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Active Regulation of Pressure and Volume Defines an Energetic Constraint
on the Size of Cell Aggregates
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We explore the relationship between the nonequilibrium generation of myosin-induced active stress
within the F-actin cytoskeleton and the pressure-volume relationship of cellular aggregates as models of
simple tissues. We find that due to active stress, aggregate surface tension depends upon its size. As a result,
both pressure and cell number density depend on size and violate equilibrium assumptions. However,
the relationship between them resembles an equilibrium equation of state with an effective temperature.
This suggests that bulk and surface properties of aggregates balance to yield a constant average work
performed by each cell on their environment in regulating tissue size. These results describe basic physical

principles that govern the size of cell aggregates.
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The regulation of pressure and volume in cells involves
the coordination between nonequilibrium “active” stresses
generated by the actomyosin cytoskeleton [1,2] and diverse
mechanosensitive processes in the cell, such as fluid and
solute flow through pores and gated ion channels [3-6].
This leads to a dynamic force balance between elastic and
fluid stresses, which will determine the shape of cells and
tissues [7—11]. For example, active stresses elevate intra-
cellular hydrostatic pressure to drive cell rounding and
determine cell volume during cytokinesis [12-15]. By
contrast, active stresses within tissues induce intercellular
fluid flow through gap junctions in the epithelium [16] that
lead to large volume fluctuations across the tissue [17,18].
Thus, while active stresses drive reciprocal changes in
pressure and volume within cells, the constraints on these
changes are unclear.

In equilibrium, the relationship between pressure, vol-
ume, temperature, and other state variables is described
by an equation of state [19]. For example, an equation of
state for an ideal gas constrains changes in pressure and
volume such that their product is a thermodynamic work.
By contrast, out of equilibrium, these constraints may not
hold. Inhomogeneities or nonintensivity in thermodynamic
variables violate equilibrium assumptions and suggest that
no equation of state exists [20-23]. For example, in living
cells, the presence of active stress within the cell cytoske-
leton leads to inhomogeneities and nonequilibration in
cellular pressure [24-29]. In this case, intracellular pressure
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may include contributions from the hydraulic pressure in
cytosol, effects of nondeviatoric stresses in the cytoskeleton,
and partial pressures related to solute concentrations. Thus,
while many variables may be involved in characterizing the
nonequilibrium state, the extent that work constrains pres-
sure and volume changes far from equilibrium is not known.

In this Letter, we explore the role of nonequilibrium
active stress generated by myosin molecular motors on the
surface tension of cellular aggregates, as models of simple
tissues. We show that with varying aggregate size, these
variables are nonintensive and violate equilibrium assump-
tions. However, in combination, the relationship between
them defines an energetic constraint on the production of
work away from equilibrium. This constraint may con-
stitute a fundamental principle that relates the size and
mechanics of cellular aggregates.

Aggregates of S180 sarcoma cells are formed through
suspension spinning and are between 50 and 225 uym in
radius (Supplemental Material, Figure 1 [30]) [31]. They are
spherical in shape and have a smooth surface. The F-actin
cytoskeleton is visualized using F-Tractin staining, which
outlines the shape of the cells within the aggregate
[Fig. 1(a)]. Further, the nuclei of the cells are visualized
with green fluorescence protein (GFP) tagged with a nuclear
localization sequence (NLS), which enables an estimation
of the number density of cells, and their orientation within
the aggregate as all cells are mononucleated [Fig. 1(b),
Supplemental Material [30]) [32,33].
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FIG. 1.
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Aggregates exhibit size-dependent cytoskeletal organization. (a) Fluorescently labeled F-actin and (b) fluorescently labeled

nuclei at an equatorial plane of an aggregate. Red lines in (a) and (b) denote F-actin alignment (72) and nuclei orientation respectively
(7;). (¢) Radially averaged orthoradial ordering (¢) as measured from F-actin alignment (defined as ¢ = (|?; x 7;])) (red) and from
nuclei deformation (black), as a function of distance from the aggregate center r normalized by the radius of aggregate R, (n = 8).
(d) Mean orthoradial ordering for actin orientation and nucleus deformation is size dependent (n = 23). Dashed red and black lines in
panels (c) and (d) denote orthoradial ordering in actin and nuclei respectively, in Blebbistatin-treated aggregates. The scale bar is 50 pm.

Error bars are mean =+ standard deviation. P < 0.001, ‘P < 0.05.

First, we observe a radial organization of F-actin, and
nuclear deformation from the outer surface of the aggregate
into the inner core. At the surface, the F-actin is more
aligned, while at the center of the aggregate, the F-actin is
more disordered. This suggests that cells are more polarized
and elongated at the surface than in the center. To quantify
this, we define a scalar order parameter ¢, given by
(|#; x |y, where 7; and 7; are the unit position vector
to a point inside the aggregate and the corresponding
F-actin orientation field at that location, respectively
[Fig. 1(a)]. We show that ¢ decreases from the surface
of the aggregate (r = R,) toward the core (r = 0), until it
reaches a steady value, at approximately half the aggregate
radius [Fig. 1(c)].

Second, like the F-actin organization we also observe a
radial dependence to nuclear shape, as represented by
vectors indicating the axis of elongation [Fig. 1(b)]. The
nuclei are more elongated on the surface, and rounder in
the center, consistent with previous results [34-36]. The
elongation can be represented similarly as F-actin align-
ment, by the scalar order parameter y, where y has the
same functional form as ¢, with 71; now representing the
unit orientation vector of the long axis of the nuclei. We
note that the gradients in the order parameters are similar in
magnitude for actin and nuclei alignment [Fig. 1(c)].

When averaged over the radial dimension of the aggre-
gates (0 < r < Ry), the scalar order parameters show a size-
dependent response [Fig. 1(d)]. Both ¢ and y are indicative
of the state of internal active stress, as F-actin alignment
correlates to the generation of active stresses. This is
consistent with previous Letter that shows a pressure profile
in cell aggregates; thus the elongation of nuclei may
indicate that they are deformed, and therefore reflect the
application of those stresses [34-38]. However, the scalar
order parameter is constant in the orthoradial direction and
implies that anisotropy in the radial direction does not lead
to anisotropy on the surface (Supplemental Material Fig. 1).

Upon inhibition of active stress by 50 uM Blebbistatin,
a myosin ATPase inhibitor [39], all size dependence is
lost, both in F-actin alignment and nuclear deformation
[Figs. 1(c) and 1(d)].

As noted, the alignment of F-actin and the elongation of
nuclei may be representative of a higher level of active
stress at the surface. By contrast, a lower level of alignment
and round nuclei in the center may be representative
of internal pressure. These observations suggest size-
dependent surface tension and pressure. However, an
alternative includes the possibility of differential cytoske-
letal assembly at the periphery, unrelated to the mechanics
of the aggregate. To test the hypothesis that alignment and
deformation are consistent with size-dependent mechanics,
we measure the surface tension of cellular aggregates by
micropipette aspiration.

Using micropipette aspiration we apply creep and stress
relaxation tests to estimate the surface tension of the
aggregate [Figs. 2(a) and 2(b), Supplemental Material
Figs. 3 and 4, Supplemental Material Notes 1 and 2
[30]) [40]. To measure these quantities we perform aspira-
tion experiments on aggregates of different sizes (hence a
different number of constituent cells N and different
volume V). Briefly, a negative step pressure is applied to
the pipette for 1 h (z.,,) which draws the aggregate into the
pipette a length L [Fig. 2(b)]. L will increase over time until
the pressure is released, at which point L decreases over
1 h. By fitting the L-z data with a modified Maxwell model,
we calculate the effective stiffness E. and the viscosity 7
of the aggregate to be 500 Pa, and 2 x 10° Pas, respec-
tively. The viscoelastic time scale is then defined as
T, = W/Eeff =400 s.

AS 7, > 7, the aggregate surface behaves as a fluid,
and thus we assume that the deviatoric component of the
stress tensor is negligible [Fig. 2(c)]. This is consistent with
the lack of aforementioned variations in F-actin ordering
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FIG. 2. Aggregate surface tension is size-dependent. (a) Brightfield image of micropipette aspiration which shows the aggregate
entering the pipette over a length L (indicated by dotted red line). (b) L over time (black circles, dotted red line). A step increase in
pressure is applied and then released at the apex of L (blue dotted line). Solid gray lines represent the region where aspiration and
retraction rates are measured. This region represents a fluid like regime. (¢) Comparison between viscoelastic and experimental time
scales. (d) Surface tension y as a function of aggregate size, R, for control (n = 21, blue) and 50 M Blebbistatin-treated aggregates

seskeok

(n =09, red).

along the aggregate surface. Relatedly, we also show that
no surface flows are observed, suggesting that no surface
tension gradient exists (Supplemental Material Note 3 and
Supplemental Material Fig. 5 [30]). Therefore, we assume
that y is isotropic. Thus, in absence of anisotropy in stress
gradients in a fluid regime, we apply the law of Laplace
to connect surface tension with pressure (Supplemental
Material Notes 3 and 4). Separately, a Laplace-like relation-
ship has been observed during aggregate adhesion [31] and
is utilized in studies of aggregate mechanics [10,40,41].

From the change of L in time, and application of the
law of Laplace, we calculate the surface tension y of the
aggregate [Fig. 2(d), Video 1] [40]. First, we find that y is
14.32 + 1.72 mN/m, consistent with previous reports
[40,41]. However, we also find that y decreases with an
increase in aggregate size, indicating that small aggregates
have a larger surface tension (14.32 £ 1.72 mN/m) than
large ones (7.46 + 0.83 mN/m). The decrease in surface
tension as a function of aggregate size can be treated
as linear over aggregate size range explored in this study
(dy/dRy, = —76.0 £ 13.8 N/m?). Thus, as the pipette
retains a fixed diameter, aggregates of different sizes are
deformed to the same length scale, yet have different
surface tensions. This implies that aggregates of different
sizes act as droplets of fluids with different surface tensions.
Furthermore, upon treatment with 50 yuM Blebbistatin, the
size dependence vanishes (dy/dR, = 13.2 &+ 15.5 N/m?),
consistent with that of passive systems, like liquid droplets
[42—44]. These results are also consistent with results that do
not assume Laplace (Supplemental Material Note 5, and
Supplemental Material Fig. 6 [30])[45,46].

Next, we calculate the internal pressure (P) and volume
(V) of the aggregate from the micropipette aspiration
experiments. To do so, we apply the law of Laplace for
a droplet, i.e., P =2y/R, using the measured y from
micropipette, and the curvatures as measured from bright-
field images. To measure the volume, we assume radial

P < 0.001 ns is nonsignificant. Scale bar is 50 ym. Error bars are mean =+ standard deviation.

symmetry of the brightfield images, and convert measure-
ments of the area into estimates of volume. Under the
assumption that the final state of an aggregate is indepen-
dent of how it was prepared, aggregates of different sizes
may mimic a continuously growing aggregate.

Comparing these measurements, we find an inverse
relationship between the pressure and volume [Fig. 3(a)].
Small aggregates have high surface tension and likewise,
have high internal pressure. By contrast, large aggregates
have low surface tension and thereby low pressure.
Specifically, by fitting pressure and volume data, we find
that P ~ V062011 " or p ~ RS18E032 This relationship is
dependent upon active stress, as in the presence of 50 yuM
Blebbistatin, the aggregate increases in volume and
maintains a round shape [Fig. 3(a), inset]. Further, as the
concentration of myosin scales as R;' (Supplemental
Material Fig. 7) and y is proportional to myosin content,
the law of Laplace would suggest that for aggregates
pressure should follow a P ~ Ry? dependence as opposed
to P~ Ry' in the case of a passive drop. As Ry~ V'/3,
writing pressure in terms of aggregate volume gives
P ~ V=23 which agrees with experimental data.

An activity-dependent change in aggregate volume
indicates a change in the number density of cells within
the aggregate [47,48]. By transfecting cells for GFP with
NLS, we estimated the population of cells (V) and thereby
the cell number density (p = N/V) within the aggregate.
From images of nuclei, we estimate the cell number density
in two different ways based on the size of the aggregate
relative to the field of view (Supplemental Material Notes 6
and 7, Supplemental Material Fig. 8, Supplemental
Material Video 2 [30]). First, for small aggregates
(Ry < 100 um), we spread aggregates onto adhesive sub-
strates and count the nuclei that enter the two-dimensional
plane until the aggregate completely depletes. We then
estimate the initial volume (V) from a brightfield image of
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FIG. 3. Pressure and cell number density are both size dependent yielding constant work. (a) Pressure-volume relationship for

different aggregates of multiple sizes (blue, no treatment; red, treated with 50 xM Blebbistatin). Inset: volume expansion of a
nonadherent aggregate in 50 M Blebbistatin. (b) Cell number density (p), as measured through nuclei counting, decreases with the
increasing size of the aggregate. Inset: inverted fluorescence image of nuclei of an aggregate with red dots that identify their fluorescent
centers. (c) Aggregate pressure and number density are linearly correlated and inversely proportional to the aggregate size. (a)—(c) Each
point represents a single experiment. (d) Pressure and number density relationship for different levels of active stress. RT™* for 0 and
50 uM Blebbistatin (d, inset). P < 0.001. " P < 0.01 ns is nonsignificant. Scale bar is 100 ym. Error bars are mean + standard

deviation.

the cross section of the aggregate prior to spreading, and
normalize the population by this volume. Separately, for
large aggregates (Ry > 100 um), we cannot see all spread
cells within a single field of view, and thus count nuclei
within a 2D confocal slice. Therefore we convert the 2D
number density to 3D by assuming a uniform distribution
of cells. We find that the former method yields p ~
Ry1892% for small aggregates, the latter gives Rj'?
for large aggregates, and for the whole range, Rj'0+0-2¢
[Fig. 3(b)]. Over the size of aggregates used in this study,
these number density changes correspond to changes in
average cell volume up to a factor of 3.0 4+ 0.4 which is
comparable to other studies [16,49,50]. However, other
studies have suggested that cytoskeletal-mediated volume
change is not entirely through direct mechanical actuation
of volume by cytoskeletal forces but through water per-
meation from pores and gated ion channels [51], as the
shear modulus of the cell is orders of magnitude smaller
than the bulk modulus of the cell. Thus, there may be a
complex interaction involving both mechanics and signal-
ing between ion channels and the cytoskeleton that mediate
these effects [16,52].

The scaling of pressure with aggregate size (P~
Ry18+92%) is comparable to the scaling of number density
with size (p ~ Ry'0+92°) (Supplemental Material Note 8
[30]). The exponent of the fit matches precisely for the
more accurate estimate for small aggregates (R, < 100 ym).
The R? value for power law fits for small aggregates (0.84)
is also observed to be significantly better that for the
complete data set (0.69). Thus, when normalizing the
product of pressure and volume for each aggregate by
the population of cells within each aggregate (PV/N,
or equivalently P/p), we find that the average energy
contributed per cell remains constant [Fig. 3(c)]. This is
expected for a density scaling of Ry 2, similar to small R,

measurements (Supplemental Material Fig. 8 [30]).
Thus, assuming that the exponents are indistinguishable,
the relationship between pressure and number density
resembles an equilibrium equation of state of form

= (w) = Rr. (1)

For increasing size and cell density, (W) denotes the mean
mechanical and nonmechanical energetic cost of adding a
cell to the aggregate, 7" is an effective temperature which
is a measure of the activity of an aggregate, and R is a
constant. Upon reduction of the active stress through
myosin inhibition, the linear relationship remains, although
T* is lowered [Fig. 3(d)]. Thus 7™ is related to the internal,
nonequilibrium activity of the cell. By contrast, a difference
in the scaling exponents in P and p may lead to an exponent
of VI'13 as aggregates become larger and thus temperature
is not constant in the limit of large aggregates
(Supplemental Material Note 9 [30]).

The slope of the P —p curve reflects the effective
thermodynamic temperature. Equating the slope of P — p
curve with kg T yields a temperature of the order ~10'! K
(1 pJ). For the Blebbistatin-treated case this estimate
is approximately ~10'© K (0.1 pJ). Such large values are
expected, as cellular aggregates are athermal systems.
Similarly large values have been observed in granular
materials (~10' K) [53]. However, as the range of cell
number densities covered by aggregates of different sizes
in this study is much larger than the change in density
of a single aggregate on inhibition of myosin activity, we
infer that 7* includes contributions from other sources, in
addition to myosin activity [Fig. 3(a) inset, Supplemental
Material Note 10 [30]). Thus while more variables may be
required to completely specify the state of an aggregate, the
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pressure-density relationship is still sufficient to define an
energetic constraint on the size of cell aggregates.

Previous reports have estimated the energetic cost
of S180 cell adhesion to be approximately 40 pJ/m?, or
~1 x 1073 pJ given the size of the cell [54]. To estimate the
contribution of active stress, we measure changes in traction
strain energy as single cells de-adhere from a compliant
substrate to form an aggregate. Thus, we seed single S180
cells on a 0.7 kPa polyacrylamide gel, coated with 10 pg/mL
fibronectin. As the fibronectin concentration is low, as cells
migrate and contact each other, the cohesion between
them will induce substrate de-adhesion and aggregation
(Supplemental Material Fig. 9 [30]). The formation of the
aggregate is favorable, and thus the loss in traction strain
energy reflects a lower bound on the active stresses generated
in the formation of the aggregate itself. In our experiments this
value is 5 x 10~ pJ, and has been observed to be as high as
0.1 pJ in other experiments reported in literature [55]. To
estimate a contribution to the pressure-volume work, we
apply an osmotic pressure of 400 Pa to nonadherent S180
cells, and measure a change of volume of 7%, yielding an
estimated work of ~0.1 pJ, comparable to our estimates
(Supplemental Material Note 11 [30]).

In passive liquid droplets, pressure varies with size
exclusively due to droplet curvatures, as described by the
law of Laplace. In cellular aggregates, the law of Laplace
holds as the surface tension is isotropic. Here we show that
in aggregates as models of active droplets, pressure also
depends on size, although due to a volume-dependent
surface tension arising from active stress. By extension,
pressure or number density may not uniquely define the state
of the system. However, pressure and number density vary
similarly with size and thus in the relationship between them,
this dependence vanishes, and resembles an equation of
state. Here, the nonequilibrium activity can be represented as
an athermal temperature as is observed in granular systems,
active colloids, and turbulent fluids [56-58]. Thus while
single variables violate equilibrium assumptions, in combi-
nation, these variables may still define a work and constrain
the energetics of the system.

In ideal gases, the equation of state appears due to the
noninteractivity between constituent particles. By contrast
in cell aggregates, the relationship between pressure and
density is due to the presence of active interactions and
adhesions that enables pressure and number density to have
similar scaling with the size of the aggregate. As aggregates
of different cell lines also show a similar size-dependent
response, we suggest that these results may be general
(Supplemental Material Fig. 10 [30]).

As the size of the aggregate grows, the simple linear
equation of state may need a more complex functional form
or the addition of higher-order virial terms. We briefly
discuss modifications to this relationship in the
Supplemental Material, and we plan to explore this idea
in future works (Supplemental Material Note 9 [30]).

Overall, we show that the bulk and surface properties of
the cell aggregate balance to yield a constant work for
aggregates of different sizes. The study presented here may
represent new insights for understanding the growth and
form of simple tissues, and the regulation of energy far
from equilibrium in living systems.
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