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Three-dimensional (3D) collective cell migration in a collagen-based extracellular matrix (ECM) is among
one of the most significant topics in developmental biology, cancer progression, tissue regeneration, and immune
response. Recent studies have suggested that collagen-fiber mediated force transmission in cellularized ECM plays
an important role in stress homeostasis and regulation of collective cellular behaviors. Motivated by the recent
in vitro observation that oriented collagen can significantly enhance the penetration of migrating breast cancer
cells into dense Matrigel which mimics the intravasation process in vivo [Han et al. Proc. Natl. Acad. Sci. USA
113, 11208 (2016)], we devise a procedure for generating realizations of highly heterogeneous 3D collagen
networks with prescribed microstructural statistics via stochastic optimization. Specifically, a collagen network is
represented via the graph (node-bond) model and the microstructural statistics considered include the cross-link
(node) density, valence distribution, fiber (bond) length distribution, as well as fiber orientation distribution.
An optimization problem is formulated in which the objective function is defined as the squared difference
between a set of target microstructural statistics and the corresponding statistics for the simulated network.
Simulated annealing is employed to solve the optimization problem by evolving an initial network via random
perturbations to generate realizations of homogeneous networks with randomly oriented fibers, homogeneous
networks with aligned fibers, heterogeneous networks with a continuous variation of fiber orientation along a
prescribed direction, as well as a binary system containing a collagen region with aligned fibers and a dense
Matrigel region with randomly oriented fibers. The generation and propagation of active forces in the simulated
networks due to polarized contraction of an embedded ellipsoidal cell and a small group of cells are analyzed
by considering a nonlinear fiber model incorporating strain hardening upon large stretching and buckling upon
compression. Our analysis shows that oriented fibers can significantly enhance long-range force transmission
in the network. Moreover, in the oriented-collagen-Matrigel system, the forces generated by a polarized cell
in collagen can penetrate deeply into the Matrigel region. The stressed Matrigel fibers could provide contact
guidance for the migrating cell cells, and thus enhance their penetration into Matrigel. This suggests a possible

mechanism for the observed enhanced intravasation by oriented collagen.
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I. INTRODUCTION

The extracellular matrix (ECM) is an interconnected net-
work of biopolymers mainly composed of type I collagen that
provides structural support for cells and allows the diffusion
of biochemicals within tissues [1]. Cells attach to and move
through the ECM using protein complexes that link the ECM
to the force-generating cell cytoskeleton [2]. These cell-ECM
adhesions also act as sensors, allowing cells to respond to
the local microstructure and mechanical properties of the
surrounding ECM [3,4] and regulating various cell behaviors
[5-7]. For example, the stiffness and alignment of collagen
fibers in the ECM can significantly affect cellular migration
[8,9], via durotaxis (i.e., cells tend move in the direction of
increasing matrix stiffness) [10] and contact guidance (i.e.,
cells tend to move in the direction of fiber alignment) [11,12].
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On the other hand, active cells can remodel the network
[4,13,14] and even affect the bulk properties of the ECM
[15-18]. Specifically, tension exerted by the cells can align
the fibers in the network leading to long range force trans-
mission [15,19-22]. Fiber mediated stresses can in turn trig-
ger mechanosensitive pathways for regulating collective cell
dynamics [23-29]. This coupling of cells provides a means
for mechanical communication and plays an important role in
regulating and coordinating collective cellular dynamics in a
wide range of biophysical processes, such as morphogenesis,
tissue regeneration, and immune response, as well as diseases
such as muscular dystrophy, fibrosis, and cancer [4,13,30-34].

A significant amount of work has been carried out to char-
acterize the microstructural [35-46] and physical properties
[15,17-19,23,42,45,47-66] of the collagen networks as well
as cellularized ECM systems [67—69]. In addition, a variety of
discrete fiber-based models have been devised to investigate
the mechanical behavior and force transmission in biopolymer
networks [15,21,22,66,70-75]. In such models, the collagen
gel is typically treated as a semiflexible network [76] and
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FIG. 1. SEM (scanning electron microscopy) image showing the
microstructure of the model heterogeneous ECM which contains a
collagen region (upper part) attached to a layer of dense Matrigel
(lower part).

represented using a graph (i.e., bond-node) model in which
each bond represents a fiber segment and a node represents
a possible cross link. It is found that the fibreous nature
and nonlinear mechanical response of the collagen fibers can
support long-range force transmission [21,22,66,74,77,78] and
thus, suggests a possible mechanism for long-range mechan-
ical signaling between distant cells [79,80]. Interesting, the
propagation of mechanical forces due to local perturbations in
collagen networks share some similarity to that in disordered
granular materials [81,82].

In spite of the exciting progress in understanding the
dynamic cell-ECM interactions, the effects of microstructural
heterogeneity of the ECM have not been systematically in-
vestigated. The preponderance of the aforementioned studies
has employed relatively simple model networks with artificial
geometrical or topological disorder. Recently, a stochastic
reconstruction method has been devised that allows one to
generate virtual collagen networks possessing prescribed local
topological and geometrical statistics associated with actual
collagen networks [45]. Such statistics include the valence
number distribution (i.e., the number of fibers at a cross-link
node), fiber length distribution, and fiber orientation (i.e.,
direction cosine) direction, which can be computed from 3D
confocal images of the network of interest. However, the
reconstructed virtual networks are spatially homogeneous, i.e.,
the prescribed statistics are invariant at different locations of
the systems, which might not fully capture the heterogeneous
nature of the in vivo microenvironment.

Very recently, an in vitro model of 3D heterogeneous
ECM containing metastatic breast cancer (MDA-MB-231)
cells have been constructed in order to investigate the effect of
ECM heterogeneity on cancer invasion [83]. The model ECM
contains a collagen region with either randomly orientated or
aligned collagen fibers, which is attached to a layer of dense
Matrigel (see Fig. 1). This is to mimic the stroma surrounding
a breast tumor which includes both remodeled collagens as
well as dense basal membranes. As the first step for leaving
the primary tumor and entering into the circulation system, the

invasive cells need to penetrate the dense basal membranes.
It has been shown in this in vitro model the tumor cells in
the ECM with prealigned fibers can easily penetrate deeply
into the dense Matrigel region, while the same cells in random
ECM cannot. This observation has led to the conclusion that
oriented collagen fibers can significantly enhance tumor cell
intravasation. However, the mechanism for this new paradigm
is not fully understood yet.

As a first step towards a better understanding of the
mechanisms underlying the enhanced tumor cell intravasa-
tion by aligned collagen fibers, we develop a procedure for
generating realizations of highly heterogeneous 3D collagen
networks with prescribed microstructural statistics via stochas-
tic optimization, which generalizes the framework devised in
Ref. [45]. We note that ECM is an intrinsic heterogeneous
material. For example, the local cross-link (node) density,
the coordination (valence) number at each node, and the
fiber orientations are all varying at different locations of the
system. By “highly heterogeneous,” we mean that besides
the intrinsic spatial variation of the aforementioned local
properties, the system also includes large and abrupt changes
of local properties (e.g., the fiber orientations) as observed
in the in vitro ECM constructed in Ref. [83]. In this work,
a collagen network is represented via the graph (node-bond)
model and the microstructural statistics considered include the
spatial-location dependent cross-link (node) density, valence
distribution, fiber (bond) length distribution, as well as fiber
orientation distribution. An optimization problem is formu-
lated in which the objective function is defined as the squared
difference between a set of target microstructural statistics
and the corresponding statistics for the simulated network.
Simulated annealing is employed to solve the optimization
problem by evolving an initial network via random pertur-
bations in order to match the specific statistics in different
regions of the system to generate realizations of desirable
networks.

We first employ this procedure to render realizations of
homogeneous networks with randomly oriented fibers, ho-
mogeneous networks with aligned fibers, heterogeneous net-
works with a continuous variation of fiber orientation along a
prescribed direction, as well as a binary system containing a
collagen region with aligned fibers and a dense Matrigel region
with randomly oriented fibers. Subsequently, the generation
and propagation of active forces in the virtual ECM networks
due to polarized contraction of an embedded ellipsoidal cell are
analyzed by considering a nonlinear fiber model. Specifically,
the fiber’s constitutive relation incorporates strain hardening
upon large stretching and buckling upon compression. Our
analysis shows that oriented fibers can significantly enhance
long-range force transmission in the network. Moreover, in
the oriented-collagen-Matrigel system, the forces generated
by a polarized cell in collagen can penetrate deeply into the
Matrigel region. Such stressed Matrigel fibers could provide
contact guidance for the migrating cells, and thus enhance their
penetration into Matrigel. This suggests a possible mechanism
for the observed enhanced intravasation by oriented collagen.
We also investigate the propagation of active forces generated
by a small group of cells in the ECM with varying degree
of heterogeneities, to mimic the collective contraction of the
invasion front of the in vitro tumor.
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The rest of the paper is organized as follows: In Secs. II
and III we, respectively, describe the formulation of the
stochastic reconstruction procedure and the micromechanical
model for cell-ECM mechanical interaction analysis. In Sec.
IV we report our reconstruction results for various virtual ECM
networks including the highly heterogeneous ECM that mimics
the in vitro microenvironment reported in Ref. [83]. In Sec. V
we carry out detailed micromechanical analysis of the effects
of the ECM heterogeneity in active force propagation during
tumor cell invasion. In Sec. VI we provide concluding remarks.

II. STOCHASTIC RECONSTRUCTION PROCEDURE

A. General reconstruction procedure for
homogeneous networks

Our general reconstruction procedure follows closely that
devised in Ref. [45] and is based on the stochastic-optimization
material reconstruction method originally developed by Yeong
and Torquato [84,85] and subsequently generalized to model
a wide spectrum of heterogeneous systems [86-96].

Specifically, consider a 3D collagen-based ECM network
M represented by the graph (node-bond) model, in which
each bond represents a collagen fiber segment and each node
represents a cross link (see Fig. 2). The network microstructure
is statistically characterized by the statistics set D. In the work
we consider the following statistics set:

D = {cp,n,L, 2}, (1)

where ¢ is the node number density, n is the distribution
of valence number (i.e., the number of fibers that a node is
connected to), L is the length distribution of the fibers, and
2 is the distribution of the fiber orientation with respect to
the z axis. Such structural statistics can be obtained either
from 3D confocal images of the ECM or from theoretical
considerations, and are spatially invariant for a homogeneous
network.

Generally, a formal mathematical transformation .# can be
defined that maps a network M to the statistics data set D, i.e.,

2

The reconstruction is formulated as the inverse problem in
which a realization of M is rendered from a given data set D,

3)

D = Z[M].

M = .Z~'[D].

(@) (b)

FIG. 2. Schematic illustration of the bond-node mode (b) for a
collagen network derived from its confocal image (a).
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FIG. 3. Schematic illustration of the overall network reconstruc-
tion procedure based on stochastic optimization.

Here we employ the simulated annealing procedure [97] to
solve the reconstruction problem, which is formulated as an
optimization problem. Specifically, for an unknown “target”
network configuration M7, a measure is performed to compute
a set of target statistics Dy. Starting from an initial network
configuration M(;, associated with the computed statistics data
Dy, an energy E is defined as the squared difference between
the target and computed statistics, i.e.,

E = |D; — D7 (4)

The initial configuration is subsequently evolved (via small
random perturbations) to minimize the energy (4) by allowing
energy-increasing configurations in the early stages and only
accept energy-decreasing configurations towards the end. This
procedure is schematically illustrated in Fig. 3.

We now describe the key steps in the network reconstruction
procedure in detail. The first step in the reconstruction is to
build a topologically feasible initial network configuration
that captures a subset of the prescribed statistics, i.e., the
node number density co. This is achieved by placing (either
randomly or in an ordered manner) a fixed number of nodes
N in the simulation box of volume V and requiring that ¢y =
N/V. Then the distribution of valence number n is realized
by randomly connecting neighboring nodes (i.e., those with
a separation distance within a prescribed value Ry) so that
the reconstructed valence distribution converges to the target
distribution. We denote this initial network by M.

Next, the fiber length distribution L and orientation dis-
tribution 2 are realized by randomly perturbing the initial
configuration. This is achieved by randomly selecting a node
in the old network configuration M4 and applying a random
displacement to this node (see Fig. 4). This random perturba-
tion results in a new configuration M., in which both the
length and orientation of the fibers connected to the displaced
nodes (highlighted with red color or dark gray in the print
version in Fig. 4) are changed. The corresponding network
statistics Dy are then computed. We note that in computing
Dpew, there is no need to directly applying the time-consuming
mapping Dyew = F [Mew], as the difference between Dy
and Dgyq is entirely due to the local perturbation of a node.
Therefore, only the changes of lengths and relative orientation
of the perturbed fibers are computed and the corresponding
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(a) (b)

FIG. 4. Randomly displacing an arbitrary node in the network to
generate a new configuration (b) from an old configuration (a). The
fibers affected by this perturbation are highlighted using red color (or
dark gray in the print version).

statistics in D)q are updated in order to quickly obtain Dy .
Then energies Eoq and E, respectively associated with the
old and new configurations are then computed according to
Eq. (4). In addition, we use periodic boundary conditions for
reconstruction simulations.

In the simulated annealing approach, the new configuration
is accepted with the following probability:

. Eold - Enew
Pacc(0ld — new) = min | 1, exp — | 5)

where T is a virtual temperature that is chosen to be initially
high and slowly decreases according to the annealing schedule
T(n) = 0.95"T, (n is the annealing stage and T is the initial
temperature). The procedure is terminated when a prescribed
tolerance on the energy is achieved (e.g., E < 10~7). The final
network configuration Mg is considered as a realization of
M, possessing statistics Dy that is virtually identical to the
target corresponding to the target Dy.

B. Handling heterogeneous collagen networks

For spatially heterogeneous networks, at least one type of
the statistics in the data set D varies at different spatial locations
in the system, i.e., the statistics are position dependent D(x).
For such a system, the reconstruction domain is prepartitioned
into regular subdomains. Each subdomain is sufficiently small
such that the statistics associated with the network within
each subdomain can be considered invariant. Accordingly,
the reconstruction is formulated such that an initial network
configuration is evolved to match the prescribed statistics in
each subdomain. Thus, the energy of a spatially heterogeneous
network is defined as

E=) DY -D{, 6)

where D@ is statistics of ith subdomain in the simulated
network and ]D(T’) is the corresponding target statistics.

The general reconstruction procedure described in Sec. II A
can be readily generalized to handle heterogeneous networks.
In particular, as the reconstruction domain is partitioned into
subdomains, the random node displacement might lead to
the transition of a node and the associated fibers from one
subdomain to another. Here we consider a specific fiber belongs
to subdomain i if the midpoint of this fiber is in subdomain i.

Therefore, once a trial nodal displacement is made, the new
length and orientation of fibers connected to the perturbed
node are computed. In addition, the new midpoint position
of each perturbed fiber is also obtained. If the perturbed fiber
remains in the original subdomain before the perturbation, the
“energy” associated with this subdomain is updated as in the
homogeneous network case. However, if the perturbed fiber
undergoes a transition from one subdomain to a neighbor sub-
domain, its contribution to the original subdomain is subtracted
from the associated statistics and its contribution to the new
subdomain is added to the associated statistics. Accordingly,
the energies of both subdomains are updated to compute Ecy,
based on which the acceptance rate for the nodal displacement
is computed.

In subsequent discussion, we will mainly consider hetero-
geneous networks with varying fiber orientation with respect
to the z axis, while the fiber length distribution and valence
distributions are spatial invariant. Such network systems are
most relevant to the in vitro heterogeneous ECM reported in
Ref. [83].

III. MICROMECHANICAL MODEL OF COLLAGEN
NETWORK

In this section we briefly describe our micromechanical
model for force analysis in cellularized ECM. The ensuing
discussion follows closely to that in Ref. [21], to which the
interested readers are referred to for more details.

Specifically we employ a nonlinear elastic model recently
developed by Steinwachs et al. to characterize the stretching
and compression of a collagen fiber [98]. In particular, upon
stretching, a fiber first enters a linear elastic regime, which is
followed by a strong strain-hardening regime once the elonga-
tion is larger than a prescribed threshold. Upon compression,
we consider the fiber immediately buckles and thus, possesses
amuch smaller compression modulus. The elongation stiffness
k of the fiber is thus given by

pEA, A <0,
k= EA, 0< A <Ay, @)
EAexpl(A — A)/20], A > Ay,

where E and A are, respectively, the Young’s modulus and
cross-sectional area of the fiber bundle, and we use EA =
8 x 1077 N [45]; A = 8¢/£ is elongation strain, and A, = 0.02
and Ao = 0.05 are parameters for the strain-hardening model
[98]; p € [0,1) describes the effects of buckling [74].

We model an embedded polarized cell as an ellipsoid with
semiaxis R, = R, < R, respectively along the x, y, and z
axis, centered at a prescribed location in the network. This
simple shape is our first attempt to model a migrating cell
which typically develops a polarized morphology [66]. The
contraction of the cell pulls the nodes residing within a cone
region defined by the polar angle 6 in the cell towards the cell
center, which is modeled by an affine transformation with a
contraction ratio y (see Fig. 5). In the subsequent simulations
weuse § = m/2and y = 0.93.

After cell contraction, a force-based relaxation method
is employed to obtain the force-equilibrium network
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FIG. 5. Schematic illustration of the polarized contraction of an
ellipsoidal cell embedded in the collagen network. The nodes within
a cone region defined by the polar angle 6 are pulled towards the cell
center by an affine transformation.

configuration and resolve the forces on each fiber. Specifically,
at each iteration, a node i is displaced along the direction of the
net force on this node, with the magnitude of the displacement
proportional to the magnitude of the force F', i.e.,

8 = nlF], (8)

where §; is the magnitude of the displacement and u is an
effective mobility parameter. The upper bound of y is chosen
such that the maximal individual displacement is ~1/100 of
the average fiber length. Once the positions of all nodes are
updated, the new net force of each node is computed, which
determines the nodal displacement. This process is repeated
until the maximal net force on a node is smaller than a
prescribed tolerance (e.g., <1071 N).

IV. RECONSTRUCTION RESULTS

A. Homogeneous collagen networks with randomly
oriented fibers

We first employ the procedure described in Sec. IT A to
reconstruct realizations of a homogeneous collagen network
with randomly oriented fibers. Specifically, the collagen gel
is prepared with a collagen concentration of 1 mg/mL and a
gelation temperature of 30 °C. The critical network statistics
used for the reconstruction, including the valence distribution
n and the fiber length distribution L, are extracted from
a 3D bond-node model constructed from the 3D confocal
microscopy image of the network and shown in Fig. 6.
The average valence number is n* = 3.38; and the average
fiber length is £* = 1.96 pum. The orientation of the fiber is
quantified via absolute value of direction cosine of the angle ¢
between a fiber and the z axis. Then the overall fiber orientation
is characterized by
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FIG. 6. Target and simulated network statistics including the
valence number distribution (a) and the fiber length distribution
(b) for a homogeneous network with randomly oriented fibers.

where N is the total number of fibers. In this collagen gel
with randomly oriented fibers, we have Q* = 0.5. In addition,
the reconstruction domain is a cubic box with a linear size of
45 um and the total number of nodes in the box is 40 000.

Taking the aforementioned network statistics as a target data
set, the simulated annealing procedure described in Sec. IT A
is employed to generalize realizations of the network with
virtually identical statistics. In particular, we employ a power-
law cooling schedule, i.e., T(n) = 7p0.95", which is also
shown in Fig. 7(a), as a function of the reconstruction stages 7.
The evolution of the average energy E of each stage is shown
in Fig. 7(b). It can been seen that after the initial fast decay, the
energy gradually decreases to zero, indicating the convergence
of reconstruction. We note that within each reconstruction
stage, a certain number of energy-increasing configurations are
accepted. However, the average energy of a particular stage is
a monotonic decreasing function of the number of stages.

Figure 8 shows a 3D visualization of the reconstructed
network that is statistically identical to the target collagen
network as obtained using 3D confocal microscopy imaging.
In addition, the distribution of valence number and fiber length
of the reconstructed system are quantitatively compared to the
corresponding target data and are shown in Fig. 6. It can be
seen that the statistics of the reconstructed network are virtually
indistinguishable from the corresponding target data. Indeed,
the final energy E ; quantifying the difference between the data
sets is smaller than ~10~°. This clearly indicates the validity
and efficiency of our procedure.
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FIG. 7. (a) Power-law cooling schedule used for the reconstruc-
tion. (b) Evolution of the average energy of each stage during the
reconstruction.
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FIG. 8. 3D visualization of the reconstructed homogeneous net-
work with randomly oriented fibers that is statistically identical to the
target collagen network as obtained using 3D confocal microscopy
imaging.

B. Homogeneous collagen networks with prealigned fibers

We now apply the procedure to generate realizations of
homogeneous network with prealigned fibers. We consider
this network possesses the same node density, distribution of
valence number, and distribution of fiber length as in Sec. IV A.
However, the fiber orientation is now characterized by the
average cosine value Q* = 1. This corresponds to the ideal
case that all fibers perfectly align with the z axis in the
system. In the actual network, due to the geometrical and
topological constraints, it is not possible to achieve such a
perfect configuration. Nonetheless, it is interesting to see what
is the highest Q* that can be achieved in a network by setting
the target value to be unity. The same annealing parameters in
Sec. IV A are used here.

FIG. 9. 3D visualization of the reconstructed homogeneous net-
work with fibers aligned with the z axis.
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FIG. 10. Target and simulated network statistics including the
valence number distribution (a) and the fiber length distribution
(b) for a homogeneous network with prealigned fibers.

Figure 9 shows a 3D visualization of the reconstructed
homogenous network. It can be clearly seen that the fibers tend
to align with the z axis to maximize the Q* value. The final
reconstructed network possesses a Q* = 0.86. As we will see
in Sec. V, the alignment of the fibers can significantly enhance
the propagation of the active force generated by a contractile
cell embedded in the collagen network.

Figure 10 shows the quantitative comparison of the target
and reconstructed network statistics including the distribution
of valence number and fiber length. It can be seen that the
reconstructed valence distribution matches very well with
the target distribution. However, there are some small dis-
crepancies between the reconstructed fiber length distribution
and the target distribution (derived originally from networks
with randomly oriented fibers). In particular, the reconstructed
network possesses a slightly larger number of long fibers. We
believe these additional long fibers are geometrically necessary
to achieve the high degree of alignment of the fibers.

C. Heterogeneous collagen networks with continuous variation
of fiber orientation

In this section we consider a heterogeneous collagen net-
work with continuous variation of fiber orientation along the z
axis. Such a network can be engineered [83] to systematically
investigate contact guidance effects during cancer cell inva-
sion. Specifically, we employ a cuboidal reconstruction domain
with a linear dimension of 45 pum, which contains 40 000
nodes. The domain is partitioned into 11 equal-sized regions
along the z direction. As one travels along the z direction from
the bottom region to the top region, the fiber orientations vary
from that perpendicular to the z axis to that parallel to the z
axis. The average orientation cosine value 2*(z) as a function
of z is shown in Fig. 11. The other network statics including
the distribution of nodal valence number of fiber length are
the same as in Sec. IV A. The same annealing parameters in
Sec. IV A are used here.

Figure 11 shows a 3D visualization of the reconstructed
heterogeneous network. The continuous variation of the fiber
orientations from the bottom to the top of the simulation
box can be clearly seen. Figure 12 shows the quantitative
comparison of the target and reconstructed 2*(z). Similar to
the case in Sec. IV B, the large 2* values (i.e., those close
to unity) are not exactly realizable due to the geometrical and
topological constraints. For example, it is not possible that
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FIG. 11. 3D visualization of the reconstructed heterogeneous
collagen network with continuous variation of fiber orientation along
the z axis.

all of the fibers in the network are perfectly aligned with
the z axis while still maintaining a uniform distribution of
the nodes. Nonetheless, the majority of the fibers in the top
regions of the reconstructed network tend to align with the z
axis as required by the target Q*. Figure 13 shows the network
statistics including the distribution of valence number and fiber
length. Again, it can be seen that the reconstructed valence
distribution matches very well with the target distribution,
while the reconstructed network possesses a slightly larger
number of long fibers, which are geometrically necessary to
achieve the high degree of alignment of the fibers.

D. Highly heterogeneous ECM containing collagen and Matrigel

In this section we consider a highly heterogeneous network
system that mimics the heterogeneous ECM experimentally
constructed in Ref. [83]. In our simulation, the network con-
tains a region with prealigned fibers mimicking a collagen gel
with oriented fibers and a region with randomly oriented fibers

1.0F° ' -
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o
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.0 i
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FIG. 12. The target and simulated 22*(z) (i.e., the average cosine
value of the angle between the fibers and z axis) as a function of z
position (normalized with respect to the box length) in the network.
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FIG. 13. Target and simulated network statistics including the
valence number distribution (a) and the fiber length distribution (b) for
aheterogeneous network with continuously varying fiber orientations.

mimicking the Matrigel region. The reconstruction domain is
a cubic box with a linear size of 45 um and the total number of
nodes in the box is 40 000. The upper region which occupies
73% of the volume contains collagen fibers aligned with the
z axis. This is achieved by imposing * = 1, as in Sec. IV B.
The lower region which occupies 27% of the volume contains
randomly oriented fibers, characterized by Q* = 0.4. The other
network statics including the distribution of nodal valence
number of fiber length are considered the same for both regions
and the data in Sec. IV A are used here. The same annealing
parameters in Sec. IV A are used here.

Figure 14 shows a 3D visualization of the reconstructed
heterogeneous network. The contrast between the region with
aligned fibers and the region with randomly oriented fibers can
be clearly seen. Figure 15 shows the quantitative comparison
of the target and reconstructed 2*(z) values, which again
shows the expected discrepancies for the region with oriented
fibers. Figure 16 shows the network statistics including the
distribution of valence number and fiber length. We note that
these reconstruction studies not only allow us to generate
realizations of ECM networks with desirable microstructural
properties quantified by DD, but also enable us to explore the
theoretical limits associated with specific network statistics
such as Q*.

FIG. 14. 3D visualization of the reconstructed heterogeneous
collagen network with a collagen region composed of aligned fibers
and a Matrigel region composed of randomly oriented fibers.
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FIG. 15. The target and simulated 2*(z) (i.e., the average cosine
value of the angle between the fibers and z axis) as a function of z
position (normalized with respect to the box length) in the network.

V. MICROMECHANICAL ANALYSIS OF CANCER CELL
INTRAVASATION

We now investigate the effects of the ECM microstructure
on the propagation of the active forces generated by a po-
larized contractile cell embedded in the system. Specifically,
an ellipsoidal cell with semiaxes a = b = 6.84 um and ¢ =
10.26 um is embedded in the center of the simulated network,
whose ¢ axis is aligned with the z axis. An affine contraction
toward the cell center is applied to the nodes included in the
lower semiellipsoid region with a contraction ratio y = 0.93
(see Sec. III for details). The force-based relaxation method
is subsequently employed to find force equilibrium network
configuration as described in Sec. III. The force network is
visualized by coloring the fibers carrying a force larger than
5.0 x 1077 N, which is about 2.5% of the largest force in the
network.

Figure 17 shows the propagation of active forces generated
by a polarized contractile cell in a homogeneous network with
randomly oriented fibers [Fig. 17(a)], a homogeneous network
with prealigned fibers [Fig. 17(b)], and a heterogeneous net-
work with continuously varying fiber orientations along the z
axis [Fig. 17(c)] reconstructed in Sec. IV C. In particular, the
fibers originally aligned perpendicular to the z axis are grad-
ually aligned along the z axis as one travels from the bottom
to the top of the heterogeneous network. It can be clearly seen
that oriented fibers can significantly enhance the propagation

80% 40%
? I Experimental ?

B Reconstructed
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- - - Reconstructed

40% 20%

Probability
Probability

0% 0%
0

0 1 2 3 4 5 6 7 8 5
Valence Fiber length (micron)
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FIG. 16. Target and simulated network statistics including the
valence number distribution (a) and the fiber length distribution
(b) for the binary heterogeneous network.

10

(a) (b) (c)

FIG. 17. Propagation of active forces generated by a polarized
contractile cell in a homogeneous network with randomly oriented
fibers (a), a homogeneous network with prealigned fibers (b), and a
heterogeneous network with continuously varying fiber orientations
along the z axis (c). The fibers carrying large forces (>5.0 x 1077 N)
are highlighted using red color (dark gray in the print version).

of active forces. In particular, in the network with randomly
oriented fibers, the force chains (indicated by the highlighted
fibers carrying large forces) only extend isotropically to a small
region (with a linear dimension ~5 pm) surrounding the con-
tracting surface of the cell. On the other hand, in the network
with prealigned fibers, the force chains can extend through the
entire system and reach the boundary of the simulation box. In
addition, in this case, the force propagation is highly directional
along the z axis with a linear extent of at least 20 um. We
note that the alignment of the fibers can significantly diminish
the reduction of the forces when passing through two succes-
sive fibers, and thus lead to the enhanced force propagation.
In the case of the heterogeneous network, the continuously
varying fiber orientations can effectively redirect the force
chains. Specifically, close to the cell surface, the stress fibers
tend to align with the z axis, which is due to the direction of the
contraction. As the force chains propagate, they quickly bend
over to be perpendicular to the z axis. This leads to a relatively
small penetration depth in the z direction, with ~5 pm.
However, the linear extent of the force chains perpendicular
to the z axis is ~10 um.

Figure 18 shows the propagation of active forces generated
by a polarized contractile cell in a highly heterogeneous ECM
composed a collagen region (upper) with prealigned fibers and
a Matrigel region (lower) with randomly oriented fibers, mim-
icking the in vitro heterogeneous microenvironment studied in
Ref. [83]. It can be clearly seen that the highly directional
force chains composed of the fibers carrying large forces
(>5.0 x 10~ N) (highlighted using red color or dark gray in
the print version) expand through the entire oriented collagen
region and deeply penetrate into the Matrigel region. With the
Matrigel, due to the initial random fiber orientations, the force
propagation becomes more isotropic, compared to that in the
oriented collagen region.

In addition, we also investigate the remodel of the Matrigel
by the active cellular forces, which is quantified by the changes
in the fiber orientations before and after the cell contraction.
Specifically, the angles between a high-stress fiber in the
Matrigel region and the z axis before and after cell contraction
are computed and shown in Fig. 19, in which the size of
the circle indicates the magnitude of the forces on the fiber.
It can be seen that a large number of Matrigel fibers, which
carry relative large forces, are reoriented along the z direction
by the active cellular forces. We believe that these reoriented
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FIG. 18. Propagation of active forces generated by a polarized
contractile cell in a highly heterogeneous ECM composed a collagen
region (upper) with prealigned fibers and a Matrigel region (lower)
with randomly oriented fibers. The fibers carrying large forces
(>5.0 x 1077 N) are highlighted using red color (dark gray in the
print version).

high-stress fibers can provide strong contact guidance for the
migrating MDA-MB-231 cells that penetrate into the Matrigel
region, which further facilitate their invasion. This could
provide a possible mechanism for the observed enhanced tumor
cell intravasation by oriented collagen [83].

Finally, we investigate the effects of collectiveness during
tumor cell invasion. In particular, we embed a small group of
(e.g., four) polarized ellipsoidal cells in the collagen (upper)
part of the ECM. The positions of the cell centers are given by
(0, 0, 0) um, (0, 7.5, 5) pum, (6.5, —3.75, 5) um, and (—6.5,
—3.75, 5) um with respect to the center of the simulation
box. The longest semiaxis of each cell is aligned with the z
axis. All four cells contract together with the same contraction
ratio as in the single cell case. This particular configuration
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FIG. 19. Comparison of the angle between a fiber in the Matrigel
and the z axis before and after the contraction of the cell. The size
of the circle indicates the force magnitude in the fiber. Reorientation
of the fibers carrying relatively large forces along the z axis can be
observed.

FIG. 20. Propagation of active forces generated by a group
of polarized contractile cells mimicking a tumor invasion front
in a highly heterogeneous ECM composed a collagen region
(upper) with prealigned fibers and a Matrigel region (lower)
with randomly oriented fibers. The fibers carrying large forces
(>5.0 x 1077 N) are highlighted using red color (dark gray in the
print version).

is chosen to mimic the invasion front of breast cancer cells
observed in vitro. Figure 20 shows the propagation of active
forces generated by the small cell group. Figure 21 shows
the reorientation of the fibers in the Matrigel (lower) part of
heterogenous ECM. Similar to the single cell case, the deep
penetration of force chains into the Matrigel region can be
clearly seen. In addition, a stronger reorientation effect has
been observed from Fig. 21, as indicated by the increasing
number of large circles in the lower right region of the plot. This
result implies that collective cell contraction and migration
can further promote prealignment of Matrigel fibers and thus
facilitate the intravasation.
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FIG. 21. Comparison of the angle between a fiber in the Matrigel
and the z axis before and after the collective contraction of the group
of tumor cells. The size of the circle indicates the force magnitude in
the fiber. Reorientation of the fibers carrying relatively large forces
along the z axis can be observed.

033311-9



NAN, LIANG, CHEN, LIU, LIU, AND JIAO

PHYSICAL REVIEW E 97, 033311 (2018)

VI. CONCLUSIONS AND DISCUSSION

In this paper we devised a procedure for generating real-
izations of highly heterogeneous 3D collagen networks with
prescribed microstructural statistics including the node density,
valence number distribution, fiber length distribution, as well
as fiber orientations via stochastic optimization. Specifically,
the realization (reconstruction) is formulated as an optimiza-
tion problem in which the objective function, defined on the
space of the network configurations, is the squared difference
between a set of target microstructural statistics and the
corresponding statistics for the simulated network. Simulated
annealing is employed to solve the optimization problem by
evolving an initial network via random perturbations to search
the network configuration space and eventually generate a
realization compatible with the specified target statistics. We
have employed this procedure to generate of a variety of ECM
systems, including homogeneous networks with randomly
oriented fibers, homogeneous networks with aligned fibers,
heterogeneous networks with a continuous variation of fiber
orientation along a prescribed direction, as well as a binary
system containing a collagen region with aligned fibers and a
dense Matrigel region with randomly oriented fibers.

The realizations of heterogeneous networks with distinct
structural features have allowed us to systematically investigate
the effects of network microstructure on the propagation
of active forces in the simulated networks. Specifically, the

polarized contraction of an embedded ellipsoidal cell is applied
and the distribution of the resulting forces is analyzed by con-
sidering a nonlinear fiber model incorporating strain hardening
upon large stretching and buckling upon compression. Our
analysis shows that oriented fibers can significantly enhance
long-range force transmission in the network. Moreover, in the
collagen-Matrigel system, the forces generated by a polarized
cell in collagen can penetrate deeply into the Matrigel region.
The stressed Matrigel fibers could provide contact guidance
for the migrating cells, and thus enhance their penetration into
Matrigel.

We note that the current analysis focuses on static con-
traction of a single model cell. The realizations of the dis-
tinct network configurations also allow us to systematically
investigate the effects of ECM microstructure on dynamic cell-
ECM interactions as well as the resulting collective multicell
behaviors. In such cases, a cell not only generates active forces
by pulling the ECM fibers but also senses and responds to
the forces exerted via the fibers. Such investigations will be
reported in our future publications.
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