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Abstract

Altered tissue mechanics is an important signature of invasive solid tumors. While the phenomena
have been extensively studied by measuring the bulk rheology of the extracellular matrix (ECM)
surrounding tumors, micromechanical remodeling at the cellular scale remains poorly understood.
By combining holographic optical tweezers and confocal microscopy on 1 vitro tumor models,
we show that the micromechanics of collagen ECM surrounding an invading tumor demonstrate
directional anisotropy, spatial heterogeneity and significant variations in time as tumors invade.
To test the cellular mechanisms of ECM micromechanical remodeling, we construct a simple
computational model and verify its predictions with experiments. We find that collective force
generation of a tumor stiffens the ECM and leads to anisotropic local mechanics such that

the extension direction is more rigid than the compression direction. ECM degradation by cell-
secreted matrix metalloproteinase softens the ECM, and active traction forces from individual
disseminated cells re-stiffen the matrix. Together, these results identify plausible biophysical
mechanisms responsible for the remodeled ECM micromechanics surrounding an invading tumor.

Introduction

During the growth and metastasis of solid tumors, reciprocal mechanical interactions
between a tumor and its surrounding extracellular matrix (ECM) are of fundamental
importance.! On the one hand, cancer cells apply strong traction forces that cause
nonlinear stiffening of the ECM,2-3 and build up of plastic deformations,*© to the point of
significantly altering the micro-structure of the ECM.”-8 Cancer cells and cancer associated
fibroblasts also secrete matrix metalloproteinase (MMP) that degrades the ECM,” weakens
its structural integrity and even creates hollow tracks along the path of cell migration.1%-11

On the other hand, the remodeled ECM mechanics provides a multitude of physical cues
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through cell mechanosensing, such that the growth, migration, and malignant transformation
are all sensitive to the tumor’s mechanical microenvironment.!2-17

Although the mechanics, in particular the bulk rheology of the ECM surrounding tumors,
have been well documented, 820 and are often studied for their physiological impacts,?!
one may recognize the drastic discrepancies in the corresponding scales between rheology
and cell-ECM interactions. Bulk rheology characterizes the elastoviscosity of the ECM at
millimeter or larger scales, which is appropriate to quantify the overall property of a whole
tissue or organism. In contrast, the physical interface between cells and the ECM is no
more than a few micrometers in dimension. Therefore a cancer cell will directly modify

22-24

and respond to the ECM micromechanics at the cellular scale, and may not have the

knowledge of their physical environment at scales hundreds of times larger.2

The distinct mechanical properties of the ECM at cellular and tissue scales can be traced
back to the ECM structure. Collagen ECM, for example, is a disordered assembly of fibrous
scaffold with pore sizes ranging from sub-micrometer to a few micrometers.2%-28 These
structural features lead to anisotropic and heterogeneous mechanical moduli measured by

29-31

micrometer-sized probing particles, or atomic force microscopy.32 It has been shown

that local elasticity can vary by as much as 50% over a distance comparable to a single cell
size.2?

Mechanistic understanding of the altered cancer microenvironment requires one to fill

the knowledge gap of ECM micromechanics surrounding an invading tumor. To this end,

we develop an experimental system that combines confocal imaging, holographic optical
tweezers,33->4 and an in vitro tumor model3 to quantify the local elastic moduli of the

ECM outside of disseminating tumor diskoids. We also employ a multiscale computational
model' that explicitly accounts for the microscopic structure and physical interactions
between cancer cells and 3D ECM. By integrating experiments and the model, we test
putative mechanisms that contribute to the anisotropy, heterogeneity, and temporal variations
of ECM micromechanics.

Experimental characterization of ECM micromechanics surrounding an invading tumor

In order to measure the micromechanics of the extracellular matrix (ECM) surrounding
invading solid tumors, we first create tumor diskoids using the DIGME technique we
developed previously.?® This technique precisely controls the shape and size of each disk-
shaped tumor model, allowing us to combine measurements of multiple tumor samples with
fixed geometry. The diskoids consist of MDA-MB-231 cells, a highly invasive line of breast
cancer cells that are capable of migrating in 3D ECM. The cells are confined by type-I
collagen matrices at a concentration of 2 mg ml™!, which contains monodisperse polystyrene
microspheres with a diameter of 3 pm as probing particles. Most microspheres are stably
embedded in the ECM by attaching to multiple collagen fibers. A small fraction (~10%)

of loosely embedded polystyrene particles, likely falling in the space between ECM fibers,
are excluded from further measurements. Fig. 1(A and B) show typical microscopy images
of a tumor diskoid over 24 hours of invasion. We culture the diskoid in a gridded culture
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dish, so that microscopy images at different magnifications or at different days can be
correlated. Fig. 1C shows a confocal reflection image of the collagen matrix with the bright
spots indicating the location of the micro-spheres. The microspheres uniformly distribute in
the ECM. After imaging the diskoid and its ECM on a confocal microscope (Leica SPE),
we bring the sample to a home-built holographic optical tweezers (HOT) setup where a
high numerical aperture objective lens (100%, NA = 1.4) is used to image and optically
manipulate the microspheres as probing particles to measure the ECM micromechanics.2?
We choose probing particles at distances less than the radius of the diskoids (R ~ 800 um,
Fig. 2A), where significant cell-induced ECM deformation is observed. The particles are
illuminated by a partial coherent light source, which produces concentric diffraction patterns
for high resolution particle tracking.3¢

In each measurement, we project optical traps to perturb the probing particle while a nearby
unperturbed particle serves as a reference for drift correction (Fig. 2B). Specifically, the
probing optical trap is projected at four locations each 1 pm away from the equilibrium
position of the particle. The four trap locations are directed radially or tangentially from

the diskoid center, which we label as extension (radially outward), compression (radially
inward), and shear (tangential) directions. When switching between different microscopes
(confocal and HOT), we use the grids printed at the bottom of the culture dish as alignment
markers to determine the appropriate local axis with respect to the tumor diskoid.

In order to minimize the measurement error due to mechanical drift and other sources of
noise, we cycle the probing trap in the four directions and repeat 15 times. Along each
direction, the power of the optical traps is switched on and off for 0.5 seconds. During the
whole process, positions of the reference and probing particles are tracked at a rate of 20

Hz (Fig. 2C), such that the particle displacement in response to optical forces, and the ECM
micromechanics derived thereafter, are obtained by averaging reference-corrected particle
positions for each probing location (Fig. 2D). The particle displacement generally has an
off-axis component, and shows strong variations between different probing directions. These
phenomena are related to the disordered nature of the ECM structure, and are consistent
with previous reports of micromechanical measurements in cell-free matrices.2” The on-axis
displacements, such as Ady,, as shown in Fig. 2D, will allow us to compute the local
mechanical modulus. Note that to account for the finite particle response time to optical
forces, we exclude particle trajectories at the boundaries of each power cycle (4—6 frames)
when computing the average particle displacements.

ECM micromechanics is remodeled by invading tumors

To quantify the ECM micromechanical remodeling by an invading tumor, we first focus

on micromechanics measured by the same set of particles over 24 hours of invasion. Fig.
3A shows three probing particles with distances ranging between 80 um and 180 um to

the boundary of a diskoid. For each particle, we project optical traps in the extension,
compression and shear directions with respect to the diskoid, and obtain the reference-
corrected displacements. Note that the off-axis displacements and anisotropy are evident for
all three particles.
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Along each probing direction, we calculate the directional compliance:

Adg
Fir

Jair = 67a )

where dir refers to one of the four probing directions (extension, compression and shear), a
= 1.5 um is the particle radius, Adj;, is the component of the particle displacement along the
probing direction, and Fyj, is the component of the optical force along the probing direction.
The optical force is calculated by approximating the optical trap as a harmonic spring,
whose stiffness is calibrated to be 50 pN um™!. For the shear compliance, we further take the
average of the two symmetric shear directions.

The directional compliance reported by the three particles are significantly different from
each other. For instance particle 1 measures a local compression compliance of 0.3 Pa™! at
day 0, corresponding to a local stiffness of 3.3 Pa. This is almost three times softer than
the compression modulus reported by particle 2. On the other hand, the micromechanics
measured by particle 3 is stiffest in the shear direction, while particles 1 and 2 show the
micromechanics are most stiff in the extension direction. The temporal evolution also differs
for the three particle locations: while particles 1 and 2 show ECM softens in all directions
from day 0 to day 1, particle 3 exhibit the opposite trend. In fact, the ECM at particle 2 is
softened by more than doubling the compliance, while its nearby particle 3 shows modest
stiffening after 24 hours of diskoid invasion. These results highlight the heterogeneity of
ECM micromechanics, which would be elusive if we only had the information of bulk
rheology.

Computational modeling of ECM micromechanics surrounding an invading tumor

In order to test putative physical mechanisms contributing to the ECM micromechanical
remodeling, we employ a nonlinear model of the ECM network,37 in which the structure of
the network is represented as a disordered 3D graph. The bonds represent fiber segments
and the nodes in the graph represent cross-links. The graph was reconstructed from confocal
images of 2 mg ml™! collagen,37-38 corresponding to an average bond length of ~1.8 um.
Upon stretching, a fiber segment (bond) first elongates elastically, which is followed by
strong strain-hardening once the elongation is larger than a prescribed threshold. Upon
compression, the fiber buckles and possesses a much smaller compression modulus. The
elongation stiffness & of the fiber is accordingly given by

pEA, A<0
k=1EA, 0< A< A 2)
EAexp[(A— A)/ A, A> 4.

where F'and A are respectively the Young’s modulus and cross-sectional area of the fiber
bundle, and we use £A =8 x 107/ N:26 A = A/As the elongation strain, and A = 0.02 and
Ao = 0.05 are parameters for the strain-hardening model;3? p = 0.06 describes the effects of
buckling.*? This model has been validated to realistically capture the mechanical behaviors
of collagen networks in response to cellular forces.!022:37 In its current form, we do not
explicitly consider the time-dependent behaviors of the fibers, such as creep and plasticity.
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We model a diskoid embedded in the ECM as a short cylinder with radius Ry =250 um

and height A= 80 pm and with the height along the zaxis. The cylinder is placed at the
center of a representative volume element (RVE) with dimensions 1500 um x 1500 pm

x 400 pm along x, y, and z direction respectively (see Fig. 4A). Although the simulation
system is smaller compared to the experimental system due to computational cost, we expect
the system size is sufficiently large to obtain at least qualitative insights of the physics
behind the experimental observations. The contraction of the diskoid pulls the nodes residing
within the diskoid region (Ze., the cylinder) towards the center along the radial direction,
which is modeled by an affine transformation with a contraction ratio y. In the subsequent
simulations, we use y = 0.93, as calibrated from experimental imaging data. After diskoid
contraction, a force-based relaxation method is employed to obtain the force-equilibrium
network configuration and resolve the forces on each fiber.3

The micromechanical compliance is measured following a similar but slightly different
procedure used in the experiment. Specifically, spherical beads of radius 2= 1.5 pm are
randomly introduced in the ECM, one at a time. A bead is subsequently displaced along the
extension, compression and shear directions by Adyj; = 1 pm. We also investigate Adj = 0.1
um and 0.01 um and verify the obtained directional compliance values are not sensitive to
dgir (see the ESIT). Under this fixed displacement condition, the total response force Fy;, on
the bead along the corresponding direction is obtained from the force-equilibrium network
configuration. The corresponding compliance Jg;; is then computed following eqn (1), see
(Fig. 4B).

ECM micromechanical anisotropy resulting from the collective traction force of a tumor

We first use the simulation to investigate the interplay of ECM nonlinear mechanics and

the collective contractile force generated by a tumor. Fig. 5A shows the average elongation
strain 4 of tensile fibers in the ECM as a function of I/ R, where Dis the distance to the
tumor boundary, and R is the radius of the tumor. In the nonlinear fiber model, we consider
fibers enter the strain-hardening regime once A > A4 = 0.02. It can be seen that in the
vicinity of the tumor surface (e.g., D< 0.2Ry), 4 > A, indicating that the majority of tensile

fibers in this region are in the strain-hardening regime. As D increases beyond this region,
1 decreases quickly. However, as shown in Fig. 5B, there are still significant fractions of
tensile fibers that are in the strain-hardening regime in the region with D < Ry/2.

The average directional compliance obtained from simulations are shown in Fig. 5(C and
D). It can be seen that in the near-tumor region (D < Ry/2), the directional compliance
exhibits strong anisotropy. Specifically, the extension compliance is smaller than the shear
compliance, and significantly smaller than the compression compliance. This equivalently
indicates that the extension stiffness is larger than the shear stiffness, and much higher than
the compression stiffness. This trend is a result of the strong strain hardening of tensile
fibers in the region, which dominates the micromechanics. Specifically, when the probing
bead is displaced in the tension direction, the tensile fibers already in the strain hardening
regime are further pulled longer, leading to a strong and fast increasing response force,

TElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d2sm01100j
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and thus, a high stiffness or low compliance. On the other hand, displacing the bead in

the compression direction releases the tensile strain in the fibers, resulting in a much lower
stiffness or higher compliance. Measuring the shear compliance amounts to pulling the
tensile fibers sideways, with only a small component along the tensile direction, thus leading
to a stiffness lower than the tension case, but higher than the compression case. A similar
trend is observed in the far region (D> Ry/2), albeit the distinctions between the compliance
(stiffness) are less apparent than those in the near-tumor region. This is because the strain
hardening effects in the far region are significantly weaker (see Fig. 5B).

ECM degradation by cancer cells softens the ECM

Once the tumor invasion starts, cancer cells such as MDA-MB-231 cells secrete matrix
metalloproteinase (MMPs) to degrade the ECM fibers and damage the structural integrity of
network. This effect is likely reflected by the measured compliance for particles 1 and 2,
for which the day 1 values of directional compliance Jg;, are higher than the corresponding
day 0 values (Fig. 3C). Here we use simulations to further verify this effect. In particular,
for a given bead we first obtain Jy;; as in the previous section. Subsequently, we set the fiber
segments within §=2 um along the line that connects the tumor center and the bead to
have a much lower elongation stiffness than the original value, 7.e., k= 0.01-EA, which also
does not possess a strain hardening effect. This is to mimic the effects of ECM degradation
by invasive cells that produce weak micro-channels in the ECM network. The values of Jj;;
are then computed again. We repeat the procedure for different beads in both near and far
regions.

Fig. 6 shows computed average J3;; along different directions in both near and far regions
before (green bars) and after ECM degradation (red bars). It can clearly be seen that all Jy;,
increase after degradation, while the trend Joyt < Jgpr < Jeom 18 preserved. This is consistent
with the experimental observations for particles 1 and 2 (see Fig. 3C).

Active pulling by disseminated cancer cells stiffens the ECM

The directional compliance Jg;, at particle 3 (Fig. 3C) exhibits very interesting behavior.
Specifically, the values of Jg;, on day 1 decrease compared to the corresponding values on
day 0, indicating the ECM is locally stiffened. A closer examination of Fig. 3A reveals that
on day 1, a branch of invading cell extends to the region near particle 3 (but not directly in
front of the particle, as in the case of particle 2). As the cells at the invasion front lead the
migration, they can generate contractile forces that reinforce the collective contraction of the
tumor. Again we use simulations to verify this effect. For a given bead, we first obtain Jg;,
as in the previous section. Next, we embed a spherical cell of diameter 15 um in a random
location that is 10 pm away from the bead (as estimated from the imaging data). The cell is
contracted by 15%, which pull the near-by fibers. The resulting Jg;, are then computed and
this procedure is repeated for all beads.

Fig. 6 shows the computed mean Jy;; along different directions in both near and far regions
after additionally taking into account active pulling forces by nearby disseminated cancer
cells (blue bars). It can be clearly seen that all Jg;, decrease due to cell contraction, while
the trend Joxt < Jpr < Jeom 18 still preserved. This is consistent with the experimental
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observations for particles 3 (see Fig. 3C). Together, these simulation results demonstrate the
effects of various mechanisms where the ECM micromechanics can be remodeled by both
the whole tumor and individual disseminated cancer cells.

Further experimental verification of model predictions

Our computational model predicts several features in addition to the heterogeneity of the
ECM micromechanics. To test these predictions experimentally, we leverage the precision
shape control of the DIGME technique and accumulate data from multiple diskoids with the
same radius. In particular, we perform micromechanical measurements on 10 diskoids at day
0 and another 10 at day 1. For each sample, we select approximately 10 probing particles
with distances from the diskoid ranging from 100 to 700 pm, and close to the same focal
plane as the diskoid center. We measure the local mechanics in the extension, compression
and shear directions, and define the (mean) micromechanical compliance Jas the average of
Jgir in all four directions:

1
J= Z(Jcom + Jext + 2Jshr) 3)

Our model predicts that ECM degradation by an invading tumor softens the surrounding
ECM. This is the case for both directional compliance Jg;, (Fig. 6) as well as the mean
compliance J(Fig. 7A). Experimentally, we expect effects of ECM degradation to emerge
after 24 hours of invasion. Consistent with the model prediction, the micromechanical
compliance Jmeasured at day 1 is generally softer than at day 0 (Fig. 7B). Interestingly, the
measured Jfollow distributions exhibiting long tails, which appear to be distinct from the
model calculation.

Our model also predicts that the ECM is stiffer in the extension direction than in the
compression direction due to the collective contraction of the tumor, and the difference is
less pronounced when ECM degradation takes place (Fig. 6). Experimentally, at day 0 we
find Jeom > Jext In 75% of the instances. In contrast, only 45% measurements at day 1 show
Jeom > Jext- These results again qualitatively agree with the model predictions.

Conclusion and discussions

The growth and metastasis of solid tumors involve significant mechanical remodeling of the
surrounding tissue.*! Reciprocally, the altered tissue provides physical cues to the cancer
cells through their mechanosensing pathways to modulate the cancer cell biology.*? Here we
combine experiments and computational modeling to investigate mechanisms with which an
invading tumor remodels the elastic properties of the extracellular matrix.

In order to provide insights into physiologically relevant tissue mechanics at the cellular
scale, we focus on the micromechanics, rather than the extensively studied bulk rheology of
the ECM. To measure the ECM micromechanics, we employ holographic optical tweezers
coupled with confocal microscopy (Fig. 1 and 2). We create in vitro models of solid

tumors by forming breast cancer diskoids in 3D collagen ECM. The circular symmetry
differentiates the tissue space outside of the tumor into compression, shear, and extension
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directions, along which we probe the ECM local elasticity, respectively. We find that

the micromechanics of ECM surrounding an invading tumor demonstrate anisotropy in

the directions probed, strong heterogeneity in space and also variations in time (Fig. 3).
These results are difficult, if not impossible, to derive from bulk rheology alone. To our
knowledge, detailed ECM micromechanics in proximity to a disseminating tumor has been
a challenge to measure directly. We notice that the ECM micromechanical properties we
have measured indicated a softer ECM compared to that suggested by a recent report

of the active microrheology results.*> We suspect differences in the probing frequency

and spatial statistics may contribute to the difference in the moduli measured via these

two distinct techniques. This also indicates the important nonlinear dynamic-dependent
micromechanics of the ECM, which should be taken into account for understanding its
mechanical interaction with active cells. For future research it will be interesting to combine
multiple micromechanical characterizations to better understand the physical properties of
tumor associated ECM.

With a simple numerical model, we propose three independent and additive cellular
mechanisms to account for the strong micromechanical heterogeneity observed in
experiments. As we and other groups have reported previously, collective traction forces

of the cells lead to global contraction of the ECM toward the tumor center.** Models based
on bulk rheology suggest that in regions close to the tumor ECM elastic moduli will increase
due to the strain-stiffening effect.> Our micromechanical model, on the other hand, predicts
that the ECM is stiffened more in the extension direction compared to the compression
direction (Fig. 5 and 6). This prediction is well supported by the experiments (Fig. 7).

Mesenchymal cancer cells, such as MDA-MB-231 cells generally execute MMP-dependent
programs of 3D migration.*3*¢ During mesenchymal migration, cells secrete MMPs that
degrade the ECM. Our model predicts and experiments confirm that ECM degradation
softens the ECM micromechanics (Fig. 6 and 7). As individual cells further disseminate
into the ECM, their traction force will actively pull on the nearby matrix, resulting in

local stiffening. However, this latter effect depends on the location and orientation of the
force-generating cell, and may further contribute to the level of heterogeneity and temporal
variations in the ECM micromechanics.

While the predictions from our simplified model qualitatively agree with experiments,
admittedly there are several notable discrepancies. For instance, the experimentally
measured distribution of mean compliance Jis approximately log-normal, which is broader
compared with the distribution calculated from the model. Additionally, at day 1 of invasion
only 45% of measured instances show J o, > Joxt, While the model predicts the compression
compliance to be greater than extension compliance. The discrepancies could be attributed
to a number of over-looked factors, such as the plasticity of the ECM at high strains,® as well
as the dynamic phases of cell migration and force generation.*’ Recently, it was shown that
MDA-MB-231 cells exhibit transitions between multiple migrational pheno-types.*84° We
expect the phenotypical plasticity further contributes to variations of cellular force generated
and the stress state of the ECM. It is interesting for future research to include more detailed
cellular dynamics and mechanosensivity in order to better model the physical interactions of

invading tumors and their host tissue.>?
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Fig. 1.
Microspheres as probing particles are embedded in the extracellular matrix (ECM)

surrounding invading tumor diskoids. (A and B) Microscopy images showing MDA-
MB-231 cancer cells forming a tumor diskoid (red), with probing particles (green) dispersed
in the surrounding ECM, and the sample is mounted on a culture dish with printed grid

lines (transmitted light channel). (C) A confocal reflection image showing probing particles
(bright spots) inside the collagen matrix (dimmer fibrous structures). (D) A holographic
image of probing particles at the optical tweezers setup.
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Fig. 2.
Measurement of the ECM micromechanics around an invading tumor diskoid via

holographic optical tweezers (HOT). (A) A bright field image of a tumor diskoid, where
a small section will be investigated on a HOT setup as shown in (B). (B) Semi-coherent
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illumination renders concentric rings around the probing particle and reference particle
which facilitate high resolution particle tracking. The optical trap (red dots) are projected

in compression (abbreviate com.), extension (abbreviate ext.) and shear (abbreviate shr.)
directions 1 um from the equilibrium position of the probing particle. These directions are
defined by the location of the probing particle relative to the center of the tumor diskoid.
The power of the optical trap (probing trap) is switched on and off at a frequency of

1 Hz and 50% duty cycle by manipulating the spatial light modulator of the HOT. (C)
Representative trajectories of the probing and reference particles showing the displacements

from their respective equilibrium positions. (D) Schematics showing the measurement of

ECM micromechanics. Red dots: locations of the optical traps in compression, extension
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and shear directions. Stars: average particle positions in response to optical forces. Ad labels
the displacement when the particle is perturbed in the shear direction (with an optical trap at

Tshr)-
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Fig. 3.
ECM micromechanics changes over time during tumor invasion. (A) Three probing particles
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particle 3
day 0 day 1

com. shr. ext.

particle 2
day 0 day 1

com. shr. ext.

particle 1
day 0 day 1

are selected and examined at day 0 and day 1 around the same tumor diskoid. (B) The

average displacements of each particle along four probing directions at both day 0 and day 1.

(C) The micromechanical compliances measured by each particle at day 0 and day 1.
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Fig. 4.
Illustration of the simulation model to investigate the ECM micromechanical remodeling by

an invading tumor. (A) A schematic showing the simulation representative volume element
(RVE). (B) Micromechanics is quantified by measuring the directional compliance as in the
experiments.
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Fig. 5.

Thge tensile stress generated by the tumor coupled with the nonlinear elasticity of the ECM
leads to anisotropic micromechanical properties in the ECM. (A) Average elongation strain
A = ALof tensile fibers in the ECM as a function of distance D/R from the tumor surface
(dashed line indicates the critical elongation strain A = 0.02 for strain hardening). Here D
is the distance to the tumor boundary, and R; is the radius of the tumor. (B) Fraction P of
tensile fibers that are in the hardening regime as a function of distance [ Rg from the tumor
surface. (C) Average compliance Jg;, along different directions in the region with D< Ry/2.
(D) Average compliance Jg;, along different directions in the region with D> Ry/2. In (A-D)
error bars show the standard deviation of the simulation results.
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Fig. 6.

com. shr. ext.
far field D > R, /2

The directional compliance of the ECM from simulations. (A) Directional compliance Jg;;
along different directions in the near field with D < Ry/2, where D s the distance to the
tumor boundary, and Ry is the radius of the tumor. (B) Directional compliance Jy;; in the

far field with D> Ry/2. Green: results by taking into account the collective contraction of
the tumor (same as Fig. 5). Red: results when the tumor’s collective contraction and ECM
degradation are both considered. Blue: results when the tumor’s collective contraction, ECM

degradation and a nearby cell’s active pulling are all considered.
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Fig. 7.

T}%e temporal evolution of ECM micromechanics. (A) Our computational model predicts
the ECM compliance Jincreases as ECM degradation by invading cancer cells takes place.
Error bars: standard deviations. (B) Experimentally measured ECM compliance at day 0
and day 1. The violin plots show the distribution functions. Statistical comparison in A and
B are carried out with one way ANOVA. (C and D) ECM micromechanical measurements
surrounding tumor diskoids are combined from multiple samples at day 0 (C) and day 1 (D).
Here scattered dots are color coded by the micromechanical compliance J. Circular symbols
show measurements where J.om > Jext, Star symbols show measurements where Jom < Jext-
Taking advantage of the circular symmetry, the radial positions of the particles are actual
measured distances from diskoid centers, while the angular positions of the particles are
artificially randomized.
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