanical signatures
associated with its fibrous polymer network that can modulate cell behavior. Grasping the full complexity
of this reciprocal mechanical interaction between cells and the ECM is key for understanding physiological
tissue function and maladaptation. An emerging approach is to explain the role of tissue biomechanics
one component at a time and gradually (re)build tissue complexity. Here we highlight how this approach
has been valuable in providing new insights in the relative and combined roles of cells and matrix, and
in raising new questions into the origins of cellular and tissue responses. The answers may offer new
approaches for mechanically driven tissue regeneration and biomaterial design.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction resistance against compressive forces, while further fine-tuning

of load-bearing properties takes place via modification of fiber

A biological tissue is a composite material, mainly consisting
of cells and extracellular matrix (ECM), mutually organized to
perform a specialized function. Mechanical functioning is governed
by the properties of the ECM as well as the interactions between
the ECM and the resident tissue cells. The ECM is scaffolded
by a network of fibrous proteins, mainly collagen and elastin,
embedded in a gel of proteoglycans, glycoproteins, and water.
At the macro-scale, the relative amount of these molecular con-
stituents endows the tissue with tensile strength, resilience, and
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architecture, including collagen fiber length, diameter, anisotropy,
and cross-linking [ 1]. At the micro-scale, the intricate architecture
of the fiber-reinforced porous hydrogel offers a rich microenviron-
ment for the cells, providing and stimulating them with a variety
of mechanical and chemical cues.

Biological tissues show a fascinating adaptive response to
changes in growth and mechanical demands. The principle sensors
and effectors in this process are the cells. During early tissue
development, they respond to mechanical stimuli by proliferat-
ing, migrating, and by laying down ECM. Later, they respond by
changing their own morphology and function (e.g., contraction,
adhesion) and by orchestrating the composition and structure
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of the ECM — a process referred to as remodeling. These con-
tinual, bidirectional interactions between the cells and the ECM
are known to be facilitated by focal adhesion complexes. These
complexes not only form a physical linkage between the ECM
molecules and the intracellular cytoskeleton [2], but also act as a
force transmitter and a mechanosensor [3], triggering a cascade
of mechanical and chemical signaling in the cell that determine
cellular decision making [4]. Thus, the cells are key modulators of
mechanically-driven tissue formation and remodeling and actively
control tissue architecture and mechanics via mechanosensing and
mechanotransduction strategies. How cells sense and affect their
mechanical environment is only partly known and is a topic of
intense study in the emerging field of mechanobiology [5].

The cell’s mechanosensing ability has also added another level
of complexity in bridging the gap between functions at the cell
and tissue levels, because it means that to fully understand tis-
sue mechanical response we have to take into account not only
the properties of the cells and the matrix, but also cell-matrix
interactions. In vitro studies of three-dimensional (3D) minimal
models designed to mimic the individual components of biological
tissues has been a powerful approach to understand the material
behavior of (the components of) the ECM and tissues. In this
perspective article, we reflect on recent findings obtained using
this minimalistic approach that have shed new light on tissue
mechanobiology and the complex interplay between ECM and cells
(Fig. 1). We discuss how these findings shape the future directions
of cell-matrix mechanobiology and open a gateway to a multiscale
understanding of cell and tissue mechanics, which is of relevance
for mechanically-driven tissue engineering and materials design.

2. Mechanics lessons from in vitro minimal models
2.1. ECM equivalents

Constructing minimal models of the ECM to study its role in
cell and tissue functions has broadly employed three types of
approach. The first focuses on isolating single properties of the ECM,
such as stiffness, pore size, and gross tissue curvature, typically
using simple, synthetic materials for which these properties can
be easily tunable, such as polyacrylamide [9]. This approach is
especially advantageous in unraveling the precise molecular mech-
anisms underlying specific cellular response to individual ECM
physical properties, as has been comprehensively addressed in
recent reviews [10-12]. A potential pitfall is the translatability of
the findings to in vivo situations, as isolating a single ECM physical
property at a time implies that the potentially important interplay
with other properties is overlooked, and in practice often enforces
the other properties to be entirely unphysiological. The second
approach focuses on recapitulating the in vivo composition of the
ECM, using decellularized tissues. This approach is promising for
promoting site-specific tissue regeneration, since the decellular-
ized ECM retains the biochemical complexity, nanostructure, and
inductive properties of the native matrix [13]. Various decellular-
ization protocols are currently being developed, and the current
lack of control over the amount and organization of the ECM
components makes it challenging to identify the mechanisms by
which the ECM mediates cell behavior [14]. The third approach
focuses on reconstituting single components of the ECM, such as
collagen, fibronectin, and fibrin, thereby preserving the overall
ECM architecture and cell compatibility without the complexity
of the complete ECM composition. Here the intrinsic presence and
interplay of different ECM physical properties is both a strength
and a weakness, since it limits the independent tunability of the in-
dividual properties [ 15]. For example, in reconstituting networks of
collagen or fibrin fibers, the protein concentration, ligand density,
network pore size, fiber size, and network stiffness are often inter-
linked, and specific gel polymerization protocols are often required

to independently tune one of these factors without significantly
affecting the others [ 16-19]. Importantly, characterization of these
reconstituted ECM itself has shown unexpectedly rich mechanical
behaviors, whose mechanobiological contributions to cell response
and tissue functions are still not fully understood.

Since 2D substrate stiffness has been shown to directly affect
various vital cell behaviors, such as adhesion, differentiation, pro-
liferation, and migration [20-24], mechanical characterization of
2D cell culture substrates and 3D reconstituted ECM networks has
become an integral part in these studies. It is worth noting that,
compared to culture dishes and glass slides (stiffness in the GPa
range) but also hard (bone ~GPa) and soft tissues in the body (0.1-
100 kPa), in vitro reconstituted ECM networks (collagen, Matrigel,
fibrin) typically fall in the lower stiffness range (1 Pa-1 kPa) [23].
This is likely related to the fact that these networks are reconsti-
tuted typically by self-assembly of purified ECM proteins, resulting
in low protein density and sparse, disorganized fiber networks, in
contrast to the dense, highly-organized structure of physiological
ECM. Theories of biopolymer physics predict that the stiffness of
random semiflexible fiber networks is strongly determined by the
protein content c, following a scaling dependence of c%, where
2 < «a < 3,as has also been verified by experiments [25-29]. Such
direct relation can be useful for designing ECM-based biomaterials
with desired mechanical properties.

A key mechanical feature of fibrous biopolymer networks is
that they often exhibit nonlinear behavior, meaning that the
stiffness significantly changes as the networks are increasingly
stretched [30]. The origin and extent of this stiffening vary, de-
pending on the precise micro- and nano-scale structure of the
network. For example, collagen networks initially softens when
subjected to shear stress, due to the dynamic nature of the fiber
cross-linking [31], and then stiffens in a stress-dependent but
concentration-independent manner [32], due to the bending resis-
tance of the constituent fibers. This nonlinear stiffening response
may be physiologically important, including in the presence of
cells. The low initial stiffness can prevent high-stiffness-induced
mesenchymal phenotype and differentiation of cells [33], which
have been associated with pathological processes like fibrosis [34]
and tumor invasion [35]. At the same time, the stiffening at large
deformations can directly modulate cell-matrix interactions [36]
and enhance tissue mechanical integrity by preventing excessive
deformations/damage. In contrast to the mechanics of collagen,
fibrin networks - the ECM scaffold in blood clots - also strongly
stiffen (up to 100-fold) but in an intriguing multi-stage pro-
cess [27,37,38]. At small deformations, the networks stiffen due to
reduction of entropic fluctuation as the thermal slacks in the fibers
are pulled out, whereas at large deformations the fibers themselves
stiffen following the well-established worm-like-chain polymer
response. This hierarchical stiffening behavior endows fibrin with
an extensive gel extensibility (up to 200%-300% strains), which can
contribute to its physiological necessity to withstand blood shear
flow [39].

The structure-dependent mechanics of ECM fiber networks
highlights the importance of closely examining their microstruc-
ture. The pore size of these networks typically falls in the mi-
crometer scale, within the range of cell sizes. Interestingly, the
stochastic nature of the self-assembly of these networks results in
significant spatial heterogeneity in their structure, which directly
translates to striking heterogeneity in the local mechanical prop-
erties (spanning 2 orders of magnitude) [40,41] and stresses [42].
This raises the question whether cells sense the local or global ECM
properties; arecent study suggests, for instance, that mesenchymal
stem cell spreading and differentiation are directed by local fiber
stiffness rather than global ECM stiffness [43]. Alternatively, cells
may sample and integrate the diverse local mechanical informa-
tion to “estimate” the global tissue stiffness [44]. Moreover, the
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Fig. 1. Deconstructing tissue mechanobiology. Tissues (right panel) are formed and supported through the dynamic bidirectional interactions between the ECM (left panel)
and the resident cells that exert physical forces to the surrounding ECM via adhesion-mediated cell traction (center panel). The left panel illustrates that the (cell-free)
ECM itself exhibits characteristic mechanical signatures, for example nonlinear stress-stiffening behavior (top left; K’: differential elastic modulus, 7: applied shear stress),
heterogeneous local stiffness (top right; PDF: probability distribution function, Kjo: local stiffness), network adaptation (bottom left; y: shear strain), and negative normal
stress or reverse Poynting effect (bottom right; oy: normal stress). See text for more details about these phenomena. The image at the center depicts an (cell-free) in vitro
reconstituted fibrin network as an example of ECM network; scale bar = 20 wm. The right panel shows examples of cell-ECM mechanical interactions: single 3T3 fibroblasts
can remodel the pericellular ECM fibers (top; scale bar = 10 wm; figure reproduced from Ref. [6] with permission from Elsevier), multicellular 3T3 fibroblast tissues align
their surrounding ECM (middle; scale bar = 50 pm; figure reproduced from Ref. [7] with permission from Elsevier), two mammary acini interacting over long distance by

aligning ECM fibers in between (bottom; figure reproduced from Ref. [8]).

spatial heterogeneity also leads to non-affine (i.e., non-uniform)
deformations [45-47], which are particularly relevant for explain-
ing the biomechanics of whole tissues [48,49].

Recently, the structure of ECM fiber networks has been shown
to underlie not only their intricate elastic properties, but also a
few more exotic characteristics. Collagen and fibrin networks have
been demonstrated to remember and mechanically adapt to strain
history [50], by virtue of their multiscale remodeling at the net-
work, fiber, and molecular levels [51]. Remarkably, this remodeling
occurs consistently under multiple deformation types, including
shear, compression, and extension [50-54], and is especially rel-
evant to consider under recurring or cyclic mechanical loading,
which frequently takes place in vivo in many load-bearing tissues.
This can explain their viscoelastic and plastic behaviors [51,55,56]
and, at the cell level, it has also been hypothesized to be a mech-
anism by which cells mechanically remodel the ECM [6,57,58].
Another interesting feature of ECM fiber networks is their tendency
to contract when deformed — an unusual material phenomenon
referred to as negative normal stress [59,60] or reverse Poynting
effect [61]. While this behavior has previously been attributed to
the semiflexible nature of the fibers [62], recent evidence suggests
a more universal structural parameter, network porosity, to be the
determining factor for the switch between positive and negative
normal stresses [63]. If true, this can be a key link between the
mechanics of in vitro reconstituted ECM networks and the dense
ECM in tissues.

2.2. Tissue equivalents

To understand the mechanical interactions between cells and
the ECM in tissues, a convenient minimal model often employed is
by seeding cells in gels made from reconstituted ECM proteins [64],
forming in vitro tissue equivalents [65]. The gel provides a 3D envi-
ronment that can better promote in-vivo-like cellular activity than
2D cultures [66]. Aside from the (long-term) chemical modification
by the cells by depositing, cross-linking, and degrading the ECM,
the cells also physically remodel the ECM immediately after they
are added to the gel. Cells exert traction forces to the ECM that
result in local ECM densification and anisotropy, as well as global
gel compaction [67,68].

When cellular traction forces are sufficiently high to overcome
the mechanical resistance from the ECM, the pericellular ECM
fibers are translocated and reoriented, increasing the local fiber
density and initiating large-scale fibrillary rearrangement [69].
Aided by the ECM’s viscoplasticity, these physical rearrangements
result in irreversible, location-dependent ECM reorganization and
increase in the local ECM mechanical properties [70]. The extent
of local ECM remodeling is dependent on the pericellular condi-
tion [71], and increasing cell seeding density leads to an overall
increase in the global gel stiffness in a contractility-dependent
manner [72]. A prime example of the in vivo relevance of such
ECM remodeling is in cancer, where one physical hallmark of
tumor invasion is dense remodeled networks of taut collagen fibers
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around the tumor [73], which not only promote malignant trans-
formation [74] but also facilitate metastatic migration of the cancer
cells towards the blood vessels and the surrounding tissue [75].

The ability of cells to contract ECM gels has been exploited
to construct microtissues [76] that can serve as a standalone
tissue model for studying cell forces. Using this in vitro plat-
form, our group has shown that the resulting ECM microstruc-
ture, (an)isotropy, and cellular orientation are strongly affected
by the configuration of the spatial constraints and the application
of external mechanical stretch in a ECM-density-dependent man-
ner [77,78], suggesting an interplay between active force gener-
ation, mechanosensing, and structure-guided cell reorientation in
the microtissues. Moreover, the morphology and orientation of the
seeded cells, which are dependent on the degree of ECM alignment,
also influence the homogeneity of contraction [79], indicating the
importance of both cell and ECM organization in translating local
cell forces to large-scale coordinated contraction of the whole
microtissue.

The cell-induced changes in the local ECM mechanical prop-
erties feed back to regulate cell behavior via mechanosensing.
Changes in the ECM stiffness regulate the expression and intracel-
lular organization of proteins associated with cell contractility and
adhesion [80,81], which in turn alter the magnitude and direction
of traction forces and therefore local ECM remodeling [82,83]. As
a result, cell-induced ECM remodeling can result in directional
cell migration [84-86] as well as spatiotemporally heterogeneous
behavior of individual cells within a population [87]. Furthermore,
this remodeling can be sensed by remote cells and has been pro-
posed to mediate mechanical cell-cell communication over long
distances (several cell diameters) [88,89]. Interestingly, a recent
study showed that mechanical signaling alone (i.e., in the absence
of electrical signaling) between heart muscle cells - via ECM - can
coordinate the beating of whole embryonic heart tissue [90], high-
lighting the potential importance of ECM as a mechanical signal
transducer in tissues. These findings suggest that cells in tissues
actively seek a preferred or optimal mechanical state together with
their surrounding ECM (i.e., tensional or mechanical homeostasis)
that can best support their functions, as has been hypothesized in
the fields of cancer [91] and vascular biology [92].

3. Where we stand and outstanding questions

The use of in vitro minimal models has clearly revealed many
fundamental insights about the mechanobiological functions of
ECM and simplified tissues that would have been hidden other-
wise. To conclude this Perspective article, we briefly reflect on 4
focus points that pave the way to both the new possibilities and
the challenges lying ahead for bringing the field closer to in vivo
situations and technological advancement in biomedicine.

3.1. Mechanoactivity of seemingly passive components

Minimalistic ECM models have revealed that the biomechanics
of seemingly passive structural components is not only surpris-
ingly rich, but can also have direct mechanobiological impacts
on cell and tissue behavior. Aside from commonly-studied ECM
properties (such as pore size, bulk stiffness, and density), other
- perhaps subtler - ECM properties (such as nonlinear behavior,
inelasticity, and negative normal stress) have only started to be
appreciated. How these properties mediate cell-matrix interac-
tions are largely still unexplored, though we anticipate this to be
a subject of intensive research in the coming years. What seems
to be clear is that the structure of these components governs
their mechanical characteristics; at the same time their mechanical
response is responsible for the dynamics of the structure. Function
and form go hand-in-hand. On the one hand, this emphasizes the

need to better characterize the dynamic structure of ECM in vivo
across length scales, for example by optimizing the spatiotemporal
resolution of non-invasive imaging modalities. On the other hand,
this opens new avenues for directing cell and tissue response,
for example in the context of functional tissue regeneration [93],
using designed (synthetic) biomimetic ECM structure to actively
modulate cell and tissue function. The first step for this is to better
understand the mechanisms by which cells respond to physical
and mechanical cues from the environment [12].

3.2. Cell-matrix cooperativity: the whole is greater than the sum of
its parts

Although the mechanobiology of each component in the system
(cell and ECM) already poses fascinating new questions, the inter-
play between these players can evidently further lead to emergent
behaviors that are only beginning to be appreciated. In moving
towards the tissue level, the cooperativity between the cell and
the ECM, as well as between cells through the ECM, needs to be
explored. This is particularly important as cells also synthesize
and deposit their own matrix as well as break down the endoge-
nous ECM, creating a self-healing and highly adaptive system.
We anticipate that computational modeling, in conjunction with
observational and validatory experiments, will play a major role in
establishing the link between the mechanobiology at the nanoscale
(protein), microscale (cell), and macroscale (tissue).

3.3. Spatiotemporal evolution in mechanobiology

The bidirectional interactions between cells and ECM in tissues
necessarily results in spatiotemporal evolution of the cells and the
ECM. This aspect has been largely overlooked so far, partly due
to the focus on studying cell response to (static) individual prop-
erties of the ECM. Two approaches can potentially mitigate this.
First, cells and tissues can be cultured in dynamic condition, with
external stimuli that can be controlled over time [94,95]. Second,
cells can be cultured in specifically-designed dynamic, stimuli-
responsive substrates or scaffolds, in which the cell response and
the accompanying ECM remodeling can be simultaneously moni-
tored [96]. Insights obtained using these time-resolved approaches
can be particularly of relevance for understanding the progression
of disease pathology (e.g., cancer plasticity [97]) and for improving
the regeneration of functional tissues.

3.4. Potential of exploiting mechanobiology for biomaterial design
and tissue regeneration

Alongside its contribution to understanding the fundamental
principles of cell and tissue (patho)physiology, mechanobiology
offers a unique approach for regenerative medicine, by exploiting
the physical and mechanical properties of the cell and ECM for
directing their biological function. Such an approach is already
starting to pay dividends for in vitro functional tissue regenera-
tion [98], and we expect it to also help us move towards control-
ling in situ regeneration [99]. Although many currently available
synthetic materials lack various characteristics of natural ECM
networks, as noted earlier, there is a growing effort to recapitulate
ECM mechanical properties, such as nonlinear behavior [100], for
potential biological use. The potential of using mechanobiological
principles as a driving force for creating ordered 3D tissues is a truly
exciting prospect.



N.A. Kurniawan, C.V.C. Bouten / Extreme Mechanics Letters 20 (2018) 59-64 63

References

(1

[2

(3]
(4]

[5

6

[71

[8

[9]

[10]
(11]

[12]

[13]

(14]

(15]

[16]

[17]

(18]

[19]

(20]

(21]

(22]

(23]
[24]
(25]
(26]

(27]

(28]
[29]

(30]

F. Baaijens, C. Bouten, N. Driessen, Modeling collagen remodeling, J. Biomech.
43(1)(2010) 166-175.

K. Burridge, C. Guilluy, Focal adhesions, stress fibers and mechanical tension,
Exp. Cell Res. 343 (1) (2016) 14-20.

B. Ladoux, A. Nicolas, Physically based principles of cell adhesion
mechanosensitivity in tissues, Rep. Progr. Phys. 75 (11) (2012) 116601.

S.M. Xia, P. Kanchanawong, Nanoscale mechanobiology of cell adhesions,
Semin. Cell Dev. Biol. 71 (2017) 53-67.

J. Eyckmans, T. Boudou, X. Yu, C.S. Chen, A hitchhiker’s guide to mechanobi-
ology, Dev. Cell 21 (1) (2011) 35-47.

S.Nam, . Lee, D.G. Brownfield, O. Chaudhuri, Viscoplasticity enables mechan-
ical remodeling of matrix by cells, Biophys. ]. 111 (10) (2016) 2296-2308.
A.S. Piotrowski-Daspit, B.A. Nerger, A.E. Wolf, S. Sundaresan, C.M. Nelson,
Dynamics of tissue-induced alignment of fibrous extracellular matrix,
Biophys. ]. 113 (3) (2017) 702-713.

Q.M. Shi, R.P. Ghosh, H. Engelke, C.H. Rycroft, L. Cassereau, J.A. Sethian,
V.M. Weaver, J.T. Liphardt, Rapid disorganization of mechanically interacting
systems of mammary acini, Proc. Natl. Acad. Sci. USA 111 (2) (2014) 658-663.
AXK. Denisin, B.L. Pruitt, Tuning the range of polyacrylamide gel stiffness
for mechanobiology applications, ACS Appl. Mater. Interfaces 8 (34) (2016)
21893-21902.

G. Charras, E. Sahai, Physical influences of the extracellular environment on
cell migration, Nat. Rev. Mol. Cell Biol. 15 (12) (2014) 813-824.

W.L. Murphy, T.C. McDevitt, AJ. Engler, Materials as stem cell regulators,
Nature Mater. 13 (6) (2014) 547-557.

LA. Janson, AJ. Putnam, Extracellular matrix elasticity and topography:
material-based cues that affect cell function via conserved mechanisms, J.
Biomed. Mater. Res. Part A 103 (3) (2015) 1246-1258.

S.F. Badylak, D.O. Freytes, T.W. Gilbert, Extracellular matrix as a biological
scaffold material: Structure and function, Acta Biomater. 5 (1) (2009) 1-13.
LT. Saldin, M.C. Cramer, S.S. Velankar, LJ. White, S.F. Badylak, Extracellular
matrix hydrogels from decellularized tissues: Structure and function, Acta
Biomater. 49 (2017) 1-15.

B. Trappmann, C.S. Chen, How cells sense extracellular matrix stiffness: a
material’s perspective, Curr. Opin. Biotechnol. 24 (5) (2013) 948-953.

B.N. Mason, A. Starchenko, R.M. Williams, L.J. Bonassar, C.A. Reinhart-King,
Tuning three-dimensional collagen matrix stiffness independently of colla-
gen concentration modulates endothelial cell behavior, Acta Biomater. 9 (1)
(2013) 4635-4644.

W. Sun, C.T. Lim, N.A. Kurniawan, Mechanistic adaptability of cancer cells
strongly affects anti-migratory drug efficacy, J. R. Soc. Interface 11 (99) (2014)
20140638.

N.R. Lang, K. Skodzek, S. Hurst, A. Mainka, ]. Steinwachs, J. Schneider, K.E.
Aifantis, B. Fabry, Biphasic response of cell invasion to matrix stiffness in
three-dimensional biopolymer networks, Acta Biomater. 13 (2015) 61-67.
N.A. Kurniawan, T.H.S. van Kempen, S. Sonneveld, T.T. Rosalina, B.E. Vos, K.A.
Jansen, G.W.M. Peters, F.N. van de Vosse, G.H. Koenderink, Buffers strongly
modulate fibrin self-assembly into fibrous networks, Langmuir 33 (25)
(2017) 6342-6352.

H. Lv, L. Li, M. Sun, Y. Zhang, L. Chen, Y. Rong, Y. Li, Mechanism of regulation
of stem cell differentiation by matrix stiffness, Stem Cell Res. Ther. 6 (2015)
103.

T. Yeung, P.C. Georges, L.A. Flanagan, B. Marg, M. Ortiz, M. Funaki, N. Zahir,
W. Ming, V. Weaver, P.A. Janmey, Effects of substrate stiffness on cell mor-
phology, cytoskeletal structure, and adhesion, Cell Motil. Cytoskeleton 60 (1)
(2005) 24-34.

N.A. Kurniawan, P.K. Chaudhuri, C.T. Lim, Mechanobiology of cell migration in
the context of dynamic two-way cell-matrix interactions, J. Biomech. 49 (8)
(2016) 1355-1368.

D.E. Discher, P. Janmey, Y.-l. Wang, Tissue cells feel and respond to the
stiffness of their substrate, Science 310 (5751) (2005) 1139-1143.

AJ. Engler, S. Sen, H.L. Sweeney, D.E. Discher, Matrix elasticity directs stem
cell lineage specification, Cell 126 (4) (2006) 677-689.

F.C. MacKintosh, ]. Kds, P.A. Janmey, Elasticity of semiflexible biopolymer
networks, Phys. Rev. Lett. 75 (24) (1995) 4425-4428.

C.P. Broedersz, F.C. MacKintosh, Modeling semiflexible polymer networks,
Rev. Modern Phys. 86 (3) (2014) 995-1036.

LK. Piechocka, K.A. Jansen, C.P. Broedersz, N.A. Kurniawan, F.C. MacKintosh,
G.H. Koenderink, Multi-scale strain-stiffening of semiflexible bundle net-
works, Soft Matter 12 (7) (2016) 2145-2156.

A.M. Stein, D.A. Vader, D.A. Weitz, L.M. Sander, The micromechanics of three-
dimensional collagen-I gels, Complexity 16 (4) (2010) 22-28.

T.H.van Kempen, A.C. Bogaerds, G.W. Peters, F.N. van de Vosse, A constitutive
model for a maturing fibrin network, Biophys. J. 107 (2) (2014) 504-513.

C. Storm, ].J. Pastore, F.C. MacKintosh, T.C. Lubensky, P.A. Janmey, Nonlinear
elasticity in biological gels, Nature 435 (7039) (2005) 191-194.

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

N.A. Kurniawan, L.H. Wong, R. Rajagopalan, Early stiffening and softening
of collagen: interplay of deformation mechanisms in biopolymer networks,
Biomacromolecules 13 (3) (2012) 691-698.

AJ. Licup, S. Miinster, A. Sharma, M. Sheinman, L.M. Jawerth, B. Fabry, D.A.
Weitz, F.C. MacKintosh, Stress controls the mechanics of collagen networks,
Proc. Natl. Acad. Sci. USA 112 (31) (2015) 9573-9578.

S.C. Wei, L. Fattet, J.H. Tsai, Y. Guo, V.H. Pai, H.E. Majeski, A.C. Chen, R.L. Sah,
S.S. Taylor, AJ. Engler, J. Yang, Matrix stiffness drives epithelial-mesenchymal
transition and tumour metastasis through a TWIST1-G3BP2 mechanotrans-
duction pathway, Nat. Cell Biol. 17 (5) (2015) 678-688.

R.G. Wells, Tissue mechanics and fibrosis, Biochim. Biophys. Acta 1832 (7)
(2013) 884-890.

K.R. Levental, H. Yu, L. Kass, J.N. Lakins, M. Egeblad, J.T. Erler, S.F.T. Fong, K.
Csiszar, A. Giaccia, W. Weninger, M. Yamauchi, D.L. Gasser, V.M. Weaver,
Matrix crosslinking forces tumor progression by enhancing integrin signal-
ing, Cell 139 (5) (2009) 891-906.

Q. Wen, P.A. Janmey, Effects of non-linearity on cell — ECM interactions, Exp.
Cell Res. 319 (16) (2013) 2481-2489.

LK. Piechocka, R.G. Bacabac, M. Potters, F.C. MacKintosh, G.H. Koenderink,
Structural hierarchy governs fibrin gel mechanics, Biophys. J. 98 (10) (2010)
2281-2289.

N.A. Kurniawan, J. Grimbergen, J. Koopman, G.H. Koenderink, Factor XIII
stiffens fibrin clots by causing fiber compaction, J. Thromb. Hemost. 12 (10)
(2014) 1687-1696.

A.E.X. Brown, R.I. Litvinov, D.E. Discher, P.K. Purohit, ].W. Weisel, Multiscale
mechanics of fibrin polymer: Gel stretching with protein unfolding and loss
of water, Science 325 (5941) (2009) 741-744.

D. Velegol, F. Lanni, Cell traction forces on soft biomaterials I. Microrheology
of type I collagen gels, Biophys. J. 81 (3) (2001) 1786-1792.

C.AR.Jones, M. Cibula, ].C. Feng, E.A. Krnacik, D.H. McIntyre, H. Levine, B. Sun,
Micromechanics of cellularized biopolymer networks, Proc. Natl. Acad. Sci.
USA 112 (37)(2015) E5117-E5122.

R.C. Arevalo, P. Kumar, ].S. Urbach, D.L. Blair, Stress heterogeneities in sheared
type-I collagen networks revealed by Boundary Stress Microscopy, PLoS ONE
10(3)(2015) e0118021.

S.M. Bruekers, M. Jaspers, .M. Hendriks, N.A. Kurniawan, G.H. Koenderink,
P.H. Kouwer, A.E. Rowan, W.T. Huck, Fibrin-fiber architecture influences cell
spreading and differentiation, Cell Adh. Migr. 10 (4) (2016) 1-10.

F. Beroz, L.M. Jawerth, S. Munster, D.A. Weitz, C.P. Broedersz, N.S. Wingreen,
Physical limits to biomechanical sensing in disordered fibre networks, Nature
Commun. 8 (2017) 16096.

N.A. Kurniawan, S. Enemark, R. Rajagopalan, The role of structure in the
nonlinear mechanics of cross-linked semiflexible polymer networks, J. Chem.
Phys. 136 (6) (2012) 065101.

Q. Wen, A. Basu, P.A. Janmey, A.G. Yodh, Non-affine deformations in polymer
hydrogels, Soft Matter 8 (31) (2012) 8039-8049.

P.R.Onck, T. Koeman, T. van Dillen, E. van der Giessen, Alternative explanation
of stiffening in cross-linked semiflexible networks, Phys. Rev. Lett. 95 (17)
(2005) 178102.

P.L. Chandran, V.H. Barocas, Affine versus non-affine fibril kinematics in
collagen networks: theoretical studies of network behavior, . Blomech. Eng.
128 (2) (2006) 259-270.

[49] J. Liao, L. Yang, J. Grashow, M.S. Sacks, The relation between collagen fibril

[50]

[51]

[52]

[53]

[54]

[55]

[56]

kinematics and mechanical properties in the mitral valve anterior leaflet, J.
Biomech. Eng. 129 (1) (2007) 78-87.

S. Miinster, L.M. Jawerth, B.A. Leslie, ].I. Weitz, B. Fabry, D.A. Weitz, Strain
history dependence of the nonlinear stress response of fibrin and collagen
networks, Proc. Natl. Acad. Sci. USA 110 (30) (2013) 12197-12202.

N.A. Kurniawan, B.E. Vos, A. Biebricher, G.J.L.. Wuite, E.J.G. Peterman, G.H.
Koenderink, Fibrin networks support recurring mechanical loads by adapting
their structure across multiple scales, Biophys. J. 111 (5) (2016) 1026-1034.
0.V. Kim, R.L Litvinov, ].W. Weisel, M.S. Alber, Structural basis for the non-
linear mechanics of fibrin networks under compression, Biomaterials 35 (25)
(2014) 6739-6749.

0.V.Kim, R.I. Litvinov, ]. Chen, D.Z. Chen, ].W. Weisel, M.S. Alber, Compression-
induced structural and mechanical changes of fibrin-collagen composites,
Matrix Biol. 60-61 (2017) 141-156.

B.E. Vos, L.C. Liebrand, M. Vahabi, A. Biebricher, G.J.L. Wuite, E.].G. Peterman,
N.A. Kurniawan, F.C. MacKintosh, G.H. Koenderink, Programming the me-
chanics of cohesive fiber networks by compression, Soft Matter 13 (47)
(2017) 8886-8893.

L. Wolff, P. Fernandez, K. Kroy, Inelastic mechanics of sticky biopolymer
networks, New ]. Phys. 12 (5) (2010) 053024.

S. Nam, KH. Hu, M. Butte, O. Chaudhuri, Strain-enhanced stress relax-
ation impacts nonlinear elasticity in collagen gels, Proc. Natl. Acad. Sci. USA
113 (20) (2016) 5492-5497.

[57] ].Kim, ].C. Feng, C.AR. Jones, X.M. Mao, L.M. Sander, H. Levine, B. Sun, Stress-

induced plasticity of dynamic collagen networks, Nature Commun. 8 (2017)
842.


http://refhub.elsevier.com/S2352-4316(17)30186-4/sb1
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb1
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb1
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb2
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb2
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb2
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb3
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb3
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb3
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb4
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb4
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb4
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb5
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb5
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb5
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb6
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb6
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb6
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb7
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb7
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb7
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb7
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb7
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb8
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb8
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb8
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb8
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb8
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb9
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb9
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb9
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb9
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb9
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb10
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb10
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb10
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb11
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb11
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb11
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb12
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb12
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb12
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb12
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb12
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb13
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb13
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb13
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb14
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb14
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb14
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb14
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb14
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb15
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb15
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb15
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb16
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb16
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb16
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb16
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb16
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb16
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb16
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb17
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb17
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb17
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb17
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb17
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb18
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb18
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb18
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb18
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb18
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb19
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb19
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb19
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb19
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb19
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb19
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb19
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb20
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb20
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb20
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb20
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb20
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb21
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb21
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb21
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb21
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb21
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb21
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb21
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb22
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb22
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb22
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb22
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb22
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb23
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb23
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb23
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb24
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb24
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb24
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb25
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb25
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb25
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb26
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb26
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb26
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb27
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb27
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb27
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb27
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb27
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb28
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb28
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb28
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb29
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb29
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb29
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb30
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb30
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb30
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb31
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb31
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb31
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb31
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb31
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb32
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb32
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb32
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb32
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb32
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb33
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb33
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb33
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb33
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb33
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb33
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb33
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb34
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb34
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb34
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb35
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb35
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb35
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb35
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb35
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb35
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb35
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb36
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb36
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb36
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb37
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb37
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb37
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb37
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb37
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb38
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb38
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb38
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb38
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb38
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb39
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb39
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb39
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb39
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb39
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb40
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb40
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb40
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb41
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb41
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb41
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb41
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb41
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb42
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb42
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb42
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb42
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb42
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb43
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb43
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb43
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb43
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb43
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb44
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb44
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb44
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb44
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb44
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb45
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb45
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb45
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb45
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb45
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb46
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb46
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb46
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb47
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb47
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb47
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb47
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb47
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb48
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb48
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb48
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb48
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb48
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb49
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb49
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb49
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb49
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb49
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb50
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb50
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb50
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb50
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb50
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb51
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb51
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb51
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb51
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb51
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb52
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb52
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb52
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb52
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb52
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb53
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb53
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb53
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb53
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb53
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb54
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb54
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb54
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb54
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb54
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb54
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb54
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb55
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb55
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb55
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb56
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb56
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb56
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb56
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb56
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb57
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb57
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb57
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb57
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb57

64

[58]

[59]

[60]

[61]

[62]

(63]

(64]

[65]

N.A. Kurniawan, C.V.C. Bouten / Extreme Mechanics Letters 20 (2018) 59-64

H. Mohammadi, P.D. Arora, C.A. Simmons, P.A. Janmey, C.A. McCulloch,
Inelastic behaviour of collagen networks in cell-matrix interactions and
mechanosensation, J. R. Soc. Interface 12 (102) (2015) 20141074.

P.A. Janmey, M.E. McCormick, S. Rammensee, ].L. Leight, P.C. Georges, F.C.
MacKintosh, Negative normal stress in semiflexible biopolymer gels, Nature
Mater. 6 (1) (2007) 48-51.

H. Kang, Q. Wen, P.A. Janmey, ].X. Tang, E. Conti, F.C. Mackintosh, Nonlinear
elasticity of stiff filament networks: strain stiffening, negative normal stress,
and filament alignment in fibrin gels, J. Phys. Chem. B 113 (12) (2009) 3799~
3805.

C.0. Horgan, J.G. Murphy, Poynting and reverse Poynting effects in soft
materials, Soft Matter 13 (28) (2017) 4916-4923.

F. Meng, E.M. Terentjev, Nonlinear elasticity of semiflexible filament net-
works, Soft Matter 12 (32) (2016) 6749-6756.

H.C.G. de Cagny, B.E. Vos, M. Vahabi, N.A. Kurniawan, M. Doi, G.H. Koenderink,
F.C. MacKintosh, D. Bonn, Porosity governs normals stresses in polymer gels,
Phys. Rev. Lett. 117 (21) (2016) 217802.

E.A. Sander, V.H. Barocas, Biomimetic collagen tissues: Collagenous tissue
engineering and other applications, in: P. Fratzl (Ed.), Collagen: Structure and
Mechanics, Springer, New York, 2008, pp. 475-504.

E. Bell, H.P. Ehrlich, DJ. Buttle, T. Nakatsuji, Living tissue formed in vitro
and accepted as skin-equivalent tissue of full thickness, Science 211 (4486)
(1981) 1052-1054.

[66] J.A. Pedersen, M.A. Swartz, Mechanobiology in the third dimension, Ann.

(67]
(68]

[69]

[70]

(71]

[72]

(73]

Biomed. Eng. 33 (11) (2005) 1469-1490.

P. Fernandez, A.R. Bausch, The compaction of gels by cells: a case of collective
mechanical activity, Integr. Biol. 1 (2009) 252-259.

F. Grinnell, W.M. Petroll, Cell motility and mechanics in three-dimensional
collagen matrices, Annu. Rev. Cell. Dev. Biol. 26 (2010) 335-361.

R.K. Sawhney, J. Howard, Slow local movements of collagen fibers by fibrob-
lasts drive the rapid global self-organization of collagen gels, J. Cell Biol.
157 (6) (2002) 1083-1091.

L.H. Wong, N.A. Kurniawan, H.-P. Too, R. Rajagopalan, Spatially resolved mi-
crorheology of heterogeneous biopolymer hydrogels using covalently bound
microspheres, Biomech. Model. Mechanobiol. 13 (4) (2014) 839-849.

M.D. Stevenson, A.L. Sieminski, C.M. McLeod, F.J. Byfield, V.H. Barocas, KJ.
Gooch, Pericellular conditions regulate extent of cell-mediated compaction
of collagen gels, Biophys. J. 99 (1) (2010) 19-28.

K.A.Jansen, R.G. Bacabac, LK. Piechocka, G.H. Koenderink, Cells actively stiffen
fibrin networks by generating contractile stress, Biophys. J. 105 (10) (2013)
2240-2251.

P.P. Provenzano, K.W. Eliceiri, ].M. Campbell, D.R. Inman, J.G. White, P.J.
Keely, Collagen reorganization at the tumor-stromal interface facilitates local
invasion, BMC Med. 4 (1) (2006) 38.

[74] J.G. Goetz, S. Minguet, 1. Navarro-Lerida, ].J. Lazcano, R. Samaniego, E. Calvo,

M. Tello, T. Osteso-Ibanez, T. Pellinen, A. Echarri, A. Cerezo, AJ. Klein-
Szanto, R. Garcia, P.J. Keely, P. Sanchez-Mateos, E. Cukierman, M.A. Del Pozo,
Biomechanical remodeling of the microenvironment by stromal caveolin-1
favors tumor invasion and metastasis, Cell 146 (1) (2011) 148-163.

[75] J. Condeelis, J.E. Segall, Intravital imaging of cell movement in tumours, Nat.

[76]

Rev. Cancer 3 (12) (2003) 921-930.

W.R. Legant, A. Pathak, M.T. Yang, V.S. Deshpande, R.M. McMeeking, C.S. Chen,
Microfabricated tissue gauges to measure and manipulate forces from 3D
microtissues, Proc. Natl. Acad. Sci. USA 106 (25) (2009) 10097-10102.

[77] J. Foolen, V.S. Deshpande, F.M.W. Kanters, F.P.T. Baaijens, The influence of

matrix integrity on stress-fiber remodeling in 3D, Biomaterials 33 (30)(2012)
7508-7518.

[78] J. Foolen, M.W. Janssen-van den Broek, F.P. Baaijens, Synergy between Rho

[79]

signaling and matrix density in cyclic stretch-induced stress fiber organiza-
tion, Acta Biomater. 10 (5) (2014) 1876-1885.

A.C.C. van Spreeuwel, N.A.M. Bax, AJ. Bastiaens, ]. Foolen, S. Loerakker, M.
Borochin, D.W.]. van der Schaft, C.S. Chen, F.P.T. Baaijens, C.V.C. Bouten, The
influence of matrix (an)isotropy on cardiomyocyte contraction in engineered
cardiac microtissues, Integr. Biol. 6 (4) (2014) 422-429.

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

0.V. Sazonova, K.L. Lee, B.C. Isenberg, C.B. Rich, M.A. Nugent, J.Y. Wong, Cell-
cell interactions mediate the response of vascular smooth muscle cells to
substrate stiffness, Biophys. J. 101 (3) (2011) 622-630.

M. Gupta, B.R. Sarangi, J. Deschamps, Y. Nematbakhsh, A. Callan-Jones, F.
Margadant, R M. Mege, C.T. Lim, R. Voituriez, B. Ladoux, Adaptive rheology
and ordering of cell cytoskeleton govern matrix rigidity sensing, Nature
Commun. 6 (2015) 7525.

M. Ghibaudo, A. Saez, L. Trichet, A. Xayaphoummine, ]. Browaeys, P. Silberzan,
A. Buguin, B. Ladoux, Traction forces and rigidity sensing regulate cell func-
tions, Soft Matter 4 (9) (2008) 1836-1843.

M. Miron-Mendoza, ]. Seemann, F. Grinnell, The differential regulation of cell
motile activity through matrix stiffness and porosity in three dimensional
collagen matrices, Biomaterials 31 (25) (2010) 6425-6435.

N. Gjorevski, A.S. Piotrowski, V.D. Varner, C.M. Nelson, Dynamic tensile forces
drive collective cell migration through three-dimensional extracellular ma-
trices, Sci. Rep. 5 (2015) 11458.

K.S. Kopanska, Y. Alcheikh, R. Staneva, D. Vignjevic, T. Betz, Tensile forces
originating from cancer spheroids facilitate tumor invasion, PLoS ONE 11 (6)
(2016) e0156442.

H. Ahmadzadeh, M.R. Webster, R. Behera, A.MJ. Valencia, D. Wirtz, A.T.
Weeraratna, V.B. Shenoy, Modeling the two-way feedback between con-
tractility and matrix realignment reveals a nonlinear mode of cancer cell
invasion, Proc. Natl. Acad. Sci. USA 114 (9) (2017) E1617-E1626.

W. Sun, N.A. Kurniawan, A.P. Kumar, R. Rajagopalan, C.T. Lim, Effects of
migrating cell-induced matrix reorganization on 3D cancer cell migration,
Cell. Mol. Bioeng. 7 (2) (2014) 205-217.

H.L. Wang, A.S. Abhilash, C.S. Chen, R.G. Wells, V.B. Shenoy, Long-range force
transmission in fibrous matrices enabled by tension-driven alignment of
fibers, Biophys. J. 107 (11) (2014) 2592-2603.

X.Y. Ma, MLE. Schickel, M.D. Stevenson, A.L. Sarang-Sieminski, K.J. Gooch, S.N.
Ghadiali, R.T. Hart, Fibers in the extracellular matrix enable long-range stress
transmission between cells, Biophys. J. 104 (7) (2013) 1410-1418.

K.K. Chiou, J.W. Rocks, CY. Chen, S. Cho, K.E. Merkus, A. Rajaratnam, P.
Robison, M. Tewari, K. Vogel, S.F. Majkut, B.L. Prosser, D.E. Discher, AJ]. Liu,
Mechanical signaling coordinates the embryonic heartbeat, Proc. Natl. Acad.
Sci. USA 113 (32) (2016) 8939-8944.

MJ. Paszek, N. Zahir, K.R. Johnson, J.N. Lakins, G.I. Rozenberg, A. Gefen, C.A.
Reinhart-King, S.S. Margulies, M. Dembo, D. Boettiger, D.A. Hammer, V.M.
Weaver, Tensional homeostasis and the malignant phenotype, Cancer Cell
8(3)(2005) 241-254.

[92] ]J.D. Humphrey, Vascular adaptation and mechanical homeostasis at tissue,

(93]

(94]

(95]

(96]

[97]

(98]

(99]

[100]

cellular, and sub-cellular levels, Cell Biochem. Biophys. 50 (2) (2008) 53-78.
B.N. Brown, S.F. Badylak, Extracellular matrix as an inductive scaffold for
functional tissue reconstruction, Transl. Res. 163 (4) (2014) 268-285.

C.A. DeForest, D.A. Tirrell, A photoreversible protein-patterning approach for
guiding stem cell fate in three-dimensional gels, Nature Mater. 14 (5) (2015)
523-531.

AM. Kloxin, A.M. Kasko, C.N. Salinas, K.S. Anseth, Photodegradable hydrogels
for dynamic tuning of physical and chemical properties, Science 324 (5923)
(2009) 59-63.

K. Uto, J.H. Tsui, C.A. DeForest, D.H. Kim, Dynamically tunable cell culture
platforms for tissue engineering and mechanobiology, Prog. Polym. Sci. 65
(2017) 53-82.

P. Fried], S. Alexander, Cancer invasion and the microenvironment: plasticity
and reciprocity, Cell 147 (5) (2011) 992-1009.

R.M. Gouveia, E. Koudouna, ]. Jester, F. Figueiredo, C.J. Connon, Template
curvature influences cell alignment to create improved human corneal tissue
equivalents, Adv. Biosyst. 2017 (2017) 1700135.

E.E. van Haaften, C.V.C. Bouten, N.A. Kurniawan, Vascular mechanobiology:
towards control of in situ regeneration, Cells 6 (3) (2017) 19.

M. Jaspers, S.L. Vaessen, P. van Schayik, D. Voerman, A.E. Rowan, P.HJ.
Kouwer, Nonlinear mechanics of hybrid polymer networks that mimic the
complex mechanical environment of cells, Nature Commun. 8 (2017) 15478.


http://refhub.elsevier.com/S2352-4316(17)30186-4/sb58
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb58
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb58
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb58
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb58
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb59
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb59
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb59
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb59
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb59
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb60
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb60
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb60
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb60
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb60
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb60
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb60
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb61
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb61
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb61
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb62
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb62
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb62
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb63
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb63
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb63
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb63
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb63
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb64
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb64
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb64
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb64
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb64
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb65
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb65
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb65
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb65
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb65
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb66
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb66
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb66
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb67
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb67
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb67
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb68
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb68
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb68
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb69
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb69
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb69
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb69
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb69
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb70
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb70
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb70
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb70
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb70
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb71
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb71
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb71
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb71
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb71
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb72
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb72
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb72
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb72
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb72
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb73
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb73
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb73
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb73
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb73
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb74
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb74
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb74
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb74
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb74
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb74
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb74
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb74
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb74
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb75
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb75
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb75
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb76
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb76
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb76
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb76
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb76
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb77
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb77
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb77
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb77
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb77
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb78
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb78
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb78
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb78
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb78
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb79
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb79
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb79
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb79
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb79
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb79
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb79
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb80
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb80
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb80
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb80
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb80
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb81
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb81
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb81
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb81
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb81
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb81
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb81
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb82
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb82
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb82
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb82
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb82
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb83
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb83
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb83
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb83
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb83
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb84
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb84
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb84
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb84
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb84
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb85
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb85
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb85
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb85
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb85
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb86
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb86
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb86
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb86
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb86
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb86
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb86
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb87
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb87
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb87
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb87
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb87
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb88
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb88
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb88
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb88
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb88
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb89
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb89
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb89
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb89
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb89
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb90
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb90
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb90
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb90
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb90
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb90
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb90
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb91
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb91
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb91
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb91
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb91
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb91
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb91
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb92
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb92
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb92
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb93
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb93
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb93
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb94
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb94
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb94
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb94
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb94
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb95
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb95
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb95
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb95
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb95
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb96
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb96
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb96
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb96
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb96
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb97
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb97
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb97
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb98
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb98
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb98
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb98
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb98
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb99
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb99
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb99
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb100
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb100
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb100
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb100
http://refhub.elsevier.com/S2352-4316(17)30186-4/sb100

	Mechanobiology of the cell–matrix interplay: Catching a glimpse of complexity via minimalistic models
	Introduction
	Mechanics lessons from in vitro minimal models
	ECM equivalents
	Tissue equivalents

	Where we stand and outstanding questions
	Mechanoactivity of seemingly passive components
	Cell–matrix cooperativity: the whole is greater than the sum of its parts
	Spatiotemporal evolution in mechanobiology
	Potential of exploiting mechanobiology for biomaterial design and tissue regeneration

	References


