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Abstract

Cell invasion through a dense three-dimensional (3D) matrix is believed to depend on the ability of cells to generate traction
forces. To quantify the role of cell tractions during invasion in 3D, we present a technique to measure the elastic strain
energy stored in the matrix due to traction-induced deformations. The matrix deformations around a cell were measured by
tracking the 3D positions of fluorescent beads tightly embedded in the matrix. The bead positions served as nodes for a
finite element tessellation. From the strain in each element and the known matrix elasticity, we computed the local strain
energy in the matrix surrounding the cell. We applied the technique to measure the strain energy of highly invasive MDA-
MB-231 breast carcinoma and A-125 lung carcinoma cells in collagen gels. The results were compared to the strain energy
generated by non-invasive MCF-7 breast and A-549 lung carcinoma cells. In all cases, cells locally contracted the matrix.
Invasive breast and lung carcinoma cells showed a significantly higher contractility compared to non-invasive cells. Higher
contractility, however, was not universally associated with higher invasiveness. For instance, non-invasive A-431 vulva
carcinoma cells were the most contractile cells among all cell lines tested. As a universal feature, however, we found that
invasive cells assumed an elongated spindle-like morphology as opposed to a more spherical shape of non-invasive cells.
Accordingly, the distribution of strain energy density around invasive cells followed patterns of increased complexity and
anisotropy. These results suggest that not so much the magnitude of traction generation but their directionality is
important for cancer cell invasion.
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Introduction

Cell migration through a connective tissue matrix is an
important part of normal physiological function, for example
during wound healing, but is also a hallmark of aberrant behavior
seen in cancer cell invasion through connective tissue. Cell
migration on planar 2D matrices, such as on a common plastic
tissue culture dish, has been described as a cyclic process involving
polarization, protrusion formation at the leading edge, traction
generation by the cells’ acto-myosin machinery, and retraction at
the rear end of the cell [1]. Inertial and viscous drag forces are
negligible, and cell tractions are needed only for cell spreading and
for overcoming integrin-mediated adhesive forces.

Cell migration through a dense 3D network of extracellular
matrix proteins, in contrast to 2D migration, is possible only
when the cell generates sufficient tractions to overcome the steric
hindrance of the surroundings [2]. The migration speed of cells in
a 3D matrix correlates with the maximum matrix displacements,
which are indicative of the traction forces that these cells exert
[3]. Cells in which acto-myosin contraction is inhibited are
unable to migrate through dense 3D matrices [4]. These findings
lead to the hypothesis that cancer cells that generate high
tractions are more invasive than cells with lower tractions. In this
study we present a method by which these tractions can be
quantified, and we test this hypothesis in differently invasive
carcinoma cell lines.
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2D cell tractions can be measured by observing the displace-
ments of beads embedded in a planar flexible gel substrate on
which the cells are cultured. Mathematically, this is an ill-posed
problem to which several approaches have been successfully
developed [5]. Early approaches inverted the relationship between
displacements and tractions of a cell on a semi-infinite elastic
halfspace using regularization [6] or Fourier [7] methods. Those
approaches were recently refined to account for a finite thickness
of the elastic substrate [8,9,10], to improve the spatial resolution
[11], and to include traction components normal to the substrate
[12].

Beads can also be dispersed in 3D cell culture systems to
estimate cellular contractility during migration [13,14]. Using this
approach, 3D cell tractions and their spatial distribution were
recently measured for the first time by extending the ideas of 2D
traction microscopy to the third dimension [15]. This novel
method is technically and computationally involved, however, and
requires a synthetic polymer gel with linear elastic properties as a
3D matrix. Here we present a method to quantify 3D contractility
of cells in virtually any biopolymer network using a standard
fluorescence microscope. The method is computationally efficient
and robust against measurement noise. Instead of computing the
full 3D traction map of the cell, we measure the strain energy and
its density distribution in the 3D extracellular matrix around
1solated cells. This method gives a scalar measure for the total
cellular contractility. The source code of all necessary programs to
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carry out the measurements is provided in Supporting Information
File SI.

We have used this method to compare the contractility of
several tumor cell lines with different abilities to invade a dense
collagen network. We show that high contractility is required but is
not sufficient for invasion through a dense 3D network; some non-
invasive tumor cells can also generate high contractile forces but
lack the ability to direct those forces to drive their locomotion.

Results

Measurement of strain energy

To measure the strain energy that cells expend to deform their
three-dimensional surroundings, cells are either embedded within
monomeric collagen prior to polymerization, or are cultured on a
collagen gel surface and then allowed to spontaneously invade into
the collagen bulk. Under both conditions, the cells spread and
extend into the porous collagen structure and exert traction forces
that deform the gel. The energy thus expended is stored as elastic
strain energy in the gels. By measuring the deformation of the
collagen gels, it is possible to compute the strain energy if the
elastic mechanical properties of the collagen matrix are known.

Gel deformations are determined from measuring the positions
of fluorescent marker beads that are embedded throughout the gel.
We record optical sections every 2 um through the entire thickness
(~500 pm) of the gels (Movie S1). Using a difference-with-
mnterpolation algorithm, we can resolve bead displacements with
sub-pixel resolution (Supporting Information Text Sl). The
accuracy of the displacement measurement for @ 1 um beads at
10X magnification is 22 nm in the x-y-plane and 130 nm along
the optical axis.

In this study we use reconstituted collagen gels that form
spontaneously during self-assembly of collagen fiber networks (Fig.
Sla). At a collagen concentration of 2.4 mg/ml, these networks
form a porous structure with an average pore size of 1.3 um [16].
On a length scale larger than 10 um, the network morphology can
be regarded as homogeneous and isotropic [16]. The average
distance between the embedded fluorescent beads is ~24 um (Fig.
S1b), which is much larger than the pore size so that we can use a
continuum approximation to describe the mechanical properties
of the collagen network. For a validation of this approximation see
Supporting Information Text S1 (Fig. S8, S9). Measurements with
a cone-plate rheometer revealed a predominantly elastic response
of the collagen network (Fig. S1d). Collagen gels also exhibit non-
linear behavior with prominent strain stiffening (Fig. Slc), but for
strains of up to 5%, the material properties can be approximated
by a linear elastic behavior with a shear modulus G of 118 Pa. We
remark on this approximation in Discussion.

The strain energy of cells in collagen gels is calculated from
bead displacements between the deformed and undeformed state
of the gels. The undeformed, force-free state of the collagen is
obtained by treatment of the cells with 4 uM cytochalasin D which
disrupts the actin cytoskeleton and suppresses force generation
(Movie S2). The bead positions of the undeformed gel are used for
tessellating the extracellular microenvironment and serve as the
corner nodes of tetrahedral finite elements (Fig. S3). The bead
displacements then give rise to a strain energy in each finite
element. The strain energy of an element, normalized by the
element volume, gives the strain energy density (Supporting
Information Text S1).

This method of deriving the material strain from a tessellation of
measured positions is sensitive to measurement noise, and care
must be taken to suppress their contributions to the strain energy
results. This effect is due to the fact that strain energy is a
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quadratic function of the displacement field. Therefore, the
expectation value of noise contributions is nonzero even if the
noise fluctuates around zero. Erroneous strain energies from noise
can be largely avoided by identifying and eliminating tetrahedral
elements that are flat in the sense of planar near-degeneracy (Fig.
S4, S5), and by subtracting an experimentally determined strain
energy baseline caused by bead displacement noise (Fig. S6 and
Supporting Information Text S1).

The strain energy density is distributed in complex patterns in
the volume surrounding the cell (Fig. 1). In general, the strain
energy density is highest in close proximity of the cell, in particular
near the cell poles, and falls quickly to negligible levels in all
directions away from the cell. The total strain energy is obtained
by integrating the strain energy density over a large volume
around the cell. Our method includes the cell volume itself]
assuming it to have an elastic modulus similar to that of the
extracellular matrix — we remark on this assumption in Discussion.

Strain energy of invasive and non-invasive carcinoma
cells

To test the hypothesis that invasive carcinoma cells generate
higher tractions compared to non-invasive cells, we measured the
3D strain energy of invasive cells (A-125 lung and MDA-MB-231
breast carcinoma cells), and of non-invasive cells (A-549 lung,
MCF-7 breast and A-431 vulva carcinoma cells (ATCC-LGC-
Promochem, Wesel, Germany)). The invasiveness of these cell
lines was determined by seeding the cells on a thick collagen gel
and allowing them to invade into the gels. After three days, we
measured the invasion profiles as the spatial distribution of cell

Figure 1. Strain energy density around a breast carcinoma cell.
Strain energy density around an elongated MDA-MB-231 breast
carcinoma cell embedded ~400 um deep in a collagen gel. An
isosurface of strain energy is shown with cuts projected to the
coordinate planes as indicated by the transparent planes. The strain
energy density is highest in close proximity of the cell poles and decays
rapidly in all directions away from the cell. Integration of strain energy
density gives the total strain energy and was 3.7 pJ in this example. The
scale bar is 50 um.

doi:10.1371/journal.pone.0033476.g001
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density at various gel depths [17]. Most cells from the non-invasive
cell lines were unable to invade into the bulk of the collagen gel,
and the few cells that did invade remained close to the surface
(Fig. 2a). Invasive cells, in contrast, were able to invade deep into
the gels (Fig. 2a).

For strain energy measurements, the cells were embedded in the
gels prior to polymerization, and isolated cells in the central region
of the gel were selected for measurements. Both invasive lung and
breast carcinoma cells generated considerably higher 3D tractions
than non-invasive lung and breast carcinoma cells, as reflected in
the significantly higher strain energy of those cells (Fig. 2b). High
contractility, however, did not always correlate with cell
invasiveness. We found that non-invasive A-431 vulva carcinoma
cells were surprisingly contractile (Fig. 2b). Furthermore, invasive
lung carcinoma cells were 4-fold more contractile than invasive
breast carcinoma cells, yet they were less invasive (Iig. 2a).

We noted that invasive carcinoma cells from both the lung and
the breast had an eclongated spindle-like morphology, whereas
non-invasive cells had a rounder shape (Fig. 3a—e). We quantified
cell shape anisotropy by the ratio of maximal to minimal
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eigenvalues of the second moments of the cell contour. A value
of 1 corresponds to a circular shape, and increasing values to more
elongated shapes. Invasive cell lines showed a significantly higher
cell shape anisotropy compared to non-invasive cells (Iig. 2b).

Cell shape anisotropy is accompanied by an anisotropic
distribution of cellular tractions and strain energy around the cell
(Fig. 2¢). We quantified the strain energy anisotropy again by the
ratio of maximal to minimal eigenvalues of the second moments of
the strain energy density around a cell. The strain energy was
distributed more anisotropically around invasive cells whereas
non-invasive cells contracted the gel more isotropically in all
directions.

Further insight into the role of anisotropic force distribution
during carcinoma cell invasion can be gained by combining strain
energy density measurements with time-lapse recording. Invasive
MDA-MB-231 breast carcinoma cells adapt their contractile states
(Fig. 4b) in concert with their migration through the gel. Time-
lapse images of a representative cell show that directional changes
in the local strain energy density precede the change in migration
direction (Fig. 4g—j; see Fig. S15, S16 and S17 and Movie S4 for
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Figure 2. Strain energy and anisotropy of non-invasive and invasive cells. a: Invasion profiles of A-125 and A-549 lung, MDA-MB-231 and
MCF-7 breast and A-431 vulva carcinoma cells. Cells were plated on the surface of collagen gels and allowed to spread and invade for 3 days. The
invasion profile vs. gel depths describes the cumulative probability of finding a cell below a given depth. Invasive cells were characterized by their
ability to invaded deep into the gels. b: Strain energy of non-invasive and invasive carcinoma cells. Invasive lung (n=36) and breast (n=33)
carcinoma cells generate significantly higher strain energies compared to non-invasive lung (n =49) and breast (n=31) carcinoma cells. Non-invasive
vulva carcinoma cells (n=35), however, generate the largest strain energy of all cell lines tested (Fig. S10). c: Anisotropy of cell shape. Non-invasive
cells are significantly rounder compared to invasive cells. d: Anisotropy of the strain energy density is significantly higher in invasive compared to
non-invasive cells. Because the strain energy and anisotropy values from different cells follow a log-normal distribution (Supporting Information Text
S1, Fig. S10, S11, S12), the geometric mean = geometric standard error are shown in Fig. b-d.

doi:10.1371/journal.pone.0033476.9002
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Figure 3. Displacements and strain energy density around non-invasive and invasive cells. a-e: Displacement fields (projected to the x-y
plane, normalized to the largest displacements) around invasive and non-invasive carcinoma cells. Non-invasive cells contract the gels more
isotropically. Invasive cells generate highly anisotropic displacement fields with large displacements at the cell poles and a region of comparatively
small displacements near the cell center. f-j: 3D displacement fields of the same cells as shown in a-e. k-o: Strain energy density around the same
cells as shown in a-e. A closed isosurface of strain energy density (30% of maximum value) is shown with cuts projected to the coordinate planes. The
strain energy density is distributed more isotropically around non-invasive cells with almost spherical isosurfaces, and is distributed more

anisotropically around invasive cells with complex isosurface shapes.
doi:10.1371/journal.pone.0033476.g003

complete data set). A contrasting data set shows a time-lapse
measurement of a highly contractile but non-invasive vulva
carcinoma cell. The cell’s contractile behavior (Fig. 4a) is also
not static, although the fluctuations are smaller compared to
invasive cells (Fig. 4b). Importantly, however, the cell is not able to
generate an anisotropic distribution of tractions and strain energy
over prolonged periods of time (Fig. 4c—f; see Fig. S13, S14 and
Movie S3 for complete data set), and thus the net movement of the
cell is negligible (Supporting Information Text S1).

Discussion

The strain energy that cells exert on their surroundings is a robust
scalar measure of cell tractions in a 3D biopolymer matrix such as a
collagen gel. The method is computationally efficient; the analysis of
approximately 10,000 bead displacements between two consecutive
image stacks together with the evaluation of the resulting strain
energy density map takes only a few minutes on a standard desktop
computer. Moreover, the method can be readily implemented on
any fluorescence microscope with a motorized z-focus.

The method is based on several simplifying assumptions. First,
we neglect the fibrous network structure of the collagen gel and
describe it as a continuum. Gel deformations are sampled at the
bead locations, and the strain field between the beads 1s computed
by a tri-linear interpolation. At the length scale of an average bead
separation of 24 um (Fig. Slb), this approach is a good
approximation but underestimates the true strain energy (Fig. S7).

@ PLoS ONE | www.plosone.org

Second, we assume linear elastic material properties and ignore
the strain stiffening response of the matrix. This leads to an
underestimation of the absolute strain energy especially for highly
contractile cells in highly non-linear matrices. This is not an
intrinsic shortcoming of our method, however. The linear stiffness
matrix of the collagen can be easily replaced by a non-linear
constitutive model for the collagen gels (Supporting Information
Text S1). Alternatively, the linear regime of fibrous biopolymer
networks can be extended by the addition of a hydrogel [18].

Third, the cell’s mechanical properties are assumed to be the
same as the surrounding collagen gel, and the strain energy is
computed over the whole volume, i.e. the collagen surrounding the
cell and the volume occupied by the cell itself. However, as the cell
volume is small — typically less than 3 tetrahedral elements — the
resulting error is negligible.

An imherent limitation of 3D traction assays is that cells can
locally degrade, synthesize, and crosslink the extracellular matrix
and thereby alter the matrix mechanical properties. To minimize
global matrix remodeling, we mixed only a small number of cells
with the gel before polymerization. Any local changes in matrix
mechanical properties can then be reasonably assumed to be
limited to a volume around the cell that is small compared to the
typical gel volume with high strain energy densities.

While our technique cannot provide a detailed traction map over
the cell surface, it offers several advantages in comparison with
recently developed approaches. The distribution of strain energy
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Figure 4. Time-lapse measurements of non-invasive and invasive cells. a: Time course of the total strain energy around a non-invasive vulva
carcinoma cell (A-431) in a 3D collagen gel. The zero energy reference was measured after cytochalasin D-induced tension release. The total strain
energy fluctuates by about +25% around a high mean value. b: Time course of the total strain energy around an invasive breast carcinoma cell (MVDA-
MD-231) in a 3D collagen gel. The strain energy shows large fluctuations of about +50% around the mean. c-j: Time series of brightfield images of a
non-invasive vulva carcinoma cell (A-431) (c-f) and an invasive MDA-MB-231 breast carcinoma cell (g-j) in a 3D collagen gel. Superimposed are
contour lines showing relative changes in strain energy density between two subsequent time steps. Blue colors indicate regions where tension is
relaxed between successive time steps, and red colors indicate regions where tension is increased. The cell shape is outlined in white for clarity. Dark
blue arrows indicate the direction of cell movement between the two time steps (see Fig. S13, S14, 515, S16, and S17 and Movies S3 and S4 for more

details).
doi:10.1371/journal.pone.0033476.9g004

density is resolved with sufficient spatial resolution to distinguish
areas of high and low contractility along the cell shape. Together
with the displacement field, this is adequate information about 3D
cellular contractility for many biological questions. Moreover, the
strain energy distribution can be integrated over the matrix volume
surrounding the cell to obtain a single, scalar and biologically
relevant measure of cell contractility — the total strain energy. Most
importantly, our technique can be used to measure 3D cellular
contractility in any biopolymer network. If the biopolymer network
is non-linear but a linear approximation is used for the computation
of the strain energy, there will be inevitably some error in the strain
energy densities in those areas where the cell-induced strain reach
the non-linear regime. However, this error is not degenerative in the
sense that it occurs only once at each spatial position of an element
and does not propagate to neighboring elements (as is the case with
tractions that are highly sensitive to distant displacements and
matrix non-linearities).

@ PLoS ONE | www.plosone.org

Our data demonstrate that invasive cells exert considerable
forces on their environment. The strain energy exerted by MDA-
MB-231 breast carcinoma cells in a soft (118 Pa) 3D gel was
approximately 10 fold higher than the values that have been
measured for cells cultured on stiff (4.8 kPa) polyacrylamide gels
[17]. This is surprising, as many cell types become more
contractile on stiffer matrices [19]. We speculate that the
dimensionality of the surrounding matrix may play an important
role for the ability of cells to generate tractions.

Large contractile forces, however, are not sufficient for cell
invasion. Our data show that non-invasive carcinoma cells are
able to generate very high strain energies. For efficient cell
invasion, it is important that the cell tractions are used efficiently
by directing them along a particular migration path. Consistent
with this view, we found that the cell shape and the distribution of
strain energy density are highly anisotropic in invasive cells, but
nearly isotropic in non-invasive cells. A connection between
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anisotropic cell shape and invasive behavior has been previously
described in cells after epithelial-to-mesenchymal transition [20],
and it has been speculated that the mechanism for increased
invasiveness in these cells is an anisotropic force distribution [21]
and the result of spatio-temporal coordination of protrusion,
attachment, traction generation, and release [22,23]. The findings
presented here support this view and point to the importance of
shape anisotropy and polarity in migrating cells. Our technique
offers a tool to study these processes in a 3D environment.

Methods

Three-dimensional collagen assay

Rat tail collagen (Collagen R, Serva, Heidelberg, Germany) and
bovine skin collagen (Collagen G, Biochrom, Berlin, Germany)
were mixed at a ratio of 1:1. We then added 10 vol% of sodium
bicarbonate (23 mg/ml), orange fluorescent latex beads with 1 pm
diameter (FluoSpheres®, Invitrogen, F8820) and 10 vol% of 10x
DMEM (Biochrom). The solution was neutralized with 1N sodium
hydroxide. Approximately 2000 cells were mixed in 1.2 ml
collagen solution and added to a 35 mm culture dish. The
solution was polymerized at 37°C,, 95% humidity and 5% CO, for
1 h. Polymerized collagen gels had a thickness of approximately
500 pm.

Optical sections

To quantify 3D gel deformation, we repeatedly recorded
equidistant optical z sections (2 um apart) through the entire gel
thickness using a motorized inverted fluorescence microscope
(DMI6000B, 20x objective, NA=0.4, 0.5x video coupler, Leica
Microsystems, Germany) equipped with a CCD camera (ORCA
ER, Hamamatsu Photonics, Germany). The microscope was
additionally fitted with a custom-made stage incubator for keeping
the cells at 37°C, high humidity and 5% COj. The measurement
process was automated with custom software. To determine the
deformation of the collagen gels, at least two image stacks were
recorded. The first image stack corresponded to the deformed
state of the gel. The second image stack was recorded after the
cells were treated for at least 10 min with cytochalasin D (4 pM) to
disrupt the actin cytoskeleton and to obtain the force-free,
undeformed state of the gel.

3D positions of beads

The 3D displacement of each bead was determined using a 3D
difference-with-interpolation algorithm applied to the two image
stacks. The bead positions in the first image stack are identified
with a simple intensity threshold. A  subvolume of
4.5 umx4.5 umx14.0 um in the x-, y and z-direction was then
cut out around each bead. The position of the same bead in the
second image stack was then determined by shifting the subvolume
from the first stack relative to the second stack until the squared
differences of the pixel intensities were minimized (Fig. S2). Sub-
pixel accuracy was achieved by tri-linear interpolation of pixel
intensities. With this method, the 3D displacements of beads can
be measured with an accuracy of 22 nm in the x- and y- direction,
and 130 nm in the z-direction.

Measurement of strain energy

To compute a continuous strain field from discrete bead
positions and their displacements, we use a finite element
approximation of the gel where the bead positions serve as the
nodes of linear tetrahedral elements. The finite element mesh was
obtained by Delaunay tessellation. The node displacements are
then given by the bead displacements between two image stacks.

@ PLoS ONE | www.plosone.org
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Each element was assigned with isotropic linear elastic material
properties (shear modulus 118 Pa, Poisson’s ratio 0.35). The strain
energy of each element was then calculated as a product of the
stiffness matrix with the displacement components (Supporting
Information Text S1).

Noise elimination

The strain energy computation from displacement data is
sensitive to measurement noise, but it has only an additive effect
that can be largely corrected for by simple subtraction. The degree
to which an individual tetrahedral element is affected depends on
its volume and its shape. The smaller the element and the flatter its
shape, the more prone it is to spurious strain energy results. The
shape of an element can be quantified with an appropriate shape
measure. Here we use a ratio of element volume to the sum of its
cubed edge lengths. Normalized by 1/ (36\/5), this value ranges
from O (corresponding to maximally degenerate elements) to 1 (the
value of a regular tetrahedron with all 6 edges of equal length).
Elements with a shape factor smaller than 0.5 are disproportion-
ately sensitive to displacement noise and are therefore excluded
from the computation. The gaps in the strain energy density field
by those missing elements are filled by nearest neighbor
interpolation. The strain energy error of the remaining elements
can be calculated from knowledge of the displacement errors and
is subtracted from the results.

Tumor cell invasion assay

Collagen gels were prepared as described above, but without the
incorporation of fluorescent beads. 25,000 cells were seeded on top
of the collagen matrix and cultured for 72 h. At this time period,
differences in the invasiveness of cells were clearly visible. After
fixation with 2.5% glutaraldehyde solution in PBS and Hoechst
33342 nuclei staining, the number of invaded cells and their
mvasion depth were determined in 50 non-overlapping fields of
view around the center of the gels. This measurement was
automated by custom-made software that locates the nuclei of cells
in stacks of images recorded at 2 pm interval through the entire
thickness of the gels.

Cell shape anisotropy

To quantify cell shape we employed an analysis of second
moments on 2D projections of the cell. Each cell was outlined
manually with a closed polygon in the phase contrast image at the
z-position of greatest sharpness as defined by a Tenenbaum
gradient measure [24]. The closed polygon was then used to create
a binary image of the cell, f. A matrix of second moments can
then be calculated as Mj =C§(ﬁ'xi'xj)dA, where the x- and y-
pixel coordinates X;; are centered at the center of mass of f.
Cellular shape anisotropy is defined by the ratio of the maximum
to minimum eigenvalue of Mj;. A perfectly round cell would thus
have an anisotropy value of 1, and increasing values denote
increasingly anisotropic shapes such as elongated spindle-like
forms.

Anisotropy of strain energy density distribution

To characterize the anisotropy of the strain energy density
distribution around a cell, we calculate the second moments of the
strain energy density Uas M;; =ﬂj(U'xi'xj)dV, where the x-, y-
and z-coordinates Xx;; are centered at the center of mass of the
strain energy density. The index of anisotropy of the strain energy
density distribution is then defined as the ratio of maximum to
minimum eigenvalue of the second moments. Thus, a perfectly
isotropic distribution of strain energy density would result in a
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value of 1, and increasing values in this index are indicative of
distributions with increasing anisotropy.

Supporting Information

Figure S1 Properties of collagen gels. a) Confocal section
through a collagen gel. b) Distribution of bead-bead distances. c)
Stress-strain relationship of the collagen network measured in a
cone-plate rheometer during a strain ramp (speed: 1%/s). The
behavior is approximately linear for strains below 5%; d)
Frequency response measured in a cone-plate rheometer. The
amplitude of sinusoidal oscillations was 5%. The storage modulus
G’ is 118 Pa at a frequency f of 1 Hz. Storage modulus G’ and
loss modulus G” increased weakly with frequency according to a
power-law with exponent 0.08, indicative of predominantly elastic
behavior.

(TTF)

Figure 82 Intensity distribution in a subvolume around a bead
at two distinct time points. To track the bead position, the
subvolume at t = 2 is shifted until a best match with the subvolume
at t=1 is achieved.

(TIF)

Figure 83 Linear interpolation of displacements. The displace-
ments at any location within a tetrahedral element are linearly
interpolated with the use of shape functions according to Eq. (5).
These shape functions are defined in a fixed &, 1, { coordinate
system of a parent tetrahedral element shown on the left. The map
in Eq. (5) is then fully defined by the 4 corner nodes (i.e. the bead
positions) of a tetrahedron in the global x, y, z coordinate system.

(TIF)

Figure S4 Shapes of tetrahedral elements. a—c: Tetrahedral
elements of various shapes with different shape quality factors q.
Elements with small shape factors have a highly degenerate
geometry, e.g. they are flat (a). As the shape factors increase, the
elements look increasingly like a regular tetrahedron (b and c) d:
Distribution of shape quality factors in a typical collagen gel.
(TTF)

Figure 85 Tetrahedral shape influences erroneous strain energy
density. Bead position noise causes erroneous strain energy
densities (U normalized to the expected value Up of a tetrahedron
with a shape factor of 0.1) with a log-normal probability density
distribution. The expected value and the width of the distribution
depend on the shape of the tetrahedra. As the shape quality factor
gradually decreases, the distribution widens and the expected
value increases. The inset shows the geometric mean of the
erroneous strain energy as a function of the shape quality factor q.
For values of q<<0.5, the tetrahedral elements become excessively
sensitive to noisy displacements.

(TIF)

Figure S6 Noise correction of strain energy density. a: strain
energy density distribution around an A-125 lung carcinoma cell
without any correction, b: after eliminating tetrahedral elements
with shape quality factor q<<0.5, c¢: after additional noise
subtraction according to Eq. (15). d: Integration of strain energy
density over increasingly larger volumes shows the importance of
shape and noise correction for recovering the strain energy. Here,
the solid lines correspond to strain energy measurements of the cell
shown in a—c; the dashed lines to the strain energy measured in a
gel without cells.

(TIF)

Figure 87 Strain energy convergence. Strain energy in a fixed
volume around two representative cells evaluated on a subset of
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beads, 1.e. the number of beads in an experimental data set was
systematically reduced (a, b, and ¢ show resulting finite element
meshes) to obtain the curves in d.

(TIF)

Figure S8 Displacements and strain energy density around a
deflected superparamagnetic bead. a: Measured (blue) and fitted
(red) projected displacements of fluorescent beads embedded in a
collagen gel in the vicinity of a superparamagnetic bead. The gel
was deformed with a force of 58 nN acting on the magnetic bead.
b: Measured displacements of the fluorescent beads in the collagen
drop between the force-on and force-off states. c: Corresponding
strain energy density distribution around the magnetic bead
indicated by the white star. The direction of the applied force is
shown by the white line.

(TTF)

Figure 89 Experimental verification of the strain energy
measurement by an indentation experiment with a steel ball. a:
Finite Element simulation of the experiment. b: Measured
displacements projected on a cylindrical coordinate system with
the z axis going through the center of the steel ball. ¢: The strain
energy was evaluated in a donut shaped subvolume as indicated by
the red lines in b).

(TTEF)

Figure $10 Cumulative probabilities of total strain energy for
various carcinoma cell lines. Each data point corresponds to a
measurement from a different cell. The lines are cumulative
probabilities from a best-fit log-normal distribution. With the
exception of A-431 cells, cellular strain energy data follow a log-
normal distribution.

(TIF)

Figure S11 Cumulative probabilities of cell shape anisotropy for
various carcinoma cell lines. Each data point corresponds to a
measurement from a different cell. The lines are cumulative
probabilities from a best-fit log-normal distribution.

(TIF)

Figure S12 Cumulative probabilities of strain energy density
anisotropy for various carcinoma cell lines. Each data point
corresponds to a measurement from a different cell. The lines are
cumulative probabilities from a best-fit log-normal distribution.

(TTF)

Figure S13 Time-lapse measurement of a non-invasive vulva
carcinoma cell. Time series of brightfield images at the location of
a non-invasive vulva carcinoma cell (A-431) embedded in a 3D
collagen gel. Superimposed are contour lines encoding relative
changes in strain energy density between two subsequent time
steps, indicating how the distribution of strain energy density shifts
around the proximity of the cell during the measurement. The cell
shapes at the first and second time step are outlined in white and
dark blue, respectively, to indicate the changes in cell position.

(TIF)

Figure S14 Continuation of Fig. S13.
(TIF)

Figure S15 Time-lapse measurement of an invasive breast
carcinoma cell. Time series of brightfield images at the location of
an invasive breast carcinoma cell (MDA-MD-231) embedded in a
3D collagen gel. Superimposed are contour lines encoding relative
changes in strain energy density between two subsequent time
steps, indicating how the distribution of strain energy density shifts
around the proximity of the cell during invasion. The cell shapes at
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the first and second time step are outlined in white and dark blue,
respectively, to indicate the changes in cell position.

(TIF)

Figure S16 Continuation of Fig. S15.
(TIF)

Figure S17 Continuation of Fig. S16.
(TIF)

Movie S1 Sequence of optical sections through the entire
thickness of a collagen gel. Phase contrast images are shown with
the fluorescence signal superimposed in green. An isolated A-125
lung carcinoma cell was embedded in its center. Fluorescent
marker beads were embedded throughout the gel and were used to
measure gel deformations.

MOV)

Movie §2 Relaxing the cells. An isolated A-125 lung carcinoma
cell embedded in a collagen gel (shown at constant depth) before
and after treatment with cytochalasin D (4 uM). The pharmaco-
logical treatment relaxed the cell and recovered the undeformed,
force-free state of the gel, which can be seen in the displacements
of the marker beads around the cell.

MOV)

Movie 83 Time-lapse measurement of a non-invasive vulva
carcinoma cell. Time series of brightfield images at the location of
a non-invasive vulva carcinoma cell (A-431) embedded in a 3D
collagen gel. Superimposed are contour lines encoding relative
changes in strain energy density between two subsequent time
steps, indicating how the distribution of strain energy density shifts

References

1. Schmidt CE, Horwitz AF, Lauffenburger DA, Sheetz MP (1993) Integrin-
cytoskeletal interactions in migrating fibroblasts are dynamic, asymmetric, and
regulated. J Cell Biol 123: 977-991.

2. Zaman MH, Trapani LM, Siemeski A, Mackellar D, Gong H, et al. (2006)
Migration of tumor cells in 3D matrices is governed by matrix stiffness along
with cell-matrix adhesion and proteolysis. Proc Natl Acad Sci U S A 103:
10889-10894.

3. Fraley SI, Feng Y, Krishnamurthy R, Kim DH, Celedon A, et al. (2010) A
distinctive role for focal adhesion proteins in three-dimensional cell motility. Nat
Cell Biol.

4. Wilkinson S, Paterson HF, Marshall CJ (2005) Cdc42-MRCK and Rho-ROCK
signalling cooperate in myosin phosphorylation and cell invasion. Nat Cell Biol
7: 255-261.

5. Harris AK, Wild P, Stopak D (1980) Silicone rubber substrata: a new wrinkle in
the study of cell locomotion. Science 208: 177-179.

6.  Dembo M, Wang YL (1999) Stresses at the cell-to-substrate interface during
locomotion of fibroblasts. Biophys J 76: 2307-2316.

7. Butler JP, Tolic-Norrelykke IM, Fabry B, Fredberg JJ (2002) Traction fields,
moments, and strain energy that cells exert on their surroundings. Am J Physiol
Cell Physiol 282: C595-605.

8. Merkel R, Kirchgessner N, Cesa CM, Hoffmann B (2007) Cell Force
Microscopy on Elastic Layers of Finite Thickness. Biophys J 93: 3314-3323.

9. Del Alamo JC, Meili R, Alonso-Latorre B, Rodriguez-Rodriguez J, Aliseda A,
et al. (2007) Spatio-temporal analysis of eukaryotic cell motility by improved
force cytometry. Proc Natl Acad Sci U S A 104: 13343-13348.

10. Trepat X, Wasserman MR, Angelini TE, Millet E, Weitz DA, et al. (2009)
Physical forces during collective cell migration. Nature Physics 5: 426-430.

11. Sabass B, Gardel ML, Waterman CM, Schwarz US (2007) High resolution
traction force microscopy based on experimental and computational advances.
Biophys J 94: 207-220.

12. Maskarinec SA, Franck C, Tirrell DA, Ravichandran G (2009) Quantifying
cellular traction forces in three dimensions. Proc Natl Acad Sci U S A 106:
22108-22113.

@ PLoS ONE | www.plosone.org

3D Traction Forces in Cancer Cell Invasion

around the proximity of the cell during the measurement. The cell
shape is outlined in white.
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Movie S84 Time-lapse measurement of an invasive breast
carcinoma cell. Time series of brightfield images at the location
of an invasive breast carcinoma cell MDA-MD-231) embedded in
a 3D collagen gel. Superimposed are contour lines encoding
relative changes in strain energy density between two subsequent
time steps, indicating how the distribution of strain energy density
shifts around the proximity of the cell during the measurement.
The cell shape is outlined in white.

(WMV)
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Supporting Information

Measurement of strain energy in 3D collagen gels

Principle

Cells migrating through a 3D extracellular matrix (ECM) exert forces on their surroundings and
thereby deform the matrix. The mechanical work performed by the cells during migration,
specifically the mechanical work that is imparted by the cell to deform the matrix, is temporarily
stored by the elastic matrix fibers in the form of an elastic strain energy. If the mechanical properties
of the matrix are known, the strain energy stored in the matrix can be determined from a
measurement of the matrix deformation. There are three main steps involved:

1. Characterizing the mechanical properties of the ECM;
2. Measuring the cell-induced deformation in the ECM;
3. Computing the strain energy stored in the deformed ECM.

The following sections give details for each step.

Mechanical properties of collagen gels

Reconstituted collagen gels show a fibrous networks structure (Fig. S1a). At the collagen
concentration used here (2.4 mg/ml collagen), the average pore size of the network is 1.3 um[1].
Fluorescent microbeads of 1 um diameter were dispersed in the gels prior to collagen polymerization
and served as fiducial markers. These beads are trapped in the gel by tightly binding to collagen
fibers. The average bead-bead distance is (24 + 8) um (Fig. S1b). At this length scale, we can neglect
the porous or fibrous microstructure of the collagen and treat the collagen gels as a continuum with
isotropic properties[1].

The elastic properties of the collagen gels were measured with a rate-controlled cone-plate
rheometer (AR-G2, TA Instruments, New Castle, DE, USA) by applying oscillatory shear strain with an
amplitude of 5%. Gels were prepared as described in Methods but allowed to polymerize in situ
(between the rheometer plates) to ensure good contact with the probing cone-plate. Measurements
were carried out at a temperature of 37°C. The frequency response of the complex modulus shows
predominantly elastic behavior at all frequencies measured (Fig. S1d). Collagen gels display a non-
linear stress-strain relationship (Fig. S1c) with prominent strain stiffening at strains above 5%. The
method used to extract the strain energy described below ignores non-linear behavior and treats the
collagen gels as isotropic linear elastic materials with a shear modulus of G = 118 Pa.
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Figure S1: a) Confocal section through a collagen gel. b) Distribution of bead-bead distances. c) Stress-strain relationship
of the collagen network measured in a cone-plate rheometer during a strain ramp (speed: 1%/s). The behavior is
approximately linear for strains below 5%; d) Frequency response measured in a cone-plate rheometer. The amplitude
of sinusoidal oscillations was 5%. The storage modulus G’ is 118 Pa at a frequency f of 1 Hz. Storage modulus G’ and loss
modulus G” increased weakly with frequency according to a power-law with exponent 0.08, indicative of predominantly
elastic behavior.

Measurement of the displacement field

Figure S2: Intensity distribution in a subvolume around a bead at two distinct time points. To track the bead position, the
subvolume at t=2 is shifted until a best match with the subvolume at t=1 is achieved.

Matrix displacments are inferred from measurements of the 3D positions of fluorescent beads that
are scattered throughout the gel. Optical sections (z-stacks) are taken throughout the depth of the
gel at 2 um intervals at two or more time points. The 3D positions of the beads and their
displacements over time can then be determined as follows: In a first step, the positions of the beads
during the first time point are determined from the positions of all pixels in the image stack with a

local intensity maximum above a specific intensity threshold. Second, all pixels in a 7x7x7 pixel
2
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neighborhood ((4.5 x 4.5 x 14) um) around these local maximum pixels are selected. The
displacement vector of each bead is determined using a 3D difference-with-interpolation algorithm
that shifts the 7x7x7 neighborhood pixels around each bead from the second image stack by sub-

pixel increments in the three spatial directions Jx, dy, oz. Let p, , be the pixel intensities from the
first image stack, and let Cyy2 (5X, v, 52) be the intensities of the pixels in the shifted second stack,
obtained by tri-linear interpolation on Cyyz (0,0,0), with the coordinate origin at the center of the

7x7x7 pixel neighborhood. The shift (§X, v, 52) is determined by minimizing the squared differences

between pyy; and Cyy;:

(6,0, éz) = argmin 3" (¢, (6 &, 62) ~ p,, | )

X,Y,Z

This procedure yields subpixel resolution. The accuracy of the method was estimated by repeatedly
measuring bead positions in a cell-free collagen gel and found to be 22 nm in the x- and y-direction,
and 130 nm in the z-direction (20x 0.4 NA objective, 0.5x optical coupler, z-section distance of 2 um).

Calculation of strain energy

-
[

(0,0,)

Figure S3: The displacements at any location within a tetrahedral element are linearly interpolated with the use of shape
functions according to Eq. (5). These shape functions are defined in a fixed é: 1, g coordinate system of a parent
tetrahedral element shown on the left. The map in Eq. (5) is then fully defined by the 4 corner nodes (i.e. the bead
positions) of a tetrahedron in the global X, Y, Z coordinate system.

This section outlines the computation of the strain energy. More details can be found elsewhere[2].

In a continuum material, the elastic strain € at any spatial position can be calculated from the
displacements u according to

&= %((Vu)T +(Vu). @)

If we assume isotropic linear elastic properties, the stress ¢ is related to strain &€ by Hook’s law

c=D-¢g, (3)
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where D is the material stiffness matrix. D is fully defined by two material constants, e.g. Young's
modulus and Poisson’s ratio. The strain energy U due to elastic deformation is then the volume
integral of the inner product of stress and strain, which according to Eq. (3) takes the form

U:%J.ST-odV=%J.sT-D-st (4)

To solve the above integral, the deformation of the material everywhere in the measurement volume
needs to be known. However, we only know the material displacements at the discrete locations of
the beads. Displacements between bead positions are therefore obtained by tri-linear interpolation
through a Delaunay tessellation[3] with linear tetrahedral finite elements. Thus, four bead positions
serve as nodes for a tetrahedral element as illustrated in Fig. S3. For convenience, we write the 12
displacement components (4 nodes with 3 displacement components in x-, y-, and z- direction) as a

vectoru, . The interpolation can then be written as a product with suitable shape functions N

u=N-u, (5)
Similarly, we write the 6 components of the symmetric strain tensor € as a vector in the form

.
€= (‘911 £y Ey 28,5 2&; 2‘912) (6)
These strain components are then calculated from the displacements in Eq. (5) as

e=L-u (7)
where L is
i 0 O
OX
2
oy
0 O §
L= o 8 (8)
0o = =
oz oy
9 49 0
lo/4 OX
9 9
oy oX
Combining Eq. (7) and Eq. (5) gives
¢=LN-u,=B-u, (9)

with the strain-displacement matrix B containing the spatial derivatives of the shape functions N.
Inserting Eq. (9) in Eq. (4) gives the discretized form for the strain energy
1 - T
U=—u,-{|B -D-BdV)u,, (10)
2

where the volume integral defines the stiffness matrix K for the elements. The strain energy of one
element can therefore be calculated from the measured displacements of four beads by
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U:%ug-K-ub. (11)

The method outlined in this section was implemented in Matlab (MathWorks, Natick, MA, USA)[4].

Accuracy of strain energy measurements

Sources of error

A main source for error in the calculation of strain energy is the measurement noise in the bead
displacements. How displacement noise is translated into erroneous strain energy is governed by two
element properties, its volume and its shape, as explained below. It can be shown that the strain

energy density of a linear tetrahedral element U dueto given displacements (e.g. noisy bead
displacements) scales inversely with the volume of the element by a power law with exponent 2/3:

2
U = UOV 3 (12)
Consequently, increasing the number of beads in the measurement volume with the aim of
improving the resolution of the strain energy also leads to elements with smaller volumes and
therefore increased levels of measurement noise.

The optimal shape of a tetrahedron in terms of insensitivity to displacement noise is a regular
tetrahedron with all six edges of equal length. After tessellation of randomly distributed beads in a
given volume, however, the resulting tetrahedra can have all possible shapes including degenerate
forms such as an almost flat tetrahedron. Flat tetrahedral elements are exceptionally prone to
erroneous strain energy as small displacement errors can translate into large strains. To characterize
the shape of tetrahedral elements, we determine the ratio of the volume of the element to the sum
of its cubed edge lengths, normalized to range between 0 and 1:

q_s&/?v

3 3
2!
i=1

Thus, a regular tetrahedron has a shape of =1 . The value of q decreases with increasingly

(13)

degenerate forms (Fig. S4a-c). In a typical collagen gel, tetrahedra of all shapes can be found, with
shape factors around 0.5 being the most frequent (Fig. S4d).
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Figure S4: a-c: Tetrahedral elements of various shapes with different shape quality factors g. Elements with small shape
factors have a highly degenerate geometry, e.g. they are flat (a). As the shape factors increase, the elements look
increasingly like a regular tetrahedron (b and c) d: Distribution of shape quality factors in a typical collagen gel.

The dependence of erroneous strain energy on the shape factor was estimated from the measured
positions of ~40,000 beads in a typical collagen gel, superimposed by random Gaussian displacement
noise according to our experimentally determined values of 22 nm (x,y-direction) and 130 nm (z-
direction). We find that Gaussian displacement noise causes an erroneous strain energy density with
approximately log-normal distribution (Fig. S5a). The width of the distribution and the expected
value of the erroneous strain energy increase dramatically as q falls below 0.5 (Fig. S5a-b).
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Figure S5: Bead position noise causes erroneous strain energy densities (U normalized to the expected value U gofa

tetrahedron with a shape factor of 0.1) with a log-normal probability density distribution. The expected value and the
width of the distribution depend on the shape of the tetrahedra. As the shape quality factor gradually decreases, the
distribution widens and the expected value increases. The inset shows the geometric mean of the erroneous strain
energy as a function of the shape quality factor g. For values of g<0.5, the tetrahedral elements become excessively
sensitive to noisy displacements.

Error correction for individual elements
In the following, we describe how the erroneous strain energy from measurement noise contributes
to the total strain energy, and how this error can be corrected for.

The measured displacements u , are normally distributed with mean p and standard deviations
(rms measurement noise) of o, , o, and o, in the x-, y-, and z-direction, respectively. The expected

value of the strain energy <U (um)> is the sum of the true strain energy and a term AU that

represents the erroneous strain energy due to measurement noise in the bead positions and that is
independent of the mean displacements.

U:<U(um)>:%uT~K-u+AU (14)
AU is given by
1 12
AU = —[Z K“af] (15)
23
where

o, fori e {1,4,7,10}
o, =40, forie {25811} (16)
o, fori € {3,6,9,12}

AU can be subtracted from the measured strain energy (Eg. (11)) of each element.

7
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Strain energy error correction
The following strategy was employed to correct for errors in the total strain energy:

1. Elements with a shape factor of g < 0.5are discarded.

A strain energy error evaluated with Eq. (15) and Eq. (16) is subtracted from the strain energy
values of an element.

3. Gapsin the strain energy density distribution resulting from step 1 above are filled by nearest
neighbor interpolation.

The impact of this error correction on the strain energy density distribution around a cell is illustrated
in Fig. S6. The strain energy density distribution is plotted for each of the various correction steps
described above. While the strain energy density seems little affected by the correction steps, the
importance of error correction becomes evident when the total strain energy is computed by
integration of the strain energy density over increasingly larger volumes, starting from the cell center
(Fig. S6d). In all cases, i.e. without or with error correction, the strain energy rises rapidly at first,
followed by an increase with smaller slope that is sensitive to noise. Because normally-distributed
displacement noise results in a log-normal distribution of the erroneous strain energy in tetrahedral
elements with similar shape factors (Fig. S5), the error subtraction approach (Egs. (15) and (16)) is
necessarily incomplete.
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Figure S6: a: strain energy density distribution around an A-125 lung carcinoma cell without any correction, b: after
eliminating tetrahedral elements with shape quality factor q<0.5, c: after additional noise subtraction according to Eq.
(15). d: Integration of strain energy density over increasingly larger volumes shows the importance of shape and noise
correction for recovering the strain energy. Here, the solid lines correspond to strain energy measurements of the cell
shown in a-c; the dashed lines to the strain energy measured in a gel without cells.
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Figure S7: Strain energy in a fixed volume around two representative cells evaluated on a subset of beads, i.e. the
number of beads in an experimental data set was systematically reduced (a, b, and c show resulting finite element
meshes) to obtain the curves in d.

In a linear continuum material and under noise-free conditions, the accuracy for estimating the strain
energy is limited only by the interpolation accuracy within the tetrahedral elements. Using an
increasing number of beads would enable mapping out increasingly finer details of the strain energy
distribution until eventually convergent results are obtained. In practice, there exists an upper bound
for the number of beads that can be dispersed in the gel, because of the fibrous nature of the
material and due to optical effects, e.g. blur from out-of-focus beads in a conventional
epifluorescence microscope.

To estimate the sensitivity of the strain energy to the number of beads used, we performed our
analysis on a subset of beads with varying densities as illustrated in Fig. S7. A number of beads were
randomly drawn from the measured data set, and the strain energy was computed on this subset. As
expected, the strain energy around a cell increases with the number of beads (solid curves). With a
10-fold higher bead density, the total strain energy approximately doubled. The strain energy did not
saturate even at the highest bead density, however, suggesting that the method underestimates the
true strain energy, although part of the raise in strain energy with increasing bead density can be
explained by an incomplete noise correction.

Experimental verification of a continuum mechanical description of collagen gels

To test whether the continuum assumption of the collagen gel holds at the length scale of typical
bead-to-bead distances (24 um), we deformed the gel with a superparamagnetic bead that was
embedded in the collagen gel and laterally forced with magnetic tweezers. The collagen gel was
prepared according to our protocol but with the addition of superparamagnetic beads of 4.5 um

10
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diameter. A 20 pl droplet of the mixture was placed on a cell culture dish and allowed to polymerize
upside down so that the magnetic beads drifted to the surface of the droplet. After polymerization,
we recorded z-stacks through the gel before and after the application of a 58 nN force acting on an
isolated magnetic bead. Force calibration of the magnetic tweezer setup was performed as
explained previously[5]. The displacement vectors of the fluorescent beads surrounding the magnetic
bead between the force-on and force-off states are shown in Fig. S8a-b. The displacements in a
continuum linear elastic half-space due to a point force acting on the surface are given by the
Boussinesq solution[6] and were fitted to the measured displacements of the fluorescent beads. The
measured bead displacements closely follow the Boussinesq displacement field (Fig. S8a), confirming
that the deformation field of the collagen gel can be described by a continuum approach. The
Poisson’s ratio enters the fit as an independent parameter and was found to be 0.35; this value was
used for computing the strain energy in all cell experiments.

magnetic

needle tip

Figure S8: a: Measured (blue) and fitted (red) projected displacements of fluorescent beads embedded in a collagen gel in
the vicinity of a superparamagnetic bead. The gel was deformed with a force of 58 nN acting on the magnetic bead. b:
Measured displacements of the fluorescent beads in the collagen drop between the force-on and force-off states. c:
Corresponding strain energy density distribution around the magnetic bead indicated by the white star. The direction of
the applied force is shown by the white line.

Experimental verification of strain energy computation

To quantitatively assess the accuracy of the measured strain energy, we computed the strain energy
in the collagen droplet surrounding the magnetic bead between the force-on and force-off states.
The strain energy density around the magnetic bead is shown in Fig. S8c and falls off rapidly with
increasing distance from the magnetic bead, as expected. The integrated total strain energy stored in
the gel was measured to be 0.08 pJ. This value agrees well with the expected strain energy of 0.1 pJ,
calculated from the work done on the magnetic bead as it moved towards the magnetic needle
(force acting on the bead times bead displacement times 0.5 according to Clapeyron’s theorem[7]).

Furthermore, we carried out a simple indentation experiment. A spherical steel ball of 100 um
diameter was placed on the surface of a collagen gel. The ball indented the gel by 36.1 um due to a
gravitational force of 35.4 nN. The displacements of the measured bead positions between the
undeformed and deformed positions are plotted in Fig. S9b. Bead displacements are projected on a
cylindrical coordinate system with the axis going through the center of the ball. Because bead
displacements larger than 10 um could not be reliably tracked, we determined the strain energy in a
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donut shaped subvolume of the gel as indicated by the red outline in Fig. S9b and Fig. S9c. We have
furthermore calculated the expected strain energy of the same volume from a finite element
simulation of the experiment as illustrated in Fig. S9a, with the measured indentation depth as a
prescribed condition for the displacement of the ball. Due to symmetry, the finite element model
geometry was constructed with a planar section through the center of the ball together with
cylindrically symmetric boundary conditions and fixed walls. Contact between the ball and the gel
was modeled with a no-slip condition. The simulation was carried out with Abaqus (SIMULIA,
Providence, RI, USA). The displacement results of the simulation were then transferred to the 3D
geometry of the experiment and the strain energy was calculated with our algorithm. The result of
the simulation was 1.5 pJ and agrees well with that of the experimentally obtained strain energy of
1.6 pJ.

d

200

Depth [um]

300

400

-400 -300 -200 -100 0 100 200 300 400
Radial distance [pum]

Figure S9: Experimental verification of the strain energy measurement by an indentation experiment with a steel ball. a:
Finite Element simulation of the experiment. b: Measured displacements projected on a cylindrical coordinate system
with the z axis going through the center of the steel ball. c: The strain energy was evaluated in a donut shaped
subvolume as indicated by the red lines in b)
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Total strain energy, cell shape anisotropy and strain energy anisotropy follow a log-normal

distribution
Cumulative probabilities of all measured cell data were evaluated and are shown in Fig. S10 for strain

energy values, in Fig. S11 for cell shape, and in Fig. S12 for strain energy anisotropy indices. The latter
two measures are bounded by 1 and this bias was taken into account before computation. The
cumulative probability assuming an underlying log-normal distribution is plotted for comparison
showing that the distribution of total strain energy among individual cells closely follows a log-

normal distribution.
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Figure $10: Cumulative probabilities of total strain energy for various carcinoma cell lines. Each data point corresponds to
a measurement from a different cell. The lines are cumulative probabilities from a best-fit log-normal distribution. With

the exception of A-431 cells, cellular strain energy data follow a log-normal distribution.
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Figure S11: Cumulative probabilities of cell shape anisotropy for various carcinoma cell lines. Each data point
corresponds to a measurement from a different cell. The lines are cumulative probabilities from a best-fit log-normal

distribution.
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Figure S12: Cumulative probabilities of strain energy density anisotropy for various carcinoma cell lines. Each data point
corresponds to a measurement from a different cell. The lines are cumulative probabilities from a best-fit log-normal
distribution.

Time-lapse measurements of strain energy in 3D collagen gels

The technique for measuring the 3-D strain energy can be readily combined with time-lapse
recordings by repeatedly taking image stacks around cells embedded in 3D collagen gels. A last stack
imaged after the release of cell tension (e.g. by treatment with cytochalasin D) serves as the
reference stack for obtaining the bead positions at the force-free state. With this approach, further
insight can be gained into the dynamics of cellular traction generation during cell migration.

In the following we present two examples, one of a highly contractile yet non-invasive vulva
carcinoma cell (A-431), and one of an invading breast carcinoma cell (MDA-MB-231). In both cases,
cells have been mixed to the collagen solution prior to polymerization and allowed to spread for 24h
as described previously. Image stacks were then taken at time intervals of 15 min and 20 min,
respectively. To reduce phototoxicity, light intensities were minimized as far as possible, and the
exposure shutter was closed between imaging.

During the measurement period of 165 min before force release, the vulva carcinoma cell kept the
surrounding collagen matrix under high tension at all times but the total strain energy fluctuated by
up to 25% around the time average (Fig. 4a).

The fluctuations of total strain energy are caused by fluctuations of strain energy density that varied
both temporally and spatially around the cell. An example of the temporal and spatial distribution of
strain energy fluctuations is shown in Fig. S13, S14 and Movie S3. The cell moved during the
measurement period in a random manner but remained within a few um of its starting position. In
concert with this random cell movement, the strain energy density distribution around the cell
shifted as well. This is illustrated by contour lines of the local change in strain energy density
between two time steps t;and t,, computed as

aG=UW0®)
Ut)
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Figure S13: Time series of brightfield images at the location of a non-invasive vulva carcinoma cell (A-431) embedded in a
3D collagen gel. Superimposed are contour lines encoding relative changes in strain energy density between two
subsequent time steps, indicating how the distribution of strain energy density shifts around the proximity of the cell
during the measurement. The cell shapes at the first and second time step are outlined in white and dark blue,
respectively, to indicate the changes in cell position.
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Figure S14: Continuation of Fig. S13

Negative values with corresponding contour lines towards the blue end of the spectrum point to
regions where tension is relaxed between successive time steps. Contour lines towards the red end
of the spectrum point to regions where tension is increased between successive time steps.

In the case of the non-invasive vulva carcinoma cell, we observe periods of comparatively small
changes (Fig.513a,b and Fig.S14b,e) and periods of comparatively large changes in the strain energy
density distribution (Fig.S13c-f and Fig.S14a,c,d). It is interesting to note that areas of increasing
tension at one time step generally turn into areas of decreasing tension in the following time step. In
summary, this non-invasive carcinoma cell keeps the collagen gel under high tension all time steps,
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with temporally fluctuating regions of high and low strain energy density that shift the cell around in
a random, non-persistent fashion during seemingly uncoordinated cycles of tension generation and
release.

In the second example, an invasive breast carcinoma cell also keeps the collagen gel under high
tension during the measurement period of 360 min (Fig.4b), but with larger fluctuations (more than
50% around the time average) compared to the non-invasive cell. Moreover, the cell migrated
through the collagen in all three spatial directions by a distance spanning more than 100 um (Fig.
$15,516,517 and Movie S4).

Compared to the non-invasive cell, the temporal and spatial pattern of strain energy density
fluctuations shows two striking differences. First, the changes in strain energy density are
considerably more persistent in time, meaning that a local increase during one time step is usually
not followed by a corresponding decrease over the following time step. Second, local changes in
strain energy density often preceded shape changes of the cell and are followed by a cell movement
in the same direction for positive strain energy changes, or in the opposite direction for negative
changes.
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Figure S15: Time series of brightfield images at the location of an invasive breast carcinoma cell (MDA-MD-231)
embedded in a 3D collagen gel. Superimposed are contour lines encoding relative changes in strain energy density
between two subsequent time steps, indicating how the distribution of strain energy density shifts around the proximity
of the cell during invasion. The cell shapes at the first and second time step are outlined in white and dark blue,
respectively, to indicate the changes in cell position.
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Figure $16: Continuation of Fig.S15
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Figure S17: Continuation of Fig.S16
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Supporting movie legends

Movie S1: Sequence of optical sections through the entire thickness of a collagen gel. Phase contrast
images are shown with fluorescence signal superimposed in green. An isolated A-125 lung carcinoma
cell was embedded in its center. Fluorescent marker beads were embedded throughout the gel and
were used to measure gel deformations.

Movie S2: An isolated A-125 lung carcinoma cell embedded in a collagen gel (shown at constant
depth) before and after treatment with cytochalasin D (4 uM). The pharmacological treatment
relaxed the cell and recovered the undeformed, force-free state of the gel, which can be seen in the
displacements of the marker beads around the cell.

Movie S3 and S4: Time series of brightfield images at the location of a non-invasive vulva carcinoma
cell (A-431, movie S3) and an invasive breast carcinoma cell (MDA-MD-231, movie S4) embedded in a
3D collagen gel. Superimposed are contour lines encoding relative changes in strain energy density
between two subsequent time steps, indicating how the distribution of strain energy density shifts
around the proximity of the cell during the measurement. The cell shape is outlined in white.
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