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Distribution and propagation of mechanical stress
in simulated structurally heterogeneous
tissue spheroids
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Bart Smeets®

The mechanical microenvironment of cells has been associated with phenotypic changes that cells
undergo in three-dimensional spheroid culture formats. Radial asymmetry in mechanical stress — with
compression in the core and tension at the periphery — has been analyzed by representing tissue spheroids
as homogeneous visco-elastic droplets under surface tension. However, the influence of the granular
microstructure of tissue spheroids in the distribution of mechanical stress in tissue spheroids has not been
accounted for in a generic manner. Here, we quantify the distribution and propagation of mechanical forces
in structurally heterogeneous multicellular assemblies. For this, we perform numerical simulations of a
which

incompressible cytoplasm, interacting by means of non-specific adhesion. Using this model, we show

deformable cell model, represents cells as elastic, contractile shells surrounding a liquid

how cell-scale properties such as cortical stiffness, active tension and cell—cell adhesive tension influence
the distribution of mechanical stress in simulated tissue spheroids. Next, we characterize the transition at the

rsc.li/soft-matter-journal

Introduction

Spheroids - small self-assembled cell aggregates — are an often
used culture format to produce micro-tissues and organoids
with applications in disease modeling, drug discovery and
tissue engineering. They serve as a model to study the mechanisms
that govern the organization of cells into tissue, providing
in vitro analogues to biological processes that occur during
tissue development such as cell condensation, jamming,
collective migration and sorting.™” Spheroid culture has been
shown to alter cell fate compared to two-dimensional cell
culture, due to differences in cell morphology resulting in the
development of diverse mechanical microenvironments.?
As cell-generated contractile forces establish the overall
mechanical state of tissue spheroids, the resulting force balance
is frequently modeled based on the mechanics of a homogeneous
viscous or visco-elastic droplet.*® This allows for a straightforward
interpretation of mechanical stress, with a compressed core and a
tensed periphery that provides surface tension. However, at the
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tissue-scale from a homogeneous liquid droplet to a heterogeneous packed granular assembly.

cellular scale, tissue structure is heterogeneous and may
feature pores of varying size in a foam-like architecture.”
At high porosity, tissues more resemble a granular packing,
which is mechanically characterized by a heterogeneous and
anisotropic stress distribution.® Experimental measurements
of in situ mechanical stress in tissue spheroids have revealed
the existence of large heterogeneity and radial anisotropy in
mechanical stress.'®™® It is not known to what extent this
heterogeneity and radial anisotropy result from different
mechanical properties at the sub-cellular scale, and to what
extent they can be explained from the shape and topology of the
cells as they accommodate the spherical tissue geometry.
Similarly, it remains to be understood how measurable
mechanical properties of single cells, through the establishment
of tissue microstructure, determine the appropriate parameter-
ization of mechanical stress at the tissue scale.

In this work, we quantify mechanical stress in structurally
heterogeneous tissue spheroids using a computational model-
ing approach. Virtual tissue spheroids are generated using a
Deformable Cell Model (DCM). The DCM simulates the visco-
elastic deformation of the cell cortex and formulates explicit
contact forces to model adhesive interactions between
cells."'* Similar to vertex models, it is tuned using a small
set of experimentally accessible mechanical parameters such as
interfacial tension and active tension.'® At the same time, its
contact-centered implementation allows for the simulation of
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loose cell packing, dynamic cell rearrangements and the open
boundaries that typify early stage cell aggregates. As such, it
bridges the gap between two limiting tissue descriptions:
granular packing in the colloidal limit and fully confluent
tissues in the adhesive limit.'” Based on DCM simulations,
we quantify how the distribution and propagation of mechanical
stress in various microstructural configurations relates to
theoretical models of granular assemblies and homogeneous
visco-elastic materials.

Methods

Mechanical model

Cells are approximated as visco-elastic and contractile shells
that surround a near-incompressible cytoplasm. Mechanically, the
shell represents the acto-myosin cortex, which is parameterized by
its Young’s modulus E, Poisson’s ratio v, thickness ¢, viscosity n
and active tension y.'* We assume that the force-deformation
response of a single cell is dominated by the acto-myosin cortex.
Cell-cell interactions are implemented by means of a fixed
uniform adhesive tension w on the surface of the shells,'® see
Fig. 1. This effective adhesive tension defines the work needed to
separate a pair of adhering cells and can be estimated from
pull-off force experiments.'® It should be noted that  also
incorporates the reduction of active cortical tension at cell-cell
contacts, and may be significantly larger than the total binding
energy density of adhesion molecules shared by an adhering pair,
see Appendix A.*%?°

Computationally, the mechanical model of a single cell is
implemented as a triangulated surface mesh, representing
the acto-myosin cortex. The node positions in this network
represent the degrees of freedom in our system and govern how
the cells deform and interact.”'*"> The motion of these nodes
is governed by a system of overdamped equations

{xj} ZFU Vs 1)

where conservative forces F; on individual nodes are
balanced by dissipative forces determined by a friction matrix
I';. The conservative forces on a given node F; incorporate both
the mechanics of a single cell as well as inter-cellular contact
mechanics, in particular

Rt =3+ S

(AB):icA
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FABI

dh
AR R S o
(AB):icA

where F*! represent an in-plane cortex elasticity, ¢f. (8), while
F>™ describe cortex bending rigidity (10), F** originates from
an active cortical tension (11), F*" is a cytosolic response (13)
and F*" is adhesion between multiple cells (7). I' ; can similarly
be deconstructed into contact friction I'fi, ¢f (18), cortical
friction I'y; due to cortex viscosity, ¢f. (16), and Stokes drag I' £
representing friction of the surrounding fluid, ¢f (14). Due to
the non-trivial weighting of these different contributions, we
refer to the Appendix A for a more in-depth description.

The generated virtual tissue spheroids are relaxed over time
by solving eqn (1) for v; and integrating the nodal positions
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Fig. 1 Mechanical model and simulation setups. (a) Schematic representation
of a pair of adhering cells. Triangulated surface meshes are used to represent
visco-elastic cortical shells with thickness t. Passive mechanical properties
(Young's modulus E, Poisson ratio v and viscosity #) and active mechanics
(contractility y and apparent bulk modulus K’) are illustrated in the left and right
cell respectively. Contact mechanics are based on a linear contact model with
adhesive tension w. (b) Simulated annealing procedure. Black arrows represent
cell-cell repulsive potentials while white arrows represent random forces.
Initially, the random forces dominate the system. As the annealing simulation
progresses, the magnitude of random forces decrease and potential forces
increase until an (non-thermal) equilibrium is reached. (c) Snapshot of a DCM
aggregation simulation during the tissue compaction step. Spheroids are
initialized with the compact granular piles from the annealing procedure and
are briefly compressed before being allowed to find a new equilibrium.
The compression step was added to unjam the granular piles. (d) Simulated
confined indentation experiments are performed to mechanically probe the
spheroids. A spherical bead with radius 3R°*" applies a constant force of 15 nN
on the tissues.

accordingly. A detailed description of the computational model,
including expressions for the individual force contributions is
provided in Appendix A.

Within the simulated virtual tissue spheroids, we compute
three mechanical measures, each related to distinct biological
mechanisms of mechanosensing:

(1) The planar stress in the cortex-membrane complex,
which affects tension sensing machinery of the cell such as
stretch-activated membrane channels,>* is parameterized by
the in-plane net surface tension

1
,yeff — ETI-O_P , (2)

with ¢P the planar stress in the two-dimensional cortical sheet.
(2) The mechanical stress at cell-cell junctions, which
affects various mechanosensing pathways associated to
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cadherin complexes,>* is parameterized by the normal contact
Stress o,

Oon = A-61,

(3)

where ¢° is the contact stress and 7 is the normal direction on
the cell surface.

(3) The average mechanical stress inside the cell, associated
to nucleus mechanotransduction pathways such as YAP/TAZ,
and affects mechanisms that control cell volume,>*** is
estimated by a measure of the hydrostatic stress ¢" (derivation
provided in Appendix B),

h 1

61:3—%(

} A8, (x) - (x — x,) P2 (x) ()

S
where x,, S,, V, and P29" are the center, surface, volume and
contact pressure on the cell surface of a cell a.

The computational approximation of these mechanical
measures, in a virtual tissue spheroid generated using the
DCM, is detailed in Appendix C.

Simulation procedure

Our simulation setups consist of a seeding, aggregation and
loading phase. During seeding, stiff non-adherent beads are
randomly generated in a target volume and a simulated annealing
procedure® is used to generate compact granular piles, see Fig. 1b
and Appendix E. Bead sizes are polydisperse and sampled from a
gamma distribution with shape parameter k¥ &~ 37.75 and scale
parameter 0 =~ 0.24, based on experimental data from
Smeets et al.’

Next, beads are replaced with deformable cells with corres-
ponding positions and radii. During aggregation simulations,
cells are initially compacted until a confluent state is reached.
The confining pressure is released, allowing the system to relax
until a new (local) energetic minimum state is found, see
Fig. 1c. Mechanical measures are extracted, before starting
the loading phase.

In the final phase, spheroids are subjected to a confined
indentation simulation to quantify how mechanical loads
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propagate through the tissue, see Fig. 1d and Appendix G.
Similar to the unloaded tissues, mechanical measures are
extracted once the system reaches a steady-state. For each
configuration, which requires a computation time of ~80 h
we performed five independent replicates per setup and pool
the data per configuration.

Results
Heterogeneity and anisotropy of mechanical stress

Simulations of spheroids were performed using the DCM to
assess the spatial distribution of mechanical stress. Fig. 2
shows a comparison of simulated spheroids between reference
conditions (Table 1, A), cells with decreased adhesion strength
(B) and cells with decreased cortical stiffness (C). With
decreased adhesion, a loose granular aggregate is observed,
whereas a decrease in cortical stiffness results in compact,
nearly confluent micro-tissues. In all three conditions, the
mechanical measures yeff, ¢S, and " are spatially hetero-
geneous across the spheroids, indicating a large variance of
the mechanical microenvironment between individual cells.
Moreover, a distinct radial anisotropy separates the core from
the periphery. The effective surface tension is highly tensile at
the periphery and lower at the inner surface of the periphery
(Fig. 2b). Intermediate tensions are observed at the core. Cell-
cell junctions between peripheral cells are under tensile stress
(Fig. 2c), while the average junction stress at the core is lower.
The average intercellular stress is tensile towards the periphery
of the spheroid (Fig. 2d). These conditions parallel the
apico-basal asymmetry and mechanical state of a typical
epithelium.*® Conversely, cells in the core are compressed
and display a large variance in cortical tension and intercellular
stress. Inter-cellular variation in mechanical conditions are
caused by the granular nature of the spheroid, whereas further
inter-cellular variation results from microscopic pores near
triple junctions, which demonstrate elevated levels of tensile
stress.
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Fig. 2 Heterogeneity and anisotropy of stress distribution (a) simulation snapshot of three setups: reference case A, case B decreased adhesion strength
and case C decreased cortical stiffness, using dimensionless parameters y/w and Et/w. (b) Distribution of mean y°™ with standard deviation over the
normalized radial positions r/R3%". (c) Radial distribution of contact pressures ¢5,. (d) Radial profile of the hydrostatic stress ¢". All cases exhibit a

compressed core and tensile periphery.
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Table 1 Reference table of simulated cell mechanical properties
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Parameter Symbol Case A Case B Case C Units Source

Mean cell radius Reell 9.0 um 9

Effective cortical thickness t 200 nm 15, 27 and 28
Cortical stiffness E 20 5 0.3125 kPa 15 and 27
Poisson’s ratio cortex v 1/3 — 29

Cortical tension y 0.5 nN um ' 15, 27, 30 and 31
Adhesive tension ® 0.5 0.125 0.5 nN pm ™’ 19

Cell count N 150 —

To put these results in context of experimental findings, we
first compare the distribution of oy, on the surface of individual
cells to experimental measurements of cell-generated stress
using in situ pressure probes. In growing undifferentiated
melanoma tumor-repopulating cell colonies, Mohagheghain
et al. observe a heterogeneous distribution of normal and shear
stresses in the range of —358 Pa and 49 Pa respectively.>> For
reference case A, we obtain comparable values (Fig. 3b and c).
Unlike on our ‘virtual cells’, Fig. 3a, Mohagheghain et al. did not
observe any tensile stress on their pressure probes, possibly due
to the use of encapsulating hydrogels that favor a global
compressed state in the spheroid, or due to the reduced adhesive
tension in passive pressure probes. Still, our simulations
indicate that the existence of a radial gradient combined with
the granular micro-architecture inside of the spheroid are suffi-
cient to explain the overall observed heterogeneity of mechanical
stress. For comparison to the work of Campas et al., we compute
the “maximum anisotropic stress”, defining it as the difference
between 95th and 5th percentile of 6%, per cell."® We find values
in the measured range between 1.5 kPa and 3.6 kPa, see Fig. 3d.
Changing mechanical properties (A, B, C) has a strong influence
on the estimated maximum anisotropic stress, which is in line
with the observations when changing the cell type. In a follow-up
study, Lucio et al. computed the “Mean anisotropic stress” as
the standard deviation of the stress distribution per cell.*?
In contrast to our observations when computing this measure,
Fig. 3e, they found no significant radial asymmetry. However, in

our simulations, the mean anisotropic stress is only elevated in
the outer cell layer, whereas no pressure sensors where observed
in the outer cell layers in the study of Lucio et al.

Applicability of liquid droplet force balance

The observed radial dependency of the mean normal stress
(Fig. 3c) hints at the existence of a non-uniform bulk tissue
pressure, which is measured by the hydrostatic pressure ¢". In
analogy to liquid droplets, the Young-Laplace equation is
commonly used to describe the relation between tissue surface
tension and the pressure drop across its interface.>* Given our
observations, the apparent surface tension of the tissue is
established by the adhesive tension w, similar to the cohesion
energy between the constituent elements of an isotropic material,
see Appendix F.>**° Hence, given the minimal confluent spheroid

. /3 .
radius Ry =/ o >~ V., the theoretical pressure drop over the
Ty

interface is

oh, = 20/R3BE",

()

Fig. 4 shows how the local hydrostatic stress o

in simula-
tions compares to of, for varying cell mechanical properties.
Fixing Et/w = 1/8 and decreasing/results in spheroids with an
increasingly tensile periphery, and a compressed core in which
ol converges to af}, (Fig. 4a). The same trend can be observed

when fixing y/w = 1/2 while decreasing Et/c. However, at high
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Fig. 3 Comparison to experimental data (a) visualization of normal stress oj, = A-¢°-A on a simulated cell inside of the virtual tissue. (b) Radial distribution
of mean shear stress |c°-h — (h-c-A)A| per cell. (c) Radial distribution of the mean normal stress a5, per cell. (d) Radial distribution of maximal anisotropic
stress, calculated as the difference between the 95th and 5th percentile of a5, acting on an individual cell. Experimentally measured limits of 1.5 kPa and
3.6 kPa are represented by the grey dotted lines.!° (e) Radial profile of the mean anisotropic stress std(p(c5,)) acting on an individual cell. Experimentally
measured limits of 200 Pa and 350 Pa are represented by the grey dotted lines.*?

6606 | Soft Matter, 2021,17, 6603-6615

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm02033h

Open Access Article. Published on 18 June 2021. Downloaded on 7/19/2025 3:48:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

10 — FEt/w=1/8
— Etlw= 1
05| — Etlw= 8

Et/w= 64

0.0F—===—==—m e =1

a"l|o] ()
a|of| (-)

-0.5

0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
rIRG" () MR (-)
(@ (b)
10 — N=75
—— N=150

o5 N= 300

0.0f———==—=—————=

a"/|of] ()

-60 —45 =30 =15 0

r—Rg¥e" (um)

() (d)

Fig. 4 Comparison to liquid droplet mechanics (a and b) normalized "
over normalized radial positions while fixing Et/w = 1/8 or y/o = 1/2
respectively. For @ dominated systems, ¢" approaches the tissue-scale
Young-Laplace pressure o, in the core. (c) Varying the amount of cells in a
spheroid reveals the absolute scaling of the width of the tensile periphery. The
black vertical line denotes the transition from a contractile to a compressed
state, which occurs at the depth of one cell diameter. Peak tension is observed
at a depth of one cell radius. (d) Heat map of relative difference ¢™ in % for
different setups. Decreasing adhesion (increasing y/w) results in a steady
increase of ¢ until the continuum approximation breaks down and &' varies

wildly. Increasing stiffness Et/w has a similar, but less pronounced effect.

y/w, the simulated spheroids fail to establish a periphery that is
sufficiently well connected to generate a net surface tension
and the clear distinction between cells in the core and at the
periphery breaks down (Fig. 4b).
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To determine how the relative size of tensile and
compressed regions changes with spheroid size, we performed
simulations with varying cell counts, Fig. 4c. These demon-
strate that the thickness of the tensile periphery does not scale
with the total spheroid size, but remains constant and roughly
corresponds to one cell diameter. Similarly, the peak in tensile
stress occurs at a distance of one cell radius from the outer
surface. This observation is consistent with the liquid droplet
model, in which a microscopically thin tensile layer envelops a
continuous isotropic compressed core. A notable discrepancy
with liquid theory is that the magnitude of hydrostatic stress
decreases towards the spheroid center. We propose that this
behavior can be attributed to mechanical shielding effects, as
the granular architecture of the spheroids allows for the
formation of force bridges that shield underlying cells from
compressive loads. Indeed, as the spheroid structure becomes
confluent with increasing adhesion, this effect disappears and
a clear plateau in ¢" is observed, Fig. 4b.

To quantify the accordance to liquid theory, we calculate the
mean hydrostatic stress (¢") for all cells with a radial position
r < R — 2Rl From this, we define the relative error &' =
1 — (6")/of}, as a measure for the applicability of the Young-
Laplace law. Fig. 4d shows that for sufficiently large values of
cell-cell adhesion, the Young-Laplace law provides a good
approximation of the global mechanical balance in the
spheroid.

Distribution and propagation of external forces

Tissues are frequently subjected to external loads which alter
the self-established microenvironment of constituent cells.
We investigated the distribution of mechanical forces in a
simulated mechanical loading experiment. For this, simulated
spheroids were confined by a convex hull before being
subjected to a load of 15 nN, applied by a spherical probe with
radius 3R®", see Appendix G. Cell-cell connectivity and
the distribution of normalized cell-cell contact normal forces

1B < LB=22
N © N, B=25
Weoow L B=12
< IV,B=12
10-2 e
= s
a N\
10—3 * .
1 2 <) 4 5 6
f(-)

(c)

Fig. 5 Force distribution upon mechanical indentation (a) cell-cell connectivity graph where nodes (cells) are connected with weighted edges,
representing normalized contact forces f. In the soft adhesive case |, the graph is well connected and f is distributed fairly homogeneous. Tissues
consisting of stiff non-adherent cells, case IV, form less connected graphs where the distribution of f appears more anisotropic. (b) Heat map of mean
coordination number Z for the different simulated setups. For soft adhesive cases, Z is saturated at ~10.6-10.7. As Et/w and y/w increase, Z decreases;
reflecting the decrease in graph connectivity. (c) Estimated probability distribution of f with estimated exponent B for P(f) oc exp(—fP). For the fit of 3, only
f > 1 data was used. Bin widths and counts were determined by using Doane’s formula, taking into account the skewness of the data. (d) Heat map of
[3 for different setups. For tissues consisting of stiff non-adhesive cells, ﬁ approaches unity. As adhesion increases or cell stiffness is decreased, ﬂ increases

before reaching a plateau at ~2-2.5.
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f=—F°/(F6c) were extracted, with (F°) as the mean magnitude of
contact normal forces in the system. Fig. 5a visualizes the
contact force distribution throughout the tissue, using a
network representation of the tissue with cells as nodes and
cell-cell contacts as edges. Tissues consisting of soft adhesive
cells (Fig. 5a left) exhibit a higher connectivity than tissues
consisting of stiff non-adherent cells (Fig. 5a right). This
difference in connectivity is reflected in the mean coordination
number Z, see Fig. 5b. In granular piles, a value of Z close to the
critical coordination number Z. is linked to the presence of
force chains in the system.} These pronounced force chains are
responsible for the highly anisotropic propagation of loads.
Given the accordance to granular theory, as Z increases, loads
are distributed increasingly even as the network connectivity
improves.® Apart from tissue connectivity we also analyzed the
scaling of the probability density function of contact forces P(f)
between different configurations, see Fig. 5c. In the limit of
granular particles, an exponential decay is expected, where high
contact forces are increasingly rare P(f) oc exp(—f). As the
spheroids become progressively compressible, the expected
scaling approaches the normal distribution P(f) oc exp(—f?)
as forces are more evenly distributed in the network.® In order
to locate the simulated spheroids in this range, we fit P(f) oc
exp(—f"), estimating f by using an unconstrained curve fitting
procedure, see Fig. 5d. We observe a transition from f ~ 2 to
p =~ 1 as adhesion decreased or as cortical stiffness increased.

Discussion

In this work, we presented a mechanical model of multi-cellular
tissue spheroids that takes into account the microscopic structure
of the cellular material. The distribution and propagation of
mechanical forces inside virtual tissue spheroids were quantified
and compared to experimental measurements and theoretical
limits. For a reference configuration based on typical cell-like
mechanical properties, we obtain similar estimates for the
magnitude and heterogeneity of shear and normal stress
measures as experimentally measured.'®">*

Simulations revealed an inherent core-periphery asymmetry
established by the force-balance at the tissue boundary. We
demonstrated that in the limit of soft and adhesive cells, this
asymmetry can be well approximated using the model of a
liquid droplet, which balances the tissue’s internal pressure
with surface tension at the periphery. The asymmetry between
cells in the core and at the periphery is reflected in the
properties of the mechanical microenvironment, and is estab-
lished even in absence of mechanical heterogeneity in the
underlying cell population. This is of importance in the context
of micro-tissues, since no prior biochemical gradient is
required to establish this asymmetry. At the same time, cells
experience different mechanical conditions depending on their
location in the spheroid: cells at the periphery are under

1 The specific value of Z. is determined by the dimensionality of the system and
the relative contribution of contact friction; for our setups we estimated Z. ~ 6,
given the low contact friction in the simulated setups.
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pronounced lateral tension that is reminiscent of the mechanical
state of an epithelium, whereas cells at the core are generally
under compression, of which the magnitude and heterogeneity
depend on cell mechanical properties. Eventually, mechano-
transduction pathways may consolidate these differences in
discrepancies in cell fate.>® For example, we observed that for
larger spheroids, the relative size of the peripheral region
decreases, and shielding effects may decrease compression at
the core. Hence, it could be expected that the altered distribution
of mechanical states results in a different composition of cell
types, even in absence of mass transport effects.’”*® Recent
experiments support this notion.>® However, given the limitations
of our model and current experimental techniques, more data is
still needed to validate this claim.

Finally, we showed that two regimes of force distribution
occur, depending on the loading conditions and cell mechanical
properties: stiff granular spheroids exhibit force bridges and
highly heterogeneous force distributions, whereas soft, adhesive
and confluent tissues behave like a compressible granular
material with a normal distribution of internal mechanical
forces. In the stiff granular regime, the heterogeneity in the
mechanical microenvironment may be very large, even for
adjacent cells. As such, in absence of other control mechanisms,
mechanotransduction processes could amplify heterogeneity in
cell fate for spheroids in these configurations. Loaded
conditions on small multicellular assemblies are common in
many biological applications, for example in growing spheroids
encapsulated in elastic materials.">*' Hence, it may be
opportune to identify the loading regime, which is reflected in
the microscopic architecture of the cellular packing through the
cell-cell connectivity number.

This work approximated cellular properties based on a
mechanical description that focuses on the cell cortex.
Comparing to realistic cells, this approach has some evident
limitations, the implication of which will be discussed here.
First of all, we assumed cellular properties to be static over
time, whereas in reality, many cellular properties are dynamic,
responsive, and often timescale dependent.** Moreover, by not
including active motility, simulated cells are effectively frozen
in a jammed state. These limitations prevent us from analyzing
tissue rheology and dynamics. Still, in many biological systems,
both in vivo and in vitro, cells are not very motile, and remain in
a jammed configuration.*> Secondly, our model considers
mechanical properties to be uniform across the cell. For
example, we assumed constant non-specific adhesive tension.
In reality, adhesive ligands tend to be strongly clustered near
the edges of cell-cell contacts, a phenomenon that could alter
the distribution of inter-cellular stress.** However, the modeled
‘adhesive tension’, expressed in the force balance at an inter-
cellular junction, stems from the combination of adhesion
energy and differential interfacial tension, see Appendix A. The
latter originates from a decrease of acto-myosin contractility near
cell-cell interfaces and has been shown to dominate the energy
contribution in the net adhesive tension."**%**

Finally, our model does not take into account the presence
of extracellular matrix, which is expected to contribute heavily

This journal is © The Royal Society of Chemistry 2021
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to force transmission and distribution. This limits the applicability
of the model predictions to immature artificial spheroids and early
developmental structures, where the pericellular matrix is absent or
sufficiently thin to justify its exclusion.*® Future developments that
take into account the contribution of the aforementioned phenom-
ena in a similar modeling strategy will allow the quantification of
mechanical effects due to tissue dynamics, and of changes in the
mechanical microenvironment during tissue maturation.
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Appendix A: deformable cell model

The acto-myosin cortex of a cell is represented by a visco-elastic
shell. We approximate this shell by a triangulated surface mesh
with effective thickness ¢, and nodal positions x; as the relevant
degrees of freedom. First, contact mechanics are briefly
summarized, after which implementation of the visco-elastic
cortical shell model is discussed.

Contact mechanics

In the mechanical cell model, we assume a fixed and uniform
adhesive tension w across the cell surface. The adhesive tension
incorporates cell-cell adhesive interactions as well as the effect
of cortical tension reduction at the cell-cell interface: w, =
o™ + 9 — 7', where ™[] m~?] represents the adhesive energy
density due to adhesion molecule interactions and depletion
forces at the interface, y [N m™ '] is the cortical tension or
equivalently the cell-medium interfacial tension and 7' [N m™]
is the cell-cell interfacial tension.’®?®*® The total adhesive
tension w acting on interface (AB) is given by @ = wp + wg.

A linear force, scaling with contact overlap J, was introduced
to represent repulsive interactions between surfaces and ensure
stable contacts. The contact potential for contact-pair (AB) with
contact area Sup is then given by

padh _ (SA;B_&ABz oS
T A

where a distinction can be made between the attractive and
repulsive energy contributions respectively. The effective range
of adhesion &, was incorporated by virtually translating contact
surfaces along their normals, see Fig. 6. Contact overlap
distance J4p is calculated with respect to these translated
surfaces.
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Fig. 6 Contact geometry: (top) side view of surfaces A and B. To compute
the overlap distance, the surfaces are virtually translated for the range of
adhesion hg along their normals. Contact model calculations are then
performed based on the translated surfaces A’ and B’. (mid) Side view
according in the direction of the intersection line T4g for translated triangle
pair (A’, B'). The dotted horizontal line represents the contact plane, the
smaller dotted lines represent the direction in which the triangle areas
are projected on the plane. The red line segment represents the
contact polygon A n B, the intersect of projected triangles AP and BP is
represented by Sag. Contact angle « is estimated as cos(f) = Aap-ha.
(bottom) Top view according to contact normal fug for intersecting
triangle pair (A’, B'). The dotted vertical line represents the intersection
line T5. Projected areas SP are defined by projecting triangle areas S via the
normal direction of their intersection partner on the contact plane.

The resulting contact pressure P21 is estimated with a linear
contact pressure model where no energy is stored in deformation
at equilibrium

PaA%h(x) = kABéAB(x) — PgB)

contact stiffness k,z and adhesive pressure Pz need to be set.
To ensure that at equilibrium (P53" = 0) the work of adhesion w
is recovered, contact stiffness has to be defined as k45 = PSp/h
with P}z = w/he. The specific value h, does not influence
simulation outcome due to the scale separation, z, < Reel,
This is valid for all performed simulations as the effective range
of adhesion h, was estimated as 300 nm.*® Contact overlap
distance at point x was defined as

Sa5(x) = max{0; 2(x — sap)-(fiap x Iyp)tan 0},

where 0 is the contact angle, i, oc (fiy — fi,) x L,z the contact
normal and s,z is an arbitrary point on the intersection line
defined by I,5 oc 71, X fiz, as reported by Smeets et al.,*” see also
Fig. 6. The resulting contact forces and moment are obtained by
integrating the total contact pressure over the oriented contact
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area Syp,
Pl = [dSuale) P o). (6)

To distribute the contact forces acting on the contact plains
to the nodal contact forces Fif;f}, it is assumed that the nodal
forces are collinear with the contact normal 7i,z. This results in
a system of linear equations per contact pair (AB)

adh
> Fik

icA

- fj 48 45(x) P8 (x)
x€ANB

X Z (V= digp @ figp) - (x; — x4p)] X Fidz?,i )

icA

j dS.ap(x) X (¥ — x.45) P2 (x)
xeANB

which guarantees a unique solution for every FaAji;} Contact
point x,p is defined as the geometric center of the intersection
polygon A n B.*’ The integrals on RHS are calculated by using a
numerical quadrature rule presented in ref. 48 with quadrature
points covering each triangle of the triangulated intersection
polygon A n B obtained as an intersection of projected trian-
gles on a common plane, see Fig. 6. The solution for this system
is presented and discussed in the work of Smeets et al.*’

Cortex elasticity

Passive mechanical properties dominate cortex behavior at
short time-scales (<5 min). As cortex deformation is assumed
to be small, a linear elastic model is used to capture in-plane
stretching and compression energy. For nodes (i) this gives

2
dj — d?f>
el el( / Yy

Bp=—rm
where d;; = ||x; — x;| and d;f represent the current and equilibrium
distance between nodes i and j with positions x; and x;
respectively. The linear spring force between the connected nodes
is then given by

F3l =k (dy — dy ) (8)
with

A X — X;
J !

fy ==
i

The linear spring stiffness k%, under our assumption of an
isotropic linear elastic material model, can be approximated by
using Van Gelder’s formula:

_ Et(SAJ‘j + SB_,‘]')

el
k dﬂ
i

in which (S, ; + Sz ) is the area of the connected triangle pair (4B)
associated with spring (i) € A n B.* E and ¢ are cortex specific
parameters, representing the Young’s modulus and effective
thickness of the cortex.

Due to its non-zero thickness, the cortex also has bending
rigidity. The energy required to bend connected triangles (AB) is
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given by
ESd — 04[] — cos (045 — 075)] ©)

in which 6,z and 6% represent the instantaneous and
spontaneous angles between a pair of adjacent triangles (AB).
Derived from the macroscopic (continuum) flexural rigidity of a
sheet, we estimate

EP

bend __
= 12(1 — 12)

with v as the Poisson ratio of the cortex. To be consistent with
the assumption of an isotropic linear elastic material, v is fixed
at a value of 1/3.>° The bending force

Fbend _ _OEAB
ABii axi

(10)

acting on each of the triangle nodes i € A are distributed as
derived by Fedosov.”®

Active cellular properties

Tension generated in the cortex results from acto-myosin
contractility which we represent as an effective surface tension
y in the cortical shell model. Using the derivation of Fedosov
et al.,>* the direct force contribution of surface tension y is
given by

Ft = %(xk — X)) X fig,

(1)
where i, j, k are nodes of a single triangle A = (ijk).

Since the cytoplasm is assumed to be incompressible, active
volume control is implemented via a cytoplasmic pressure. We
assume the equilibrium volume V7 of a cell o is constant at
short timescales and implemented a proportional-integral-
derivative (PID) pressure controller to enforce this. The
cytoplasmic pressure PY(£) due to the volume controller is then
estimated as

K de, (1)
cyt — _ _ _ o
PY(1) Ke, (1) T Odssa(s) KTy T

(12)

for a cell with volumetric strain &, (1) = (V. (1) — V;)/V;. Trand
Tq4 are typically chosen as one order of magnitude larger than
the time-resolution with which the system is updated. In the
main text Fig. 1 we used K’ to represent the effective bulk
modulus of a cell, lumping the different contributions of
eqn (12) into a single parameter.
The total pressure acting on a node
2y

Pi(t) =
! Rgcll

+ P2 (1),

includes an additional offset pressure 2y/RS™" to balance the
acto-myosin contractility in the cortex. This ensures cells are in
mechanical equilibrium at the start of the simulations. The
force acting on node i due to nodal pressure P(t), is obtained by
integrating over the node associated oriented Voronoi area S;.
Given the pressure is constant over the cell surface, the force is
simply given by
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F'(t) = SiPA(2). (13)

Dissipative forces
Apart from conservative forces, dissipative forces are considered
as well. A general drag force

rag _ f
F{™8 = —I'jv,

where

f 3

i 2Rce|lSiH’

(14)

is included to account for the liquid drag between the cells and
their medium due to the fluid viscosity ;%. When dealing with
arbitrary shapes this approximation is no longer correct. Even
though F¢™# is small compared to other dissipative forces, it is
still used to improve the stability of the numerical integration
scheme as it ensures the resistance matrix is positive definite,
see equation of motion.>>

A much larger contribution to energy dissipation arises from
cortex viscosity. The viscous damping force between two con-
nected nodes is given by

Fj = 50— v) (15)
with friction elements
”7
F ¢ = 16

where 5 represents the cortical viscosity and [ is the second-
order identity tensor. This cortical damper works in parallel
with the cortical springs defined in eqn (8).

Finally a viscous contact force is included to account for
drag between contacting triangles. The contact drag force
acting on node i of triangle A of the contact pair (4B)

fric __ pfric AB
Figi =145 E wi (
keB

Ve — Vi) (17)

determined by a friction tensor I'Ty and weights wi per node k of
the B triangle. Wi are assumed to scale with the relative contribu-

tion of the nodal contact forces to the overall contact force thus

adh adh A
<FAB,i + FAB.k) 4B

ik = adh A
6 Z Fjék-nAB
VkeB

is used as an approximation. I'fi for a given contact area S,y is

estimated as

rie — Sp [VLﬁAB @ figp+ 91— diap ® 'L‘B)]

with normal and tangential friction coefficients p1 and !
respectively.
Note that (17) can be equivalently formulated as
fri f
Ff{g,i = er;glk ( k= vi)
keB
if we denote
Il = wif i (18)
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Equation of motion

In the overdamped cellular environment, inertial forces may be
neglected.®® Based on the different contributions described
above, the force balance for node 7 gives
dh
> Fi

YA S PR
J

):icA (AB):icA
=TIt v+ rs - (vi—v)+ riie . (v; —w)
=4tV ij i j ABjik * k
J (AB):icA keB

which can be abbreviated as
Fi=) Ty
J

for a system consisting of N nodes, where

i+ Y Ti+ X S Tiss i=J
kik#i (AB):icA keB
F,'/' =

fric sy
FAB@'/W i#j.

C

FU (AB):%:AJEB
The Cartesian components of the overall force vectors can be
represented as a single (3N x 1) column matrix, while
the friction matrices can be assembled to a single (3N X 3N)
sparse symmetric positive definite friction matrix."*** The
conjugate gradient method is then used to efficiently solve
the system for {vj} at each iteration. Positions of the nodes
are subsequently updated using a forward Euler integration
scheme.

. nt C
We estimated { = 27—}as the characteristic timescale and used

it to determine simulation time-step 8¢ = {/N. In order to
minimize computational time without sacrificing accuracy, a
small study was performed with varying N. Based on the
convergence of output measures, N = 25 was chosen.

A full simulation procedure took on average 60-80 h for a
single setup, this was however heavily influenced by tissues size
and tissue connectivity.

Appendix B: tissue stress estimation

In order to estimate the macroscopic stress induced inside
the tissue during compression, we need to find a suitable
continuous representation of our discrete system. The typical
approach how to describe a stress distribution in a continuous
mechanics is to distribution of forces on a suitable elementary
volume. On the tissue scale, a single cell is a natural choice for
such an elementary volume.

We further assume that the Cauchy stress theorem is still
valid for a macroscopic stress. Namely, we assume that the
external force applied on a surface S of the cell « can be fully
characterized by cellular macroscopic stress g,

F = LdSa(x) < 0,(x).

In our model, external forces on the cell are mediated only by
contact forces (6), contact frictions (17) and liquid drag (14). In
the static (equilibrium) configuration the later two contributions
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vanish. Consequently, we can formulate the Cauchy stress
theorem for every contact pair (4B) as

Fi = j 48, (x) - 0 (), (19)

where the area of interest on the cell surface is the contact area
Sap. While for any area S not belonging to any contact pair, Ze.

SN U Sus=0,
(48)

(20)

0= Ldsm(x) - 04(x).

The macroscopic stress g, on the cell « is then a suitable
candidate simultaneously fulfilling set of eqn (19) and (20).
An obvious choice is the normal contact pressure

Obv — E PAB not

X) ® Ay (x).

However, such a choice is not suitable for characterizing the
average mechanical conditions of cells at the tissue scale.
On tissue scale the stress inside a cell can be considered
uniform, o,(x) = ¢,. By imposing such strong assumption, we
can no longer fulfill simultaneously all eqn (19) and (20).
Moreover, due to the cell being in mechanical equilibrium
without the presence of body forces, the mean square error
defined by integrating all contributions over the cell surface S,
is automatically zero,

+ds

A suitable candidate for an error function, inspired by the
functional form of the virial stress, is

Z Fddh _

dSoc c Oy - AB — Ay
(Z)[ (x) - 0 - (Xap — 1)

+ >
s:sn | Sap=2

(4B)

_ Z Fddh xAB _ xo()

(x4 — xy)

Lde,vv_ (x) -0y

which, in the limit of an infinitesimally fine triangulation,
simplifies to

§ 4.0,

o

(x—xy) = ﬁ; dsS,(x) - (x — x,) Z P ().

(4B)

Note, that unlike in the naive approach where contact pressures
were weighted by the contact area, in this approach they are
weighted by (triple) the volume of the conical section from the
center of the cell to the contact area.

Assuming the macroscopic stress tensor is symmetric, g, = Gy

S5 P,

Aco B

and contact pressure on the cell surface P (x) =
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the equation can be further simplified to

Tro, - c[> dS,(x) ® (x — x,) = a’) dS,(x) - (x — x,) PP (x),

Js,

where the integral can be further evaluated by using a
generalized Stokes theorem

}dsa(x) ® (x — x,) = Vi,
Sy

which leads to constraint

Tro, = Viil dS,(x) - (x — x,) P (x). (21)

o Js

This quantity characterizes the macroscopic tension (pressure)
inside a cell and is equivalent to the hydrostatic tension acting on

the droplet replacement of the cell**
1
ol = 7, s, dS,(x) - (x — x,) P29 (x).

Appendix C: mechanical measures

To obtain the reported mechanical measures, we perform five
independent repeats for each experimental condition. A statistical
ensemble is generated by pooling the end states of these
repeats. This ensemble is then used to determine the mean
value and variances. To generate radial profiles, spatially
distributed quantities were binned based on their relative
position vector.

(1) For each node i of the triangulated representation of the
cell, connected to N triangles, the in-plane cortex tension
eqn (2) is estimated as

1 Fe oy

i ij iy

N RR) T

I i %di,- tan —
: N

i

where we weight in all spring tensions Fe yldy, cf. (8), from all
connected nodes j.**

(2) The contact stress, eqn (3), is estimated for each triangle
A by summing the contact forces F4 for all contact pairs (AB),

¢. (6),

1 dh A
nnA""Si Z FilB]'nAv
4 p.(4B)

where 7i, and S, are the normal unit vector and area of triangle A.
The total contact force magnitude acting on the interface of cell
pair () is then estimated as

Fadh ~

adh = A
off F A

B Maup

D

(AB):AcanBep

projecting all forces at the interface of cells « and f to the
direction A,; oc x, — Xp.
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(3) We estimate the hydrostatic stress expressed in eqn (4)
(derivation provided in Appendix B) as

1 .
o~ WV ZZF‘E? (x4 — Xy).

% Adea B

To increase the spatial resolution of cell related variables such
as ¢ estimates, point probes were randomly distributed
in the tissue aggregates. For a given setup, 10 000 probes were
used to estimate the ¢" for a given location, interpolating
between the values of the cellular nearest neighbors. This
was done independently for the 5 replicas per setup. The results
were binned based on the radial position inside of the
tissue spheroid to generate the radial profiles reported in the
main text.

Appendix D: list of model parameters

Table 2 Reference table of cell mechanical properties

Parameter Symbol Value Unit
Cell radius Reell 5-13 pm
Effective cortical thickness t 200 nm
Cortical stiffness E 0.3125-320 kPa
Poisson’s ratio cortex v 1 —

3
Cortical tension y 0.5 nN pm™*
Adhesive tension w 0.0625-1 nN um™*
Cell count N 75-600 —
Normal contact friction yl 0.05 kPa s pm™*
Tangential contact friction ! 0.05 kPa s pm ™"
Cortical viscosity n 1 kPa s
Fluid viscosity i 0.05 kPa s
Bulk modulus cell K 5 kPa
Integration time Ty 0.115 s
Differentiation time Tq 1.15 s
Time step ot 3.85 ms

Appendix E: simulated annealing

Simulated annealing-based approaches have been used to
optimize 3D packing in general components layout
problems. During the seeding phase, a simulated annealing
procedure was used to generate compact granular piles.
These piles were then used to initialize the aggregation
simulations.

Our simulated annealing procedures are initialized by randomly
seeding beads in the selected geometry with a density slightly lower
than the close-packing density. Due to the distribution of cell radii
and random placement, overlapping beads will be present. A linear
repulsive force model was used to describe bead-bead contacts,
minimizing bead overlaps. Random forces were introduced to
agitate the beads, unjamming the system. The annealing procedure
is achieved by an exponential decay of the mean magnitude of the
random (Gaussian) force, while at the same time the stiffness of the
repulsive potential is linearly increased. This means that the system
effectively cools down to a (global) potential minimum, with a
reduced chance of getting caught in local minima caused by bead
jamming.
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Fig. 7 Comparison to liquid droplet mechanics. Normalized ¢" over
normalized radial positions. For @ dominated systems, ¢" approaches the
tissue-scale Young—Laplace pressure of, in the core. (a) Broad parameter
sweep. Overall y/w seems to dominate the mechanical behavior for the cell
For low y/w, Et/w effects can be observed. However, as y/w increases, Et/w
effects become less pronounced. (b) Refined parameter sweep in the liquid
limit. The trend (¢"/|o}| scaling) evolves smoothly and is dominated by/effects.
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Appendix F: the adhesive limit

In the soft adhesive limit, adhesive forces balanced by volume
conservation forces dominate the system. In the bulk of the
tissue, symmetry conditions (cell-cell contact in all directions)
assure that the mean total adhesive force acting on a cell has no
net direction. At the periphery, a net inward facing force
(pointing towards the core of the aggregate) emerges as the
adhesive forces over the cell surface are not symmetric at the
tissue boundary. This is very analogous to how the surface
tension of an isotropic material results from an imbalance of
cohesive forces between the molecules. With this analogy, it
can be seen that the cell-cell property (adhesive tension)
emerges as a tissue-scale property (effective surface tension of
the tissue) in this soft adhesive limit.

As " represents the bulk tissue pressure, the relation
between ¢" and adhesive tension o is then the result of
the geometrical boundary conditions: mean tissue curvature
2/REE". This relation is described by the young-Laplace law
oh = 20/ R385,

However, and importantly, this only holds for very specific
cases, where no external loads are applied on the tissue and
when cell mechanical properties are within the adhesive limit,
where the confluent tissue behaves as an isotropic material.

To investigate how ¢" converged to o}, a full parameter
sweep was performed, see Fig. 7. As the trend scaled smoothly,
a subset of the data was used in the main text as to not over-
saturate the graph, see Fig. 4a and b.

Appendix G: indentation simulations

To mechanically probe the spheroids generated in the aggregation
phase, indentation simulations were performed. In our work we
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opted to perform confined indentation experiments where a
convex hull was fitted around the samples before being probed.
The contact stiffness of these hulls should be sufficiently high to
confine the samples during compression, while not being to high
as too introduce numerical artifacts. As a probe we used a stiff
bead with radius R = 3R°, A Hertzian contact model with slip
boundary conditions was used to model both cell-hull and cell
probe interactions.

Using a force based controller, we indented the samples
with a force of 15 nN, generating a force-displacement curve as
the simulation progressed. Once the probe reached a stable
position, cell-cell contact forces were extracted for further
analysis, see main text.
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