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Mechanical interactions between cells and the extracellular matrix (ECM) lead to the formation of bio-
physical cues, notably in the form of cell-generated tension, stiffness, and concentration profiles in the
ECM. Fibrillar ECMs have nonlinear stiffnesses, linked to the reorientation of fibers under stress and
strain, and nonelastic properties, resulting from the force-induced unbinding of transient bonds (cross-
links) that interconnect fibers. Mechanical forces generated by cells can lead to local ECM stiffening
and densification. Cell tension is also propagated through the ECM network. The underlying factors that
regulate the relative emergence of these signals are not well understood. Here, through computational
simulations of 3D ECM fiber networks, we show that the composition of ECM crosslinks is a key determi-
nant of the degree of densification and stiffening that can be achieved by cell-generated forces. This also
regulates the sustainability of tensions propagated through the ECM. In particular, highly transient force-
sensitive crosslinks promote nonelastic densification and rapid tension relaxation, whereas permanent
crosslinks promote nonlinear stiffening and stable tension profiles. A heterogeneous population of cross-
links with different unbinding kinetics enables ECMs to exhibit accumulation, tension propagation, and
stiffening simultaneously in response to mechanical interactions with cells.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
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1. Introduction

The extracellular matrix (ECM) is a complex network of fibers
that provides structural support in tissues. It is also a medium of
biophysical and biochemical signals to cells. The ECM can be
remodeled by cells, via matrix degradation, matrix production,
and mechanical remodeling, thus serving as a channel of cell-cell
communication. The mechanical properties of a cell-laden ECM
are fundamentally different than a cell-free ECM, highlighting the
critical role of active remodeling in conferring physiological tissue
properties [1].

It has been shown through various studies that biopolymer net-
works, including fibrillar ECM, exhibit complex rheological proper-
ties, particularly nonlinear stiffening under applied strain and
stress. This is apparent in both bulk gel mechanical tests and rhe-
ological measurements [2-4] and local measurements of ECM (via
optical tweezers) in the vicinity of contractile cells [5]. Multiple
fold increase in the stiffness of the ECM is exhibited when the
ECM network is stretched sufficiently.
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The ECM also has nonelastic features. Under large strains, fiber
network reorganization can occur that does not fully revert when
the applied mechanical load is relaxed. Nonelastic phenomenon
is observed in many experiments. In bulk rheological measure-
ments, hysteresis and failure can be achieved under large strain
amplitudes [3,4]. At the local scale, imaging experiments have
shown that ECM concentration profiles and architectures are per-
manently rearranged by cells over time, typically resulting in
locally densified regions and/or aligned tracks that do not revert
completely even after cell relaxation, via decellularization or inhi-
bition of cell contractility [6-8].

The ECM can therefore exhibit a diverse range of properties that
can be tuned by cells as they generate forces. In particular, cell con-
tractility leads to locally stiffened and aligned regions [5]. Stiffen-
ing occurs as matrix fibers transition from bending to extension
during applied stretch [9]. Thus, stiffening and alignment are typ-
ically coupled [10]. The matrix of fibers, along with fibrils within
each fiber, are interconnected by molecular bonds, i.e. crosslinks.
Crosslinks confer connectivity and elasticity throughout the ECM
network. Crosslinks, however, can unbind under tension, which
leads to viscoplastic material responses, such as softening and
damage, and tension relaxation [6]. Sufficiently large dynamic
forces, e.g. via local extension-contraction cycles from numerous
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highly active cell protrusions, can induce crosslink unbinding and
nonelastically accumulate ECM toward the cell periphery [6]. Thus,
matrix topography, stiffness, and concentration all can be con-
trolled by cells through force generation in a crosslink-mediated
manner.

One perplexing phenomenon is the simultaneous emergence of
both stiffening and accumulation of the ECM via cell generated
forces. Fibrillar ECMs are nonlinear elastic, as they can stiffen
under applied stress and strain [2,3,5,10]. However, they also exhi-
bit nonelastic or viscoplastic properties, as they can be perma-
nently remodeled by applied forces and undergo stress relaxation
under applied strain [3,6,11]. Our prior study demonstrates that
cells can physically and mechanically accumulate ECM to their
immediate vicinity (via actin-mediated protrusions) in a nonelastic
manner. Nonelastic accumulation is accompanied by stress relax-
ation as ECM bonds unbind, hence dissipating stored tension, and
nonelastic strains [6]. However, despite substantial accumulation
of ECM shown in experiments by different cell types, which is
indicative of the presence of weak bonds, large stresses and elastic
strains are still able to be sustained in the network, indicating that
not all stresses are relaxed and not all bonds are broken [5,6]. This
suggests that there are mechanisms that are sustaining large stres-
ses in the network, despite nonelastic ECM accumulation occur-
ring. Here we introduce and quantitatively evaluate a physically
and physiologically plausible mechanism - heterogeneity in the
crosslink population. Physiologically, there are a variety of bond
types and mechanisms that interconnect the ECM, including
hydrogen bonds and various crosslinking chemistries, [12-19]
which can span a wide range of force-sensitive unbinding kinetics.
Spatial distributions of crosslinks (e.g. regions of high and low
crosslinking) can also lead to heterogeneous behaviors.

Here, through computational simulations of discrete ECM fiber
networks with dynamic, force-sensitive crosslinks, we demon-
strate that ECM networks with fibers interconnected by a hetero-
geneous population of crosslinks exhibit added versatility and
hallmarks of both nonelastic and nonlinear elastic materials. We
show that ECMs with a mixture of permanent and transient cross-
links can sustain cell tensions and be stiffened while also enabling
matrix fibers to be rapidly and nonelastically accumulated toward
the cell surface via dynamic pulling forces.

2. Results

2.1. Simulation setup

We perform discrete fiber network simulations, mimicking cells
mechanically interacting with the ECM (see Methods and [6]). We
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generate a random network of ECM fibers interconnected by cross-
links. One surface of the 3D simulation domain represents the cell
surface and local pulling forces are applied in its vicinity, mimick-
ing dynamic forces generated by filopodial-like protrusion-
contraction events applied to all fiber segments in close proximity
to the cell surface. In our recent study, we applied this model to
investigate the impact of dynamic loading force magnitudes and
crosslink concentration on ECM remodeling and accumulation by
cells [6]. Here, we emphasize the novel aspect of crosslink hetero-
geneity. We model two different types of crosslinks - transient and
permanent. Transient crosslinks can unbind due to force, whereas
permanent crosslinks do not unbind due to force. We maintain a
constant number of crosslinks in the network and vary the ratio
of permanent crosslinks to total crosslinks (Rp). An illustration of
the dynamic force loading scheme on the ECM network is shown
in Fig. 1. Snapshots of different stages during the simulation (be-
fore, during, and after the application of dynamic forces) for net-
works with different crosslink compositions are shown in Fig. 2.
Over time, the dynamic loading forces recruit fibers toward the cell
surface. With mainly transient crosslinks (Fig. 2, top row), ECM
densification is high and the remodeling is nonelastic, as shown
by the high accumulation of fibers at the cell surface that do not
relax back to initial positions after applied forces are unloaded.
With mainly permanent crosslinks (Fig. 2, bottom row), fiber accu-
mulation is substantially reduced and the ECM relaxes back close
to its initial state after stopping applied forces. There are also many
more fibers simultaneously under high tension during force load-
ing. An intermediate state occurs with a mixture of transient and
permanent crosslinks.

2.2. Tension profiles of heterogeneous ECM networks

We simulate a range of networks with varying Rp, while keeping
the total number of crosslinks constant. Transient crosslinks have
an unbinding rate that increases exponentially with force based
on Bell’s law [20], and permanent crosslinks are insensitive to
force. We measure the average tension inside the network under
dynamic cell pulling forces. Our results show that the dynamic
force loading condition leads to a rapid rise in tension in the net-
work initially (Fig. 3a). Over time, networks with lower Rp (more
yellow curves) relax tension rapidly, whereas networks with
higher Rp (more blue curves) undergo less to no relaxation. Lower
Rp also reduces the peak tension (Fig. 3b) and the amount of sus-
tainable tension (Fig. 3¢), as the unbinding of transient crosslinks
leads to stress relaxation. We quantify sustainable tension with
the stress ratio metric, which is the ratio between the tension right
before unloading applied forces (at normalized time = 1) and the
peak tension.
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Fig. 1. Schematic of dynamic force loading in an ECM network with crosslink heterogeneity. Local pulling forces, mimicking dynamic cell protrusion-contraction activity, are
generated on fiber segments that enter the cell vicinity, i.e. the loading zone, leading to gradual ECM densification. Crosslinks are either transient (force-sensitive) or
permanent (force-insensitive). As transient crosslinks unbind, ECM accumulation and network reorganization become nonelastic. Permanent crosslinks do not exhibit force-

induced unbinding.
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Fig. 2. Simulation examples. An initial 3D uniform fiber network is generated without any applied loading forces. Dynamic pulling forces are then applied to fiber segments
that are close to the cell surface (within 2 pm of the left surface). After a loading period, applied forces are stopped to allow for network relaxation. ECMs with different Rp's
(ratio of permanent crosslinks to total crosslinks) exhibit different amounts of remodeling and nonelastic accumulation. The total number of crosslinks is constant. ECM fibers
are color-coded by tension based on the color bar at the right (from —300 to + 300 pN). Yellow points are crosslinks. The left and right surfaces are hard boundaries (fibers
cannot go through them). Fibers segments that are at the right surface are bound to it. The other four boundaries are periodic. The simulation domain is 20 x 20 x 20 um®.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.3. ECM accumulation profiles of heterogeneous networks

We next quantify the ECM accumulation profile near the cell
surface for different crosslink compositions (Fig. 4). We show that
network configurations with higher Rp’s (more blue curves) have
reduced accumulation of ECM toward the cell, and much of the
accumulated ECM is reversed after force unloading, indicating elas-
tic recovery. On the contrary, networks with lower Rp’s (more yel-
low curves) exhibit high accumulation of ECM in a nonelastic
manner (Fig. 4a). The maximum concentration at the cell surface
(which includes both elastic and nonelastic accumulation)
decreases with increasing Rp (Fig. 4b), and the nonelastic accumu-
lation (remaining concentration after force relaxation) also follows
a similar trend (Fig. 4c).

To compare the accumulation and tension trends relative to
crosslink composition, we renormalize the nonelastic accumula-
tion concentration, peak stress, and stress ratio vs. Rp plots and
overlay them together (Fig. 5). These trends together reveal that
a relatively low Rp is needed in order to enable networks that
can both sustain tension and be susceptible to high ECM accumu-
lation. In particular, the range of Rp's from ~0.05 - 0.3 exhibits both
tension sustaining and susceptibility to remodeling properties.

2.4. Strain-dependent network stiffness profiles

Finally we quantify the differential extensional stiffness (Kg) of
fiber networks with varying Rp. We apply an extensional strain at a
constant strain rate on the network and measure extensional stres-
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ses and Kg (Fig. 6). The initial and strained networks are shown for
Rp=0,0.2,and 1 (Fig. 6a). At relatively high strains (e.g. 0.5), higher
Rp’s lead to more fibers under high tension. We show that with suf-
ficient permanent crosslinks, the network builds up increasing
stress and stiffens (toward a plateau stiffness) under increasing
strain, whereas with a low percentage of permanent crosslinks,
the network exhibits stress relaxation and failure at relatively
low strains and does not undergo high stiffening at high strains
(Fig. 6 b,c).

3. Discussions

ECM networks exhibit notable properties to which cells are
responsive. In particular, mechanical properties, topography, and
concentration are key regulators of cell behavior. These properties
can also change as a result of mechanical interactions with cells.
The ECM stiffens under applied strain and stress [2,5]. Stiffer envi-
ronments promote cell behaviors including proliferation, migra-
tion, spreading, and contractility [21-26]. Stiffness further
regulates differentiation patterns in stem cells [27,28] and trans-
formation of tumor cells [29,30]. As the ECM is stretched, it under-
goes alignment as fibers reorient to the direction of strain [10].
Alignment in fibers and microenvironment topography modulate
a variety of signaling pathways, including PI3 Kinase and ERK/
MAPK, and induce cytoskeletal reorganization and cells to polarize
along the long axis of the aligned topography [31-33]. Rheological
measurements of tissues and cell-laden ECMs show that these
environments are in a stiffened state that is dependent on active,
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Fig. 3. Stress profiles. a) The stress in the network, calculated by summing the normal tensions of components crossing a plane parallel to the cell surface and then dividing by
the area of the surface (20 x 20 um?), evolves over time for networks with different Rp’s. Dynamic forces are applied from normalized time of 0 to 1, followed by cessation of
applied forces. High Rp leads to stable network stresses, whereas low Rp leads to stress profiles that decay over time. b) The peak stress in the network increases with
increasing Rp up to a plateau. c) The stress ratio is the ratio of the stress at t = 1 (right before applied forces are stopped) and the peak stress. The stress ratio also increases

with Rp up to a plateau.

actomyosin-driven contractility of the embedded cells [1,5]. Imag-
ing studies have also shown that the vicinity of contractile cells has
aligned ECM fibers. These studies demonstrate that cell contractil-
ity induces tissue stiffening and matrix fiber alignment and that
cell tensions can be sustained in ECM networks to maintain the
stiffened state at steady-state.

Furthermore, local ECM concentrations can change as cells
mechanically recruit fibers toward their surfaces via dynamic
protrusion-contraction cycles and unbinding of ECM crosslinks.
Force-mediated ECM remodeling is nonelastic and does not fully
recover after cell relaxation, resulting in permanently reorganized
architectures and concentration profiles [6]. ECM concentration
can modulate receptor-ligand interactions and signaling, and
increased ECM concentration is a signature of fibrotic diseases
and poor outcome in various solid tumors [34-38].

In order for the ECM to be able to exhibit all of these empirically
demonstrated properties, it has to both sustain tension buildup
(without undergoing failure) and allow for nonelastic remodeling.
These appear to be paradoxical features, as nonelastic or viscoplas-
tic remodeling typically leads to tension relaxation. Indeed, based
on our simulations, if the ECM network has primarily transient
or primarily permanent crosslinks, then only parts of these proper-
ties are exhibited. However, heterogeneity in crosslink unbinding
kinetics enables ECM versatility and confers both tension sustain-
ability and nonelasticity simultaneously in ECM networks (Figs. 3-
6). A permanent crosslink population enables tension to be sus-
tained and ECM stiffening, while a transient crosslink population
enables nonelastic densification via dynamic pulling forces. Physi-
ologically, various mechanisms can confer diversity in bond kinet-
ics. There are different types of molecular bonds, including
covalent and hydrogen bonds with varying bond strengths, that

interconnect the ECM network [15-19]. Furthermore, the geome-
try of fibers and spatial distribution of bonds may also influence
the effective regional bond strength, e.g. thick fibers with many
bonds in close proximity may exhibit lower unbinding rates as
forces are more distributed. In tumor microenvironments, the
ECM network is often disordered and heterogeneous, with diver-
sity in fiber geometries, local concentration profiles, and dysregu-
lation of crosslinking factors such as tissue transglutaminase and
lysyl oxidase [12-14].

Our computational results demonstrate a nonlinear dependence
of network properties on transient and permanent crosslink con-
centrations (Fig. 5). High levels of permanent crosslinks reduce
nonelastic remodeling effects, and predominantly transient cross-
links reduce sustainability of tension buildup and nonlinear stiff-
ening in ECM networks. As permanent and transient crosslinks
confer opposing properties, a balanced level of each is required
to confer versatile ECM properties and sensitivity to cell-
generated forces. A relatively low fraction of permanent crosslinks
and correspondingly relatively high fraction of transient crosslinks
appear to confer the versatile ECM state, and a shift in this balance
will bias the network for increased tension sustainability or
increased plastic remodeling during mechanical interactions with
cells. Our computational results for networks with Rp of ~0.1 -
0.25 demonstrate consistency with previous experimental findings
that show ECM accumulation of ~2 - 3.5x relative to background
by cells toward their surfaces [6] as well as experimental findings
that show that ECMs can sustain stresses of hundreds of Pascals
near contractile cells [5]. Without the presence of strong crosslinks,
large stresses would rapidly relax over time, and without the pres-
ence of weak crosslinks, ECM accumulation at the cell periphery
would be low. Moreover, many cell types, including cancer cells

3972



M. Mak

Varying RP

Normalized Concentration

0 L )

1 1.5
Normalized Time

25

Computational and Structural Biotechnology Journal 18 (2020) 3969-3976

b

Maximum Accumulation

0550
u§3.5 "
T Ll
87 o
§25; ¢ o
= °
8?2 ®e
© i o °
£15} ]
s
Z 1 . .
0 0.2 0.4 0.6 0.8 1
Rp

Nonelastic Accumulation

5

=} 3.5L

© [ )

o 3f

§ °

1) 25¢ >

-

g 2 [ 1

©

I 1.5¢ . Y

o o

Z [ ] J
0 0.2 0.4 0.6 0.8 1

Rp

Fig. 4. ECM accumulation profiles. a) The ECM concentration near the cell surface (within 6 um) is measured over time. The concentration is normalized to the concentration
before force loading. Dynamic forces are loaded at the normalized time from O to 1, and applied forces are stopped afterwards to allow for relaxation. High Rp leads to low
ECM accumulation that reverts, whereas low Rp leads to high ECM accumulation that does not revert. b) The peak concentration is measured as a function of Rp. This includes
both elastic and nonelastic ECM accumulation. c) The nonelastic accumulation (calculated at normalized time = 2, when most simulations have reached a relatively stable
state) is measured as a function of Rp. At this point, most of the elastic strains have been relaxed.
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Fig. 5. Concentration and stress vs. Rp. We overlay the accumulated ECM
concentration, peak stress, and stress ratio vs. Rp curves, demonstrating nonlinear-
ity in the dependence on Rp. There is a range of Rp's that supports both ECM
accumulation and sustaining high stresses. Here, for the purpose of comparing, the
curves are all renormalized to range between 0 and 1.

and fibroblasts, are known to secrete MMPs, which can degrade the
ECM and potentially weaken or degrade crosslinks. This can there-
fore lead to a reduction in Rp as well as in the total concentration of
crosslinks in the region where MMPs are active (i.e. near the cell)

3973

and thus facilitate ECM accumulation in that region. Notably, how-
ever, it has been shown previously that even with MMP inhibition,
substantial and similar amounts of ECM densification still occur at
the cell periphery, driven by dynamic cytoskeletal forces [6]. Thus,
while MMPs may be important and can play supplementary roles
in ECM densification, they appear to be dispensable, at least in
the early stage ECM accumulation process at the immediate vicin-
ity of cells.

Finally, our computational results can complement future
experimental studies that investigate further the impact of cross-
link heterogeneity on cell behavior and cell-matrix interactions.
Crosslink heterogeneity can be studied experimentally via tunable
stress-relaxing hydrogels, e.g. alginate-based gels with different
modes of crosslinking (transient ionic bonds vs. strong covalent
bonds) [39]. Furthermore, cell-laden ECMs can be fluorescently
stained for various cell-secreted crosslinking proteins, and the
crosslink concentration profiles can be correlated to ECM accumu-
lation and stress-relaxation properties via imaging and rheometry
studies.

4. Conclusion

In this study, we demonstrate that heterogeneity in the unbind-
ing kinetics of ECM crosslinks confers versatility in ECM interactiv-
ity, enabling cells to be able to modulate local concentration
profiles and generate sustained tension and matrix stiffening via
mechanical forces. As ECM concentration and stiffness are both
often increased in aggressive solid tumors and cell mechanics is
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Fig. 6. Stress and stiffness profiles at varying strain. a) Extensional strain is applied to networks of varying Rp, as shown by simulation snapshots. Fibers are color-coded based
on tension according to the color bar, which ranges from —300 to 300pN. Yellow spheres are crosslinks. The initial domain size is 20x20x20um®. b) Extensional stress vs.
strain curves are measured for networks with different Rp. Networks with low Rp exhibit stress decay at high strains. c) Heat map of Kg (in Pa) vs. strain and Rp shows
increased strain-stiffening capacity for networks with high Rp. Networks with low Rp undergo failure at large strains, and their stiffness is diminished. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

often altered in cancer cells, our study suggests that diversity in
ECM bonds is an important mediator of these phenotypes. Thus,
ECM crosslink properties and content may be useful diagnostic
readouts as well as therapeutic targets toward modulating tumor
progression.

5. Methods
5.1. Fiber network model

We perform computational simulations of ECM fiber networks,
as described in our previous work [6]. We briefly summarize the
model here. Fibers are polymerized initially during a network for-
mation phase and interconnected via crosslinks. Fibers are com-
posed of chains of cylindrical segments (monomeric units). They
have elastic extensional and bending potential energies:

1

Us = 5 reAr? (1)
1 2
U, = i KpAO (2)

where Uj is the potential energy from stretching, U, is the potential
energy from bending, k. is the extensional stiffness, x; is the bend-
ing stiffness, Ar is the deviation from the equilibrium length, and A0
is the deviation from the equilibrium angle. Crosslinks can unbind
following Bell’s equation [20]:

kunb = kunbAO €xp (,:;%)

where k, is the crosslink unbinding rate, k, is the zero-force
unbinding rate, A is the mechanosensitivity (i.e. mechanical compli-
ance) of the crosslink, F is the magnitude of the extensional force
acting on the crosslink (only positive stretching forces contribute),

3)
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kg is the Boltzmann constant, and T is temperature. Fibers and
crosslinks follow the equation of motion (without inertia or thermal
forces):

ri

F.i+Fi—( n

4)
where i is the index of the component under consideration, F,; is
the cell-generated loading force near the -z boundary, F; includes
all of the mechanical forces from the fiber network components (ex-
tension, bending, and volume exclusion [40]), {; is the drag coeffi-
cient, and r; is the position. Eq. (4) is solved iteratively over time
by Euler integration at discrete time steps to determine the position
of each component in the network. Crosslink unbinding is modeled
stochastically. Each bound crosslink has an unbinding probability at
each time step At equal to:

Pynping = 1 — exp (—kunbAt) (5)

Model parameters are listed in SI Table 1. Fiber parameters are
based on realistic ECMs, particularly fibrin [17,41]. The simulation
domain is 20 x 20 x 20 pum? and the left surface represents the cell
surface (see Fig. 2). The left and right surfaces are hard boundaries
(no fibers can go through), and the other four surfaces have peri-
odic boundary condition. Fiber segments at the right boundary
are fixed there. Additional details of the discrete fiber network
model in various applications can be found in [6,40,42].

We note here that we assume a background of water causing
viscous drag. However, in tissue microenvironments, there could
be additional damping effects, e.g. due to molecular crowding, that
may impact system viscosity and dynamics. System complexity is
compounded further by the mechanosensitivity of cell phenotypes
to fluid viscosity and molecular crowding [43-46]. Further studies
are warranted for exploring the impact of these factors on cell trac-
tion forces, dynamic cell protrusion activity, and ECM densification
dynamics.
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5.2. Dynamic loading forces

F.; mimics dynamic forces from the numerous dynamic cell
protrusions observed in many cells [6,47], as shown by the sche-
matic in Fig. 1. Fiber segments that are in or newly enter the load-
ing region, i.e. within 2 um of the cell surface (the left surface of
the simulation domain), experience local pulling forces toward
the cell surface. These loading forces are continuous and unidirec-
tional (toward the cell surface), and this loading mechanism leads
to gradual nonelastic accumulation of ECM at the cell periphery
and captures experimental trends from live cells in 3D ECMs [6].
These forces are applied during the force loading phase of the sim-
ulations (from normalized time of 0 to 1). After this period, applied
forces are stopped and the network relaxes. In these simulations,
the pulling force on each segment is 200pN. We previously
explored different force magnitudes, which can modulate the net-
work remodeling profiles [6]. Example simulation snapshots are
shown in Fig. 2.

5.3. Crosslink heterogeneity

We model crosslink heterogeneity by prescribing two types of
crosslinks - transient and permanent. Their difference is exclu-
sively in their mechanosensitivity A. For transient crosslinks, X is
non-zero, whereas for permanent crosslinks, A = 0. Rp is the ratio
of the number of permanent crosslinks to the total number of
crosslinks (i.e. permanent crosslinks plus transient crosslinks).

5.4. Computing ECM accumulation

Normalized ECM accumulation at the cell vicinity is calculated
by dividing the concentration of ECM within 6 pm from the cell
surface by the concentration in the same region right before
dynamic force loading. The resulting measurement is therefore
the concentration fold change. We compute this over time before,
during, and after dynamic force loading. Note that in this study, we
consider a normalized time scale (the approximate time when pla-
teau ECM accumulation behavior is observed). Our prior study
shows that this leads to reasonable matches between experimental
and computational results [6]. Furthermore, the absolute time
scale can be influenced and scaled by factors such as the rate of
protrusion formation, time scale of protrusion-contraction cycles,
and the number and density of simultaneous protrusions gener-
ated by cells. These are interesting factors to investigate in subse-
quent studies. Additionally, cells may adapt to the evolving ECM
over time. Mechanosensing and cell-ECM feedback [48-52] are
prominent effects that warrant further exploration in the context
of ECM accumulation.

5.5. Computing network stresses

Network stresses are calculated by summing the normal com-
ponent of forces acting on fibers crossing a plane that is parallel
to the cell surface and then dividing by the area of that plane
(i.e. 20 x 20 um?).

5.6. Computing network stiffness

The differential extensional modulus (Kg) is computed by taking
the derivative of the extensional stress with respect to the applied
extensional strain in our simulation networks. In these simula-
tions, we do not apply the same dynamic loading forces as before.
Instead, we apply an extensional strain at a constant strain rate on
the network. The left and right surfaces are hard boundaries, and
fibers are attached to these surfaces. Extensional strain is applied
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normal to these surfaces (Fig. 6). The remaining four surfaces have
periodic boundary condition. We apply a relatively high strain rate
(10 s1) for computational efficiency, and our results are able to
demonstrate relative differences between conditions. As the stress
vs. strain curves can be noisy due to local unbinding events, we
perform data smoothening using linear regression prior to comput-
ing Kg.
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