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We extend the continuum theory of active nematic fluids to study cell flows and tissue dynamics inside
multicellular spheroids, spherical, self-assembled aggregates of cells that are widely used as model
systems to study tumour dynamics. Cells near the surface of spheroids have better access to nutrients
and therefore proliferate more rapidly than those in the resource-depleted core. Using both analytical
arguments and three-dimensional simulations, we find that the proliferation gradients result in flows and
in gradients of activity both of which can align the orientation axis of cells inside the aggregates.
Depending on environmental conditions and the intrinsic tissue properties, we identify three distinct
alignment regimes: spheroids in which all the cells align either radially or tangentially to the surface
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Accepted 17th December 2022 alignment in the core. The continuum description of tissue dynamics inside spheroids not only allows us
to infer dynamic cell parameters from experimentally measured cell alignment profiles, but more

generally motivates novel mechanisms for controlling the alignment of cells within aggregates which has
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|. Introduction

Many biological systems such as epithelial tissues, bacterial
colonies or three-dimensional organoids are active systems;
they continuously consume chemical energy from their
environment to perform tasks such as growth or migration,
both of which involve the generation of mechanical stresses by
the cells through a variety of biochemical processes.™ A
prominent 3D example of an active tissue is multicellular
spheroids. These are spherical, self-assembled aggregates of
cells which provide important model systems for investigating
the behaviour of 3D cell aggregates, for example, the effects of
mechanical stress, or for screening of anti-cancer drugs.
Multicellular spheroids are typically studied in a suitable
environment which provides cells with all the needed meta-
bolites such as oxygen and nutrients. The metabolite concen-
tration within cellular aggregates therefore normally decreases
towards the core since the supply of metabolites in spheroids
and avascular tumors is limited by diffusive transport from the
surface. While cells close to the surface show a high rate of cell
division, cells located close to the core do not have sufficient
access to metabolites and die, thereby forming a necrotic
core.® Hence the outer shell of spheroids is dominated by cell
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been shown to influence the mechanical properties and invasive capabilities of tumors.

growth while the core is dominated by cell death. This has two
consequences. The first is that a radial flow of cells is set up
from the surface to the centre of the spheroid. The second is a
gradient of activity which is a consequence of the gradient in
the number of cell divisions which locally generate active,
extensile, dipolar forces along their division axes. In this paper
we study the competition between these effects to describe
the flow and orientation of cells in dense multicellular
aggregates.

Our results are based on the continuum theory of three-
dimensional active nematic fluids, which has been shown to
reproduce the spatio-temporal dynamics in a variety of living
systems, from myosin-driven actin-microtubule networks® to
bacterial biofilms’ and confluent cell monolayers.®™*

We start in Section II by presenting the hydrodynamic theory
that describes cell flows and cell orientation inside dense cell
aggregates and list the equations of motion which we solve
analytically and numerically. The main results are presented in
Section III, which is divided into four subsections:

In the first part, III A, we show that radial cell flows created
by gradients in the isotropic cell growth rate give rise to radial
cell elongation profiles inside multicellular spheroids, where
cells are aligned either radially or circumferentially (tangentially)
throughout the aggregate.

In the second part III B, we investigate how anisotropic
active forces produced by cell division and death affect the cell
orientation and flows inside spheroids. We highlight that
gradients in active stress give rise to an effective cell anchoring
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at the surface and in the bulk, and the emergence of chaotic cell
flows in the aggregate if active stress is sufficiently large.

We then show, in III C, that the interplay between growth
driven flow and anisotropic stress can give rise to a variety of
cell alignment profiles in proliferating spheroids. We subse-
quently demonstrate, in III D, that our theory allows us to
estimate mechanical and dynamical tissue parameters directly
from experimental measurements of the distribution of cell
orientations inside freely grown spheroids.

The last section of the paper, IV, summarizes the key results
and points out future research directions that it would be
interesting to pursue as more sophisticated experimental data
becomes available.

[l. Theoretical model

We consider a multicellular spheroid embedded in an environment
with a fixed concentration m, of metabolites, such as oxygen,
glucose or growth factors, which are necessary for cell prolif-
eration. We assume that metabolites freely diffuse throughout
tissue with diffusion constant D,, and are consumed by cells at
a rate proportional to «*. In the diffusive limit (Péclet number
Pe « 1), the time evolution of metabolite concentration m(x, t)
across tissues is governed by the reaction-diffusion equation

0m = Dy V2m — a*om, (1)

where ¢(x, £) is the cell-number density and V? is the Laplace
operator. After an initial growth phase, multicellular spheroids
reach a steady state at a finite radius R. in which cell division
near the outer shell exactly balances cell death close to the core.
At steady-state, the cell density inside multicellular spheroids
is homogeneous,'*™* so we may write ¢(x, t) = @, and define
o = o*@po as a constant metabolite consumption rate throughout
the aggregate. Since metabolites diffuse much faster than
cellular rearrangements in tissues or aggregate deformations,
the metabolite concentration is always at steady-state and
eqn (1) simplifies to V?m = (@/Dy)m. Thus m(x) decreases
towards the core of spheroids with a characteristic penetration
length 4y, = /D /0.

We describe the motion of cells inside spheroids in a
continuum limit, where tissue is characterised by a cell-velocity
field u and a tensorial order parameter Q, which describes the
averaged, local magnitude S and direction n of cell alignment

Oy = %(”f”j —9;/3). (2)

Since the cell density stays constant throughout steady-state
spheroids, every cell on average has the same volume. Whenever
a cell in the tissue is dividing, it is replaced by two daughter cells
which take up twice the volume of the mother cell. The additional
volume is created by pushing neighbouring cells outwards, which
gives rise to a divergence in the cell velocity field. Thus the cell
flow u follows the continuity equation of an incompressible fluid
but with an additional source term

Vou=k, 3)
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where the net cell production rate kj(x, 1) = k. — k_ depends on
the local reproduction rate k. or death rate k_ of individual cells.
When cells have access to sufficient metabolites, cell division
dominates, kj; > 0, which acts as a mass source causing diverging
local flow. On the other hand, when the metabolite concentration
falls below a certain threshold, m < m,, cells die faster than they
divide, k, <0, thus creating a mass sink and locally converging
flow. In the vicinity of the homeostatic equilibrium, m = m,, we
expand the cell production rate k; rate around the homeostatic
metabolite concentration to linear order,

ky = kp(m —m), @)

where the parameter &, is a proportionality constant.

In addition to continuity eqn (3), the cell flow u in tissues
must conserve momentum as described by the Navier-Stokes-
equations

p(0; +u-Vju=V.II (5)

where p is mass density. Unlike for 2D cell-monolayers, where
friction between cells and the underlying substrate gives rise
to a friction term in eqn (5), for 3D spheroids we assume that
cell-cell friction is dominating and that friction forces at the
boundary of freely grown aggregates are negligible. The stress
tensor I1 = Il aeve + Iacrive cONSists of a passive and active
contribution, where the passive terms Il,agsive are well known
from liquid crystal hydrodynamics'® and presented in the ESLt
In addition, each division and death event contributes aniso-
tropic dipolar forces to the active stress. Assuming that active
stresses due to cell division and death are on average aligned
with the local tissue anisotropy Q, the active stress due to cell
division and cell death is'®"”

Iy = —(*Q (6)

where (*(x, t) is the magnitude of active stress along the local
elongation axis of cells n). Each cell division produces extensile
anisotropic stress, {, > 0, where forces are directed outwards
along cell axis n and inwards along the two perpendicular axes.
The force direction is reversed for cell death events, which
produce contractile stress, {_ < 0. For simplicity we assume
{+=|{_|, hence the magnitude of active stress follows variations
in cell production rate,

{r={(m —m) )

where { quantifies the local, time-averaged magnitude of active
stress induced by cell division or death. Note that, for simplicity,
we have neglected the intrinsic active stress produced by cells
even in the absence of cell division or death, which can be either
extensile or contractile, depending on cell type.®**'®

Since cells adhere to each other, the shape and orientation
of cells in a tissue responds to the cellular flows around them.
The time evolution of the nematic tensor Q is thus coupled to
the velocity field u and follows the Beris-Edwards equation™®

DQ-W=TH (8)

where D; denotes the material derivative and )V is the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Diffusion limited transport of metabolites give rise to radial concentration profiles m(r) which decrease towards the core of spheroids. (b)
Assuming the cell proliferation and cell death rates are proportional to the local metabolite concentration, the cell production rate & at steady-state is
positive close to the surface and negative in the core, where the transition point k; = 0 depends on the critical metabolite concentration mc. (c) In the
absence of active dipolar stress spatial variations in the cell production rate create converging flow profiles given by eqgn (11). (d) The mechanical and
geometric properties of cells give rise to a free energy F which includes elastic constants associated with cell deformations, where A ¢ penalizes cell
stretching which changes the aspect ratio of cells and K| ¢ penalizes changes in cell shape which results in bend and splay deformations. (e) Isotropic cells
inside proliferating spheroids are radially elongated by converging flows for alignment parameter £ > 0 and align tangential to the surface for & < 0.
Since the magnitude of flow-induced elongation increases along the radial direction, cells close to the surface are more elongated than cells in the

centre.

co-rotational term, which describes how cell orientation
responds to gradients in flow field u.">*° The last term is the
rotational diffusivity I, which controls the relaxation of cell
deformations towards the equilibrium cell shape quantified by
the molecular field H = —8F/86Q + (I/3)Tr(8F/3Q). The free
energy F of tissues encodes the mechanical and geometric
properties of cells, such as the aspect ratio at equilibrium and
the elastic energy associated with cell deformations (Fig. 1d).
Isotropic cells, such as most epithelial cells, are on average
isotropic at equilibrium, hence the minimum of the free energy
is at Seq = 0. Cells like fibroblasts or rod-shaped bacteria,
however, exhibit an elongated morphology and local alignment
at equilibrium modelled by choosing S., > 0. Expressions for
the co-rotational term W and the tissue free energy F are
presented in the ESI.{ It should be noted that in 3D cell shapes
do not need to be rotationally symmetric, which implies that Q
could, in principle, have a biaxial component. This would modify
the ways in which cells mechanically interact which each other,
thus adding a correction to the elastic energy and active stresses.

We simulate growing spheroids by numerically solving the
continuum equations of motion eqn (1) for the metabolite
concentration and eqn (3), (5) and (8) for the tissue dynamics,
on a three-dimensional grid of size 84 x 84 x 84 using a hybrid
lattice Boltzmann-finite difference method.”® Numerical details
and simulation parameters are stated in the ESIL{ Analytical

This journal is © The Royal Society of Chemistry 2023

solutions for the flow field u and metabolite concentration m in
spherical aggregates are presented in the following Section IIIA.

I1l. Results

A. Converging flows promote cell alignment

We start by analytically solving the equations of motion (1), (3)
and (8) for the metabolite concentration m, cell flow u and
nematic tensor Q for spherical aggregates in which active dipolar
stress produced by cell division and cell death is negligible, { = 0
In this case, the cell flows are caused solely by mass sources and
sinks which arise as a consequence of the cell production rate k.
Solving eqn (1) for the boundary condition m = m, = 1 at the
surface yields a metabolite concentration m(r) which is a func-
tion of the radial coordinate only,

_ R sinh(r/ln)
M) = S Gah(R ) ©)

where R is the radius of the spheroid and ¢, is the characteristic
penetration length of metabolites from the surface (Fig. 1a and b).
If the initial spheroid size is small, R < /., the total cell
production rate is positive and the aggregate grows at a rate

b MR

R 3y

R = kpl |coth(R/ly,) (10)

Soft Matter, 2023,19, 921-931 | 923
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As less metabolites reach the core of larger aggregates, spheroids
eventually reach a steady state R — 0 at a finite size R = R.. At
steady-state, the dimensionless radius R, = R.//y, is a function of
the critical metabolite concentration only, R, = f '(m.), where
f(x) = 3(xcothx — 1)/x* (ESIT Fig. S1a). Fig. S1b and c (ESIt) shows
how m,. affects the shape of the metabolite profile m(r) which
determines the cell production rate kj inside aggregates of size
R=R.

The cell flow u = w(r)t can be obtained by solving the
continuity eqn (3) in the domain r € [0, R] using the boundary
condition u(R) = R,

Fsinh R sinh R

Ur = Kp (11)

where R = R//\,, and F = r//p,. Since R > 0 in growing spheroids,
there is a transition between a diverging cell flow close to the
surface, u, > 0, and a converging cell flow «, < 0 in the core of
aggregates (ESIT Fig. S2a). At steady-state, cell flows are facing
inwards everywhere and vanish at the surface, w/(R.) = 0
(Fig. 1c), and the shape of flow profiles depends on the critical
metabolite concentration m. (Fig. S1d, ESIT). Recently it has
been reported that shear stresses created by cell flow u, can
create a viscocapillary instability that perturbs the spherical
symmetry of aggregates for sufficiently small surface tension.”*
In this work, however, we consider the limit in which cell-
generated stress is small compared to the surface tension of
spheroids and the shape of cell aggregates remains spherical.

We now describe how the radial flows u,, given by eqn (11),
affect the elongation and alignment of cells as quantified by
the nematic order parameter Q. To this end, we consider an
aggregate of initially isotropic cells, Q(x, ¢) = 0. As outlined in
the ESI,T the stability of the isotropic state is governed by

. 2

Oy =3¢y, (12)
where Eii = E; — 0;E/3 is the traceless part of the strain rate
tensor E; = (Ou; + Oa4)/2. The flow-alignment parameter &
describes how pure shear flows affect the orientation of cells,
where the sign of ¢ determines whether cells align parallel or
perpendicular to the shear axis.

In passive liquid crystals the value of ¢ is determined by
the aspect ratio of the constituents, which predicts ¢ > 0 for
elongated prolate-shaped cells. In the context of tissue
dynamics, an alternative flow-alignment parameter v is occa-
sionally used,”>** which quantifies the time-evolution of the
cell orientation axis n rather than the nematic tensor Q, where
the parameters v and ¢ are related via v = —¢&(3S + 4)/(9S). To the
best of our knowledge, there are only few studies that have
attempted to directly extract the flow-alignment parameter of
living tissues. The analysis of cell orientations and flows in
confluent layers of spindle-shaped cells under confinement
revealed, that tissue dynamics follows v < 0.>* Formalisms
have been developed to geometrically decompose large-scale
tissue shear into cellular contributions, which include cell
shape changes and topological changes in the cellular network.
In the absence of topological changes induced by cell divisions,

924 | Soft Matter, 2023, 19, 921-931
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cell deaths or T1 transitions, cell shape dynamics follows
v = —1. Studies of cellular flows in the wing epithelium of
Drosophila, however, have revealed that topological T1 transi-
tions greatly contribute to macroscopic tissue shear.>*** Thus
we assume that the flow-alignment parameter ¢ is an intrinsic
tissue property related to topological changes in the cell net-
work, which may depend on cell type, biochemical signals or
the mechanical properties of the environment.

Using spherical coordinates, the initial growth rates of the
radial component Q,, and angular components Q 4, Qgo are
(see Section II in the ESIY)

00 =), w

Qo = Qg = —%er- (14)
From eqn (11) it follows that (O, — u/r) ~ 7 'sinh# + 3
#2(7 *sinh # — cosh ) > 0, thus isotropic cells inside spheroids
become radially elongated for ¢ > 0 and radially compressed for
& < 0 (Fig. 1e). Since the strength of the alignment depends on
the magnitude of the strain rate, the growth rate of radial
alignment scales as Q,, ~ ¢k, and increases along the radial
direction, reaching a maximum at the surface r = R. This is
shown in Fig. S1e (ESIT) for different values of m.. Although the
magnitude of alignment S initially follows eqn (14), at later times
the director field is subject to higher-order effects such as
advection, and flow-induced cell elongation through the co-
rotational term )V is eventually balanced by passive restoring
forces arising from the molecular field H (Fig. Sif, ESIt). The
cell alignment profile at steady state depends on mechanical cell
parameters (Fig. 1d), however, alignment profiles retain the
main features seen at early times with cell alignment being
maximal near the surface and decreasing towards the core
(Fig. S1g and h, ESI?).

B. Active stress gradients induce nematic alignment

We now consider the limit where cell flows are dominated by
dipolar active stress { produced by cell division and death and
growth-induced radial flows are negligible, V-u ~ 0. Active
nematic stress creates a well-known hydrodynamic instability
which constantly pushes the system out of equilibrium, leading
to a state termed active turbulence. 3D active turbulence is
characterised by spatiotemporally chaotic flows (Fig. 2a) and
the presence of self-propelled disclination lines (ESI Fig. S3a
and b). In this section we will focus on how activity gradients
affect the time-averaged alignment of the director at certain
distances from spheroid centre, which is a quantity that can be
easily measured in experiments.'*>°

To investigate how activity gradients affect cell alignment
inside spheroids, we measure the distribution of the angle 0
between the director n and the radial vector f at different
distances from the centre of aggregates. Since there are more
possible configurations for angular alignment (0 = /2) than for
radial alignment (0 = 0), a randomly aligned director field
results in a uniform distribution of cos ~ U0, 1]. Preferred

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Two-dimensional cross-section of the velocity field inside an active spheroid showing spatiotemporally chaotic flows caused by self-propelled
disclination lines. Arrows and colour bar refer to the in-plane component of the flow field. (b) Histogram (left) and spatial distribution (right) of the angle 6
between the director n and the radial vector ¥ at the surface of spheroids shows strong tangential director alignment caused by a hydrodynamic
anchoring force termed active anchoring. (c) Two-dimensional cross-section of the in-plane component of the director field (left) and the probability
distribution of cos 0 (right) obtained by spatial averages at a given radius [r, r + 8r] and over time. The distributions at radii rcore < rirans < R are shown as
blue, grey and red, respectively. (d) V2(* obtained from simulations of quasi-spherical droplets. Activity gradients set up flows which create radial cell
alignment inside the aggregate (V2¢* > 0, blue area) and tangential alignment close to the surface (V2(* < 0, red area). The black, dashed line shows the
analytical prediction eqgn (15) for spherical aggregates with a sharp interface at r = R. (e) Cell alignment parameter ¥ as a function of radial coordinate for
different magnitudes of active stress {. Simulations were performed using the following parameters, unless stated otherwise in the legend: spheroid
radius R = 30, /m =4, mc = 0.3, Kic = 0.04, { = 0.025, £ = 0, ky = 0.

angular or radial alignment leads to a biased distribution where V*(* > 0 and perpendicular where V*(* < 0. Inside

towards 0 or 1, respectively. spherical aggregates eqn (7) and (9) yield
Fig. 2c shows a typical alignment profile across the spheroid. ¢ [Rsinh 7
In the core cells are preferentially extended radially while close Vi = 72 {m} ) (15)

to the surface cells are extended along angular directions. In
the transition region r = ;s between the shell and the core the which is positive throughout the cell aggregate, thus driving
director field has a random orientation. radial cell alignment.

Recalling that the active stress is T, = —(*Q, (eqn (6)), we Secondly, since the nematic droplet is surrounded by a
can identify two competing mechanisms that lead to cell align- passive isotropic fluid, the magnitude of active stress (* drops
ment. Firstly, radial alignment in the bulk of spheroids is driven  rapidly to zero across the surface of the aggregate. The resulting
by gradients in activity, and hence in active stress, resulting from gradient in extensile activity at the surface induces flows which
metabolite gradients. As was shown for bulk active nematic rotate the director field and align it parallel to the surface as
systems,”” hydrodynamic forces set up by activity gradients align  indicated by the distribution of the angle 0 between the director
the director field parallel to the gradient direction in regions field n and the surface normal of droplets in Fig. 2b. This

This journal is © The Royal Society of Chemistry 2023 Soft Matter, 2023,19, 921-931 | 925
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2829 ig restricted

hydrodynamic effect, termed active anchoring,
to the outer shell of spheroids, with a thickness given by the
length-scale over which cell density ¢ drops to zero, which is
typically of the order of a single cell size (Fig. 2d).

Thus the cell alignment profile in Fig. 2c¢ results from a
competition between radial alignment due to activity gradients in
the bulk, tangential alignment resulting from active anchoring at
the aggregate surface and elastic forces which tend to smooth out
distortions in the director profile. To describe how the average cell
alignment varies across aggregates with different magnitudes of
active stress (, we define the cell alighment parameter

w— p(cos O > 0.5)7 (16)
p(cosf < 0.5)

which quantifies the degree of radial (¥ > 1) or angular (¥ < 1)

cell alignment as a function of distance r from the centre of

spheroids (Fig. 2e). Alternative methods to quantify cell alignment,

e.g. (cosf) as a function of r, lead to qualitatively similar results

(Fig. S3a, ESIY).

If activity is sufficiently large ({ > 0.015) the director field
shows strong radial alignment close to the core r = r.ye and
tangential alignment close to the surface r = R, with weak or no
alignment in the transition region r = ry.ns. Note that, because
of symmetry, there is no radial alignment at the centre of
aggregates r = 0 since activity driven alignment cannot

Cell flow u

Instantaneous flow u(t) Average flow (u);

(c)

r=0.5R r=0.85R

Fig. 3

| Umax (b) 0.06
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overcome the increasing elastic energy associated with a
nematic hedgehog configuration close to the centre. These
values of activity correspond to active turbulence and disclination
lines are spontaneously created inside the aggregate (see also
Fig. S3c-f, ESIY).

At very low activity ({ < 0.005) we find that active anchoring
creates weak tangential cell alignment close to the surface, with a
magnitude that decreases with decreasing activity. The angular
alignment decays monotonically towards the core of spheroids
without showing any radial alignment at intermediate distances
because active stress is not strong enough to overcome elastic
forces. Although activity-driven director alignment does not rely
on specific shear-alignment ¢ # 0, it should be noted that
the magnitude of alignment slightly depends on &, as shown
in Fig. S3b (ESIY).

C. Interplay between proliferation- and activity-induced
nematic alignment

We now combine the main findings of Sections IIIA and IIIB
and study the interplay between converging flows V - u = k7 set
up by differential volume growth across spheroids and spatio-
temporally chaotic flows created by dipolar stresses I1,e. = —(*Q
arising from cell divisions and death. The spatial and temporal
variations of flow fields in active turbulence can be characterized

by an active length-scale ¢, = \/Kic/{ and time-scale 1, = /(,
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(a) Cross-section of an instantaneous velocity field (left) and time-averaged velocity field (right) inside spheroids with k, > 0 and { > 0. The

chaotic flows of active turbulence seen in the instantaneous flow u average out over time-scales T » 1,, to give a time-averaged flow (u); resembling the
converging flow-component driven by V -u = kj. Arrows and colour bar show the components of the flow field in the equatorial plane. The average
velocity field (u), is obtained by averaging over time [0, 15007,]. (b) Heat map of the cell alignment parameter ¥ at the surface of steady-state spheroids
r = R as a function of active stress magnitude { and flow-alignment parameter £. Red/blue regions correspond to tangential/radial surface alignment,
respectively. The black, dotted line indicates the transition region where the director field has a random orientation (¥ = 1) because the flow-induced
alignment balances active anchoring. The right panel shows the distribution of cos from which ¥ was calculated for six different parameter values
indicated by black squares in the left panel. (c) Alignment parameter ¥ shown at four different distances from the spheroid centre as a function of { and &.
The shape of the contour line ¥ = 1 (black dots) varies along the radial direction, converging to the distribution shown in panel (b) close the surface. (d)
Three distinct regimes can be identified from variations of the cell alignment parameter at the surface, ¥s = ¥(R), and in the core, Y. = ¥(R/2):
homogeneous spheroids with radial (blue, ¥ > 0, ¥ > 0) or tangential orientation (red, Y. < 0, ¥s < 0) and heterogeneous spheroids with tangential
cell orientation close to the surface and radial alignment in the core (yellow, ¥. > 0, ¥ < 0).
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where Kic is the elastic constant of the liquid crystal which
penalizes distortions in the director field resulting from cell
shape deformations, and # is the viscosity of the fluid. While
instantaneous flow fields u(x, ¢) inside spheroids can be indis-
tinguishable from active turbulence if active stress is sufficiently
large, {/n > k;, chaotic flow patterns average out over time scales
T >» 1, and the time-averaged velocity field (u(r)), reduces to the
converging cell flows given by eqn (11) (Fig. 3a). This behaviour
is expected by symmetry since spatio-temporal chaotic flows
in bulk active nematics are isotropic, therefore they do not
contribute to time-averaged flows.>*~

We first consider the cell orientation at the surface of a
spheroid, where the strain rate of converging flows reaches a
maximum. Thus, following eqn (14), the director orientation is
most strongly affected by converging flows at the surface.
Strains due to the converging component (u), of the flow field,
which is set up by eqn (3), drive radial surface cell orientation
for £ > 0, while active anchoring, driven by active stress IT,¢ in
eqn (5), favours cells aligning tangentially to the surface.*®?°
The magnitudes of proliferation-driven alignment and active
anchoring increase with the flow-alignment parameter |¢| and
active stress (, respectively. To investigate the cross-over
between these competing effects, we measure the cell align-
ment parameter ¥ at the surface of steady-state spheroids over
a range of parameter values ¢ and { (Fig. 3b). For ¢ = 0 the
orientation of cells does not respond to the strain rate of flows,
thus active anchoring dominates at any activity level { > 0,
which creates strong tangential surface alignment. As £ > 0
increases, however, the cell orientation responds more strongly
to the fluid strain rate at the surface and the director field
aligns radially due to velocity gradients caused by proliferation
as long as active anchoring is sufficiently small, { < {.. Since
shear-driven cell alignment scales as Qy ~ éE,-j, the critical
activity {. above which active anchoring dominates increases
with the strain rate at the surface E,, ~ kp and ¢. The function
{(&) is shown by the black, dotted line in Fig. 3b.

In addition to cell orientation at the surface, we can also
measure ¥ at a distance 0 < r < R from the centre of spheroids
as a function of { and ¢ (Fig. 3c). For low activity and ¢ = 0, the
director field in the core (r = 0.5R) shows weak alignment since
the orientation at the surface decays very slowly towards the
centre due to the dominance of the elastic energy associated
with distortions in the director field over active stresses. Thus,
in the regime of low activity, cell orientation throughout
spheroids is dictated by the cell alignment at the surface.
As soon as radial shear-alignment becomes dominant at the
surface for ¢ > &, cells globally switch from angular to radial
orientation (see phase diagram Fig. 3d for { < 0.02).

In Section IIIB we showed that for sufficiently large activity
{ > (., the core of spheroids shows radial alignment while at
the surface cells are oriented tangentially because of the
balance between activity gradient-induced radial ordering and
tangential active anchoring. Surprisingly, the activity threshold
(. above which radial order is created in the core decreases for
¢ < 0, even though converging flows favour tangential over
radial alignment throughout spheroids for ¢ < 0 (see boundary

This journal is © The Royal Society of Chemistry 2023
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between red and yellow domains in Fig. 3d). This non-trivial
behaviour can be explained in terms of the disclination line
structure inside aggregates. Active anchoring creates significant
surface alignment, but usually it is not strong enough to
completely enforce tangential anchoring everywhere on the
surface (see Fig. 2b). As ¢ < 0 decreases, however, the tangen-
tial surface anchoring of the director field eventually becomes
sufficiently large that the Gauss-Bonnet theorem can be
applied. This states that the total topological charge of a vector
field tangentially anchored on a sphere must be +2, the Euler-
characteristic y of the sphere.*

At very low activity and ¢ < 0, the director field thus relaxes
into a configuration that minimizes its elastic energy while
meeting the topological constraint close to the surface. The
resulting defect structure is two +1/2 disclination lines which
bend towards the centre of the droplet and create four +1/2
defects at the surface. The cross-section of the director field
inside droplets is formed by two +1/2 defects located close to
the centre and hence resembles that around a two-dimensional
+1 defect (ESIt Fig. S4a and d). Due to the large elastic energy
associated with a point-like +1 defect, there is a finite repulsion
force between the two +1/2 defects which keeps them at a finite
distance. On the other hand, contractile active forces on +1/2
defects oppose the elastic forces, thus the distance between the
two stationary disclination lines decreases with increasing
activity.

If activity reaches a critical threshold {.(¢), the two +1/2
defects at the centre slip past each other and subsequently
reach a steady-state in which both defects orbit around the
centre, thereby creating persistent rotational motion in the
core of spheroids (Fig. S4b, ESIt). In 3D this corresponds to a
dancing disclination state, where the +1/2 line segments in the
core orbit around the centre, while the end-points of disclina-
tion lines at the surface move very slowly. This motion makes it
inevitable that disclination lines must cross after each full
rotation, thereby rewiring some of the line segments in the
core (Fig. S4e, ESIf). We note that the rotational motion of
disclination lines is reminiscent of persistent clockwise or
counter-clockwise rotations in active nematic systems in circular
(2D) or spherical (3D) confinement which has been observed in
experiments®® and simulations.*™” The orientation of +1/2
defects in the dancing disclination state creates significant radial
alignment of the director field outside the orbiting defects,
hence ¥ shows a sharp transition from angular to radial director
alignment in the core at { = {(¢) (Fig. 3c). As the activity { is
increased even further, the motion of the disclination lines
becomes more chaotic and eventually the oscillations are lost
in the active turbulent background (Fig. S4c and f, ESIT).

D. Parameter inference for biological systems

Finally we apply our theoretical active fluid model to experimental
data obtained from freely grown proliferating spheroids to make
quantitative predictions about dynamical tissue parameters, such
as active stress { and the flow-alignment parameter &. Since it is
rarely possible in experiments to simultaneously measure prolif-
eration gradients, active stress, cell flows and cell orientations
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inside spheroids, we require physical estimates for model para-
meters £y, M. and k.

The characteristic penetration length 7, of metabolites can
be estimated by measuring proliferation profiles in spheroids.
This can be realized either by using immuno-fluorescence
staining procedures to mark proliferating cells*® or by using
spheroid models expressing Fucci (Fluorescence Ubiquitination
Cell Cycle Indicators) tools that allow monitoring the cell cycle
position of a cell.>® The metabolite penetration length from the
surface can vary upon the cell packing density and the cell type,
however, for most types of human tumor cells grown under
optimal nutrient and oxygen conditions the penetration length
typically varies between 7, &~ 100-200 um.**** Assuming spher-
oids are at steady-state, the critical metabolite concentration m,
can then be inferred from the aggregate size R, using eqn (10),
me = 3(xcothx — 1)/x*, where x = R.//r, (Fig. S1a, ESIt).

The cell division rate k, is determined by the time interval
between cell divisions, the cell-cycle time T¢, and the proportion
of cells engaged in the cell cycle, the growth fraction f; such that
k: = flTc. The growth fraction f(x) depends on the local meta-
bolite concentration and varies within spheroids.’*** Assuming
k, = k, at the surface (no cell death), the growth magnitude &,
can be most easily estimated from the growth fraction at the
surface of spheroids,

ky, =fIT(1 — mc)] (17)
where f* typically varies between 0.6-0.9.">'**%*? The cell-cycle
time in carcinoma spheroids and tumors is typically around
Tc = 20 h, with slight variations across different cell types.***

To validate the proposed parameter estimates, we compare
our model to a system of freely grown CT26 spheroids at steady-
state with radius R. = 450 um, corresponding to m. & 0.7. In the
outer layer of the spheroids, 0.8 < r/R < 1, eqn (11) predicts an
average radial flow velocity 1, ~ 0.06 f//T. ~ 26 um day *, which
is in good agreement with the radial flow measured in experi-
ments using fluorescently labeled particles, & = 21 pm day *.*®

Mitotic cells in three-dimensional microenvironments gen-
erate substantial protrusive forces which were estimated to be
on the order of {, ~ 1-2 kPa.’® Considering that the mitotic
time Ty over which strong anisotropic forces are generated is
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relatively short compared to the cell cycle time, T\y/Tc =~ 0.1,
the average stress produced by cell divisions over a cell cycle is
{ ~ 100-200 Pa. Similar magnitudes of cell-generated aniso-
tropic stress were measured within proliferating multicellular
spheroids using fluorescently labelled, cell-sized oil droplets or
polyacrylamide microspheres to measure stresses in situ.*>*’
We now compare our active fluid model to experimental data
obtained from freely grown proliferating spheroids (R &~ 300 um)
consisting of human colon carcinoma cells (HCT116),>° colon
adenocarcinoma cell (HT29) and human breast cancer cells
(BC52)."? It has been reported that both the orientation and
the division axis of cells inside HCT116 spheroids show signifi-
cant tangential alignment close to the surface (Y5 < 1, cos(0) =
0.22) while showing no significant alignment in the core (P¢® ~
1, cos(f) = 0.44). On the other hand, the analysis of cell shapes
and polarity inside HT29 and BC52 spheroids revealed that cells
show only weak surface alignment (PS® ~ 1) while cells are
increasingly radially elongated towards the core (Yo® > 1).
Assuming 7, = 150 um, f°* = 0.7 and T = 20 h, we calculated
the average cell alignment ¥ at the surface (=300 pm) and ¥,
in the core of spheroids (r = 180 pm) over a range of values for {
and ¢ (Fig. 4a). The full list of simulation parameters with their
mapping from lattice units to physical values are shown in the
ESL.{ By comparing ¥ and ¥. obtained from simulations with
experimental data, we calculate the posterior distributions
p(O@]X) over model parameters O = [{, £] given data X = [P,
PP, Given the qualitative nature of the experimental data, we
assume that the likelihood function £(X|0) follows a normal

distribution, log ¥(®)N (1 = log P**P, ), where ¢ quantifies
the allowed tolerance between data and experimental measure-
ments (see ESI,t Fig. S5). The parameter distributions p({, £|X)
obtained for HCT116 (green) and HT29/BC52 spheroids (magenta)
are presented in Fig. 4b. We find that tissue dynamics within
HT29 and BC52 spheroids is governed by a positive flow-
alignment parameter (¢ ~ 0.5) while in HCT116 spheroids
shear-alignment of cells is less dominant (¢ < 0.3) and poten-
tially even negative (Fig. 4c). We also gain some additional
information about the magnitude of active stress inside aggre-
gates, where cell divisions inside HCT116 spheroids produce on
average { = 100-200 Pa (Fig. 4c), thus confirming our previous
experimental estimate based on { = {,T\/Tc.

r =300 um (O (c) (d)
@ HCT116 Bl HCT116
0.4 0.035 I HT29, BC52) B HT29, BC52]
~ 0.03 0003
3 g z z
£o0.025 — o025 £ =
5 O w © ©
il v Q -3
2 0.02 s S 0.02 S 8
3 <« = =
< 0.015 0.015
0.01 I HCT116
’ 0.4 0.01 I | M HT29, BC5?)
0.005 - s
2 oY oY S IR Y 2 oY oY SO © &
D700 070707 0" 07 D700 0700”07 07 O p”g'}p»”e@rg’&g?’ggﬁo.b ,059’}»&0@&07’@0‘7@?’ & \?Q ,\QP ,99

Flow-tumbling parameter ¢

Flow-tumbling parameter ¢

Fig. 4

Flow-tumbling parameter ¢

(a) Cell alignment ¥ in the core and close to the surface of spheroids of size R =

Flow-tumbling parameter ¢ Active stress ¢ [Pa]

300 um using simulation parameters estimated from

experimental data (see Section Ill in the ESIf). (b) Posterior distributions p({,é|X) of activity { and flow-alignment parameter ¢ inferred from cell

orientations inside HCT116 (green) and HT29/BC52 spheroids (magenta) using ¢ = 0.2. Based on the available data,

12.26 \we estimated X = [log P& > 0.1,

log Y&*P = 0] for HT29/BC52 spheroids and X = [log ¥&*° = 0, log ¥¢*® < —0.4] for HCT116. (c and d) Marginal distributions p(&|X) and p((]X).
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V. Conclusion

We have investigated how radial flows and active stresses affect
cell alignment inside proliferating multicellular spheroids using
three-dimensional active nematic droplets as a model system.
Cell orientation and flows inside aggregates are described by a
continuous director n and velocity field u, which follow the
hydrodynamic equations of motion of active nematics. Diffusive
transport of metabolites creates proliferation gradients across
spheroids, where cells close to the surface have sufficient access
to metabolites and divide, while metabolites are depleted in
the core of spheroids and cells die. Since cell division/death
is associated with a mass source/sink and extensile/contractile
active stress along the cell orientation axis, proliferation
gradients induce radial cell flows and activity gradients inside
spheroids.

We show that converging cell flows inside steady-state
spheroids can promote radial or circumferential cell alignment,
depending on the sign of the flow-alignment parameter ¢, a
tissue parameter quantifying how cell orientations respond to
shear-flows. The magnitude of shear-driven alignment scales
with ¢ and with the strain rate, the latter reaching a maximum
at the surface and decreasing towards the core.

Active stress, on the other hand, creates a well-known
hydrodynamic instability which leads to a chaotic steady state
termed active turbulence. Activity gradients impact the average
director field orientation inside spheroids in two ways: first,
smooth variations between contractile stress in the core and
extensile stress at the surface of spheroids drive radial cell
alighment by creating flows which reorient the director field.””
The second contribution is active anchoring created by the
sudden drop of extensile activity across the interface of spheroids,
which are embedded in a passive fluid. The resulting sharp
activity gradients at the surface induce flows which rotate the
director field parallel to the interface, thus creating strong tan-
gential surface alignment. Therefore gradients in active stress are
responsible for radial core alignment and tangential surface
alignment.

Depending on the relative strength of flow-driven shear-
alignment and activity induced alignment, we find three distinct
cell orientation regimes inside spheroids: for small activity, cell
orientation is either tangential throughout the aggregate for £ <
o or radial for & > £, > 0. If active stress becomes sufficiently
large, { > ((&), one recovers spheroids with radial core align-
ment and tangential surface alignment (Fig. 3d).

The cell orientation profile inside aggregates significantly
affects the stress distribution and short-time response of spher-
oids to external pressure jumps.'? It has also been shown that
the elongation and orientation of cells within fibrosarcoma
spheroids contribute to invasive behaviour by priming cells at
the spheroid periphery to exhibit the correct morphology and
polarisation for effective invasion into the surrounding matrix.*®
The activity level and flow alignment properties of cellular
aggregates could thus be used as control parameters to guide
the migratory behaviour of spheroids and their mechanical
response to changes in their environment.
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Furthermore, we apply our model to experimental systems of
freely grown HCT116, HT29 and BC52 spheroids to infer
distributions of tissue parameters ¢ and { based on the dis-
tribution of cell orientations inside spheroids. We find a
significant difference in shear-alignment across different sys-
tems, with £ &~ 0.5 for HT29/BC52 spheroids, while for HCT116
spheroids shear-alignment ¢ < 0.3 is less dominant and
potentially even negative. It is of interest to compare these
results with previous measurements of cell motion in two-
dimensional systems, which indicated that cell orientation
and flows in dense monolayers of myoblasts and epithelial
cells are governed by a negative flow-alignment parameter v,
which corresponds to ¢ > 0.>>?% This suggests that the same
biomechanical mechanisms that cause flow-induced realign-
ment of cells in monolayers may play an important role in
three-dimensional tissue organisation.

In this paper we have focused on tissue dynamics in the
hydrodynamic limit, where cell aggregates are described as a
viscous fluid on long time scales. This continuum model could
be easily generalized to viscoelastic spheroids by also including
an elastic response on time scales smaller than a characteristic
relaxation time 7. The viscoelastic relaxation time of cell aggre-
gates, which is typically on the order of t &~ 5-40 min,**”° is
much smaller than typical cell-cycle times of T ~ 20 h, thus
elastic contributions should be negligible on the time scales of
freely grown spheroids. However, cell compressibility and the
elastic properties of spheroids become important when they are
subject to fast environmental changes, such as external pres-
sure jumps.'*'**' Mechanical confinement or compressive
stress also alters proliferation profiles inside spheroids, where
k. decreases with increasing pressure, while k_ stays approxi-
mately constant.">> Our model could also be used to study
systems in which the surface tension of spheroids is sufficiently
small that active stress can strongly deform spherical aggre-
gates. This would allow avascular spheroids to overcome
diffusion-limited, spherical growth by forming protrusions,
thereby creating a branched network structure that grows
indefinitely in environments with an unlimited supply of
nutrients.

We hope that recent developments in experimental techni-
ques and data processing will permit the measurement of 3D
cell orientations inside aggregates with high spatial and tem-
poral resolution in the future. This would allow the inference of
more complex dynamics, including features like non-linear
relationships between proliferation rate k, and metabolite
concentration m or spatial variations of ¢ within aggregates.
Furthermore, data with a sufficient temporal resolution would
allow the testing of hypotheses relating to the underlying
dynamics of cells, such as a possible dependence of intrinsic
activity {, or flow-alignment ¢ on internal cell states, giving rise
to time-dependent parameters (*(t) and &(¢), which could be
inferred from the cell alignment profiles. Here we highlight the
potential of active fluid theories to model complex biological
systems and show that cell orientation profiles in proliferating
spheroids can be used to extract dynamical tissue parameters,
which are otherwise difficult to measure directly.
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