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eLife Assessment

This paper presents a valuable theoretical model of cell breakout from spheroids, a
situation relevant to tissue invasion and metastasis; a helpful feature of the model is to
include the extracellular matrix as a network of springs. The paper explains the
interesting observation that fluid-like spheroids made of soft cells appear experimentally
more able to remodel the extracellular matrix (ECM) while they generically display smaller
mechanical stress, by invoking feedback loops between shape, strain, stress, and
adhesion. While the theoretical evidence is solid, the model suffers from topological
limitations inherent to the vertex model and leaves open questions regarding the means
by which cells achieve cell-level stress amplification. The connection between the model's
assumptions and known molecular mechanisms could be developed further.

https://doi.org/10.7554/eLife.111346.1.sa4

Abstract

Understanding how cells escape from embedded spheroids requires a mechanical framework that
connects stress generation within cells, across cells, and between cells and the surrounding
extracellular matrix (ECM). Here, we develop such a framework using a 3D vertex model of a
spheroid coupled to a fibrous ECM network and derive the 3D Cauchy stress tensor for deformable
polyhedral cells, enabling direct quantification of cell-level stresses in three dimensions beyond
shape-based or bulk rheological measures. We characterize maximum shear stress distributions
for solid-like and fluid-like spheroids. Solid-like spheroids exhibit broad stress distributions and
spatial stress gradients, whereas fluid-like spheroids display lower stresses and minimal spatial
patterning. We find little generic alignment between cell shape anisotropy and principal stress
directions, demonstrating that morphology alone is not a reliable indicator of mechanical state.
We further show that individual cells undergo strain stiffening upon elongation, producing
nonlinear increases in maximum shear stress. This provides a mechanism by which boundary
cells in otherwise low-stress, fluid-like spheroids can transiently generate forces sufficient to
remodel the surrounding matrix. These results indicate that invasion cannot be understood solely
through tissue-level unjamming transitions, but also involves cell-level stress amplification
processes. To investigate how this strain-induced stress amplification couples to collective
invasion modes, we introduce an extended 3D vertex model in which cells interact through
explicit, tunable cell-cell adhesion springs. Within this minimal mechanical framework, single-cell
breakout arises from the combination of strain stiffening and weakened cell-cell adhesion,
whereas multi-cell streaming requires an additional ingredient: anisotropic adhesion
strengthened along the axis of elongation in highly strained cells and weakened orthogonally.
These findings identify distinct mechanical pathways linking cell strain, stress amplification, and
adhesion organization to different modes of spheroid invasion.
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I. Introduction

Predicting the invasive potential of a solid tumor requires understanding the interplay between
cell-cell interactions and cell-extracellular matrix (ECM) interactions. To quantify this interplay,
researchers use in vitro models of solid tumors, known as embedded spheroids consisting of a
cellular collective embedded within a collagen matrix [1]. Specifically, experimental studies have
demonstrated that factors such as collagen fiber density can dramatically impact the rate of
spheroid cells invading the surrounding collagen with cells much less likely to invade at higher
collagen densities [2]. Other experiments illustrate the importance of the cytoskeletal filament
vimentin in helping drive cell invasion via a combination of spheroid fluidization and degradation
of the collagen [3]. Additional experiments show with increasing uni-axial compression that the
cells are more likely to invade the surrounding collagen [4, 5].

In addition to determining whether or not the cells invade the surrounding environment,
experiments exhibit different types of cell invasion modes, such as single-cell invasion, a stream of
cells invading, and a collective front of cells invading its surroundings. Prior theoretical work
argues that the different invasion modes are driven by confinement and cell-cell adhesion [6]. For
example, high cell-cell adhesion lends to more coordinated cell breakout with low confinement as
compared to low cell-cell adhesion leading to individual cell breakout. These findings are based on
cellular automaton simulations that do not contain cell deformations or stresses. More recent
computational work implements a 2D Voronoi model to demonstrate that higher compressive
stress exerted on the spheroid by the environment prevents invasion and low cell-cell adhesion
promotes invasion [7]. Finally, the interplay between cell phenotype switching and ECM
remodeling to determine invasion profiles has been approached as a coupled dynamical system in
which cells move through a 3D ECM while switching between multiple motility phenotypes, with
each phenotype having its own migration speed and matrix-remodeling capability, though there is
no explicit mechanics in the model [8]. Given the ever-increasing number of experimental and
computational results, there is a compelling need for a 3D computational framework involving
both the spheroid and the fibrous network and their respective mechanics to search for guiding
principles for experiments.

A recent computational model that couples a threedimensional vertex model to a three-

affect the remodeling of the fiber network. Specifically, fluid-like spheroids densify and radially
realign the fiber network more on average than solid-like spheroids for a range of intermediate
fiber network stiffnesses. Their predictions were supported by experimental studies comparing
non-tumorigenic MCF10A spheroids and malignant MDA-MB-231 spheroids embedded in collagen
networks. The spheroid rheology-dependent effects are the result of cellular motility generating
spheroid shape fluctuations. These shape fluctuations lead to emergent feedback between the
spheroid and the fiber network to further remodel the fiber network. This emergent feedback
occurs only at intermediate fiber network stiffness. At low fiber network stiffness, the mechanical
response of the coupled system is dominated by the spheroid, while at high fiber network stiffness,
the mechanical response is dominated by the fiber network. They, therefore, quantified the notion
of optimal spheroid-fiber network mechanical reciprocity.

Using this computational model as a foundation, we now explore the role of cell stresses, in
addition to cell shape. We anticipate an important role for cell stress particularly in cells invading
the surrounding fiber network, which we will call from now on cell breakout. To calculate cell
stress in three dimensions, we extend for the first time an earlier two-dimensional cell stress
tensor formulation in bulk tissue [11]. With this cell stress tensor we can determine how the cell
stresses are distributed in the embedded spheroid and ask: How does this distribution change with
the fluidity of the embedded spheroid? Moreover, since fluid-like spheroids remodel the fiber
network more strongly than solid-like spheroids, one would expect fluid-like cells to be more likely
to break out of the spheroid, and yet fluid-like cells are very low stress cells. Such cells would not
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FIG. 1. Integrating a 3D vertex model of a cell spheroid with a fiber-network model to study cell-ECM
interactions.

Left: Full system at the final simulation time, i.e., time t = trand Right: Zoom in of the spheroid. The black denote active linker
springs coupling the cells to the fibers.
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be able to remodel the fibers as they moved along them, should they break away from the
spheroid. And what mechanisms distinguish single cell breakout from multiple cell breakout in
the form of cell streaming, i.e. one cell following another?

To begin to answer these questions, we first briefly revisit the computational model, then present
the cell stress tensor and use it to compute the maximum shear stress, a scalar quantity. We will
also compute another quantity, the cell shape anisotropy based on the conventional radius of
gyration tensor. We will look for correlations in these quantities within the spheroid as well as any
spatial patterning of the quantities within the spheroid. Finally, we will use this information to
answer the seeming para dox of low stress fluid cells breaking out of the spheroid (since fluid-like
spheroids can remodel the fiber network more than solid-like spheroids) and a new mechanism
for single cell breakout versus cell streaming breakout. We will do so by introducing an extended
vertex model that treats cell-cell adhesion in an explicit but coarse-grained manner. We Details of
the three-dimensional computational model, including the new extended vertex model version,
and the definitions of the cell stress tensor and cell shape measures are provided in the
Supplemental Material (7.

II. Results

Our results are based on a 3D Vertex Model representing the spheroid embedded in a disordered
fibrous network mimicking the collagen matrix. Cells in the spheroid are coupled to the fiber
network by active linker springs that contract over time. The construction of this coupled
spheroid-matrix system, including energy functionals, the numerical integration procedure, and
parameter choices, is described in detail in the 3D Computational Model subsection of the
Supplemental Material 2.

A. Maximum shear stress gshear and its correlation with cell sha pe

anisotropy k2

For each polyhedral cell, we compute the Cauchy stress tensor o and define the maximum shear
Supplemental Material @). Cell shape is quantified by the gyration tensor G al{auf‘fl.géorresponding
dimensionless cell shape anisotropy k¥, which ranges from 0 for nearly spherical cells to 1 for
highly elongated cells (see Eq. (15) and the discussion in the “Cell Properties: Stress and Shape”

spheroids (s = 5.8) embedded in a matrix with bond occupation probability p = 0.8. Solid-like
spheroids display a broader distribution with a larger mean gy, than fluid-like spheroids,
consistent with higher internal stresses in the solid-like state. By construction, Ogpe,y 2 0.
Moreover, earlier work showed that the energy-barrier-to-cell-rearrangement distributions in a
two-dimensional version of this vertex model were well-characterized by a Gamma function
distribution, [12]. Therefore, to better quantify the differences in the maximum shear stress
distribution for different system parameters, namely s, the target cell shape index and p, the fiber
network occupation probability, which also encodes network stiffness, we fit the histograms to
Gamma function distributions. The fit parameters are reported in the caption of Fig. 2(2.

Within this framework, the shape parameter a provides a measure of the degree of mechanical
heterogeneity in the cell population, while the scale parameter 0 sets the characteristic stress scale
of individual contributions. Solid-like spheroids exhibit larger a values and broader distributions,
indicating a wide spectrum of stress states and pronounced mechanical heterogeneity. This is
consistent with the presence of spatial stress gradients and long-lived force chains in the solid-like
regime. In contrast, fluid-like spheroids display smaller a values and narrower distributions,
reflecting more homogeneous stress states arising from frequent cell rearrangements and efficient
stress relaxation.
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FIG. 2. Distributions of cellular shear stress, cell shape, and stress-shape correlation for solid-like and fluid-
like spheroids at fiber-network occupation probability p = 0.8.

(a) Histogram of the maximum shear stress for the cells for two different target sgs. Gamma fit parameters: sy = 5.2: a = 3.06,
6=934x107% sp=5.8:a=1.19,6=7.70 x 1074, (b) Histogram of the cell shape anisotropy for the cells for two different target
Sps. Gamma fit parameters: sy = 5.2: 6 =3.20, 0 = 1.66 x 10'2; Sp=5.8:a=2.78,0=6.21x 1072, (c) The overlap, or dot product,
between the eigenvector associated with the largest maximum shear stress and the eigenvector associated with the largest

gyration eigenvalue.
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As the surrounding matrix is softened (e.g., p = 0.75), the Ogp e,y distribution for solid-like spheroids
does not change much from p = 0.8. However, for isolated fluidlike spheroids without a fibrous
network, there is additional maximum shear stress broadening. The corresponding histograms are
shown in Figs. $1@ and S22 of the Supplemental Material 2. For intermediate ranges of matrix
stiffness, the active pulling on the compliant matrix provides an additional pathway for stress
relaxation. When the matrix is stiffened by increasing p (or there is the matrix is floppy or absent,
this relaxation pathway is suppressed and the g, distribution broadens. Thus, the regime of
optimal spheroid-matrix mechanical reciprocity coincides with the narrowest maximum shear
stress distribution for the fluid-like spheroids. In contrast, fluid-like spheroids exhibit
comparatively small ggp e,y Values over the full range of ps.

Looking to cell breakout, the Gamma-distributed nature of the maximum shear stress highlights
that invasion-relevant stresses arise from the tails of the distribution rather than its mean. While
fluid-like spheroids are characterized by lower average stresses, the exponential tail of the Gamma
distribution allows for rare but mechanically significant high-stress cells. These cells become
especially relevant at the spheroid boundary, where elongation-induced strain stiffening can
dramatically amplify maximum shear stress and enabling force transmission into the surrounding
fiber network. Thus, the Gamma fits quantitatively capture how rare stress fluctuations, rather
than bulk stress levels, presumably govern the onset of cell breakout.

Let us now further characterize the cells by their shape anisotropy. The distributions of k? for the
same cells are plotted in Fig. 2(b) . Fluid-like spheroids (s0 = 5.8) exhibit broader x* distributions
with larger mean anisotropy than solid-like spheroids, consistent with their larger cell shape
index. To characterize these distributions, we find that the Gamma distribution also approximates

well the shape anisotropy distribution.

To quantify the overlap between stress and shape, we compute for each cell the dot product
between the eigenvector associated with the largest principal stress o3 and the eigenvector
associated with the largest gyration eigenvalue g3, i.e., the long axis of the cell. The resulting
overlap distribution is shown in Fig. 2(c) @ . For solidlike spheroids, the distribution peaks near
zero, indicating little correlation between the directions of maximal stress and maximal
elongation; highly stressed cells are not necessarily less globular. Indeed, a stress tensor does not
necessarily give information about shape and vice versa. By contrast, fluid-like spheroids display a
distribution biased toward larger overlaps, demonstrating that the relatively rare high-stress cells
in the fluid-like regime tend to be more elongated and that their principal stress aligns with their

long axis.

B. Spatial patterning of cell stress in solid-like spheroids

We next examine how cell stresses and shapes are organized within the spheroid. For solid-like
spheroids (sy = 5.2), a central cross-section shows that the maximum shear stress ggy .,y is lowest

interesting, nontrivial effects within the bulk of the spheroid, with the inner cells being closer to
fluidization than the cells near the boundary.

both Ggpe,r and k2 likewise show no obvious spatial patterning.

The emergence of a radial stress gradient in solid like spheroids can be understood as a
consequence of constrained stress redistribution in a mechanically rigid collective. In the solid-like
regime, limited cell rearrangements inhibit stress relaxation in the bulk, causing stresses
generated by cell-ECM coupling and active contractility to accumulate preferentially near the
boundary. Interior cells, shielded from direct ECM interactions and unable to reorganize
efficiently, remain comparatively low stress, while boundary cells bear the mechanical load

Ameen et al., 2026 eLife 15:RP111346. https://doi.org/10.7554/eLife.111346.1 6 of 33
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FIG. 3. Spatial distribution of cellular stresses and cellular shape in solid-like spheroids.

(a) Sample cross-section of the cellular maximum shear stress. (b) Sample cross-section of the cellular shape anisotropy. (c)
Maximum shear stress for both fluid-like and solid-like spheroids as a function of radial distance from the center of mass of
the spheroid. The inset shows the result for p = 0, i.e., the non-embedded spheroid with no surrounding fiber network.
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required to balance spheroid-matrix forces. This mechanism is absent in fluid-like spheroids,
where frequent neighbor exchanges allow stresses to be redistributed and homogenized
throughout the tissue.

C. Cell strain-stiffening with volume-preserving deformations

Prior work demonstrates that fluid-like spheroids remodel the fiber network more so than solid-
like spheroids [10]. Presumably, the enhanced remodeling leads to greater cell breakout potential
for the fluid-like spheroids. If so, the maximum shear stresses are much lower in the fluid-like
case. As stresses are needed to remodel the ECM as cells move along the fibers, how then can fluid-
like cells generate enough stress to be able to do so, at least for mesenchymal-type motility? To
explain this conundrum of fluid-like cells moving out into the 3D fiber network, we investigate
what happens when cells stretch themselves out, which is more likely for cells at the boundary of
the spheroid as opposed to cells in the bulk. Specifically, we impose the following deformation:

s = UNUTr;, where UTG = diag(gy, 82, 83) and A = diag (%, ﬁ, a). This deformation preserves
cell volume.

In Figure 42 we compare cells for both rigid and fluid spheroids with states at the end of
simulation (t = tf) to the same cells strained by a = 0.5 according to this volume-preserving
deformation. As individual cells are uni-axially strained, we indeed find an increase in maximum
shear stress for cells from both fluid-like and solidlike spheroids. For fluid-like cells, the increase
in stress is greater as their initial stress is typically smaller (as compared to solid-like cells).
Moreover, the maximum shear stress eventually increases nonlinearly with strain. This is clear
evidence for cellular strain-stiffening with the linear stress-strain curve at small strain deviating
from linear around 0.1 strain. Moreover, a second estimate of 0.4 strain characterizing the
crossover from lower strain to higher strain behavior is found (See inset of Fig. 3c ). Intriguingly,

strain stiffening has been observed in numerous cell stretching experiments

—16] and even in

We now observe this phenomenon in an individual vertex model cell long harkening back to the
statement that vertex model are, without the rearrangements, many body spring networks beyond
the usual three-body angular interaction found in fiber networks and so we expect to observe this
phenomenon even at the single cell level with its rather minimal multi-body spring network [20].
This strain stiffening can be enhanced by internal cytoskeletal machinery being developed in the
form of acto-myosin stress fibers that span the extent of the cell and can help drive mesenchymal

motion along fibers [21, 22].

Cells along the boundary of the spheroid can much more readily extend themselves to strain-
stiffening than cells in the bulk of the spheroid. If a cell sufficiently strains itself to at least match
the local stiffness of the fibers it is interacting with, combined with a decrease in cell-cell adhesion,
then it can readily break move out from the spheroid by crawling along the collagen fibers and
remodel them as it does so.

D. Single cell versus multi-cell breakout and an extended vertex
model

From a collective perspective, prior work has viewed cell breakout as an unjamming phenomenon
terms of an active fluidlike unjamming for multiple cells breaking out or an unjamming directly to
an active gas-like phase in terms of single cell breakout[28]. Another study distinguishes between
an active fluid and an active nematic, where the cells are aligned as they flow [6]. Parallel cell
streams are a cellular realization of an active nematic, though in the MEFs the cellular streams
modes [29, 30]. The spheroid environment and the cell-cell adhesion both together determine with
breakout mode. For instance, cell types with high cell-cell adhesion and low compressive stress

from the environment drives collective cell breakout, as opposed to individual cell breakout.
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FIG. 4. Cellular strain stiffening for volume-preserving deformations.

(a) Initial cell configuration and a strained cell configuration for cells from a fluid-like spheroid. (b) Distribution of maximum
bulk shear stress for the initial cells (dark blue) and for the strained cells (light blue) for sy = 5.8. (c) The average maximum
shear stress versus strain demonstrating a nonlinear relationship for both types of the spheroids and, thus, exhibiting strain
stiffening phenomena. The inset shows a deviation from linear behavior around 0.1 strain, yielding an estimate of the onset
of strain stiffening. By linearly fitting the low and high strain parts of the stress-strain curve, the intersection of the two fits
yields a second estimate for the crossover between low and high strain behavior at approximately 0.4 (dashed vertical line).
(d) The average cell shape anisotropy versus strain.
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FIG. 5. Different spheroid cell breakout modes.

(a) Experiment with MEF spheroid in 1.5 mg/ml collagen I. matrix. (b) Single-cell breakout as the target spring length of the
four fibers attached to the deep yellow cell decreases. The thicker purple cell-cell adhesions are weaker than the thinner red
ones. (c) Two-cell breakout as the target spring length of the four fibers attached to the deep yellow cell decreases. The cyan
denotes strong anisotropic cell-cell adhesion springs between the leader boundary dark yellow cell and the center blue cell
that is becoming elongated in the dark yellow cell extension to ultimately follow it.
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Combining our cellular strain stiffening finding and the observation of either single cell or single-
file cell streaming in the MEF spheroids, we ask the question: What are the minimal mechanical
ingredients driving different cell breakout modes? To answer this question, we introduce a
simplified “extended” vertex model in which cell-cell interactions are represented by tunable
adhesion springs. This model is not intended to resolve molecular adhesion dynamics, but rather
to test how effective adhesion strength and anisotropy influence mechanically driven escape from
the spheroid. In this extended vertex model, cells no longer share interfaces but instead interact
via explicit, tunable cell-cell adhesion springs. The detailed construction of this extended model,
including cell-cell adhesion springs with stiffness kcc, spheroid initialization, and fiber
connections, is given in the Supplemental Material @ . Given now explicit cell-cell adhesions with
this extended vertex model, there is prior work studying anisotropy in cell-cell adhesion. For
instance, E-cadherin complexes recruit mechanosensitive proteins under tensile loading, leading
to polarized adhesion reinforcement [31]. And in mesenchymal or partially mesenchymal cells,
stress fibers align along the long axis, and cadherin-mediated adhesions preferentially stabilize at
the ends of those fibers [32, 33]. Motivated by these anisotropic cell-cell adhesion findings, we will

explore its implications for different types of cell breakout modes.

For a range of k..s, we find that fibers pulling on one boundary cell does not lead to single cell
breakout. However, decreasing k. for the cell-cell adhesion springs associated with the boundary
cell being pulled does result in single cell breakout. Specifically, as k.. associated with the
boundary cell is decreased 10-fold for every 5 percent strain decrease in the fiber target spring
length, we observe the boundary cell inner edge clearly moving away from the closest center cell
edge. This reduction represents a coarse-grained weakening of effective adhesion under strain,
allowing us to test when intercellular cohesion yields to fiber-mediated forces as the cell is being
pulled out. For now, we have decreased all of the associated boundary cell cell-cell adhesion
springs and not yet incorporated the anisotropy in cell-cell adhesion. The reduction allows for the
pulling force of the fibers to dominate over the cell-cell adhesion, as expected. Obviously, this
crossover depends on the ratio of the pulling force to the cell-cell adhesion forces in the direction
opposing the pulling. Moreover, the internal floppiness of the cell itself also contributes. Should
the boundary cell remain floppy, then it can absorb the pulling force without itself moving away
from the other cells in the spheroid by simply deforming with little energy cost. However, given
the strain-induced stress transition, eventually the cell tensions and so begins to move away from
the other cells. In other words, the fibers pulling, the boundary cell, and the other cell-cell
adhesion springs can each be represented each as a spring, connected in series and being pulled in
two opposing directions. Of course, given the internal cytoskeletal components of the cell, again,
the cell drives its own stress transition by assembling stress fibers more prominently along the
long axis of the cell to tension as discussed in the previous subsection and the boundary cell
stiffens and ultimately moves away from the spheroid should the fiber pulling force dominate.

How does the anisotropic cell-cell adhesion come in play? Given our mechanism for single cell
breakout, to study the potential for two-cell breakout, we decrease the cell-cell adhesion for both
the boundary cell and the center cell as the boundary cell is being pulled by the associated fibers.
Interestingly, we do not observe twocell breakout in this scenario as the boundary cell pulls away
from the center cell as before. However, as cells become strained, and thereby exhibiting stress
transitions, we therefore introduce a phenomenological rule in which effective cell-cell adhesion is
strengthened along the principal elongation axis of a strained cell and weakened orthogonally.
This rule captures the mechanical effect of polarized adhesion reinforcement without explicitly
modeling molecular adhesion dynamics. In other words, more stress fibers along the long axis of
the cell allow for more focal adhesions for the part of the cell in contact with the fibers. In order to
stabilize the cell stress fibers, there needs to be anchoring on the other side of the cell that remains
in contact with the spheroid cells. We argue that as cells undergo strain-inducing stress transitions
their cell-cell adhesions become weaker in the direction perpendicular to the long cell axis and
strengthened in the direction parallel to the long cell axis, as has been found in individual
mesenchymal cells.
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In the single cell breakout scenario, there is not as significant a stress transition so that the
anisotropic cellcell adhesion effect is not as dominant. However, in the two cell breakout scenario,
there is a more significant stress transition and so this predicted anisotropic cellcell adhesion
effect is more pronounced. When this adhesion anisotropy is introduced, we observe stable
twocell breakout in which a follower blue cell trails the dark yellow leader. This demonstrates that
directional adhesion reinforcement is a sufficient mechanical ingredient for streaming-like
invasion in this minimal model. Given our results, we predict that the cells in the stream are more
strained than single breakout cells, which distinguishes between the two modes of breakout.

III. Discussion

Fluid-like and solid-like spheroids differ not simply in how much stress they store internally, but in
how stresses are exchanged with the surrounding extracellular matrix. Fluid-like spheroids are
the most effective at remodeling collagen as stress relaxation through cell rearrangements drives
spheroid shape fluctuations that enable repeated mechanical coupling and emergent reciprocity
with the fiber network, facilitating outward stress transmission rather than internal stress storage
[10]. Solid-like spheroids, in contrast, develop pronounced radial gradients in maximum shear
stress, with elevated stresses localized near the boundary and lower stresses in the interior with
minimal pathways for stress relaxation within the spheroid. While this organization reflects a
mechanically rigid spheroid architecture, it primarily corresponds to stress storage within the
spheroid rather than efficient stress transfer to the surrounding fibers. As a result, solid-like
spheroids remain comparatively limited in their ability to reorganize either cell-cell contacts or
the extracellular matrix.

This distinction reframes a central paradox in embedded spheroid invasion. The spheroids that
most strongly remodel the extracellular matrix and invade most efficiently are those in which

cells occupy low-stress states on average and lack persistent spatial stress gradients. In principle,
mesenchymal invasion requires cells to exert forces comparable to the stiffness of the surrounding
collagen fibers in order to engage and remodel them, raising the question of how fluid-like tissues
that rapidly dissipate internal stress nonetheless generate the forces required for invasion.
Resolving this paradox requires shifting attention away from bulk-averaged stress measures and
toward localized, transient stress states that emerge dynamically at the spheroid-matrix interface.

Our results show that this apparent contradiction is resolved at the level of individual cells
through strain-induced stress amplification. Although fluid-like spheroids exhibit narrow
distributions of maximum shear stress when averaged over the population, individual cells at the
spheroid boundary can undergo large, nonlinear increases in stress when sufficiently elongated.
This strain stiffening enables cells that are otherwise mechanically soft to transiently access high-
stress states, allowing them to exert forces comparable to those of the surrounding collagen fibers.
In this way, low-stress cells can locally become high-stress cells precisely when geometric
constraints and matrix interactions demand it. Force generation is therefore shifted away from
sustained stress accumulation in the bulk and concentrated instead in dynamically strained
boundary cells, whose stress states are short-lived but mechanically consequential. Invasion
emerges not from static stress localization, but from repeated, geometry-driven stress transitions
triggered by cell elongation during migration.

Extending the formulation of the cell stress tensor to three-dimensional polyhedral cells further
clarifies how geometry and mechanics interact in this process. In solid-like spheroids, cell shape
anisotropy and stress are not generically aligned, indicating that elongation alone is an unreliable
indicator of mechanical state. In fluidlike spheroids, however, the rare high-stress cells exhibit
preferential alignment between elongation and maximal stress directions, consistent with strain-
induced stress amplification. This decoupling of shape and stress highlights the limitations of
using cell morphology as a proxy for force generation, particularly in three-dimensional tissues
where geometric and mechanical constraints are more complex. Instead, it underscores the need
for direct, stress-based metrics when interpreting spheroid mechanics and invasion potential. The
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three-dimensional stress formulation introduced here thus provides a quantitative bridge
between vertex-model descriptions of tissue mechanics and experimentally accessible observables
such as traction forces and collagen fiber deformations.

This framework also reveals that different invasion modes arise from distinct mechanical
pathways. Singlecell breakout requires both cell strain stiffening and a local reduction in cell-cell
adhesion, allowing fiber-mediated forces to overcome intercellular cohesion and permit
individual cells to escape the spheroid. In contrast, collective streaming invasion cannot be
achieved through uniform adhesion weakening alone. Instead, it relies on anisotropic cell-cell
adhesion, with adhesion strengthened along the long axis of strained, high-stress cells and
weakened in the orthogonal direction. This anisotropy stabilizes follower cells behind a leader,
enabling coordinated motion that is reminiscent of active nematic behavior. As a result, streaming
invasion is predicted to involve cells that are, on average, more strained and exhibit stronger
adhesion anisotropy than those undergoing isolated breakout, providing a clear experimental
distinction between invasion modes.

Taken together, our results suggest that invasive behavior in embedded spheroids is governed by a
hierarchy of mechanical processes spanning scales: spheroidlevel rheology controls stress
distributions and overall fiber network remodeling capacity; cell-level strain stiffening enables
more local force generation; and adhesion anisotropy selects invasion mode. As we move to more
detailed descriptions of how unjamming emerges, we must offer increasingly more testable
predictions for experiments, including anisotropic cadherin reinforcement, elevated cellular
strain in streaming cells relative to isolated invaders, and even bringing into the picture the cell

multiscale details of cellular invasion.

Supplemental Material
A. 3D Computational Model

The spheroid is represented using a vertex model in which cells are deformable polyhedra
governed by quadratic volume and surface area constraints, along with interfacial tension at the
spheroid boundary, as encoded in the spheroid energy functional

Esp =Ky §]j (V;— Vo)’ + K4 }Jj (Aj— Apg)*+T Z 80,54 o
where A; and V; represent the area and volume of the jth cell, respectively. The fibrous matrix is
modeled as a diluted face-centered cubic (FCC) lattice of crosslinked springs with bending stiffness,
forming a disordered network that mimics collagen and encoded in the fiber network energy
functional

K Kp 2
Brp =5 fulls =W+ 5732 > fulin (0 =) . @

<ij> m=1 <ijk>=n

where f;; = 1if a bond is occupied and f;; = 0 if not, [;; represents the length of each bond, },;;,
represents sum over all nearest neighbor bonds, ¢!, represents the angle between nearest

m
ijk
neighbor bonds that are crosslinked by the same phantom node with phantom node index m.
Moreover, Y (ijk)r,» TEPTESENLS SUM over pairs of nearest neighbor bonds sharing a node and only
for those aligned along of the principle axes of the initial FCC lattice. To couple the spheroid to the
matrix, a fixed number of active linker springs dynamically attach fiber nodes to the center of
boundary cell surfaces and contract over time, simulating actomyosin contractility mediated by

focal adhesions. Specifically, the total energy of the active linker springs is quantified by
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KLS i ’ / 2
Eps = B Z(lz — i (1), 3
i=1

where Kj ¢ represents the stiffness of each linker spring and Ny, the total number of linker springs.

The total energy of the coupled systems is the sum of these individual energies. To evolve the
coupled system, we use overdamped Brownian dynamics for the cell vertices and Euler-
Muruyama integration for the fiber nodes. Reconnection events within the spheroid implemented
throughout the simulation. Simulations begin with a spheroid inserted into the center of a pruned
fiber network, and linker springs gradually shorten to simulate contractility. This model allows
exploration of how cell shape (via shape index), matrix stiffness (via bond occupation probability),
and now cell stress impacts mechanical and morphological evolution of the embedded spheroid
system. Please see the table for the simulation parameters used.

B. Cell Properties: Stress and Shape

We now introduce a generalizable, triangulated cell stress tensor calculation and provide physical
and geometrical intuition for the stress components. We will also provide analytical intuition for
the maximum shear stress component obtained from the stress tensor analysis. We also address
the gyration tensor for a cell and the accompanying anisotropy measure.

1. 3D Cell stress tensor

The energy function for a single polyhedron with triangular faces is given by:
E = ky(V({r}) — Vo) + ks(S ({r,}) — S0)*, @

where V({ru}), the volume of the polyhedron and S({ru}), the surface area of the polyhedron, are
both functions of {r,}, the set of position vectors of polyhedron vertices; and Vj are the S, are the
target volume and target surface area, respectively.

Let us compute the Cauchy stress tensor derived from the forces generated by this energy
function. The force on vertex u is given by the negative gradient of the energy with respect to

vertex position ry:

1% 9S
F,==2ky (V-1 5 _2kS(S—SO)V~ 5)

T I

Table I.Table of the dimensionless parameters used in the embedded spheroid simulations.

Quantity Symbol Value
Simulation timestep * 0.005
Simulation time in total < 25000.
Cell area stiffness ﬁg 0.1
vV
Cell target surface area Sy 5.2,5.8
Interfacial tension L 1.0
KV
Reconnect. Event threshold edge length —lﬁ% 0.02
v,/
Damping VP 1
"
. . k,T,
Active force fluctuation energy ﬁ% 1074
. ) . . K -
Individual fiber bending stiffness —E—Ksl,o 0F 1074
Individual fiber diameter i 0.02
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Fiber network pore size 1.0

Edge occupation probability for fiber network D 0.75-10.95

Active linker spring stiffness = IZ(L(Z) 3 1.0
S0

Final active linker spring target length l,lﬂ,(’%) 0.2

Number of spheroid cells N 400

Number of active linker springs Npg 100

Number of fiber network nodes Np 1000

Number of realizations Np 30

The Cauchy stress tensor for the single polyhedral cell is then defined as:

U:%Zr#@)Fﬂ. (6)
I
Substituting (5) into (6) leads to
= zkv(x;—vg) Z e ® gTV#
i G #Zru ® 2. )
n

The volume of the polyhedron can be expressed as a sum of (signed) tetrahedral volumes, i.e.,
V=2 > Sg-d

where d 4is the vector from some arbitrary origin O to any point on the plane on triangular face &
of the polyhedron; and S4is the outward-oriented area vector of &, or

Sg = % Z (ru — dg) X (7';”—1 — dg)
HEF

_ 1
=3 E Ty X Tutl,

HEF

9

where the summation over the vertices of & runs counter-clockwise (with respect to outward
orientation). We note that the simplification (9) follows from the zero-sum of the edge vectors of
any face. Notably, the surface area of the polyhedron is then the sum of the areas of all the
triangular faces:

S = zf: ”Sf?” : (10)

Now, for any polyhedron vertex y, the derivative of polyhedral volume V with respect to vertex
position ry involves only the faces that contain that vertex:

ov. 1 oS odg
a_m_i”%u[am o+ S ory | an

The same applies to the derivative of the polyhedral surface area S with respect to vertex position

ry:
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85 0155
or, -

: (12)
= ory

We insert (11) and (12) into (7), noting that it is possible to interchange the order of summations,

such that
_ 2(V-VW)
==
1
Sy e (E ds+ 55 32)
F peF
(5 JES
2ks(S—S, F
R I o
F pueF H

In Sec. I1I C of this Supplemental Material %, we develop a series of identities that further simplify
the stress tensor. In particular, Egs. (19) 2, (20) @, and (21) @3 reduce the above expression to the
following form for the stress tensor for a single polyhedron:

o= —2ky (V — V)T — 2850 g7

2ks(S—S 1 (13)
7 15|
Let 04, 0, 03 be the eigenvalues of 13 in ascending order, corresponding to normalized
eigenvectors o4, 6,5, 03. The maximum shear stress is then defined in terms of the difference
between the maximum and minimum principal stresses, namely
1
O shear — 5(0—3 - 01) . (14)

2. 3D Cell gyration tensor

Given {ry}, the shape of the polyhedral cell can be described by the corresponding gyration tensor,
1
G = NZW@TW (15)
"

where N is the number of vertices. Let g1, g5, 83 be the eigenvalues of 15 in ascending order,
corresponding to normalized eigenvectors gy, £, 83. The relative shape anisotropy K2 described by
the distribution of the vertices is then

, 3 giggs 1 -
K = 2 2 2 ( )
(91 + 92+ 9g3)

The relative shape anisotropy, bounded between 0 and 1, represents the elongation of the cell,
with k = 0 corresponding to a spherical distribution of the vertices and k = 1 representing a linear
distribution. The axis of elongation is captured by the eigenvector g3.

C. Identities used in the stress tensor derivation

The following is a collection of identities useful in simplifying the analytical expression of the
stress tensor.

Conventions: Lower case Greek indices for vertex labels, lower case Latin indices for vector
components. Twice-repeated lower case Latin indices within any term indicates Einstein
summation.
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Identity 1.
0S# 1
a—m -dg = 5(71#""1 — ’f'g—l) X dg (17)
Proof. Expressing L.H.S. in component form and plugging in (9):
A(Sg)” S J i
(z S o) @)
VEF
= 5 Eﬂm (TM+1 —Tufl)m(dg')]
which is R.H.S in component form.
Corollary 1.1.
0S| 1 S&
87‘“ = E(Tu-&-l - Tu—l) X ||Sg|| (18)
Proof.
o[|Sz| 1 0Sg g
= - So
or, |S#| ory
which, following the proof in (17), simplifies as required.
Identity 2.
0S8
Zm@ ag~d9=(5g'dy)ﬂ—dy®59 (19)
HEF T
Proof. Expressing L.H.S. in component form and plugging in (17)
i 9(S#)"
o) (ds)"
HEF ( u)
= 2 ) €tim (rus1 —ru-1)" (d)"
ue?
k
= Z Ekjm ip mq - 6iq6mp> (Tﬁ)p(rﬂ-ﬂ)q(dg)
,ue?
k
= Z Ekjmesimequ (Tu)p(ru+l)q(d-7)
,ue?
= 5ij(39)k(d9)k — (d%)'(S#)’
which is R.H.S. in component form.
Corollary 2.1.
Sre 57 oo Lo e, 0
HEF ory ||S I
Proof.
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3”59” GSy

HEF
= [(sg Sg) I- S5 ® Sg]
Identity 3.
od
Zru(@Sg'ag:dg@Sg 21)
HEF T

Proof. L.H.S., expressed in component form, reads:

8(d )k k

> (rw)'(S)" (S)* > (ru

HEF (r Tu UEF 8 (Tu)

Now, since d 4is an arbitrary point on the plane of face %, we can write
dg =71y +a(resr — 1) + B (ry —Tv1)

where r,, is any of the vertices of face .# (arranged in counter-clockwise order) and a, § are
arbitrary parameters. Accordingly,

T () 202 5 (g

HEF ( )

Plugging above into L.H.S. gives the required identity.

D. Experimental Protocols

Cell Culture. Vimentin wild-type (Vim+/+) and vimentin knockout (Vim-/-) mouse embryonic
fibroblasts (MEFs) were gifted by J. Eriksson from Abo Akademi. All cells were cultured in
Dulbecco’s Modified Eagle’s Medium + 4.5g/L glucose + 2nM L-glutamine + sodium pyruvate
(DMEM, Gibco) and supplemented with 10% fetal bovine serum (FBS, Hyclone), 1% non-essential
amino acid (Fisher Scientific), 1% penicillin/streptomycin (Fisher Scientific) and 25 nM of HEPES
(Fisher Scientific). Cell cultures were maintained at 37 degrees C and 5% CO,. Cells were passaged
at confluency 70-80% and medium was replenished every 3 days.

Spheroid Culture. The spheroid culture was created using hanging droplet methods. In brief, cells
were detached from culture dish with trypsin, then centrifuged and pipetted on the lid of a 100
mm culture dish at 3000 cells/20 ul in DMEM/F12 (10% FBS, 1x Pen/Strep). Cell aggregates were
incubated inverted on the lid on top of cell media at 37 degrees C with 5% CO, for 2 days before
harvesting.

Collagen Gel Preparation. Collagen gels were prepared using a slightly modified protocol from Ibidi
(cite). Collagen type I, rat tail 5 mg/ml (Ibidi) were diluted on ice to 1.5 mg/ml with 6.67% of 5x
DMEM (Fisher scientific), 10% FBS in 1x DMEM. The pH was adjusted to 7.4 using 1M NaOH and
sodium bicarbonate. Cell aggregates were added to the collagen solution before it solidified. The
collagen solution is then pipetted on 1%t agarose coated 24-well flat bottom plates (Corning) and
let to polymerize for 40 minutes in an incubator at 37 degrees C, 5% CO, and 100% humidity.
DMEM complete media was added on top of the fully polymerized collagen gel. Finally, the embed
spheroids in collagen gel is imaged for 48 hours (15 minutes interval) on Nikon Eclipse Ti inverted
microscope using Plan Fluor 10 x objective equipped with an Andor Technologies iXon em+
EMCCD camera (Andor Technologies). Sample were maintained at 37 degrees C and 5% CO, using
a Tokai Hit (Tokai-Hit) stage top incubator.
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E. Additional maximum shear stress distributions

The maximum shear stress distributions with their respective Gamma distribution fit parameters
for p =0.75 and p = 0 are presented in Figs. S1 @ and S2 ™. As p decreases, the maximum shear

like spheroids a cross-section of both the maximum shear stress and the anisotropy measure at the
final time of the simulation for comparison with Fig. 32 . We do not observe the maximum shear
stress increasing with respect to the center of the spheroid as we do in the solid-like spheroid. In
other words, there appears to not be statistically-significant spatial patterning in the fluid-like

case.

F. Cell strain-stiffening and non-volume preserving deformations

As in the main text, uni-axial strain individual cells and compute the maximum shear stress as a
function of this strain. The strain is applied along the direction of the longest axis of the cell, as
determined via the largest eigenvalue principle axis of the shape tensor, namely g3. We apply a
strain a on the cell via the following transformation on the positions 7}1- of the vertices (setting
origin at the center of the cell):

T Tt alhigs)t @2)

Note that this deformation is not volume-conserving. However, we observe similar trends as with
the volumeconserving deformation with the maximum shear stress increasing nonlinearly with
strain, though the results are quantitatively distinct. Please see Fig. S4 (7.

G. Extended 3D vertex model for single- and multi-cell breakout

We construct a three-dimensional extended vertex model, where the cells no longer share
interfaces and instead interact via explicit cell-cell adhesion springs between neighboring vertices,
each with spring stiffness kcc . Stiffer cell-cell adhesion springs represent higher cell-cell adhesion
and vice versa. The spheroid is initialized as a regular truncated octahedron array consisting of 12
cells with the same energy function as for the vertex model, and every vertex on the surface is
connected to boundary sphere vertices to mimic fiber connections between the spheroid and the
surrounding collagen, as shown in Fig. 5 2. Here, the fibers do not contain bending energy as we
are working with a more regular structure so that the bending of the fibers do not dominate the
fiber mechanics.

In this simplified model, single cell breakout is one cell breaking away from the spheroid.
Moreover, cell streaming is exhibited by an outer cell breaking away with a cell behind it moving
along in the same direction. Here, the “behind” cell is the center cell. Given the complexity of cell
breakout, we invoke a quasi-static approach with no active fluctuations as a starting point. We
investigate how the cell or cells deform in response to being pulled out from the spheroid by
decreasing the target fiber spring length associated with a particular cell at the boundary. If the
distance between the cell edges increases in the single cell case, then we consider it to be breaking
out. For the two-cell breakout, we analyze cell shape as well.

Here are the details regarding the energy minimization. The simulations minimize a mechanical
energy functional that describes a single three-dimensional polyhedral cell embedded in a
network of elastic interactions. The cell is represented by a set of vertices {r;}, whose positions are
evolved quasistatically to minimize the total energy. The energy contains three main
contributions: a volume constraint, elastic penalties associated with cell shape, and pairwise
spring interactions between selected vertex pairs.

The total energy is written as

Eiot = Evo + Eshape + Epair' (23)
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FIG. S1. Histogram for maximum shear stress with p = 0.75.

Gamma fit parameters: s =5.2: a=3.03, 6 = 9.53 x 10'4; Sp=5.8:a=1.24,6=532x 1074,
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FIG. S2. Histogram for maximum shear stress with no surrounding fiber network.

Gamma fit parameters: sy =5.2: a=4.44,0=1.21 x 10'3; Sp=5.8:a=1.71,0=4.25x 1074

x103
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FIG. S3. Spatial distribution of cellular stresses and cellular shape in fluid-like spheroids.

(a) Sample cross-section of the cellular maximum shear stress. (b) Sample cross-section of the cellular shape anisotropy.
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FIG. S4. Non-volume preserving cellular deformation.

(a) Initial cell configuration and a strained cell configuration. (b) Distribution of maximum shear stress for the initial cells
(dark orange) and for the uni-axial strained cells (light orange) for sy = 5.2. (c) Overlap of the stress with the shape for the
indicating the onset of strain stiffening at approximately a strain of 0.15. In addition, the vertical dashed Ilnerepresents a
crossover strain behavior from lower to higher strain. (d) Distribution of maximum shear stress for the initial cells (blue) and
for the uni-axial strained cells (pink) for sy = 5.2. (e) Overlap of the stress with the shape for the initial cells and for the

strained cells for s; = 5.8.
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a. Volume constraint.

To enforce approximate incompressibility of the cell, the volume V of the polyhedron is
constrained to a target value VO using a quadratic penalty,

ky

Eyo = 5> (V —Vy)2 (24)

Here ky is a large stiffness that suppresses volume fluctuations. In the simulations, the cell is
rescaled such that V; = 1, ensuring that all deformations are shape-changing rather than
volumetric.

b. Shape elasticity.

Cell shape is further regulated through elastic penalties associated with edge lengths and surface
geometry. For each elastic element a with length £,, the energy contribution takes the form

ka
Eshape - Z T(A - A0)2a (25)

a

where Ay is the preferred cell surface area.

c. Pairwise spring interactions.

In addition to volume and area constraints, selected pairs of vertices interact through pairwise
springs that model either cell-cell adhesions or ECM springs. The pairwise interaction energy is

kij (15) 2
Epair = E ]2 : (|T2 - Tj| - 80) ) (26)
(i5)

where s is the rest length of the spring and 5= |r;— rj| is the instantaneous separation. Should
the pairwise spring connect the vertices of two cells, the spring constant is denoted as k., or a cell-
cell adhesion spring. Should the pairwise spring connect two vertices in the fiber network, it is
denoted as Kg,. Importantly, the effective spring constant k;; is allowed to depend on extension. For
instance, as cell-cell adhesions become unbound with greater strain, then k.. decreases.

d. Parameters.

The dimensionless parameters implemented in the simulations are: K = 1, Ky = 10, initially k¢,
= 0.01 for the cell-cell adhesion springs associated with the potential breakout cell and k.. = 0.5 for
the remaining cell-cell adhesion springs. For each 5 percent decrease in the equilibrium spring
length for the “pulling” fiber network springs, k.., decreases by an order of magnitude. Not
implementing a decrease in adhesion spring stiffness, given the choice of the remaining
parameters, did not result in significant enhanced separation of the breakout cell. The spring
constant associated with the fiber network springs is unity with the exception of the “pulling fiber
networks springs with is four. We did not implement interfacial tension as we expect the straining
by the fiber network springs to dominate over the interfacial tension, at least for the potential
breakout cell. For anisotropic cellcell adhesion in the breakout cell streaming case, the cell-cell
adhesion springs between the outer and center cell, or K., increased from 0.05 to 4.0 as the
pulling fibers’ equilibrium spring length is decreased by 20 percent, indicating a strengthening of
cell-cell adhesion between the candidate cells.

Data availability

The data and code required to reproduce our analyses are available on Zenodo at
https://doi.org/10.5281/zenodo.18514493 3.
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Peer reviews
Reviewer #1 (Public review):

Summary:

In this article, the authors couple a 3d vertex model to the extracellular matrix and include
activity through contractile springs at the edge. They study, sequentially, the distribution of
shear stresses in liquid and solid spheroids, the correlation between stress and cell shape,
and the spatial distribution of stresses. The authors find that stresses are higher in solid
spheroids (somewhat unsurprisingly), but that the stress distributions are wider in the fluid
spheroids. Moreover, stress and shape are not correlated with each other in solids (that
seems to be due to vertex model peculiarities), but they are for liquids. In contrast, for solids,
the stresses are concentrated at the interface.
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The authors attribute a lot of the phenomenology to strain-stiffening properties of vertex
models as being akin to a network model (correctly in my opinion). Then they strain
individual cells and confirm this link, though I missed any explanation of how they did this.
Would it have to be within a medium for computational consistency?

Finally, they generate an extended vertex model, where they replace the single face linking
cells with a double face and mechanoresponsive springs. This allows for stronger coupling of
individual cell motion to eventual movement out of the spheroid.

Strengths:

Coupling a three-dimensional vertex model to the extracellular matrix, modelled as a
crosslinked fiber model, is a computational tour-de-force. Adding activity through
fluctuations at the interface is also of the correct symmetry (stresses), instead of the self-
propulsion which has been used by other authors, and which is not compatible with Newton's
3rd law. This also allows for accurate back-and-forth mechanical coupling between the cells
and the ECM.

I would like to highlight that deriving vertex model stress tensors in full three dimensions is
an open problem due to the complex topology. Any progress is valuable, and decomposing
things into tetrahedra like here will allow for connections with, in particular, finite element
approaches. Therefore, adding some of these results (eq. 13) to the main text would
strengthen the paper in my opinion.

Adding the nonlinear springs to the VM in the 3rd act is a good idea, and a first step to
mechanical feedback. One might argue that at this point, removing the vertex model part
would even be an option.

Weaknesses:

The paper is written in a very qualitative manner, with all of the model equations and
analysis hidden in the supplementary information. I do not understand this choice, as it
makes things fuzzy and hard to read. The conclusion is also very long and simply reiterates
the previous points.

At the same time, this paper is rather thin on new results and reads more like a handful of
new simulations carried out using the method established in [10] (from largely the same
authors). Moving some of the actual results to the main text would help, in particular, the 3d
stress formulation and the definitions of different measures.

Vertex models also have a very clear limitation: They cannot model the transition from a
confluent to a non-confluent tissue, and individual cells or groups of cells leaving the
spheroid. Even having a surface and having significant deformations of the surface are
numerically dicey, so the current model is at the edge of what is feasible. The model as
written can only do "invasion" by a single cell moving outward, and then another following it
a bit (or not).

I strongly suspect that further progress on 3d cell models will need particle-based models or
models where cells are fully meshed surfaces (some of which are in development currently).

However, none of these problems is mentioned anywhere in the text. The authors also do not
review the increasingly broad zoology of other models.

https://doi.org/10.7554/eLife.111346.1.sa3

Reviewer #2 (Public review):
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Summary:

The manuscript concerns the mechanisms by which cells in a spheroid embedded in the
extracellular matrix can escape, either as single or multiple cells.

Strengths:

Overall, the manuscript is well written and easy to follow. The claims are mostly justified by
the data. Some data can be better analyzed and presented to strengthen the conclusion.

Weaknesses:

(1) The description around Figure 2c is not exactly well supported by their results. While
values close to 0 for sigma3 dot g3 for solid-like spheroids indicate little correlation between
the direction of maximum stress and maximum elongation, this analysis alone does not imply
that highly stressed cells are necessarily less globular. The dot product combines the
magnitudes of the two vectors and the angle between them. For the distribution graph, it
would be useful to have the cumulative frequency equal 1.

(2) One of the central claims of the paper is that morphology alone is not a reliable indicator
of mechanical state. Since the authors compute cellular stresses and cellular shape in their
simulation (i.e., Figure 3a and b), can the authors directly plot these two quantities for
individual cells in solid-like and fluid-like spheroids?

(3) There is experimental evidence showing the solid stress inside a spheroid is higher than at
the periphery (e.g., https:;//www.nature.com/articles/ncomms14056 2). How does this cellular
stress relate to these experimental measurements, since they are opposite to what is
simulated here (i.e., the authors find max shear stress is lowest in the center and increases
towards the boundary, which is opposite to what is measured?

(4) It's worth pointing out that stress fibers aren't really prominent in cells in 3D spheroids.
Nonetheless, cells moving on collagen fibers would have stress fibers and utilize contractile
actomyosin bundles to generate traction forces.

(5) In section 2D, it talks about the result that as the kcc associated with the boundary cell is
decreased 10-fold for every 5 percent strain decrease in the fiber target spring length, can this
result be shown? I have a hard time seeing where this came from.

(6) The results of single-cell vs. two-cell breakouts shown in Figure 5 b and c are very
qualitative and should be accompanied by some quantitative comparison.

https://doi.org/10.7554/eLife.111346.1.sa2

Reviewer #3 (Public review):

Summary:

The authors describe a mathematical and computational approach used to compute stresses
and cellular deformations in a multicellular spheroid embedded in a fiber network. This
approach is then used to predict stress and cellular anisotropy distributions in "solid-like"
and "fluid-like" spheroids. Simulations show that shear stresses in solid-like spheroids are
large and concentrated at the boundary of the spheroid, yet cells do not align with the
direction of the largest shear. Conversely, shear stresses in fluid-like spheroids are smaller
and uniformly distributed in the spheroid. In this case, cellular elongation is more likely to be
aligned with the direction of the largest shear stress. The model and simulations also predict
a nonlinear stress-strain relationship that is indicative of strain stiffening. This strain-
stiffening is more pronounced in fluid-like spheroids. In an extension of the preliminary
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polyhedral vertex model, in which cellular interfaces are shared, the authors incorporate
mechanical cell-cell interactions via adhesion springs between neighboring vertices. Using
this extension, they show that cell breakout is more likely to occur in fluid-like spheroids,
where cells are more likely to elongate and stiffen, allowing for larger forces to be exerted on
the surrounding fiber network. Furthermore, the authors state that anisotropic cell-cell
adhesion is required for multicell streaming during breakout.

Strengths:

The modeling and computational approach used in this research is this work's biggest
strength. Treating the embedded spheroid as a set of polyhedra, where each polyhedron
represents a single cell, is a mechanically robust, yet still tractable way to model multicellular
spheroids in three dimensions. Starting with expressions for constraining cell volume and
surface area as well as a surface energy term, the authors derive an expression for an
averaged stress tensor for each polyhedron. This allows the authors to approximate the stress
in each polyhedral cell that is caused by cellular deformations during mechanical
interactions with the extracellular fiber matrix. This is a clever and robust approach that is
based on fundamental mechanical principles that allow one to make reasonable predications
about the mechanical state of the spheroid under a variety of conditions.

Weaknesses:

The weakness of the manuscript is the exposition. There are significant pieces of critical
information missing from the manuscript that would make the presented work significantly
more understandable and better support the authors' claims. Most importantly, many
necessary details of the model are missing. I was able to get a better understanding of some
of these details by reading the authors' earlier work (ref [10] in the submitted manuscript),
and for this reason, I do feel that this work has value. However, several descriptions must be
added for the paper to be more readily understandable. These include (1) a better
explanation of what drives motion, in particular in the case where no external fiber network
is present. (2) What physically distinguishes fluid-like spheroids from solid-like spheroids?
Simply stating the value of the parameters s0 with no explanation is not sufficient. (3) An
explanation of how histograms in Figure 2 are calculated is necessary. Are these histograms
based on one simulation or several simulations? (4) The experimental results are briefly
mentioned, but significantly more connection between these results and the numerical
results of the cell breakout model is needed. (5) The description of the model that
incorporates variable cell-cell attachments and cell breakout is very terse and needs more
detail. Moreover, while the description of the results of this model is strong, the figure that
illustrates cell breakout (Figure 5) is difficult to interpret. Addressing these and other issues
will make the current manuscript, which presents an interesting model and result, much
stronger and easier to read.

https://doi.org/10.7554/eLife.111346.1.sa1

Author response:

Public Reviews:

Reviewer #1 (Public review):
Summary:

In this article, the authors couple a 3d vertex model to the extracellular matrix and
include activity through contractile springs at the edge. They study, sequentially, the
distribution of shear stresses in liquid and solid spheroids, the correlation between stress
and cell shape, and the spatial distribution of stresses. The authors find that stresses are
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higher in solid spheroids (somewhat unsurprisingly), but that the stress distributions are
wider in the fluid spheroids. Moreover, stress and shape are not correlated with each
other in solids (that seems to be due to vertex model peculiarities), but they are for
liquids. In contrast, for solids, the stresses are concentrated at the interface. The authors
attribute a lot of the phenomenology to strain-stiffening properties of vertex models as
being akin to a network model (correctly in my opinion). Then they strain individual cells
and confirm this link, though I missed any explanation of how they did this. Would it
have to be within a medium for computational consistency?

We thank the reviewer for this helpful comment. The current manuscript already describes
this procedure in Sec. IL.C, “Cell strain-stiffening with volume-preserving deformations,”
where we state that individual cells are taken from the final spheroid configuration and then
strained by imposing a prescribed volume-preserving deformation along their principal
elongation axis. Figure 4 then compares the original and strained cells and shows the
resulting increase in maximum shear stress.

We agree, however, that this point was not explained clearly enough. In the revised
manuscript, we will make explicit that this is a single-cell deformation test designed to isolate
the intrinsic strain-stiffening response of the vertex-model cell. The cell does not need to
remain embedded in a surrounding medium for this specific test, since the goal is not to
simulate the full coupled cell-ECM dynamics, but rather to measure how the stress of an
individual vertex-model cell changes under imposed strain.

Indeed, single cells can exhibit strain stiffening as presumably can a spheroid. However,
given that we are studying strain stiffening in the context of single/few cell breakout, we also
plan to measure the stress in the breakout cells in the extended vertex model to determine
the extent of strain stiffening given the surrounding medium of fibers and cells.

Finally, they generate an extended vertex model, where they replace the single face
linking cells with a double face and mechanoresponsive springs. This allows for stronger
coupling of individual cell motion to eventual movement out of the spheroid.

Strengths:

Coupling a three-dimensional vertex model to the extracellular matrix, modelled as a
crosslinked fiber model, is a computational tour-de-force. Adding activity through
fluctuations at the interface is also of the correct symmetry (stresses), instead of the self-
propulsion which has been used by other authors, and which is not compatible with
Newton's 3rd law. This also allows for accurate back-and-forth mechanical coupling
between the cells and the ECM.

I'would like to highlight that deriving vertex model stress tensors in full three dimensions
is an open problem due to the complex topology. Any progress is valuable, and
decomposing things into tetrahedra like here will allow for connections with, in
particular, finite element approaches. Therefore, adding some of these results (eq. 13) to
the main text would strengthen the paper in my opinion.

Adding the nonlinear springs to the VM in the 3rd act is a good idea, and a first step to
mechanical feedback. One might argue that at this point, removing the vertex model
part would even be an option.

Weaknesses:

The paper is written in a very qualitative manner, with all of the model equations and
analysis hidden in the supplementary information. I do not understand this choice, as it
makes things fuzzy and hard to read. The conclusion is also very long and simply
reiterates the previous points.
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At the same time, this paper is rather thin on new results and reads more like a handful
of new simulations carried out using the method established in [10] (from largely the
same authors). Moving some of the actual results to the main text would help, in
particular, the 3d stress formulation and the definitions of different measures.

We thank the reviewer for this constructive criticism. We agree that the main text was too
qualitative and that placing most of the equations and definitions in the Supplement made
the manuscript harder to read. In the revised version, we will move the essential technical
material into the main text, including the 3D cell stress formulation, the definitions of
maximum shear stress and cell-shape anisotropy, and the stress—shape alignment measure.
Longer derivations and implementation details will remain in the Supplement.

We will also shorten and reorganize the Discussion/Conclusion to avoid reiterating previous
points. Finally, we will revise the presentation to make the new contributions beyond Ref.
[10] clearer: the 3D polyhedral-cell stress formulation, the stress-distribution and
spatialpatterning analyses, the single-cell strain-stiffening test, and the extended adhesion-
spring model used to distinguish single-cell from multi-cell breakout. These changes should
make the paper less qualitative and make the main results more visible in the body of the
manuscript.

Vertex models also have a very clear limitation: They cannot model the transition from a
confluent to a non-confluent tissue, and individual cells or groups of cells leaving the
spheroid. Even having a surface and having significant deformations of the surface are
numerically dicey, so the current model is at the edge of what is feasible. The model as
written can only do "invasion" by a single cell moving outward, and then another
following it a bit (or not).

Istrongly suspect that further progress on 3d cell models will need particle-based
models or models where cells are fully meshed surfaces (some of which are in
development currently).

However, none of these problems is mentioned anywhere in the text. The authors also do
not review the increasingly broad zoology of other models.

We thank the reviewer for raising this important limitation of standard vertex models. We
agree that a strictly confluent 3D vertex model is not designed to fully capture the transition
from a confluent tissue to freely migrating detached cells, and we will make this limitation
explicit in the revised Discussion. However, the standard 3D vertex model can still capture
collective spheroid deformation, surface remodeling, and local protrusive deformations prior
to complete breakout. Thus, it remains useful for studying the mechanical state of the
spheroid and the onset of outward deformation before full cell detachment.

At the same time, we clarify that this very limitation motivated the extended vertex model
introduced in Sec. IL.D and Supplement G. In this model, cells no longer share interfaces as in
a standard confluent vertex model; instead, neighboring cells interact through explicit,
tunable cell- cell adhesion springs. This allows us to represent, in a coarse-grained
mechanical way, the separation of a boundary cell from the spheroid and the motion of a
follower cell behind it. Thus, while the model does not describe full post-detachment
migration, it partially addresses the confluent-to-nonconfluent transition at the level needed
to study the mechanical onset of breakout.

We will revise the manuscript to make this distinction clearer and state that our goal is to
identify minimal mechanical ingredients for incipient breakout—strain stiffening, adhesion
weakening, and adhesion anisotropy—rather than to provide a complete model of long-time
invasion.
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We will also note that the current Introduction already discusses several existing modeling
approaches, including cellular automaton simulations, a 2D Voronoi model,
phenotypeswitching/ECM-remodeling models, and the prior 3D vertex-fiber framework.
However, we agree that this discussion should be broadened, and we will add a more explicit
comparison with particlebased, phase-field, cellular Potts, and fully meshed deformable-
surface models, which may be better suited for later-stage non-confluent migration.

Reviewer #2 (Public review):
Summary:

The manuscript concerns the mechanisms by which cells in a spheroid embedded in the
extracellular matrix can escape, either as single or multiple cells.

Strengths:

Overall, the manuscript is well written and easy to follow. The claims are mostly justified
by the data. Some data can be better analyzed and presented to strengthen the
conclusion.

Weaknesses:

(1) The description around Figure 2c is not exactly well supported by their results. While
values close to 0 for sigma3 dot g3 for solid-like spheroids indicate little correlation
between the direction of maximum stress and maximum elongation, this analysis alone
does not imply that highly stressed cells are necessarily less globular. The dot product
combines the magnitudes of the two vectors and the angle between them. For the
distribution graph, it would be useful to have the cumulative frequency equal 1.

We thank the reviewer for pointing this out. We agree that the interpretation of Fig. 2c should
be stated more carefully. In our calculation, the vectors used in the dot product are
normalized eigenvectors of the stress tensor and the gyration tensor. Thus, the plotted
quantity measures only directional alignment between the principal stress direction and the
cell elongation axis, not the magnitudes of stress or shape anisotropy. We will revise the text
to make this explicit.

We also agree that Fig. 2c alone does not support statements about whether highly stressed
cells are more or less globular. It only quantifies alignment between stress and shape
directions. To address this, we will add or refer to an additional analysis, such as the
correlation between maximum shear stress and cell-shape anisotropy, or the shape-
anisotropy distribution conditioned on high-stress cells.

Finally, we agree that the distribution in Fig. 2c should be normalized more clearly. In the
revised figure, we will plot the distribution as a probability density or cumulative
distribution with total probability equal to one, and we will update the caption accordingly.

(2) One of the central claims of the paper is that morphology alone is not a reliable
indicator of mechanical state. Since the authors compute cellular stresses and cellular
shape in their simulation (i.e., Figure 3a and b), can the authors directly plot these two
quantities for individual cells in solidlike and fluid-like spheroids?

We thank the reviewer for this helpful suggestion. We agree that a direct cell-by-cell
comparison of cellular stress and cellular shape would strengthen the central claim that
morphology alone is not a reliable indicator of mechanical state. In the revised manuscript,
we plan to add scatter plots of maximum shear stress versus cell-shape anisotropy for
individual cells in both solid-like and fluid-like spheroids.
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(3) There is experimental evidence showing the solid stress inside a spheroid is higher
than at the periphery (e.g., https://www.nature.com/articles/ncomms14056 (2 ). How
does this cellular stress relate to these experimental measurements, since they are
opposite to what is simulated here (i.e., the authors find max shear stress is lowest in the
center and increases towards the boundary, which is opposite to what is measured?

We thank the reviewer for raising this important point. We agree that the comparison with
experimental stress measurements in compressed spheroids should be clarified.

The main distinction is that the cited experiments measure local pressure, or isotropic
compressive stress, from the volume change of embedded elastic beads. In contrast, Fig. 3 in
our manuscript shows the cellular maximum shear stress, which reflects the deviatoric part
of the cell stress tensor. These quantities do not necessarily have the same spatial profile: a
region can be under high isotropic compression while having low shear stress. The loading
conditions are also different. The experiments apply external osmotic/mechanical
compression to the whole spheroid, whereas our simulations consider active cell-ECM
coupling through contractile linker springs at the spheroid boundary. Thus, the elevated
boundary shear stress in our model reflects local cell- ECM force transmission, not internal
hydrostatic pressure. We indeed will revise the manuscript to make this distinction explicit,
cite this experimental work, and avoid implying that maximum shear stress is directly
comparable to measured solid pressure. Where appropriate, we will also discuss the isotropic
component of the simulated cell stress tensor as a more direct comparison to pressure-based
measurements.

(4) It's worth pointing out that stress fibers aren't really prominent in cells in 3D
spheroids. Nonetheless, cells moving on collagen fibers would have stress fibers and
utilize contractile actomyosin bundles to generate traction forces.

We thank the reviewer for this clarification. We did not intend to imply that prominent stress
fibers are generally present in cells within the interior of 3D spheroids. The relevant
statements in the manuscript were meant to refer to strained boundary cells or cells engaging
collagen fibers during mesenchymal-like motion. We will revise the wording in Secs. II.C and
IL.D to make this distinction explicit and avoid suggesting that bulk spheroid cells generally
contain prominent stress fibers.

(5) In section 2D, it talks about the result that as the kcc associated with the boundary
cell is decreased 10-fold for every 5 percent strain decrease in the fiber target spring
length, can this result be shown? I have a hard time seeing where this came from.

We thank the reviewer for this comment. The 10-fold decrease in kcc for every 5% decrease
in the fiber target spring length was meant as a phenomenological adhesion-weakening
protocol, not as a directly measured law. We agree that this was not made clear enough. In
the revised manuscript, we will explicitly state this.

(6) The results of single-cell vs. two-cell breakouts shown in Figure 5 b and c are very
qualitative and should be accompanied by some quantitative comparison.

We thank the reviewer for this helpful suggestion. We agree that the current presentation of
Fig. 5b,c is too qualitative. In the revised manuscript, we plan to add a quantitative
comparison between the single-cell and two-cell breakout cases. Specifically, we plan to track
the displacement of the pulled boundary cell, the separation between this leader cell and its
neighboring/follower cell, and the distance between the follower cell and the remaining
spheroid as the fiber target length is decreased.

Reviewer #3 (Public review):
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Summary:

The authors describe a mathematical and computational approach used to compute
stresses and cellular deformations in a multicellular spheroid embedded in a fiber
network. This approach is then used to predict stress and cellular anisotropy
distributions in "solid-like" and "fluid-like" spheroids. Simulations show that shear
stresses in solid-like spheroids are large and concentrated at the boundary of the
Spheroid, yet cells do not align with the direction of the largest shear. Conversely, shear
stresses in fluid-like spheroids are smaller and uniformly distributed in the spheroid. In
this case, cellular elongation is more likely to be aligned with the direction of the largest
shear stress. The model and simulations also predict a nonlinear stress-strain
relationship that is indicative of strain stiffening. This strain-stiffening is more
pronounced in fluid-like spheroids. In an extension of the preliminary polyhedral vertex
model, in which cellular interfaces are shared, the authors incorporate mechanical cell-
cell interactions via adhesion springs between neighboring vertices. Using this extension,
they show that cell breakout is more likely to occur in fluid-like spheroids, where cells are
more likely to elongate and stiffen, allowing for larger forces to be exerted on the
surrounding fiber network. Furthermore, the authors state that anisotropic cellcell
adhesion is required for multicell streaming during breakout.

Strengths:

The modeling and computational approach used in this research is this work's biggest
strength. Treating the embedded spheroid as a set of polyhedra, where each polyhedron
represents a single cell, is a mechanically robust, yet still tractable way to model
multicellular spheroids in three dimensions. Starting with expressions for constraining
cell volume and surface area as well as a surface energy term, the authors derive an
expression for an averaged stress tensor for each polyhedron. This allows the authors to
approximate the stress in each polyhedral cell that is caused by cellular deformations
during mechanical interactions with the extracellular fiber matrix. This is a clever and
robust approach that is based on fundamental mechanical principles that allow one to
make reasonable predications about the mechanical state of the spheroid under a
variety of conditions.

Weaknesses:

The weakness of the manuscript is the exposition. There are significant pieces of critical
information missing from the manuscript that would make the presented work
significantly more understandable and better support the authors' claims. Most
importantly, many necessary details of the model are missing. I was able to get a better
understanding of some of these details by reading the authors' earlier work (ref [10] in
the submitted manuscript), and for this reason, I do feel that this work has value.
However, several descriptions must be added for the paper to be more readily
understandable.

These include

(1) A better explanation of what drives motion, in particular in the case where no external
fiber network is present.

We thank the reviewer for pointing this out. We agree that the source of motion should be
described more clearly. In the embedded simulations, motion arises from overdamped
dynamics driven by the forces from the total mechanical energy, including spheroid
mechanics, fibernetwork elasticity, and active contractile linker springs at the boundary. The
shortening of the linker-spring target lengths provides the active cell-ECM pulling, while
effective fluctuations promote cell-shape fluctuations and rearrangements.
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When no external fiber network is present, these linker-mediated cell-ECM forces are absent.
The spheroid then evolves only through vertex-model mechanical relaxation, surface tension,
cell rearrangements, and effective fluctuations. We will clarify that this no-network case is a
control for the intrinsic spheroid stress state, not a simulation of ECM-driven invasion.

(2) What physically distinguishes fluid-like spheroids from solid-like spheroids? Simply
stating the value of the parameters sO with no explanation is not sufficient.

We thank the reviewer for pointing out that the physical distinction between solid-like and
fluid-like spheroids was not sufficiently explained. We agree that simply stating the values of
s_0 is not adequate.

In this 3D vertex model, the target shape index s_0 controls the mechanical cost of cell
rearrangements. Below the rigidity transition (s_0 < s_0%), neighbor exchanges are associated
with finite energy barriers, leading to slow structural relaxation and solid-like behavior. Above
the transition (s_0 > s_0"), these barriers become very small or vanish, allowing cells to
readily move past one another and continuously reorganize their local neighborhood
structure. The resulting tissue exhibits fluid-like behavior with efficient stress relaxation
through cell rearrangements.

This distinction was characterized in detail in Ref. [9], where the bulk 3D vertex model was
shown to undergo a rigidity transition at approximately (s_04*=5.39), based on the decay of
the neighbor-overlap function and cell trajectories. The solid-like value used here lies below
this transition, whereas the fluid-like value lies above it. We acknowledge that the present
manuscript only briefly summarized this point, mainly in Supplementary Material A. In the
revised manuscript, we will add a clearer explanation in the main text of how the target
shape index controls the state of the spheroid and why the selected values correspond to
solid-like and fluidlike regimes.

(3) An explanation of how histograms in Figure 2 are calculated is necessary. Are these
histograms based on one simulation or several simulations?

We thank the reviewer for pointing out that this was not sufficiently clear. The histograms in
Fig. 2 are obtained by pooling cell-level quantities from multiple independent simulations,
not from a single realization. As listed in Table I, we use 30 independent realizations. We plan
to state this explicitly in the revised figure caption and main text.

(4) The experimental results are briefly mentioned, but significantly more connection
between these results and the numerical results of the cell breakout model is needed.

We agree. In the current manuscript, the experimental data are used mainly to motivate the
single-cell and streaming-like breakout modes shown in Fig. 5. We plan to revise Sec. I1.D and
the Fig. 5 caption to make the connection more explicit: the MEF spheroid experiments show
the invasion modes that motivate the model, while the extended vertex model tests minimal
mechanical ingredients capable of producing analogous single-cell and follower-cell
breakout.

(5) The description of the model that incorporates variable cell-cell attachments and cell
breakout is very terse and needs more detail. Moreover, while the description of the
results of this model is strong, the figure that illustrates cell breakout (Figure 5) is
difficult to interpret. Addressing these and other issues will make the current manuscript,
which presents an interesting model and result, much stronger and easier to read.

We thank the reviewer for this constructive assessment. We agree that the extended model
with variable cell-cell attachments was described too tersely and that Fig. 5b,c was difficult to
interpret in its current qualitative form.
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To make Fig. 5 more quantitative, we plan to add measurements comparing the single-cell
and two-cell breakout cases. Specifically, we plan to track the displacement of the pulled
boundary cell, the separation between this leader cell and its neighboring/follower cell, and

the distance between the follower cell and the remaining spheroid as the fiber target length is
decreased.

https://doi.org/10.7554/eLife.111346.1.sa0
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