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We describe a multiscale model that incorporates force-dependent
mechanical plasticity induced by interfiber cross-link breakage and
stiffness-dependent cellular contractility to predict focal adhesion (FA)
growth and mechanosensing in fibrous extracellular matrices (ECMs).
The model predicts that FA size depends on both the stiffness of ECM
and the density of ligands available to form adhesions. Although these
two quantities are independent in commonly used hydrogels, con-
tractile cells break cross-links in soft fibrous matrices leading to
recruitment of fibers, which increases the ligand density in the vicinity
of cells. Consequently, although the size of focal adhesions increases
with ECM stiffness in nonfibrous and elastic hydrogels, plasticity of
fibrous networks leads to a departure from the well-described positive
correlation between stiffness and FA size. We predict a phase diagram
that describes nonmonotonic behavior of FA in the space spanned by
ECM stiffness and recruitment index, which describes the ability of
cells to break cross-links and recruit fibers. The predicted decrease in
FA size with increasing ECM stiffness is in excellent agreement with
recent observations of cell spreading on electrospun fiber networks
with tunable cross-link strengths and mechanics. Our model provides
a framework to analyze cell mechanosensing in nonlinear and
inelastic ECMs.

focal adhesion | mechanosensing | cell contractility | matrix physical
remodeling | Rho pathway

ocal adhesions (FAs) are large macromolecular assemblies through
which mechanical force and regulatory signals are transmitted be-
tween the extracellular matrix (ECM) and cells. FAs play important
roles in many cellular behaviors, including proliferation, differentiation,
and locomotion, and pathological processes like tumorigenesis and
wound healing (1-4). For this reason, intense efforts have been de-
voted to understanding how key signaling molecules and ECM char-
acteristics influence the formation and growth of FAs. In particular, in
vitro studies using elastic hydrogels have shown that forces generated
by actomyosin contraction are essential for the stabilization of FAs
(5, 6). Numerous observations have convincingly demonstrated that
cells form larger FAs as well as develop higher intracellular traction
forces on stiffer ECMs (7, 8), evidencing the mechanosensitive
nature of FAs which has been quantitatively modeled using dif-
ferent (continuum, coarse-grain, and molecular) approaches (9, 10).
It must be pointed out that in all of the aforementioned inves-
tigations, the substrates considered were flat (2D) and linear elastic.
However, in vivo, many cells reside within 3D fibrous scaffolds
where the density and diameter of fibers can vary depending on the
nature of the tissue (11-13). The local architecture of these fibrous
networks may change significantly when cells exert forces on them,
leading to phenomena such as nonlinear stiffening, reorientation,
and physical remodeling of the ECM (14, 15). Our recent study on
cells in synthetic fibrous matrices with tunable mechanics and user-
defined architecture showed that increasing fiber stiffness sup-
presses spreading, in contrast to hydrogels, where increased stiffness
always promotes cell spreading (16). Other recent studies have
found that the spreading of cells cultured on soft viscoelastic sub-
strates that exhibit stress relaxation is greater than those on elastic
substrates of the same modulus but similar to that of cells spreading
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on stiffer elastic substrates (17). Although these studies demon-
strate a clear departure from the well-described relationship be-
tween material stiffness and spreading established with elastic
hydrogel surfaces, a quantitative description of how cells are able to
physically remodel matrices to mature FAs, which in turn can lead
to greater spreading, is currently lacking. In particular, models that
connect ECM structure (ie., fiber properties such as size and
stiffness and the strength of cross-links) with cell adhesion forma-
tion and spreading can guide the development of materials to en-
gineer the cellular responses, as well as to better understand the
cell-matrix interactions in physiologically relevant states.

Here we propose a multiscale chemomechanical model to describe
the evolution of FAs in cross-linked fibrous networks that resemble
native ECMs. Specifically, possible breakage of cross-links in the fi-
brous network is considered, which allows contractile cells to recruit
fibers and increase the density of ligands available for the formation
of adhesions. By combining the mechanics of fiber recruitment with
stress-dependent growth kinetics of FA plaques, we predict a phase
diagram for the stable size of focal adhesions as a function of the
ECM stiffness and a parameter we introduce, namely, the re-
cruitment index of the ECM that characterizes how easily fibers can
be recruited by the contractile cells. Our model explains how cell-
driven fiber recruitment can lead to a departure from the monotonic
stiffness versus cell spreading relationship observed in hydrogels.

Materials and Methods

To understand the influence of cell-driven fiber recruitment on the formation
of FAs, we developed a multiscale chemomechanical model. Specifically, the
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correlation between fiber density (which then determines the density of li-
gand/integrin bonds composing FAs) and cell contractility is first obtained
using discrete fiber network (DFN) simulations. The mechanical response of
the FA-ECM complex to actomyosin contractile forces is then determined by
developing a coarse-grained model, where discrete FAs are homogenized
and treated as an adhesion band along the rim of the cell. By coupling the
stiffness dependence of the actin contractile force and the stress-dependent
kinetics of adding new adhesion plaque units, the growth dynamics of the
FA band and its equilibrium size are evaluated. The details of each of the
elements of the model are described in the following sections.

Discrete Fiber Network Model for the ECM. Following our earlier work on active
biopolymer networks (14, 15), 2D fiber networks representing electrospun ma-
trices were created with randomly organized linear elastic fibers and breakable
cross-links. The fiber properties used in our DFN simulations were based on re-
cent experiments on electrospun methacrylated dextran (16) scaffolds. Specifi-
cally, individual fibers were modeled as beams having circular cross-sections with
Young’s moduli, Poisson’s ratios, and radii of 140 MPa, 0.3, and 1.8 um, re-
spectively. The initial configuration was created by randomly placing dis-
crete fibers in a 2D plane and cross-linking the fibers that are closer than a
threshold value. New fibers were added until the experimentally observed
network pore size was reached. A circular void was introduced in the middle
to represent the contractile cell which applies a uniformly distributed and
radially directed force to the network near the periphery of the hole (Fig.
S1). During the simulation, the force applied at the cell periphery was raised
incrementally, whereas the network displacement was fixed at the outer
boundaries, far from the hole. The cross-links were checked at each loading
increment and removed if the transmitted strain energy exceeded a
threshold value. This allowed for the detachments of fibers from their initial
positions and densification toward the cell area. Fiber recruitment was
quantified as the number of fibers that were pulled into the cell area.

Coarse-Grained Model for the Mechanical Response of the FAs. It is well known
that FAs, which consist of clusters of integrins that bind to the ECM and to an
intracellular plaque of reinforcing actin binding proteins, are connected to
the cell nucleus via actomyosin stress fibers as shown in Fig. S2. Furthermore,
such assemblies are mostly distributed at the cell periphery (18, 19), as shown
in Fig. 1A. Based on these observations, we proceed by adopting an axially
symmetric coarse-grained computational model where we represent the
focal adhesions as a band (with width rea) along the rim of a circular cell (Fig.
1A). The discrete FAs are not considered here, but we adopt a homogenized
description where the total area of the adhesions is predicted based on the
effective width of the band. The FA band is treated as an elastic plaque
representing the stiffness of the constituent molecules (with Young’s mod-
ulus Ep) connected to the ECM through an array of integrins (modeled as
springs with stiffness k;) whose density (¢;) is assumed to be proportional to
the fiber density (¢;) underneath the cell. Although more complicated
models with strain-dependent detachment rates can be used for integrins,
recent experiments have shown that a simple description (i.e., treating the
integrin as a linear spring) can capture the response of integrins sufficiently
because the timescale for integrin binding dynamics [i.e., a few seconds (9,
20)] is much shorter than that for FA growth [i.e., a few minutes (18)]. In
addition, the proximal end of the band is connected to the cell nucleus
through stress fibers (Fig. 1B) that generate contractile forces.

Increases in the density of ECM fibers (¢;) underneath a cell can occur as
the contractile forces break the cross-links in the ECM and recruit fibers,
which will further influence the integrin-ECM bond density (¢; for sim-
plicity, we assume that ¢; = ¢;). Specifically, our DFN simulations show that
the fiber density (¢;) increases with the applied force (once it exceeds a
threshold value) before saturating at large levels of force. To capture this
behavior, ¢; is phenomenologically related to the contractile stress () as

Pr _ { 1, 0<oc M
®o 1+5*%erfn(c—oc), o>0c’

Here ¢, is the initial fiber density, o corresponds to the threshold stress for
fiber recruitment, erf stands for the error function, and n (recruitment index)
is @ measure of the ease with which fibers can be recruited. Physically, large
values of n correspond to the cases where cross-links are weak (i.e., can be
broken easily), and therefore, more fibers will be recruited by the cell. As we
show below (Cross-Link Breakage Enables Ligand Recruitment in Fibrous
Networks), Eq. 1 captures the essential features of cross-link failure and fiber
recruitment observed in our DFN simulations. With this description in hand,
we can then use our coarse-grained model to address the outstanding issue
of how cellular contraction influences the formation of FAs (via remodeling
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Fig. 1. Coarse-grained model for the mechanical response of the FAs.
(A) Schematic of a cell adhered to fibrous ECM. Cell contraction deforms the
fibrous ECM through the FAs. The FAs are formed at the periphery of the cell.
Based on this observation, an axially symmetric coarse-grained model is pro-
posed, in which FAs are treated as a band at the periphery of the cell.
(B) Schematic of the coarse-grained model: Stress fibers connect the FA band/
plague and the nucleus. The FA band/plague is connected to ECM through an
integrin layer whose density is positively correlated with the fiber density un-
derneath the cell. The ECM is treated as an elastic material. (C) Schematic of the
mechanical model: the deformation field induced by an actomyosin stress o
applied at the proximal edge of the FA band/plague connected to the ECM via
integrin layer. The FA plaque and the ECM are treated as elastic materials. The
integrin layer is treated as a thin elastic layer consisting of springs.

the ECM) within a continuum framework. The limitations of applying Eq. 1
to the 1D model for FA growth are discussed in Supporting Information.

When the actomyosin system applies a stress ¢ at the proximal edge of the
FA band/plaque (as shown in Fig. 1C), the FA-ECM system deforms in re-
sponse, leading to spatially varying elastic fields. To determine the stress and
strain distributions, we implemented the coarse-grained model shown in Fig.
1B (governing equations and the boundary conditions are given in Sup-
porting Information), together with the phenomenological description for
fiber recruitment (Eq. 1), in the finite element method package (COMSOL
5.1). The effective modulus of the FA-ECM complex (i.e., the modulus sensed
by the cell through active contraction) can be expressed as

o
E:Azgﬁ:EF*A(EECM: rea,n), [2]

where & is the radial strain of the plaque at the proximal edge, which
depends on the stiffness of the ECM, the size of the adhesion plaque as well
as the degree of fiber recruitment. Note that because the contractile stress
depends on the effective stiffness E:A' the mechanical deformation of the
FA-ECM complex has to be obtained in a self-consistent manner due to
chemomechanical feedback (Fig. 2C; see Supporting Information for details).

Model for Stress-Dependent Growth of the FA Band. Given that integrin
binding/unbinding occurs within seconds (9, 20), whereas the assembly of
proteins in the FA takes several minutes (18), the growth of FA should pri-
marily depend on how fast adhesion proteins are added/removed from the
plaque. Furthermore, as suggested by experiments, we proceed by assuming
that protein recruitment/disassembly can only take place at the edge of the
FA plaque (21). Finally, the driving force for growth of the plaque is assumed
to be the chemical potential difference between plaque units recruited to
the plaque and those in the cytosol. In particular, the work done by the
contractile stress as the new units are recruited is expected to facilitate their
incorporation in the plaque (22). Following this line of reasoning, we express
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Fig. 2. Flowchart depicting the simulation steps. Blue arrow indicates the cross-
talk between cell contractility and ECM remodeling. (A) DFN simulations predict
fiber density (¢4 as a function of cell contraction stress (¢) and fiber recruitment
index (n). The prediction about fiber density is implemented in the coarse-
grained FA model (B) to estimate the effective FA-ECM modulus (E;; ), which
is used to evaluate the level of the contractile force (¢) using a chemomechanical
feedback model for the actomyosin system (C; see Supporting Information for
details). (D) Finally, all of the insights are combined to study the evolution dy-
namics of FA (in terms of its growth rate J) and give its equilibrium size.

the free energy difference for a segment of the plaque (with size Ar and
radial angle d6 as shown in Fig. 2D and Fig. S3C) as

AE =—chAr(rc — rea)d0+ Augh(re — rea)do, [3]

where h is the thickness of the FA plaque and Ayq (with unit J/mz) represents
the free energy gained per unit area for growing the plaque. The first term
corresponds to the mechanical work performed by the actomyosin fibers
when a new plaque unit is incorporated. When AE is negative in the pres-
ence of sufficiently large actomyosin contractile force, FA growth becomes
energetically favorable. The total plaque recruitment flux J (i.e., the FA
growth rate) can then be related to AF as

= / ( )de zo<a—ﬁ)h(rc—rm), (4]

where D is a constant describing the kinetics of plaque assembly. In steady
state (J=0), the stress generated by the actomyosin system must satisfy,

=0%* =Aug/Ar. Next we discuss how the laws for plaque incorporation (Eq.
4), actomyosin force generation, and effective modulus (Eq. 2) can be
combined to predict the stable size of FA plaques.

Putting It All Together: Prediction of the Stable FA Size Based on Mechanical
Response. The rate-limiting step in the growth of the FAs is the incorporation
of new plaque units, a process influenced by the stress level in the plaque
exerted by the actomyosin network. The contractility of the network, in turn,
depends on the effective stiffness of the adhesion complex determined by the
size of the plaque, the stiffness of the ECM, and the density of integrin links
between the ECM and the plaque. For ECMs that can be remodeled by cells,
the integrin density is expected to be proportional to the density of fibers
that can be recruited by the cells as they break the cross-links, which is
controlled by the contractile force. Thus, predicting the growth kinetics and
size of focal adhesions requires us to consider the two-way cross-talk between
matrix reorganization and cell contractility. This is achieved by adopting the
following multiscale procedures: (i) Using discrete fiber network simulations,
the density of cross-links that are broken and hence the density of the
recruited fibers (¢y), as well as the integrin density increase that occurs in the
process, are determined for a given level of contractile force (Fig. S1).
(i) Based on the integrin bond density, determine the effective stiffness
(EF*A) of the adhesion complex as a function of the plaque size (rfa) and ECM
stiffness/modulus (Egcy) from a coarse-grained model (Fig. 1 B and C).

Cao et al.

(iii) Using the effective stiffness (E:A) from step ii, evaluate the level of the
contractile force () using a chemomechanical feedback model for the ac-
tomyosin system we previously developed (Fig. 2C and Fig. S3 A and B).
(iv) Combining insights from steps i to jii, with the knowledge of the con-
tractile force, study the evolution dynamics of FA (in terms of its growth rate
J) as well as its equilibrium size (Fig. 2D and Fig. S3C).

It must be pointed out that the feedback between steps j and iii (i.e., actin
contractile stress induces change in integrin density, whereas in return, a
higher integrin-ECM bond density could vary the effective stiffness of FAs
and eventually the generation of contractile stress) was carried out self-
consistently in the above procedures as illustrated in Fig. 2. The parame-
ters used in the model and along with their sources are listed in Table S1.

Results

Cross-Link Breakage Enables Ligand Recruitment in Fibrous Networks.
Our DEN simulations showed that the fiber strains decay gradually
away from the periphery of the cell where contractile forces are
applied (Fig. S14). Furthermore, fibers oriented in the radial di-
rection are stretched, whereas strains in the fibers aligned circum-
ferentially were predominantly compressive (Fig. S1B). As the level
of contractile force increases, the compressed fibers buckle, whereas
the cross-links between the radial fibers could undergo higher
stretching. Rupture of cross-links takes place once the forces the
cross-links transmitted exceed a critical level, eventually allowing
the fibers to be pulled into the cell area. As expected, significant
fiber recruitment (to the circular region shown in Fig. S1) was ob-
served in networks with weak cross-links (Fig. 34) that could rup-
ture easily, whereas no recruitment was observed when the fibers
were welded together, in agreement with experimental observations
(Fig. 3 C and D). The density of fibers (underneath the cell) under
different levels of contractile stresses and cross-link strength are
shown in Fig. 3B. Increases in the density of recruited fibers with
force can be well fitted by the phenomenological relationship, Eq. 1,
that is characterized by two parameters, namely, the fiber re-
cruitment index (n) and the threshold stress for the cross-links to
rupture (o). We found that ECM stiffness indeed had a significant
effect on fiber recruitment. Specifically, the cell recruits significantly
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Fig. 3. Discrete fiber network simulation shows that cross-link breakage leads
to fiber recruitment. (A) Tensile forces generated by cellular contraction leads
to the breakage of the fiber cross-links, which allows the cell to recruit more
fibers. The fiber recruitment index increases when the cell contractile force
increases and more cross-links break. The red circle denotes the outline of the
cell. (B) Normalized fiber density as a function of cell contraction for networks
with cross-links of different breaking strengths. (C) The cell induces large de-
formations to the soft network, whereas induced deformations are much
smaller for the stiff and welded soft network (stronger cross-links). (D)
Quantitative measurements verified that the welded soft network shows fiber
recruitment index as stiff networks, indicating that strong cross-links inhibit
fiber recruitment. C and D adapted with permission from ref. 16.
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fewer fibers on stiffer ECMs, as shown in Fig. 3 C and D, a phe-
nomenon that is well captured by our model (Fig. S4).

Nonuniform Stress Distribution in the FA Leads to Biphasic Stiffness
Sensing by the Actomyosin System. A quantity of key interest is the
effective stiffness (Ex,) of the FA-ECM complex, which physi-
cally represents the apparent mechanical modulus of the extra-
cellular environment that a cell senses through the FA. This
quantity is determined using the coarse-grained model and plotted
as a function of the FA size in Fig. 4 A and C for different values
of the ECM moduli (Egcm) and fiber recruitment indexes (n),
respectively. In both cases, E, is small when the FA band size
is either very large or very small but reaches a maximum at a
certain intermediate FA band size. To understand this biphasic
behavior, the force distribution in the integrin layer is first ex-
amined in the absence of fiber recruitment. As shown in Fig. 4B,
the force transmitted to the ECM is distributed almost uniformly
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Fig. 4. Mechanosensing of the FA shows biphasic behavior with respect to
the FA size. (A) Effective stiffness of a FA as a function of its size and the ECM
modulus. (B) Normalized integrin force distribution for FAs of different sizes
with Egcm = 7.5 kPa. For small FAs, integrin force is almost uniformly distrib-
uted. The force is concentrated at the proximal edge as the FA becomes larger.
(C) Influence of fiber recruitment index on the effective stiffness—FA size
profile with Ezcy = 7.5 kPa. Fiber recruitment significantly increases the ef-
fective stiffness of FA-ECM complex. (D) Schematics for the influence of fiber
recruitment: higher fiber recruitment index indicates more cross-link break-
age, leading to more fibers and ligands, providing more integrins within the
FA. Therefore, fiber recruitment significantly increases the effective stiffness.
(E) Generic shape of the FA growth rate as a function of FA size, from which
two quantities of central interest, i.e., the nucleation size for the nascent ad-
hesions to develop into mature ones and the stable size for a fully developed
FA, can be identified. The value of FA growth rate is only positive when FA size
is between these two sizes. E reprinted with permission from ref. 24, with
permission from Elsevier (www.sciencedirect.com/science/journal/00063495).

E4552 | www.pnas.org/cgi/doi/10.1073/pnas.1620486114

over all of the integrins for small FAs (solid blue curve), whereas
the load distribution becomes highly nonuniform for large FAs,
with the proximal edge carrying the majority of the transmitted
force (solid magenta curve). This is known as the shear lag effect
(23), where the stresses get unevenly distributed in the connecting
layer (integrin layer) due to the difference in the deformation of the
connected elements (the FA plaque and the ECM). The non-
uniform distribution of force in the integrin layer becomes signifi-
cant above a critical size of the FA, namely, the shear lag length
(23). This length is determined by the stiffnesses of the FA plaque,
integrins, and ECM, as well as the density of integrins (see the
detailed form in Supporting Information and Fig. S5B). Hence, for
FAs that are smaller than this characteristic size, the load is almost
evenly shared by the integrins, and their growth results in bringing
more active (i.e., load bearing) integrins and leads to a monotonic
increase of Ep,. In contrast, for larger FAs (much larger than the
shear lag length), the load is concentrated in a limited region at the
proximal edge, and only inactive (i.e., those carrying no load)
integrins are introduced as they grow. The effective stiffness of this
inactive part correlates negatively to its size, whereas the response
of the active part is not sensitive to how large the adhesion plaque is
(refer to Fig. S5B and related discussion for details). Hence, Ef,
decreases for large FAs as they grow.

When recruitment of fibers due to breaking of the cross-links
is considered, the effective stiffness of the FA-ECM complex
(Ex) increases significantly compared with the case where fiber
recruitment is not possible (Fig. 4C). For ECMs of the same
modulus, higher fiber recruitment index (larger ) means more
cross-links can break for the same level of applied load (as shown
in Fig. 4D, Top). As a result, the cell can recruit more fibers and
form more integrin—-ECM bonds (as shown in Fig. 4D, Bottom),
which contributes to additional stiffness and ultimately leads to
the overall increase of effective stiffness (Ef,).

The Growth Model Predicts a Nucleation Size and Stable Size of the
FAs That Depends on the ECM Stiffness and the Level of Fiber
Recruitment. As demonstrated both experimentally and theoreti-
cally (5, 6, 24), FA growth is largely determined by the level of
actomyosin stress, which is sensitive to the effective stiffness of the
FA-ECM complex (E},) as described by the two-way mech-
anochemical feedback (Fig. 2C). Because this effective stiffness
depends on the FA size (Fig. 4 A and C), the ECM modulus and
the fiber recruitment index, these parameters in turn influence how
fast the FAs grow. The generic behavior of the FA plaque re-
cruitment flux J (FA growth rate) as a function of FA size predicted
by our model is shown in Fig. 4E. An immediate observation is that
the value of J is positive only when ry, <7ga <rg, Where rp, stands
for the nucleation size. A nascent FA must be larger than this size
to grow, whereas ry is the stable size for the FA. The FA growth can
then be divided into three regimes as depicted in Fig. 4E: newly
nucleated FAs with sizes smaller than r,, will disassemble and
eventually disappear; in comparison, FAs that are larger than ryy,
will increase in size toward a stable size (ry); and very large FAs
(rra >74), on the other hand, are predicted to shrink until they
reach back to the stable size (ry).

This nonmonotonic growth rate—FA size relation can be un-
derstood by examining the intracellular contractile stress as a
function of the size of the FA. Specifically, because of the bi-
phasic dependence of E}, on the FA size, a similar trend is
expected for the contractile stress because a stiff FA-ECM
complex induces a higher level of cell contractility (Eq. 3). As
a result, cells cannot generate sufficient contractile stresses
necessary for the further growth of the FAs when the sizes of
FAs are either too small or too large, which produces the bi-
phasic shape of FA growth profile as shown in Fig. 4E. Of
course, the exact shape of the growth rate profile varies with the
ECM moduli and the fiber recruitment indexes, leading to dif-
ferent stable sizes of the FA band.
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FA Size-ECM Modulus Relation Becomes Nonmonotonic When Cells
Can Recruit Fibers. We first examined the correlation between FA
size and ECM modulus without fiber recruitment, a scenario rele-
vant to most elastic hydrogels and cross-linked ECMs that cannot
be physically remodeled by the cells. As shown in Fig. 54, we found
that cells cannot form stable FAs on very soft ECMs. Furthermore,
FA size increases monotonically with the ECM modulus. This can
be explained by the fact that higher contractile stress will be de-
veloped on stiffer ECMs, which eventually leads to larger FAs.
When cells can recruit fibers [as in the case of fibrous ECMs
with breakable cross-links (16)], the stable FA size increases
compared with the cases without fiber recruitment (solid red curve
in Fig. 54) for a given level of ECM stiffness. This is because more
integrins are available with the recruitment of fibers, leading to a
stiffer FA-ECM complex as shown in Fig. 4C and therefore to
higher levels of contractility. The FA size will reach its maximum
at a certain intermediate ECM modulus when fiber recruitment
is possible (Fig. 54), in direct contrast to the monotonic trend
observed on substrates that cannot be remodeled. The reason is
that cross-links are ruptured more easily in a softer ECM due to
the large deformation caused by cell contraction. Consequently,
more integrin-ECM bonds will be formed in the FA, which will
result in a stiffer FA-ECM complex (and hence a larger FA)
even though the ECM modulus is smaller. This competition
between increases in the fiber/integrin density and the ECM
modulus (both promoting the formation of larger FAs) leads to a
peak in the FA size at intermediate levels of the ECM modulus
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Fig. 5. Fiber recruitment promotes FA formation. (A) Stable FA band size
plotted as a function of the ECM modulus at three different fiber recruitment
indices. With no fiber recruitment and intermediate levels of fiber recruitment,
FA size shows a positive correlation with ECM modulus; at high levels of fiber
recruitment, FA size shows a nonmonotonic relation with respect to ECM
modulus in an intermediate range of ECM modulus. The nonmonotonicity
becomes less significant by reducing the fiber recruitment index. (B) Heat map
of the stable FA band size as a function of the ECM modulus and the fiber
recruitment index. (C) FA formation of representative hMSCs seeded on
methacrylated dextran (DexMA) hydrogels of low and high stiffness, as well as
on DexMA fiber networks of low and high stiffness. (Scale bars, 50 pm.) (D) Cell
forms larger FAs on stiff hydrogel and soft fiber networks, verified by quan-
titative measurement. C and D adapted with permission from ref. 16.
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(Fig. 54). These findings are consistent with our recent experi-
mental observations where the FA size was found to increase
with the stiffness of the hydrogel substrate that cannot be
remodeled (i.e., n = 0), whereas larger FAs can be formed on
softer remodelable fibrous scaffolds (refer to Fig. 5 C and D).
When the recruitment index is at an intermediate level (n = 2,
solid green curve in Fig. 54), the FA size-ECM modulus relation
still shows a monotonic variation. These results predict that a
critical level of fiber recruitment is essential for the presence of a
nonmonotonic FA size-ECM modulus relation. Above this
critical level, the nonmonotonicity become less significant by
reducing the fiber recruitment index (n = 4; solid magenta curve
in Fig. 54), which has been validated by our experiments (16).

By varying the values of 7 and Egcy, the stable FA band size as
a function of the ECM modulus and the fiber recruitment index
is shown in Fig. 5B. The heat map predicts how the FA size
varies with the ECM modulus and the fiber recruitment index.
Similar to previous studies (24), our model suggests that the cell
cannot form stable FAs on very soft ECMs. The threshold
modulus for stable FA formation decreases with increasing fiber
recruitment index because FA formation is favored at higher
ligand densities. The cells can form stable FAs in ECMs with
weak cross-links. In that case, FA growth may be favorable by an
increase in ligand density resulting from the recruitment of fi-
bers. Another key prediction of the model is the increase of FA
size with stiffness in an intermediate range of stiffness and de-
crease of FA size at larger matrix stiffness (e.g., the red and
magenta curve in Fig. 54); we have not been able to engineer our
ECMs to span the entire phase space to validate the predictions
of the model. We hope these predictions can provide guidelines
to design matrices to engineer the cell response.

Discussion

In summary, we developed a multiscale coarse-grained chemo-
mechanical model to describe the evolution of FAs in cross-
linked fibrous networks that resemble native ECMs as well as
widely used hydrogel ECM systems. In particular, by considering
the elastic deformation and fiber recruitment within the ECM
along with the stress-dependent growth kinetics of the FA, we
predict the stable FA band size as a function of ECM modulus
and fiber recruitment index. Our results show that, FA size is
positively correlated with ECM modulus for ECMs that cannot
be remodeled (i.e., hydrogels), but the relation departs if the
ECM is remodelable for cells (i.e., fibrous network), as shown in
Fig. 54. The reported FA size-ECM modulus relation is con-
sistent with recent experiments (Fig. 5 C and D) (16).

To further understand the nonmonotonic behavior of the FA
size as a function of the level of fiber recruitment, we study how
FA adhesion size varies when the ligand density and the ECM
modulus are independently altered based on our recent published
1D FA model. This analysis was motivated by the experimental
work of Engler et al. (25), who controlled the density of collagen
on the surface of hydrogels (of fixed stiffness) and hence effec-
tively designed a method to decouple the effects of ligand density
and ECM stiffness. They found a nonmonotonic dependence of
cell area on ligand density; the cell area shows a peak at an in-
termediate density of ligands on the surface. They also suggested
that other cellular responses (focal adhesion growth, cell
shape, and cytoskeletal organization) should follow similar
trends (25). However, an explanation for these phenomena is
still lacking (26). Specifically, we found that L. (the shear lag
length that determines the size over which contractile stresses
are transmitted to the ECM) decreases with increasing ligand
density (Fig. SSE), which results in a larger value of the ratio
L/L, even if the FA size (L) remains unchanged. As we have
shown earlier, this ratio determines the integrin force distribu-
tion profile: at small L/L,, integrin force distributes uniformly,
whereas the force becomes highly localized at the proximal end
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when L/L. is large (Fig. S5A4). This change in the integrin force
distribution (induced by either increasing L or decreasing L)
eventually leads to the biphasic response of the effective stiffness
of FA. Therefore, increasing ligand density (¢;) has a similar
effect on E}, as that of increasing the FA size (L); that is, the
effective stiffness of FA increases with the growing ¢; initially,
reaches its maximum, and then decreases gradually as the ligand
density further increases (refer to Fig. S5F and related discus-
sions). By coupling the effective stiffness of FAs with the
stiffness-dependent generation of actin contractile stress and the
force-dependent kinetics of adding new adhesion plaque units,
the stable FA size as a function of ECM stiffness and ligand
density can be obtained. As shown in Fig. S6, cells respond
positively to ECM stiffness (i.e., forming larger FAs) but non-
monotonically to ligand density, which is consistent with the
observations on cellular contractility and spreading (1, 25). Specif-
ically, the effective stiffness of FA-ECM complex (with fixed ECM
stiffness) will be small if the ligand density is either too low or too
high, leading to low intracellular contractility. Because cells form
larger FAs at higher contractility levels, the stable size of FAs will
reach its maximum at intermediate ligand density. In comparison,
under fixed ligand density, stiffer ECM always results in higher
contractility and consequently a monotonic increase in the FA size.
We carried out steps b—d (Fig. 2) by treating ligand density and
ECM modulus as two independent parameters and obtained the
FA size profile as shown in Fig. S6B, which shows trends similar to
the 1D model (Fig. S64). In summary, we predicted the non-
monotonic FA size-ECM stiffness-ligand density map (Fig. S6) that
was pointed out previously (1, 25) but thus far has not been
explained from a theoretical perspective.

The behavior of cells on different ECM systems is best summa-
rized by the nonmonotonic response map (Fig. S6). In particular, for
ECMs that cannot be remodeled (i.e., hydrogels), the ECM modulus
and ligand density are decoupled from each other (this is applicable
for most artificial ECM systems, as shown in Fig. 64). Therefore, as
ECM becomes stiffer, the response of cells follows a linear path with
no variation in ligand density (Fig. 6C), resulting in positive corre-
lation between FA size and ECM modulus (Fig. 6E). In comparison,
for fibrous ECMs that can be remodeled (such as DexMA fiber
network), cells are able to recruit more fibers from their soft mi-
croenvironment and hence form more integrin bonds (Fig. 6B), as
demonstrated by recent experiments (16) and our simulations (Fig.
S4). Because the ligand/integrin density and ECM modulus are
coupled in this case, the cells will react to changes in the properties of
their surroundings along a much more complicated path where ligand
density decreases with increasing ECM modulus as shown in Fig. 6D,
leading to the nonmonotonic FA size-ECM modulus relationship
(Fig. 6F). Of course, the actual shape of the path has to be de-
termined by the cross-talk among cell contraction, fiber recruitment,
and ECM stiffness.

‘We must point out that local fiber recruitment is closely related to
the inelastic (history-dependent) bulk response of biopolymer net-
works (27-29). In particular, mechanical straining accelerates the
dissociation of weak cross-links (30), leading to macroscale plastic
deformation of the matrix. It had been shown that such an effect is
more prominent at long timescales (27) and large strains (28, 29),
whereas it diminishes with the addition of permanent covalent
cross-links (28, 29). In contrast, networks that only have weak cross-
links are more dissipative and undergo larger stress relaxations (29).
In this regard, it is expected that the fiber recruitment index, n,
introduced here is a quantitative measure of the plastic response of
the ECM, a parameter that has not been considered and appreci-
ated in previous theoretical investigations. By introducing this pa-
rameter, we are able to characterize the coupled relation between
ligand density and ECM stiffness for fibrous ECMs. Recently, the
influences of time-dependent matrix properties [such as viscoelas-
ticity (17) and viscoplasticity (31)] on cell behaviors have drawn lots
of attention. By applying the corresponding theoretical models, we
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Fig. 6. Ligand recruitment leads to nonmonotonic behavior of FA size with
stiffness. On ECMs that the cells cannot remodel [(A) e.g., hydrogel and welded
fibrous networks], the contractile stress increases with stiffness of the ECM,
which makes FA growth more favorable. As a result, FA size is positively cor-
related with the ECM modulus (C and E). However, on ECMs that can be
remodeled [(B) e.g., cross-linked fibrous networks], cellular contraction induces
deformation of the ECM leading to recruitment of fibers on softer ECMs. In
this case, when matrix mechanics are enhanced, cells sense matrix properties
that vary along a more complicated path in the ligand density-ECM stiffness
space (D). Therefore, a departure from the monotonic FA size-ECM modulus
relation found in the case of hydrogels is observed (F). Quantitative compar-
isons against experimental results are shown in Fig. S7.

may be able to characterize the corresponding recruitment index for
these matrices and therefore apply the proposed multiscale model
to probe the cellular mechanosensing in these matrices. Experi-
ments have shown that matrix degradation by the action of enzymes
such as MMPs decreases with increasing tensile forces (32), but this
newly described phenomenon of force-mediated changes in active,
cell-induced matrix degradation is not considered here, because
cells cannot degrade the synthetic DexMA fibers considered in our
experimental study. Our model generically applies to fibrous ECMs
with interfiber bonds that follow a Bell-like breaking behavior,
where cross-links dissociate more readily with increasing levels of
force. Recent experiments (29) on the nonlinear viscoelastic re-
sponse of collagen suggest that cross-link breaking in collagen net-
works is facilitated by tensile forces, in agreement with the
assumptions of our model. Because cross-link breakage occurs
within 1-10 s (29), which is separable from the timescale for FA
growth and evolution (5-10 min) (18), our model can be applied to
address viscoelastic effects of the ECM. Incorporating properties
such as cell-mediated matrix degradation and synthesis into the
current model will be critical in the future to capture the long-term
evolution of cell-matrix interactions in natural matrices.

To summarize, our results from the multiscale chemomechanical
model and recent reports (16) show that as studies move from
smooth and flat hydrogel surfaces to more complicated 2D or 3D
fibrous scaffolds (mimicking in vitro ECMs), the ability of cells
to remodel their microenvironment needs to be taken into con-
sideration when modeling the growth of focal adhesions. In addition
to providing explanation for a variety of experimental observations,
this study can serve as a theoretical framework for assessing the role
of FAs in cell functions such as cell spreading, migration, and dif-
ferentiation in nonlinear extracellular environments.
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