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Multicellular aggregates are known to exhibit liquid-like properties. The fusion process of two cell
aggregates is commonly studied as the coalescence of two viscous drops. However, tissues are complex
materials and can exhibit viscoelastic behaviour. It is known that elastic effects can prevent the complete
fusion of two drops, a phenomenon known as arrested coalescence. Here we study this phenomenon in
stem cell aggregates and provide a theoretical framework which agrees with the experiments. In addition,
agent-based simulations show that active cell fluctuations can control a solid-to-fluid phase transition,
revealing that arrested coalescence can be found in the vicinity of an unjamming transition. By analysing the
dynamics of the fusion process and combining it with nanoindentation measurements, we obtain the
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effective viscosity, shear modulus and surface tension of the aggregates. More generally, our work provides
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Shaping of organs during morphogenesis results from the
material response of the constituent tissues to the forces which
in turn are generated by them. Understanding the material
properties of biological tissues holds the key to elucidating how
shape and form emerge during morphogenesis both in vivo
during embryonic development,’? as well as in vitro in the context
of synthetic morphogenesis.>” For instance, viscous dissipation
allows tissues to gradually change their shape without accumula-
tion of significant stresses®” and adapt to different environments.
Embryonic tissues are known to exhibit liquid-like properties:
they round up,®® fuse,'® engulf other tissues'* and segregate or
sort from heterotypic cell mixtures.'>"® However, tissues are also
known to exhibit elastic behaviour which can critically affect the
final tissue configuration.**'* Unlike viscous forces, which only
affect the rate of deformation of the tissue, elastic forces can resist
deformation leading to a non-trivial final tissue configuration.
Indeed jamming'* and viscoelastic®'> effects have been shown to
be critical in different morphogenetic processes.

The mechanical properties of tissues have been measured
using a wide range of techniques (for a detailed review see
ref. 16 and 17). Absolute measurements of tissue mechanical
parameters such as surface tension 7y, viscosity # or shear
modulus g, are possible by means of different techniques such
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a simple, fast and inexpensive method to characterize the mechanical properties of viscoelastic materials.

as parallel plate compression,®'®"°

analysis,”*® micropipette aspiration®* and drop sensors.
In all cases, an external force is used to probe the system.
A few methods have been used to obtain relative measurements
at the tissue scale such as laser ablation** or the fusion of
multicellular aggregates.>>>” In both cases the measured velo-
cities can be related to material properties. In the first case, the
strain rate is related to the ratio of tissue stress ¢ and viscosity
1,2* while in the second case the speed of fusion is dictated
by the viscocapillary velocity y/5.>**3! Of all the previous
methods, limited appreciation has been given to the fusion
method,'®*”?** which is arguably one of the simplest methods
to obtain relative measures. Additional advantages of the
method are the fact that there is no need for a calibrated probe
and it is a non-contact method.'® The fusion of viscoelastic
droplets is known to exhibit a phenomenon known as arrested
coalescence,* 7 whereby the degree of coalescence is related
to the elasticity of the material. The stable anisotropic shapes it
can produce, have been exploited extensively to produce emul-
sions in a wide range of industries like food, cosmetics,
petroleum and pharmaceutical formulations.>*3%%%3° Interest-
ingly, this phenomenon has also been observed in biological
tissues,*>** as well as other active matter systems such as ant** or
bacterial*® aggregate colonies. Despite the fact that the sintering
of drops is a classical problem that has been extensively studied
both for passive®®>%**"*® and active systems,***"***34718 arrested
coalescence still remains poorly understood.

In this work, we study the phenomenon of arrested coalescence
in stem cell aggregates and show that a minimal Kelvin-Voigt
model successfully captures the dynamics of the process. By fitting

axisymmetric drop shape
22,23

Soft Matter, 2022,18, 3771-3780 | 3771


https://orcid.org/0000-0002-8356-7832
http://crossmark.crossref.org/dialog/?doi=10.1039/d2sm00063f&domain=pdf&date_stamp=2022-04-06
https://doi.org/10.1039/d2sm00063f
https://doi.org/10.1039/d2sm00063f
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sm00063f
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM018019

Open Access Article. Published on 05 May 2022. Downloaded on 11/9/2025 3:38:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

our model to the fusion dynamics, the viscocapillary velocity
Ve = 7/ and the shear elastocapillary length /. = 7/u*® can be
obtained. In addition, we complement these results with nano-
indentation measurements to obtain absolute values of the effec-
tive viscosity, shear modulus and surface tension of the aggregates.
Finally, by using agent-based simulations of the fusion process, we
propose a mechanism by which active cell fluctuations can drive a
solid-to-fluid phase transition and explore how the supracellular
mechanical properties arise from the cell level interactions.

1 Experimental setup

Fusion experiments were carried out by placing two cellular
aggregates in contact with each other (Fig. 1A and B). In Fig. 1C
an example of the fusion of two aggregates of mouse embryonic
stem cells is shown. Arrested coalescence was observed after ~4 h
(Fig. 1C and Movie S1, ESIt), with anisotropic shapes maintained
for the next ~6 h. During the fusion process, the aggregates
increased in size due to cell proliferation. To quantify the change
in radius we imaged the growth of single aggregates. The radius of
the aggregates increased linearly over time. After ~4 h, the radius
of the aggregates increased by ~5%, corresponding to a ~15%
increase in volume (Fig. S1, ESIT). The doubling time of the cells
was estimated by simply fitting a linear function to the time
evolution of the aggregate radius (see Appendix) and was found to
be T=13.8 + 0.4 h (n = 10, mean £ SD). Given that the fusion
process is ~ 3 times faster than cell division, we conclude that the
volume of the cell aggregates does not change significantly during
the fusion process.

2 Continuum model

In order to understand the fusion dynamics, we considered
each multicellular aggregate as a drop of a homogeneous
incompressible Kelvin-Voigt material with effective shear
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Fig.1 Arrested coalescence in aggregates of mouse embryonic stem
cells. (A) Spheroids were formed by aggregation of embryonic stem cells
in low adhesion U-bottom multiwell plates. (B) Cell aggregates were
placed in close contact at 24 h after aggregation and the fusion process
was imaged using bright field microscopy. (C) Image sequence of a fusion
event showing the resulting anisotropic shape of the assembly. Notice that
the anisotropic shape of the assembly does not change significantly from
~2 h to 10 h. Scale bar: 50 pm.
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viscosity #, shear modulus u and surface tension y. Kelvin-
Voigt type models have been shown to be successful in descri-
bing the relaxation dynamics of multiple types of embryonic
tissue explants'® and cellular spheroids,® and they are arguably
the simplest models to describe arrested coalescence.*® Given
the fact that there is no apparent order in our aggregates, we
will neglect an active anisotropic stress contribution considered
in other studies.*® The constitutive equation for the stress

1
tensor ¢ is then ¢ = 257é + 2ue — PI, where ¢ = E[Vu + (Vu)T]

is the symmetric strain tensor, P is the hydrostatic pressure and
u is the displacement field. Given that cell proliferation is
negligible on the timescale of fusion, we approximate the
continuity equation as V-u = 0. Force balance in the bulk and
on the surface read V-6 = 0 and ¢-n = 2yHn, respectively, where
H is the local mean curvature of the surface and n is the unit
normal vector to the surface. Notice that in general 7, y, y or
P will depend on cell activity. Next, following the work in
ref. 28-31, we approximate the assembly as two identical
spherical caps of radius R(0) with a circular contact ‘neck’
region of radius 7(0) = R(0)sin0, with a fusion angle 0
(Fig. 2A). The dependence of the radius R on 0§ is determined
by the incompressibility condition (see Appendix). The
dynamics of the fusion process will be described by the evolu-
tion of 0(¢). Let us assume the axis of fusion to be e, (Fig. 24A).
The end-to-end length L(6) of the fusion assembly along this
axis will be given by L(0) = 2R(0)(1 + cos ). It is known that
coalescence of viscoelastic solid drops can be suppressed for
sufficiently large values of the elastic modulus.*® The physics at
the onset of fusion is not captured by our hydrodynamic model
and has its origin on the cell-cell interactions between the two
aggregates. To account for such an effect we incorporate an ad
hoc yield strain by considering a shift of the rest length L'(0) =
L(0) + 8L, being 8L/L(0) « 1. In this way, we include a minimum
critical strain that needs to be overcome to trigger coalescence,
as proposed in ref. 36. The strain is approximated as O,u ~ —
¢(0), with ¢(0) = [L'(0) — L(0)]/L’(0) ~ &y + &1(0), where &y = SL/
R(6)

L'(0) is the yield strain and ¢ (0) =1 — (I 4+ cos0) is the

2R
strain caused by fusion.*® The corresponding strain rate reads
1 d
Ot ~ —£(0) = =— —[R(0)(1 + cos 0)]. The previous expression
2R, dt

differs from the one used in ref. 26 and 28-31, where strain is
defined using the distance between the center of a droplet in the
assembly and the fusion plane (i.e. R(0)cos0), as opposed to the
end-to-end length L(0). Both expressions are only equivalent for
small angles (ie. 0 « 1). We will use the end-to-end distance
definition to be consistent with previous studies on arrested
coalescence,*® where the maximum strain for complete coales-
cence reads & (n/2) = 1-272 ~ 0.37. Using the previous expres-
sions we can calculate the dynamics of 0 by equating the work per
unit time done by the bulk and surface forces® (see Appendix).
The equation for the dynamics of the fusion angle 6(t) reads

3
_2et 9(%) L/(0) — Pe(0)] )

T
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Fig. 2 (A) Schematics of two identical droplets fusing along the e, axis. 0 is
the angle of fusion which is n/2 for complete coalescence and takes a
value in the range (0, n/2) for arrested coalescence. R(6) is the radius of
each aggregate, r(0) is the neck radius during the fusion process and L(0) is
the end-to-end length. (B) Time evolution of (r/R)? = sin® as a function of
the inverse elastocapillary number  for © = 4 h and ¢y = 0.11 by solving
egn (1) (see Appendix). (C) Bifurcation diagram showing the steady state
coalescence angle 0. as a function of p/f.. For f < fc the system
undergoes a pitchfork bifurcation where the non-fused state loses stability
in favour of the fused state. The numerical steady state solution of egn (1) is
shown as a solid line while the approximate analytical solution assuming
R(0) ~ Rgis shown as a dashed line (see Appendix). ey = 0.11. (D) Yield strain
dependence of Omax on f by solving egn (1) numerically at steady state.
Inset: f dependence on the yield strain & for different 0. values
(in radians).

where © = nRy/y is the characteristic viscocapillary time and
P = uRy/y is a dimensionless parameter characterizing the degree
of fusion. The latter dimensionless number is related to the shear
elastocapillary length 7. = Ry/f. Finally, f(0) and g(6) are functions
that depend on the angle 0 (see Appendix). The viscoelastic
relaxation time can be obtained as 1, = y/p = t/f§ = /¢/v.. For small
angles and f = 0, eqn (1) reduces to the typical form for the
sintering of viscous drops.**' Considering § as our bifurcation
parameter, we find that for f > fi. = 1/ey, elasticity overcomes
surface tension and the stable state is 0 = 0, i.e. no fusion (see
Appendix). However, for < fi, the system undergoes a pitchfork
bifurcation whereby the state 0 = 0 becomes unstable and droplets
fuse (Fig. 2B and C). This critical condition f = f3. is equivalent to
2

oy = R which means that coalescence starts when the Laplace
0

pressure equals a yield stress oy = 2uey. Finally, in Fig. 2D we show
the dependence of the maximum fusion angle 0., on f, as a
function of the yield strain ¢y. For the low coalescence regime, to
achieve a given steady-state angle 0,,., changes in &y are accom-
panied by large changes in . However, in the high coalescence
regime, the values of 0,,,, are weakly dependent on &y, ie. large
changes in ¢y are accompanied by small changes in f (see Fig. 2D,
inset). Given that our experimental data were found in the latter
regime (the minimum steady state angle is ~1 rad), for simplicity

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (A) Fusion dynamics quantification showing the averaged time

evolution of sin0, where 0 is the fusion angle of the assembly (see
Fig. 2). Three different aggregate sizes are shown (shaded regions denote
SD around the mean experimental curve). The numerical fits (solid lines)
are obtained using eqgn (1). (B) The parameters t and f scale linearly with
the aggregate size as expected from the theory. From the slope the
viscocapillary velocity v and shear elastocapillary length 7. can be inferred
(mean =+ SD. Errors in the y-axis are smaller than the symbol size, n = 63
fusion events).

we assumed &y = 0. Image analysis was performed for each
aggregate by using the software MOrgAna (see ref. 50 and
Appendix). By tracking the end-to-end distance of the assembly
L over time, we inferred the time evolution of the fusion angle 0
(see Fig. S2, ESIT and Appendix). The study was carried out by
averaging n = 63 fusion events using different aggregate sizes
(see Fig. 3A). The resulting curves were numerically fitted to the
solution of eqn (1) (Fig. 3A). In Fig. 3B, the inferred parameters
7 and f§ are shown to scale linearly with the aggregate size R,, in
agreement with our linear viscoelastic solid model. From the
slopes of Fig. 3B, we obtain v, = 0.10 & 0.01 um min™ ", /. =30 £
4 pm and 7, = 5.0 = 0.8 h (n = 63 fusion events). These results
were combined with nanoindentation measurements (Fig. S3,
ESIt) where the Hertz model was fitted to the indentation
curves (see Appendix). The average shear modulus was p =
33 + 4 Pa (mean =+ SE, n = 25 aggregates), leading to an effective
surface tension y = 1.0 + 0.2 mN m™ " and viscosity 1 = (6 £ 1) x
10° Pa s. The viscosity and elasticity values are found in the
typical range,'®*"**? while the surface tension is found in the
lower bound of typical values, similar to neural retina or
embryonic chicken tissues."’

3 Agent-based simulations

Despite the Kelvin-Voigt model providing a good fit to the
experimental data, the rheology of cell aggregates is indeed
much more complicated and it is unclear how cell-cell inter-
actions give rise to the observed effective macroscopic mechan-
ical properties. To understand this, we turned to agent-based
simulations of cellular aggregates using the GPU-based soft-
ware ya||a (see Fig. 4A), which supports easy implementation of
diverse cellular behaviours.>! For simplicity, we considered a
minimal model taking into account passive and active inter-
actions between cells, similarly to other agent-based models
describing multicellular aggregates.*>*”*>* The dynamics of a

Soft Matter, 2022,18, 3771-3780 | 3773
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Fig. 4 (A) ya|a agent-based simulations of the fusion of two cell aggre-
gates for Fu/Kagnrmax = 0.20 and o = 1. (B) Averaged time evolution of sin0
over time (n = 10, shaded region denotes SD around the mean simulation
curve) in the simulations for different active fluctuation strengths Fp/
Kadhmax = (0.098, 0.116, 0.134, 0.171, and 0.208). Kagn/K: = 1, ro/fmax =
0.4, A/KagnTon = 1, &« = 1, and 500 cells per aggregate. The numerical fits
(dashed lines) are obtained using eqn (1). (C) Effect of active fluctuations
(AF) to the fusion of the cell aggregates. Color map of log ff in parameter
space. Three distinct regions can be identified corresponding to no
coalescence, arrested coalescence and complete coalescence. (D) Mean
squared relative displacement of cells as a function of time for different
active fluctuation strengths Fo/Kaanrmax (same values as in panel B). Cells
change from a subdiffusive (~t%% to a diffusive (~t) behaviour for
increasing Fp. to/ton = 10%. Inset: Viscoelastic relaxation time vs. active
fluctuation strength.

cell i with center at x; reads:
P (Ri—%)=> (F;+F) (2)
J J

where j runs over the nearest neighbours, Fj; is a passive cell-
cell interaction force and Fj is an active force modeling cellular
contractile forces, which are known to be important in
convergence-extension and cell sorting processes.>*>* Friction
forces are considered to be proportional to the relative velocity
of neighbouring cells with friction coefficient A, a typical
assumption used in foam and colloidal systems>®>’
in tissues.’>”® Cells have radius 7, and the distance between a
pair of cells 7 and j is denoted as r; =x; — X;. The passive cell-cell
interaction force consists of two parts: a repulsion harmonic
force Fy; = K(2ro — |ry|)E; for |r;| < 2r, that describes excluded
volume interactions and a truncated harmonic attractive force
describing cell-cell adhesion for |r;| > 2r, such that Fj; =
Kaan(270 — |15])O(rmax — |1]), where #; = r;/|r;|. The active part
Fj; consists of cells randomly selecting a nearest neighbour and
applying a constant force Fj; = —Fpfy if |r;| > 2ro, where F, > 0

as well as

is defined as contractile (see Appendix). We associate a lifetime
with each cell-cell interaction 7,, and analogously, a waiting
time 7,¢. Thus a duty ratio can be defined as « = ton/(Ton * Toff)-
The described dynamics is similar to a shot noise process of

3774 | Soft Matter, 2022,18, 3771-3780
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active origin.>® Hence, cellular contractile interactions intro-
duce force dipoles stochastically in the cell aggregate generating
active fluctuations, which are known to induce cell-cell rearrange-
ments that fluidize tissues.®* >

We analyzed the fusion dynamics in the simulations by
using the end-to-end length of the assembly as in the experi-
ments and varied the active force F,, and the duty ratio « (see
Fig. 4). We fitted eqn (1) to the averaged dynamics (Fig. 4B) and
extracted the effective macroscopic parameters 7 and f. The
study revealed the presence of three main regimes depending
on f (see Movies S2-S4, ESIt): (i) no coalescence (f = 20),
(ii) arrested coalescence (20 2 f = 1) and (iii) complete
coalescence (f < 1) (Fig. 4C), which qualitatively agree with
the regimes found in the continuum model (Fig. 2). The same
regimes are also identified when studying the characteristic
viscocapillary time 7 (see Fig. S4, ESIT). These results suggest
that the system undergoes a solid-to-fluid transition for increas-
ing strength or duty ratio of the active fluctuations. To assess if
the observed transition is similar to a rigidity or a jamming
transition, we studied the relative mean squared displacement
of cells in our simulations (Fig. 4D). We found that in regimes
(i) and (ii) the behaviour was subdiffusive while the behaviour
was mainly diffusive in regime (iii). In addition, we observed
that the viscoelastic relaxation time 7, diverges close to the
transition point (see Fig. 4D, inset), which is reminiscent of a
critical slowing down phenomenon observed in jammed
systems.>®>%* In order to verify if phase (i) corresponded to
a jammed phase, we performed compression/relaxation cycles
in parallel plate compression simulations on the aggregates
(see Fig. S5 and Movies S5, S6, ESIt) and identified the presence
of a yield stress in regime (i), below which the deformation was
not recovered during the relaxation process, indicating a plastic
behaviour of the material.®® Hence, we conclude that in our
simulations, arrested coalescence is found at the vicinity of a
solid-to-fluid transition, similarly to jammed systems.

4 Conclusions

Here we report the phenomenon of arrested coalescence in
stem cell aggregates and present a viscoelastic theory of sinter-
ing to understand the dynamics of the process. We show that a
minimal agent-based model considering cell-cell adhesion and
dipolar contractile forces can account for arrested coalescence.
Additionally, we find that cellular active fluctuations can
control a solid-to-fluid transition. By combining simulations
and continuum theory, we are able to study the dependence of
different hydrodynamic quantities on cell-cell interactions.
The role of cellular contractile interactions is twofold: on the
one hand, they lead to a fluidization process (Fig. 4D) and, on
the other hand, they create an effective surface tension y that
drives the coalescence of the cell aggregates. Although the
solid-to-fluid transition is of active origin, it is different from
other transitions observed in models of self-propelled particles.®>*”
Instead, the transition we find resembles structural transitions
driven by force dipoles during zebrafish blastoderm fludization®®

This journal is © The Royal Society of Chemistry 2022
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or during body axis elongation.®® In particular, in the last study,
tissue fluidization was shown to be driven by active tension
fluctuations at cell-cell contacts in a 2D vertex model with
extracellular spaces.®® Considering the timescale of our active
fluctuations to be similar to tension fluctuations in cell-cell
contacts (1o, ~ 10 5),°° the fusion time in our simulations
corresponds to ~10 h (see Movie S3, ESI{) consistent with the
experiments. Our work adds to the previous theoretical studies
suggesting an important role of active fluctuations in cellular
unjamming.'*7° It is worth mentioning that despite the fact that
arrested coalescence is found close to a solid-to-fluid transition
in our simulations, it is unclear if this is the case in the
experiments. In particular, while the experimental sin® 0 curves
level off at values of ~0.5, this is not the case in simulations
where we observe very slow fusion dynamics close to the transi-
tion point. This is a consequence of a divergence in the viscoe-
lastic relaxation time of the system as shown in Fig. 4D (inset).
Similar results were found in a recent study from Ongenae et al.,
where they considered a different model including protrusive
forces and active cell motility.® Other forms of arrested behaviour
in 3D active aggregates should be further investigated, for example,
including the effect of extracellular matrix elasticity. Finally, an
intrinsic limitation of our particle-based simulations is the
absence of cell shape changes which are known to be critical in
tissue rheology.®*”"7® Further work is required to incorporate
such effects, for example, by means of 3D vertex models.”
Continuum descriptions of drop coalescence have been
mainly limited to purely viscous drops.”®*' This has limited
the use of such theories to the determination of viscosity and
surface tension, despite tissue stiffness and viscoelastic effects
having important implications for tissue engineering and being
known to play a major role in cancer.”>’® Here we present a
simple method that when combined with a contact method
such as nanoindentation or AFM, allows a fast full mechanical
characterisation of 3D tissue aggregates. It is important to
notice that nanoindentation measurements are done in a timescale
of seconds while fusion experiments occur in a timescale of hours.
This is a limitation of our method that should be taken into
account when interpreting the measurements. Apart from mouse
embryonic stem cells, we successfully applied our model to charac-
terise the arrested coalescence behaviour of human stem cell
aggregates (Fig. S6 and Movie S7, ESIT) and human breast epithe-
lial cell aggregates (Fig. S7, based on data from ref. 41). Hence, our
method constitutes a promising tool in the bioengineering and
medical fields for the mechanical characterization of tissue
spheroids. More generally, the method can also be potentially
used to characterise the mechanics of inert drops in the emul-
sion industry. Finally, we envision that future work on the theory
of sintering for viscoelastic materials will be important in the
formation of biological structures in vitro using bioink units.””
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Appendix
Materials and methods

Mouse ES cell culture and 3D aggregate formation. T/Bra::GFP
mouse embryonic stem cells’® were maintained in ES-Lif (ESLIF)
medium, consisting of KnockOut Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 1x non-essential aminoacids (NEEA), 50 U mL ™" Pen/Strep,
1x GlutaMax, 1x sodium pyruvate, 50 pM 2-mercaptoethanol and
leukemia inhibitory factor (LIF). Cells adhered to 0.1% gelatin-
coated (Millipore, ES-006-B) tissue culture-treated 25 cm’® flasks
(T25 flasks, Corning, 353108) in an incubator at 37 °C and 5%
CO,. To form the aggregates ~ 300 cells were aggregated per well
in 96-well U-bottom plates (Greiner Cellstar, #650970) containing
40 pL NDiff227 media (Takara Bio, #Y40002) for 24 h prior to
fusion. To ensure the state of the cells was the same in all fusion
events, only the multicellular aggregates that did not express
T/Bra (mesodermal marker) at 24 h were considered.

Image acquisition, feature extraction and fitting procedure.
2D images of cell aggregates in 96-well microplates were
acquired using the high content imaging PerkinElmer Opera
Phenix®™ system in non-confocal bright field mode. A 10x air
objective was used with 0.3 N.A. and an exposure time of 100 ms.
To capture the dynamics of the fusion process, snapshots were
acquired every 10 min for a duration of 10 h. All time points were
segmented using the software MOrgAna (Machine-learning based
Organoid Analysis),>® a Python-based machine learning software
(https://github.com/LabTrivedi/MOrgAna.git). To fit our model to
the experiments, the end-to-end distance of the assembly L was
obtained by fitting an ellipse to the final mask at every time frame.
The fitting error due to the irregular shape of the fused assemblies
was reduced by averaging over many fusion events (see Fig. S2,
ESIt). Finally, using the relationship L(0) = 2R(0)(1 + cos ) and
considering L(0) = 4R,, the time evolution of the fusion angle 0(¢)
was obtained. Finally, the experimental and simulated data were
fitted to the solution of eqn (1) using a non-linear least squares
method. The solution of eqn (1) was obtained numerically using
the Python solver odeint and the fitting was done using curve_fit,
both functions from the Python package SciPy.”

Nanoindentation measurements. The mechanical measure-
ments were done using the Chiaro Nanoindenter (Optics11)
adapted to a Leica DMi8 inverted microscope. The aggregates
were transferred from the multiwell plates to p-Slide 8 well
coverslips (ibidi, #80826) coated with 0.1% gelatin and contain-
ing warm NDiff227. Indentations were done with a spherical
cantilever probe of 27 + 3 um of radius and a stiffness of
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0.025 4 0.002 N m ™~ '. The approach speed was 5 um s~ " and the
indentation depth was ~6 pm (~3% of the typical size of
an aggregate). The effective elastic modulus E.; was calcu-
lated by fitting the Hertz’s model to the indentation curves
and the corresponding shear modulus was obtained as
= (Ee/2)(1 — 2)/(1 + v),%° assuming a Poisson’s ratio of
v = 1/2. The effective elastic modulus for each aggregate was
obtained by averaging around 3-4 measurements. Finally, the
average effective elastic modulus was obtained by averaging
over n = 25 different aggregates.

Continuum modeling

Cell aggregate growth. In the experiments, we find that the
radius R of a cell aggregate grows linearly with time. This type
of growth behaviour has been observed in other avascular
multicellular systems such as tumor spheroids.®>** A model
that recapitulates this type of growth considers that only an
outer crust of constant thickness d grows with rate I', while the
rest of the spheroid does not proliferate.®’ Considering the
volume of the spheroid V and the volume of the crust V. we have

V=TV, (3)

We can rewrite the previous equation in terms of the dynamics

of the radius:®’
(Y, (Y
R R R

For sufficiently long times d/R « 1, and hence the dynamics
follows R ~ dI' which leads to

. I
R=3 R @)

R(t) ~ Ry +dI't (5)

From the last expression we find that, for constant cell density,
the dynamics of the cell number N(t) follow

N(t) dr\’*
— o~ [ 14+ —t 6
No ( " Ry > ©)
and the doubling time will be
Ry .
T==—02"7-1 7
2R 1) )

Kelvin-Voigt model. We consider a multicellular aggregate
as a homogeneous incompressible Kelvin-Voigt material drop
with effective shear viscosity #, shear modulus x4 and surface
tension y. Hereinafter, we use index notation and Einstein’s
summation convention. The constitutive equation for the stress
tensor o;; reads

1 . . . .
where ¢; = -(diu; + dju;) is the symmetric strain tensor, P is
the hydrostatic pressure and u; is the displacement field. The
continuity equation reads

8,’]),’ =0 (9)
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where v; = ;. The latter condition is valid provided that cell
proliferation is negligible in the system. Force balance in the
bulk in the absence of external forces reads

9jo;=10 (10)
Similarly, force balance on the surface reads
ol = 2yHn; (11)

where H is the local mean curvature of the surface and #; is the
unit normal vector to the surface. Let us now consider
the fusion of two identical spherical aggregates. The total
volume and area of the assembly will be denoted by V and S,
respectively. The work of the viscoelastic forces per unit time

W(t) reads

W = J a,;,@-v,»dV (12)

r
where I'(t) and OI'(¢) denote the integration domains of the
volume and surface of the assembly, respectively. Using the
force balance in the bulk (eqn (2)), the divergence theorem and
force balance on the surface (eqn (11)) one finds>>>%7"

29HnvidS = W,
or
(13)

where the last equality on the right-hand side corresponds to
the work done by the surface tension forces per unit time,
which we refer as to W,. At the same time, W, can also be
expressed simply as

J O'!'/a/'vidV:J. @(a,,vi)dV:[ Ui/ﬂ/V/dS:J
r r or

: ds
Wo==rq 14
Combining eqn (12) and (13) we find>®>%7"
W= Wr [15)

The previous expression states that the work done by the bulk
forces per unit time equals the work done by the surface forces
per unit time. Following previous work,>®?731:44% e model
the two fusing aggregates as two spherical caps of radius R(0)
with a circular contact ‘neck’ region of radius () = R(0)sin 0
(see Fig. 2A). The volume V(0) and surface S(0) of two fused
droplets with a fusion angle 0 can be obtained by using simple
geometric considerations:*®
_2n

V(0) = =R*(0)(2 — cos 0)(1 + cos 0)?

: (16)

5(0) = 4nR*(0)(1 + cos 0) (17)

Given that Ou; = 0, the total volume of the assembly V will be
conserved during the fusion process. Considering an initial
radius of the aggregates R(0) = R,, the total volume of the

8
assembly reads V' (0) = grcRo3. From the previous equation we
obtain R(0) as follows:*"

R(0) = 2**(1 + cos 0)"*3(2 — cos 0) "R, (18)

This journal is © The Royal Society of Chemistry 2022
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The dynamics of the fusion process will be completely deter-
mined by the evolution of 0(¢), with 6(0) = 0 to 0(c0) = Oynax. Let
us assume the axis of fusion is e, (see Fig. 2A). The end-to-end
length L(0) of the fusion assembly along this axis will be
given by

L(0) = 2R(0)(1 + cos 0) (19)

As mentioned in the main text, our hydrodynamic model
cannot capture the physics at the onset of fusion and we add
a yield strain to effectively account for an elasticity threshold
value for the fusion of viscoelastic solid drops.*® We consider a
shifted rest length L'(0) = L(0) + 8L, being J8L/L'(0) « 1.
We approximate the strain as O,u ~ —¢(0), where ¢(0) reads

_L'0) - L(0)
&(0) :WZSYJ“SL(Q) (20)
with ey = SL/L'(0) and ¢,(0) having the following expression:*®
CLO)-LO) | RO),
er(0) = o) 1 R (1 +cos0) (21)

We approximate the corresponding strain rate as O,y ~ —§(6),
where £(6) reads

i(0) = ——L Y1R(0)(1 + cos 0)]

2Ry dt (22)

The previous expression differs from the usual one, used in ref.
26 and 28-31, which is based on a definition of strain as
changes in the center-to-center length of the fusion assembly
(as opposed to end-to-end as in eqn (21)). Using eqn (20) and
the fact that the system is incompressible, we obtain an
approximation for the strain tensor:
1 0 0
Oy = —¢e(0)| 0

~1/2 0 (23)

00 ~1/2

Using the previous simplified expressions we can calculate the
work per unit time done by the bulk and surface forces:

W = 4nRy* (2né® + 2uée)

~ ynOR*(0)sin 0 2Ry 210sin 0
~ 2—cosf B _1_C036+T(1+8Y) +27c050
(24)

. ds. ) sin20 .

where t© = nRy/y is the characteristic viscocapillary time and
f = 1R,/y is a dimensionless parameter quantifying the degree
of fusion. The shear elastocapillary length reads 7. = y/u = Ro/f.
Using eqn (15) we find an equation for the dynamics of the
fusion angle 0(¢):

0

_ 2cot 9( Ry (26)

3 .
W) L/(0) — pe(0)]

T
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where f(0), g(0) read
4
1O = T eosop (27)
2(0) 2 2R0(1 +eéy) (28)

B cos 0(1 4 cos 0) [ R(0)(1 +cos0)

Notice that from eqn (26) the viscocapillary time 7 is a factor of
4 larger than the usual definition.>>**7*" This is a consequence
of our choice of strain in eqn (21) which is twice as small as the
usual one. For small angles and 8 = 0, eqn (26) reduces to the
typical form for the sintering of viscous drops*>*" (see eqn (34)
in Connection to previous studies of viscous drops). Let us
study the stability of the system around 0 = 0. The dynamics of a
perturbation 60 « 1 reads

2(1 = Bov)

80 = =— 4 0(560)

700 (29)

Hence for f < fi. = 1/ey, the non-fused state 6 = 0 loses stability.

Notice that in the absence of yield strain (i.e. &y = 0) the non-

fused state is always unstable and hence, two drops in contact

will always fuse. The critical condition is equivalent to
27

oy =2uey = —

2 (30)

which means that the yield point corresponds to when the yield
stress oy equals the Laplace pressure. When the Laplace
pressure is larger than the yield stress of the material

2y, . N .
oy > %, fusion starts. Considering R(0) ~ R,, we can obtain
0

an analytical expression for 6, as a function of § by solving
eqn (26) at steady state:

B2+ Be)

Omax ~ arctan

(31)

As expected, the angle of arrested coalescence is independent of
the viscocapillary time t and only depends on f. Close to the
critical point f§ = fi, the arrested fusion angle reads O ~ £'/2,
where ¢ = (S, — f)/f. is a small parameter that characterizes the
distance to the critical point. Hence the system is completely
determined by three parameters: 7, f and éy.

Connection to previous studies of viscous drops. Here we
connect our results to previous classical results in the literature
of the sintering of purely viscous droplets. For f = &y = 0 and
small angles (0 « 1), eqn (26) can be approximated to the well
known form:

2cotfh
T

0~

(32)

This expression is equivalent to the typical form with the only
difference being that the viscocapillary time is a factor 4 larger
than the usual definition.”” By solving this equation we find
that sin® 0(£) follows”’

sin?0(f) ~ 1 — e *° (33)
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A well known scaling relation for the evolution of the angle for

t < 1is
Y
0t < 1) 224 /-~1t
T

Another useful expression is the time dependence of the
relative shrinkage of the assembly assuming R(t) ~ Ry:

% ~ z(] +672[/T>

the last expression is related to the evolution of the aspect
ratio.®>®* For short-timescales (¢ « 1) the previous expression
reduces to

(34)

(35)

L(z<<r)N1 t

L(0) T (36)

Agent-based simulations

All agent-based simulations were programmed in CUDA C++
using the ya||a modelling framework (https://github.com/ger
mannp/yalla). The neighbour search method used to determine
the pairwise interactions is a modified version of the over
lapping spheres method,*>® where the Gabriel method is
applied to a preliminary set of nearest neighbours in order to
eliminate neighbour interactions that are being blocked by a
third, nearer neighbour.*®*” The equations of motion (eqn (2))
were solved using the two-step Heun method.”"

Active cell-cell interaction dynamics. At every time step, the
active cell-cell dynamics is simulated in the following way: for a
set of N cells we define N effective ‘protrusions’, each protru-
sion P; being produced by each cell i. The protrusion P; always
has one end at x; and can be connected to another cell j at x;.
At any time point, P; can be “on”, that is connecting cell i to cell
J and applying a force of magnitude F, (see main text), or it can
be “off”, that is not connected to a cell j and thus not applying
any force. The probabilities that P; are switched “on” or “off”
during the time step At are given by 2., = log2At/t. and
Potr = log2At /140, respectively. At every time step, for each
protrusion P, it is stochastically determined whether P; should
be updated given the probabilities 2., (if P; is currently off) or
Por (if P; is currently on). If that is the case and the current
state is “on”, P; is switched off. Alternatively, if the current state
is off, a random cell x; is chosen such that it is found at a
distance from x; smaller than 2r,, and P; is then connected to x;
at the other end.

Fusion and parallel plate compression simulations. For the
simulation of fusion events, two separated spherical aggregates
are created by randomly generating 3D points within a sphere.
Next, we let the system evolve for a short transient of time to
make sure the two aggregates have reached its equilibrium
configuration prior to the start of the simulation. To start the
fusion process we move the aggregates closer so that they
contact each other. Finally, to simulate the process of parallel
plate compression we defined the position of the upper/lower
plate z;, k=1, 2 as the position of the uppermost/lowermost cell
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over time along the z-axis. A cell i in the aggregate will
experience a force Fj; from plate k defined as

F ooz
nic(1) |2k

c
ik —

e. if 2rg — |z1i| > 0

z

(37)

F; =0 otherwise

where z;; = z; — z; is the distance between plate k£ and a cell ¢
along the z-axis, n(f) € N is the number of cells that fulfil the
condition 2r, — |2x;| > 0 (i.e. interact with plate k) at time ¢, and
F is the total external force applied to each plate. The extended
dynamics of each cell i reads

AZ i — %) =Y (Fj+F) +ZF
J

The initial setup consists of a single spherical aggregate of cells
and two plates positioned on opposite sides of the aggregate
along the z-axis. At the start of the simulation and during a
certain time period, an external force of magnitude F is applied
in each plate in order to compress the aggregate. After that
period, the plates are removed so that relaxation can take place
(see Movies S5 and S6, ESIT).

(38)
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