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The ability of living cells to sense the physical properties of their microenvironment and to respond to
dynamic forces acting on them plays a central role in regulating their structure, function and fate. Of
particular importance is the cellular sensitivity and response to periodic driving forces in noisy
environments, encountered in vital physiological conditions such as heart beating, blood vessel pulsation
and breathing. Here, we first test and validate two predictions of a mean-field theory of cellular
reorientation under periodic driving, which combines the minimization of cellular anisotropic elastic
energy with active remodeling forces. We then extend the mean-field theory to include uncorrelated,
additive nonequilibrium fluctuations,
experimentally observed stationary probability distributions of the cell body orientation, under a range of

and show that the theory quantitatively agrees with the

biaxial periodic driving forces. The fluctuations theory allows the extraction of the dimensionless active
noise amplitude of various cell types, and consequently their rotational diffusion coefficient. We then
focus on intra-cellular nematic order, i.e. on orientational fluctuations of actin stress fibers around the
cell body orientation, and show experimentally that intra-cellular nematic order increases with both the
magnitude of the driving forces and the biaxiality strain ratio. These results are semi-quantitatively
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explained by applying the same cell body fluctuations theory to orientationally correlated actin stress
fiber domains. Finally, an estimate of the energy scale of cellular orientational fluctuations for one cell
DOI: 10.1039/d2sm00611a type is shown to be about six order of magnitude larger than the thermal energy at room temperature.
The implications of our findings, which make the quantitative analysis of cell mechanosensitivity more

rsc.li/soft-matter-journal accessible, are discussed.

recognized that retaining cellular organization is of crucial
importance for tissue engineering and cardiovascular regenera-
tive medicine.>™*

1 Introduction

Cells in our body exhibit a high degree of spatial organization

in complex, dynamic and noisy biophysical environments.
The highly-ordered spatial cellular organization is essential for
the biological functions of single cells, as well as for the tissues
and organs that they form, and even for their fate. In many cases,
cells are exposed to high-frequency periodic driving forces in
addition to intrinsic and extrinsic noise, e.g. in vital physiological
conditions such as those encountered in cardiovascular tissues
in hemodynamic environments, in the lungs under breathing
motion and in cardiac tissue under rhythmic heart beating. The
noise under such conditions is clearly of a nonequilibrium and
active nature. The absence of proper cellular organization
may lead to dysfunction, pathological conditions and diseases
such as hypertrophic cardiomyopathy.’™ Furthermore, it is now
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A major challenge is to quantitatively understand the relations
between the mechanical forces applied to the cellular environ-
ment, the fluctuations cells experience and exhibit, their relevant
cellular properties and the resulting dynamic response. The latter
requires cells to “sense” some physical properties of their environ-
ment and to actively tune their subsequent dynamic response,
which is therefore termed mechanosensitive. Well-controlled
laboratory experiments, in which living cells adhere to a deform-
able substrate that is exposed to periodic driving forces,'>>°
provide an excellent test bed for probing basic aspects of cellular
mechanosensitivity in driven systems and for extracting quanti-
tative information about the accompanying active fluctuations.
A cartoon of such experiments is shown in Fig. 1a, presenting
an ensemble of non-interacting cells (ellipses) adhering to a
deformable 2D substrate (of elastic stiffness Eg,y,), which aims at
mimicking various aspects of the extracellular matrix in physio-
logical conditions. The substrate is exposed to cyclic stretching
of amplitude ¢ and frequency f in the horizontal direction (here
the stretch is extensional) and to cyclic stretching of amplitude
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Fig. 1 (a) A cartoon of the setup used in cyclic stretching experiments,

where non-interacting adherent cells (ellipses) are exposed to periodic
driving forces applied to the underlying substrate (grey rectangle). The
parameters of the driving force—the strain amplitude ¢ and the biaxiality
strain ratio r—are explicitly indicated (see text for additional discussion).
The other driving parameter—the driving frequency f defined in eqn (1), is
not shown. The cell body orientation 0; (relative to the principal strain
direction), of some of the cells, is marked. Finally, actin stress fibers, whose
orientation does not necessarily coincide with the cell body orientation, are
also sketched (yellow lines). (b) A sketch of a typical bimodal distribution p(6),
corresponding to the stationary cell body orientations of an ensemble of
cells as those illustrated in panel (a). It features peaks at two mirror-image
angles +0,, (marked in subsequent panels by yellow dashed lines) and
a finite characteristic width, illustrated by the double-headed arrows. (c)
A phase-contrast image of rat embryo fibroblast (REF-52) cells on
a fibronectin-coated PDMS substrate (Eg,, ~ 1 MPa), after 11 h of periodic
stretching (¢ = 0.1, r = 0.25, f = 1.2 Hz) demonstrates that originally randomly
oriented cells (not shown) are aligned in one of the two mirror-image
orientations, marked by the yellow dashed lines.2® In this experiment, the
conditions f » =% ~ 0.1 Hz (where 7 is an intrinsic cellular timescale, see
text for additional details) and Eg, > Eor are met. (d) The same as panel (c),
but with f = 0.12 Hz, which corresponds to f ~ 7~ In this case, not all cells
are aligned in one of two mirror-image orientations (partial reorientation).
(e) The same as panels (c) and (d), but with f = 0.008 Hz, which corresponds
to f « % In this case, cells are not aligned at all in special directions. (f) The
same as panel (c), but with Eg,, ~ 5 kPa, which corresponds to Egyp S Eet
(here r = 0.15). In this case, cells are not aligned in special directions.

—re (compressional) and the same frequency f in the perpendi-
cular direction.

Upon applying the biaxial cyclic stretching for a long time,
each cell settles into a well-defined orientation/angle 0; relative
to the principal direction. Each cell also features intra-cellular
cytoskeletal organization of its actin stress fibers (yellow lines),
whose orientation does not necessarily coincide with the cell
body orientation 0;. The orientations {0;} are typically clustered
around two mirror-image angles, but generically correspond to
a continuous distribution p(f). Such a characteristic bimodal
distribution is sketched in Fig. 1b, where the mirror-image
angles—denoted by +60,,,—correspond to the symmetric peaks
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of the distribution. Each peak also features a finite width,
marked by the double-headed arrows. Many cell types are
known to undergo reorientation dynamics in response to such
periodic driving,*2® for sufficiently rigid substrates and high
frequencies f, as demonstrated in Fig. 1c for rat embryo
fibroblast (REF-52) cells.

In mathematical terms, in these cyclic stretching experiments
the following two-dimensional, time-dependent strain tensor

0 =3(s

is applied to the substrate to which the cells adhere. As explained
above, this periodic driving is characterized by three parameters:
the strain ¢ in the principal direction, the strain —r¢ in the
perpendicular direction—expressed here in terms of the biaxiality
strain ratio r—, and the frequency f. The application of this
periodic driving triggers a mechanosensitive cellular response in
the form of time-dependent reorientation dynamics, which for
long times result in stationary orientational distributions p(0) of
the type illustrated in Fig. 1b. A major challenge is to understand
in quantitative terms these orientational dynamics and the
emerging statistical distributions, along with their dependence
on both the external conditions and internal cellular properties.

The experimental observations described above have triggered
quite a lot of theoretical work, for example.**>* A mean-field
theory, to be briefly reviewed below, quantitatively predicted the
entire reorientation dynamics of single cells, from an initial
random orientation to a well-defined final orientation.”® The very
same single-cell theory, which combines the minimization of
anisotropic cellular elastic energy with active remodeling forces,
has been used to explain orientational order in vascular networks
formed by a coculture of fibroblasts and endothelial cells
embedded in three-dimensional biomaterials under periodic
driving.’ Very recently, it has also been used to account for the
orientational order of Caco-2 cells inside confluent epithelial
layers under periodic driving.>® These latter works demonstrate
that mechanosensitivity and the accompanying orientational
order at the cellular level can significantly affect tissue structures
and functions at higher levels of organization.

Here, our goal is to understand the stationary distributions
p(6) of cellular orientation under periodic driving, as well as the
accompanying cytoskeletal organization of cells, most notably
the orientation of actin stress fibers (SFs). The latter allows
to quantify the degree of intra-cellular nematic order under
periodic driving. To achieve these goals, we first test and
validate two predictions of the a mean-field theory of cellular
reorientation under periodic driving. We then extend the theory
to include uncorrelated, additive nonequilibrium fluctuations.
Using experimental data for various cell types, we show that the
fluctuations theory quantitatively agrees with the experimen-
tally observed stationary probability distributions of cell body
orientation, under a range of biaxial periodic driving forces.
These results demonstrate that the anisotropic elastic energy of
cells, in the high-frequency regime, plays a decisive role not just
in their reorientation dynamics,?® but also in their orientational

0, )i = costemo 0
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fluctuations, and support the validity of the uncorrelated,
additive noise description.

The cell body analysis allows to extract the dimensionless
amplitude of nonequilibrium orientational noise, or alterna-
tively the rotational diffusion coefficient of cells. These cellular
properties, when compared across various cell types, reveal
interesting similarities and differences. We then shift our focus
to the internal cytoskeletal organization of cells, as manifested
by intra-cellular nematic order,**° i.e. by orientational fluctua-
tions of actin SFs around the cell body orientation. We experi-
mentally show that intra-cellular nematic order increases with
both the magnitude ¢ of the driving forces and with the
biaxiality strain ratio r. These results are semi-quantitatively
explained by applying the same cell body fluctuations theory to
orientationally correlated stress fiber domains. Finally, an
estimate of the energy scale of cellular orientational fluctuations
for one cell type is shown to be about six order of magnitude
larger than the thermal energy at room temperature. The impli-
cations of our findings, as well as future investigation directions,
are discussed.

2 Cellular reorientation under periodic
driving and the single-cell mean-field
theory

Our first goal is to briefly review the deterministic (mean-field)
single-cell theory of cellular reorientation under periodic driving,
originally introduced and validated in ref. 26, and to further
substantiate it as a preliminary step for discussing orientational
fluctuations. The theory considers a cell that adheres to a deform-
able substrate, which is subjected to the two-dimensional strain
tensor of eqn (1), and that is oriented at time ¢ at an angle
0(t) relative to the largest principal strain direction. It then derives
the time-averaged linear elastic energy in the cell in form
U(0) = V x LEepe? [b' (1 + r) cos?(0) — b~ + (1 — r)]?, where V
is the effective cell volume, E. is the effective cell stiffness and
b is a dimensionless parameter that characterizes the elastic
anisotropy of the cell. The elastic energy %(0) has been averaged
over a timescale t significantly longer than f*, such that f does
not appear in the problem any more (the physical meaning of the
7 and the condition t > f ' will be further discussed below). The
expression for #(0) also assumes that all of the substrate defor-
mation is transferred to the cell, ie. that E.y is significantly
smaller than the substrate’s stiffness/rigidity Egp.

The time evolution of 0(t) has been suggested to follow the
deterministic relaxational dynamics d0(¢)/dt = —y~'d%(0)/d0 =
—1'di(6)/d0, where 7 is an effective orientational viscous-like
parameter, T = 4V 'E.g © is an intrinsic cellular timescale
(corresponding to active remodelling of actin structures and
focal adhesions**™*?) and

a(0) = 12 [~ (1 + r) cos®(0) — b~" + (1 — )] (@)

is the dimensionless elastic energy. These single-cell dynamics
have been shown to be in remarkable quantitative agreement
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with the experimentally measured cell body orientation 0(t) of
REF-52, for a wide range of experimental conditions. Moreover,
it has been shown that for the fibroblasts used therein, 7= 6.6 +
0.4 s and b = 1.13 £ 0.04.>°

The value 7 = 6.6 s implies that the theory described above is
valid for frequencies f » t' ~ 0.1 Hz, and consequently that
E.ss and b characterize the elastic cellular response in this high-
frequency limit. This timescale separation predicts that in the
opposite limit, f <« t~' ~ 0.1 Hz, the phenomenon disappears
(at least for the used fibroblasts) since in this limit the cell has
enough time to reduce its stored elastic energy by reducing its
elastic stiffness (through active remodeling), not by reorienta-
tion. This prediction is verified in Fig. 1c-e, where f is varied
from f > 1" (panel (c)) to f « " (panel (e)). Similar results for
human mesenchymal stem cells have been very recently
reported in ref. 23, see in particular Fig. S9 in the Supporting
Information file therein.

We can likewise test the assumed stiffness scale separation,
which predicts that for Eg,, > E.ir complete cellular reorienta-
tion would be observed, while for Egz,;, < Ee¢ the phenomenon
disappears. In ref. 26, complete cellular reorientation has been
observed down to Eg,, ~ 20 kPa. In Fig. 1f, we present results
for Eqy, ~ 5 kPa, where complete cellular reorientation is not
observed. As such, the results support the prediction and
indicate that the effective cell stiffness—which is a ‘“composite”
cellular property that is difficult to probe directly—is of the
order of 10 kPa for REF-52. Similar results for primary human
umbilical cord fibroblasts have been reported in ref. 18, where
cellular reorientation dynamics are not observed anymore below 3
kPa, see in particular Fig. 8A therein. The above described
procedure, where the substrate stiffness Eq,, is reduced until
cellular reorientation in response to cyclic stretching is not
observed anymore, in fact offers a method for estimating the
effective stiffness of cells in the high-frequency limit.

3 Fluctuations in cellular orientation

The cellular reorientation process discussed above is robust, yet it
is subjected to various sources of noise and fluctuations. The
success of the single-cell theory in quantitatively predicting the
cellular reorientation process at the mean-field level opens
the way for developing a quantitative understanding of the
fluctuations that accompany cellular orientation under driven
conditions, which are of an intrinsically nonequilibrium, active
nature. While active fluctuations are found everywhere in living
systems, their accurate quantification and understanding is
generally difficult and nontrivial. Consequently, we focus next
on the statistical properties of cellular orientation of ensembles of
cells under periodic driving of the type presented in eqn (1).

We consider nonlinear Langevin dynamics of the form
(as was also invoked, e.g., in ref. 18, 35 and 43)

do(z) 1da(0)

o = 7 ag V2D, (3)

where D is an effective rotational diffusion coefficient (of inverse
time dimension) and {(¢) is assumed to be an uncorrelated noise
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with zero mean and unit variance, i.e.({(¢)) = 0 and ({(©){(¢)) =
d(t — t). Eqn (3) reduces to the deterministic mean-field theory
when averaged over the noise and contains a single new dimen-
sionless parameter, tD (recall that 7 is determined from the
reorientational dynamics of single cells in the framework of the
mean-field theory). Our main goal is to understand whether the
inclusion of uncorrelated additive orientational fluctuations,
which are related to active/nonequilibrium noise (that cannot
possibly be inherited from ordinary thermal fluctuations),
quantitatively predicts the stationary probability distribution
function p(0) of cellular orientation in the long-time limit, and
if so, to understand the properties of the orientational noise
amplitude.

A standard procedure that invokes the Fokker-Planck equa-
tion, corresponding to the Langevin dynamics in eqn (3), leads
to the following stationary probability distribution function

p0) ~ exp(-412), (1)

where T = tD is a dimensionless effective temperature that
replaces the (properly normalized) ordinary temperature in
thermal equilibrium and 6 represents the long-time (steady
state) cellular orientation. Combining eqn (2) with eqn (4), we
obtain the following prediction for the most probable orienta-
tion 0,, (corresponding to the minimum of #(0))

_1—b(1-r)

COSz(Om) 1 +r )

(5)
valid for 1 — 1/b < r < 1/(b — 1), which we focus on in this
work. For 0 < r < 1 — 1/b, we predict 60, = 90°. The former
prediction has been extensively verified experimentally in
ref. 26, while the latter has been verified in ref. 9. In the present
context, eqn (4) implies that the location of the maximum of
p(0), 0., uniquely determines the cellular parameter b (recall
that the biaxiality ratio r is externally imposed).

To test the prediction of eqn (2)-(4), we consider first the
experimental data of ref. 18 for the steady-state cellular orientation
of primary human umbilical cord fibroblasts, under the periodic
driving of eqn (1) (obtained under the conditions f > 7~ and
Esup > Eef). The reason we first focus on these experimental data is
that they offer—to the best of our knowledge—the largest cell
ensembles currently available, including a few hundreds cells per
each experimental condition (¢, 7), going up to ~1500 cells in the
best case. For comparison, the experiments of ref. 26, which where
focused on single-cell reorientation dynamics rather than on
stationary orientational statistics, featured (/(100) cells per experi-
mental condition.

In Fig. 2, we present the cellular orientation distributions
p(0) (discrete histograms, to be precise, see the circles) for
primary human umbilical cord fibroblasts, digitized from Fig. 4
of ref. 18, for various ¢, r and f conditions (¢f. Table 1). The most
probable orientations corresponding to these distributions
have already been analyzed in ref. 26 and shown to be
in quantitative agreement with the prediction in eqn (5).
Consequently, primary human umbilical cord fibroblasts are
expected to feature elastic anisotropy close to b = 1.13 £ 0.04,
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which characterizes REF-52. The periodic driving frequency fis
in the range of tens of mHz (see Table 1), i.e. about an order of
magnitude smaller than the lowest frequency for which REF-52
still exhibit complete reorientation (¢f Fig. 1d). This implies
that 7 for primary human umbilical cord fibroblasts is more
than one order of magnitude larger than that of REF-52. This
point will be further discussed below.

The experimental data in Fig. 2a-d feature ¢ = 0.049 — 0.140
and biaxiality ratios that are reported to be in the range
r=0.15 £ 0.05."® We found that these data are consistent with
b=1.2 (i.e. close to the upper end of the b values of REF-52) and
with 7= 0.10 (i.e. in the lower end of the reported range); fixing
b and r to these values, we fitted the experimental data in
Fig. 2a-d to eqn (4), together with eqn (2), where T is a free
parameter in each dataset. The resulting fits are superimposed
on Fig. 2a-d (solid lines) and the extracted values of T are
reported in Table 1. The theoretical fits are in favorable agree-
ment with the experimental data, and Teg = (2.15 + 0.35) x 10°
appears to be roughly independent of ¢ for this single r value.

The experimental data in Fig. 2a-d have been very recently
analyzed in ref. 43 using essentially the same theory (based on
the previous work of some of us®®). Though the analysis
procedure and parameter values are slightly different (see
ref. 43 for details), favorable agreement with the theory has been
also demonstrated, consistently with our findings. We next
consider the data presented in Fig. 2e and f, which have not
been analyzed in ref. 43. These two datasets have been obtained
under significantly larger strains, ¢ ~ 0.32 (c¢f Table 1), and two
biaxiality ratios (r = 0.15 & 0.05 in panel (e) and 7 = 0.29 + 0.05 in
panel (f)). The larger ¢ value may imply that the quadratic energy
function of eqn (2) requires higher order corrections in ¢
however, recent work has demonstrated that the steady state
relation in eqn (5), which corresponds to the minimum of #(0) in
eqn (2), remains valid for a very large class of nonlinear
constitutive relations, characterised by orthotropic energy
functionals.*® Consequently, we analyze the experimental in
Fig. 2e and f using the same theory discussed above.

Focusing first on Fig. 2e, we again constrain r in the range
0.10-0.20 and b in the range 1.16-1.2, and use the dimensionless
noise amplitude Te¢ as a free fitting parameter. The resulting
theoretical fit, with 7 = 0.12, b = 1.16 and Teg = 3.4 x 10> (cf.
Table 1) is superimposed on the experimental data (solid line),
again demonstrating favorable agreement with the data. The
extracted noise amplitude T.¢ = 3.4 x 10> is somewhat larger
than the approximately e-independent value extracted for smaller
& Tee = (2.15 £ 0.35) x 107>, At present, we cannot conclusively
determine if the larger T is a signature of a dependence on the
strain ¢ or whether it is related to other effects.

The experimental dataset presented in Fig. 2f is in some
sense the most interesting one, posing the most stringent test
of the theoretical predictions. The reason for this is not just the
fact that its biaxiality ratio is different, r = 0.29 £+ 0.05, but
mainly that it is the only dataset that features a clear maximum
(attained at an orientation denoted by 0,,). The latter is of
importance because it requires r and b, which are anyway
strongly constrained, to satisfy eqn (5). This relation is indeed

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The stationary probability distribution function p(0) (circles) of the orientation of primary human umbilical cord fibroblasts on a fibronectin-coated
PDMS substrate (Equp ~ 50 kPa) after 16 h of periodic stretching.*® Each panel corresponds to different imposed parameters ¢, r and fin eqn (1), as detailed
in Table 1 (see text for the discussion of the r values). The circles correspond to the data appearing in Fig. 4 of ref. 18. The solid lines correspond to
theoretical fits to egn (4) (together with eqn (2)), obtained through the procedure detailed in the text. The values of the dimensionless cellular parameters

b and T appear in Table 1 and are discussed in the text.

Table 1 The experimental parameters'® and the extracted cellular para-
meters corresponding to panels (a)-(f) of Fig. 2, see extensive discussion in

the text

Panel ¢ (%) r f(mHz) b Test

() 4.9 0.10 52 1.20 2.5 x 10
(b) 8.4 0.10 34 1.20 2.2 x 107
() 11.8 0.10 25 1.20 1.8 x 1073
(d) 14.0 0.10 21 1.20 2.0 x 107
(e) 32.0 0.12 9 1.16 3.4 x107°
(i) 31.7 0.28 9 1.18 1.6 x 1073

satisfied with r = 0.28 and b = 1.18, well within their narrow
allowed ranges. With r = 0.28 and b = 1.18 fixed, we fit the
theory to the experimental distribution p(6) using a single free
parameter T The theoretical prediction (solid line) is in
excellent agreement with the experimental data. The extracted
noise amplitude T = 1.6 x 107> is about half of that of the
data in Fig. 2e, which feature a smaller r value. In the absence
of a systematic variation of r over a broader range, we are
currently unable to determine whether T.¢ indeed reveals some
robust r dependence for a fixed ¢ (note that some r dependence
is encapsulated in the energy functional of eqn (2)).

Overall, the comparison in Fig. 2 of the theoretical predic-
tion of eqn (2) and (4) to the experimental data of primary
human umbilical cord fibroblasts provides support for the
cellular orientation fluctuations theory we consider here. In
particular, it supports the existence of uncorrelated, additive
nonequilibrium fluctuations (¢f eqn (3))—characterized by a
dimensionless noise amplitude T.g—and further strengthens

This journal is © The Royal Society of Chemistry 2022

the validity of the elastic anisotropic energy functional in
eqn (2), which has already been confirmed by dynamic re-
orientation measurements in ref. 26.

The experimental data presented in Fig. 2 have been pre-
viously compared in ref. 18 to a different cellular reorientation
theory.>”?® The latter theory is similar to our theory in some
respects, but different in others. Unlike our theory, whose
mean-field version was originally developed in ref. 26, the
theory of>”?® assumes the existence of an optimal stress
that cells try to maintain by adjusting their active contractility.
This cell force homeostasis assumption implies that a cellular
elastic energy functional is not invoked, but rather some
effective/pseudo free energy. Moreover, the theory of*”® treats
cells as one-dimensional objects, which in terms of our theory
implies b = 1. As shown above, however, treating cells as two-
dimensional elastic objects with finite elastic anisotropy, b > 1,
is essential for quantitatively explaining the experimental data
(e.g- b is directly related to the most probable orientation 0,,
according to eqn (5)). Consequently, while the theory of>"
features a mathematical structure that is similar to our theory,
its comparison in ref. 18 to the experimental data presented in
Fig. 2 resulted in significantly reduced quantitative agreement
with experiments (see dashed lines in Fig. 4 in ref. 18).

Our next goal is to test whether these conclusions remain
valid for other cell types, and if so, what can one learn from the
extracted nonequilibrium noise amplitude T.g. To this aim, we
consider p(0) for human aortic endothelial cells, reported on in
Fig. 5B of ref. 19, which is presented here in Fig. 3a (digitized
from the original figure. The same dataset has been analyzed in
ref. 32, using a somewhat related approach). This experiment

Soft Matter, 2022,18, 7091-7102 | 7095
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has been performed under imposed strain of ¢ = 0.1 and
biaxiality ratio of r = 0.34;" since p(0) in Fig. 3a features a
clear maximum, eqn (5) uniquely determines the cellular elastic
anisotropy to be b = 1.23. This is, in itself, an important result
as it shows that three different cell types feature very similar
levels of elastic anisotropy quantified by b: REF-52 with b =
1.13 4 0.04,>° primary human umbilical cord fibroblasts with
b = 1.18 + 0.02 (¢f Fig. 2 and Table 1) and human aortic
endothelial cells with b = 1.23.

With ¢ = 0.1, r = 0.34 and b = 1.23, we fit p(0) in Fig. 3a to
eqn (2) and (4) using a single free parameter Tes. The result is
superimposed on the experimental data (solid line), revealing
excellent agreement. The extracted dimensionless noise ampli-
tude is Teg = 6.2 x 107>, which is a factor ~ 35 smaller than the
value extracted for primary human umbilical cord fibroblasts.
What is the origin of this large difference in the dimensionless
noise amplitude for these two cell types? Before trying to
address this question, let us first consider the third cell type
discussed in this work, ie. REF-52.>° In Fig. 3b, we present
p(0) for REF-52, focusing on experimental conditions similar to
those used in the experiments presented in Fig. 3a, character-
ized by ¢ = 0.104 and r = 0.46. The latter two, together with the
location of the maximum of p(0) in Fig. 3b and in view of
eqn (5), imply b = 1.15, which is of course perfectly consistent
with previous results.>® Using then eqn (2) and (4) with a single
fitting parameter T.g, Wwe again obtain excellent agreement with
the experimental data (solid line in Fig. 3b). The extracted
dimensionless noise amplitude takes the value Teg=3.2 x 10>,
which is of the same order of the one extracted for human
aortic endothelial cells (¢f Fig. 3a), but nearly two orders of
magnitude smaller than that of primary human umbilical cord
fibroblasts.

To understand the origin of this difference, recall that Teg =
tD and that the intrinsic cellular timescale t, which corre-
sponds to active remodelling of actin structures and focal
adhesions, has been accurately determined only for REF-52,2°

Human aortic endothelial cells 015 Rat embryo fibroblasts (REF-52)
(a) (b)

0.06 |

>
IS
0.03
. [
0O 20 40 0 (C) 66 80 0 20 400 (C) 60 80
Fig. 3 (a) p(0) for human aortic endothelial cells (circles, extracted from

Fig. 5B in ref. 19, based on an ensemble of 77-144 cells), under periodic
driving with ¢ = 0.1 and r = 0.34. The solid line corresponds to
the theoretical prediction in egn (4) (together with eqgn (2)), with b = 1.23
and Ter = 6.2 x 107° (see text for additional details). (b) p(6) for REF-52
(circles, our experimental data, based on an ensemble of 76 cells), under
periodic driving with ¢ = 0.104 and r = 0.46. The solid line corresponds to
the theoretical prediction in egn (4) (together with egn (2)), with b = 1.15
and Tei = 3.2 x 107° (see text for additional details).
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but not for the two other cell types. However, we already
know—as discussed above—that 7 for primary human umbili-
cal cord fibroblasts is more than an order of magnitude larger
than that of REF-52. Consequently, most of the corresponding
difference in Te = 7D is accounted for by the significantly larger
7 of primary human umbilical cord fibroblasts, implying that
their rotational diffusion coefficient D is in fact similar to that
of REF-52. The interesting question of why these two cell types
feature similar b and D values, but markedly different ¢ values,
should be addressed in future work.

Whenever the value of 7 is determined, most robustly by
dynamic reorientation measurements and analysis (as done for
REF-52 in ref. 26), the rotational diffusion coefficient can be
obtained through D = T./t. The rotational diffusion coefficient
D in eqn (3) can be independently measured by removing the
external driving force after complete reorientation has been
achieved and tracking the relaxation of an ensemble of cells
back to a random orientational distribution p(0) = 1/n. In
particular, considering the order parameter ¢ = (cos(26))
(where the angle brackets denote ensemble average), the relaxa-
tion of an ordered orientational state characterized by ¢, takes
the form ¢(¢) = ¢y exp(—t/tre1), where the diffusional relaxation
time is 1) ' = 4D.>® Applying this expression to REF-52, whose
stationary orientational distribution under periodic driving is
shown in Fig. 3b, we predict 7, = (4D) ' =17 x (4Te) ' = 6.6 x
(4 x 3.2 x 107°) " s ~5 x 10* 5. In fact, such an orientational
relaxation experiment for REF-52 has already been performed
in ref. 17, and the diffusional relaxation time 7, that can be
read off the up-pointing blue triangles in Fig. 3A therein is
quantitatively consistent with our prediction. Very recently, the
same procedure has been successfully applied to Caco-2 cells in
a confluent epithelial layer.*®

It is important to highlight the qualitative difference
between the rotational diffusion of cells and the rotational
diffusion of molecules in thermal equilibrium. In the latter
case, the rotational diffusion coefficient is proportional to the
ordinary temperature. Cells, however, are much larger objects
whose fluctuations at the cell scale are not determined by the
ordinary temperature. Consequently, the rotational diffusion
coefficient of cells, D, is related to the nonequilibrium, active
nature of cells. Likewise, the relation T.s = 7D is a generalized
nonequilibrium Stokes-Einstein relation, where t plays the role
of a viscous-friction coefficient in the molecular, thermal
equilibrium case. Indeed, recall that t = yV 'E.g ', where 7 is
an effective orientational viscous-like parameter. Clearly, these
relations further justify the identification of T.y as a dimen-
sionless effective temperature, which naturally appears in the
Boltzmann-like distribution in eqn (4).

4 |ntra-cellular nematic order

Up to now we focused on cell body orientation under cyclic
driving forces. This cell scale orientational state is accompa-
nied by intra-cellular cytoskeletal organization that exhibits
internal orientational order. Most notably, the cytoskeletal
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structure is characterised by discrete actin SFs whose orientation
can be measured directly (¢f Fig. 4-6, to be discussed below).
The level of internal orientational order is termed intra-cellular
nematic order, inspired by the physics of nematic liquid
crystals.** Intra-cellular nematic order, which provides a mea-
sure of the cytoskeletal polarization of cells, is relevant for
various biological processes such as stem cell differentiation*’
and the self-organization of epithelial tissues.”® Its dependence
on the substrate’s rigidity in non-driven situations has been
previously studied.>***> Much less attention, however, has been
given to the dependence of intra-cellular nematic order on
periodic driving forces (see some discussion in the theoretical
study of ref. 32). Our goal here is to study intra-cellular nematic
order over a broad range of periodic driving conditions.

To that aim, we define gr as the steady state (long-time
limit) orientation of individual SFs within a cell. Next, we are
interested in the probability distribution function of Osp —
(Osp)cen, where (Osp)cen is the average stress fiber orientation
of a given cell, shown in ref. 26 to fully coincide with the cell
body orientation (¢f Fig. 1b therein). The probability distribution
function p(Osg — (Osg)cen) allows one to quantify fluctuations in
intra-cellular orientations. In Fig. 4, we first present p(0sg — (Osg) cen)
for REF-52 in the absence of external driving forces (brown squares),
which serves as a reference case. We then superimpose on it the
corresponding distribution obtained under the smallest strain
used in our high-frequency cyclic stretching experiments
(green circles), ¢ = 0.038. Both datasets have been obtained by
analyzing ~ 80 cells and a few tens of SFs per cell, resulting in a
few thousands of SFs in total. It is observed that the periodic
driving results in reduced intra-cellular orientational fluctua-
tions (a narrower distribution) compared to the reference case.

In order to quantify intra-cellular orientational fluctuations,
we estimate for each experimental condition the distribution
width oy in the Gaussian approximation, obtained by fitting the
central part of each distribution to a Gaussian, as shown in the

0.12

0.1

0.08

0.06 |

Pl = (0s)a)

0.04

0.02

°e88ese
-10 0 19 20
9,\’1“ - <9.s'1f >r«'ll (u)

Fig. 4 The stationary probability distribution function p(@sg — (6sg)cen) Of
the orientation of individual SFs within REF-52, where (Osg)cen is the
average stress fiber orientation of a given cell, in the absence of external
driving (brown squares) and under periodic driving forces (green circles,
see legend for the parameters). The solid lines are Gaussian fits to the
central part of each distribution.
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solid lines superimposed on the experimental data in Fig. 4
(the tails of the distributions, which are generally non-
Gaussian, are not discussed here). We use g,y to quantify
intra-cellular nematic order. That is, a low value of ¢4 corre-
sponds to a high level of intra-cellular nematic order, and vice
versa. We extract gy, using the described procedure, in experi-
ments employing various periodic driving conditions (e, 7),
where the strain ¢ was varied in the range 0.038-0.104 and
the biaxiality ratio r in the range 0.15-0.95.%°

The resulting Gaussian widths (s, ) are presented in Fig. 5
(the error bars correspond to the uncertainty in each Gaussian
fit), where oy(¢, r) multiplied by ¢ is plotted against r (each value
of ¢ is marked by a different symbol, see legend, and the non-
multiplied data are shown in the inset). Our data span a factor
of ~3 in ¢ (from 3.8% to 10.4%, where for the smallest value we
have only one r value), hence we cannot conclusively resolve
the scaling with ¢. Yet, the obtained results are consistent with
ag(e, 7) being inversely proportional to ¢ for a fixed r, i.e. with
¢ ag(e, r) approximately forming a function, which decreases
with increasing r. Consequently, our results indicate that the
intra-cellular nematic order increases with both increasing ¢
and biaxiality ratio r, i.e. that gy decreases with both.

How can one understand these trends? At the qualitative
level, the fact that oy(e, r) decreases with increasing ¢, and the
fact that high-frequency periodic driving results in smaller gy
compared to the non-driven case (cf. Fig. 4), are expected due to
the energetic penalizing effect of being oriented away from the
minimum of the time-averaged elastic energy stored in the SFs,
similarly to the biophysics implied by the cell body orientation
theory in eqn (2)-(4). Moreover, a scaling relation ay(e, 7) ~ & '
appears to be consistent with the quadratic energy functional
7(0) of whole cells in eqn (2). Yet, the theory in eqn (2)-(4) has
been developed for cell body orientation at a coarse-grained
level, treating the whole cell as a ‘‘composite material”

i €=3.8%
'I m e=75%
) 8¢ ¢ £=9.3%
08+ & o B @ £=10.4%
5 S - --Eq. (6)
' 4 L 8
\‘ ° v
v 2
7N 0.6 + ° 1
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— i r
b: ® \‘—\
W 04+ \\ 8 |
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0 L . . .
0.2 0.4 0.6 0.8
r

Fig. 5 The Gaussian width oy of p(0sg — (0s¢)cen) for REF-52 multiplied by ¢
vs. r, for different ¢ values (see different symbols and legend). The dashed
line corresponds to eqn (6) with Tei = 3.2 x 107> and the grey shaded
region to eqn (6) with T = 3.2 + 0.8 x 1075, see text for discussion. Note
that in plotting the theoretical prediction in egn (6), angles have been
converted from radians to degrees. (inset) The same as the main panel, but
without multiplying gy by &.
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composed of many SFs and their interconnections (as well as
focal adhesions),*® and as such cannot immediately apply to
individual SFs.

At the same time, it is difficult to imagine that adjacent SFs
reorient independently of their neighboring SFs, as there is a
direct biophysical coupling between them,***> and as they
must experience some excluded-volume and nematic interactions.
Consequently, one expects finite domains (or clusters) of adjacent
SFs to orient in a correlated manner. In fact, in ref. 26 it has been
demonstrated that subcellular parts of a single cell can orient
in two different mirror-image orientations, see Fig. 1b of the
Supplementary Information file therein. Furthermore, it has been
stated there in this context that: “This result indicates that the
reorientation is not driven at the cell level, but rather involves
a smaller part of it... and can be explained by SF clusters
reorienting independently. . .”. Building on these ideas and obser-
vations, we speculate that the cell body theory of eqn (2)-(4) can be
used as a rough approximation for p(0sr — (Osg)cen), and in
particular for gy(e, 7).

To further substantiate this suggestion, we present in Fig. 6
an image of a single REF-52 under periodic driving (¢ = 0.104
and r = 0.17) in the long-time limit, where SFs were imaged after
being stained with fluorescently labelled phalloidin. We also
added as a guide to the eye (dashed line) the cell body orientation
predicted theoretically in eqn (5). It is observed that domains
composed of several SFs are locally oriented in a correlated
manner in a direction that does not necessarily coincide with
the cell body direction (some of them are marked by ellipses
that serve as guides to the eye). This observation qualitatively
supports the suggestion stated above (note that no attempt is
made here to quantify the correlated SF domains, e.g. their
correlation length).

Fig. 6 An image of a single REF-52 under periodic driving (¢ = 0.104 and
r = 0.17) in the long-time limit, where SFs were imaged after being stained
with fluorescently labelled phalloidin. The dashed line corresponds to the
cell body orientation predicted theoretically in egn (5), added as a guide to
the eye. The ellipses, also added as guides to the eye, illustrate the possible
existence of correlated SF domains, see text for additional discussion.
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With this evidence in mind, we assume now that eqn (2)-(4)
also apply to SF domains and hence can teach us something
about intra-cellular orientational fluctuations. We can then use
eqn (2) inside eqn (4), and derive the Gaussian approximation
around the peak of the distribution at 6,,. The resulting
Gaussian width oy(e, r) takes the form

b/ Tefp
260/r — b(b — 1)(1 - 1)}

which is trivially proportional to ¢ *. As b = 1.13 for REF-52 has
been determined by the mean-field reorientation dynamics,”®
eqn (6) contains a single unknown parameter, the dimension-
less noise amplitude Teg. In fact, pushing the analogy between
SF domains and whole cells a bit further, we expect them to
experience similar levels of dimensionless orientational noise,
and hence expect T.g for SFs to be close to 3.2 x 107°, the
value obtained in Fig. 3b for whole cells. Indeed, upon super-
imposing (dashed line) the prediction in eqn (6), with Teg =
3.2 x 107°, on top of the experimental data in Fig. 5, a reason-
able agreement is revealed. The sensitivity of the theoretical
prediction in eqn (6) to the exact value of T is demonstrated
by the grey shaded region in Fig. 5 (see also figure caption).
Consequently, while applying the cell body fluctuations theory
to SF domains is clearly approximate and somewhat rough,
eqn (6) appears to semi-quantitatively capture the experimental
trends in intra-cellular nematic order as a function of the
driving parameters ¢ and r.

(6)

oo(e,r) >

5 Summary, discussion and outlook

In this work, we first experimentally validated two theoretical
predictions regarding the timescale and stiffness scale separation
associated with the reorientation of adherent cells in response to
periodic driving. In particular, we showed that cellular reorienta-
tion occurs when the driving frequency f is much larger than an
inverse intrinsic cellular timescale 7' and when the substrate
stiffness Eg,p, is much larger than the (high-frequency) effective
cell stiffness E. as predicted. As such, these results further
support an established single-cell mean-field theory of cellular
reorientation under periodic driving.”® With this fundamental
mean-field level understanding of cellular reorientation at hand,
we turned our focus to the stationary orientational distribution
function p(0).

We extended the mean-field theory to include uncorrelated,
additive active noise and compared the resulting stationary
probability distribution functions of cellular orientation to
extensive experimental data for three different cell types. These
theoretical predictions quantitatively agree with the experi-
mental data for cell body orientation, and allowed to extract
various cellular parameters, most notably the dimensionless
measure of cellular elastic anisotropy b—which is determined
by the most probable orientation—and the dimensionless
noise amplitude T.g. We found that cellular elastic anisotropy
is almost constant, attaining values in the range b = 1.12-1.23,
across the three cell types considered here. The dimensionless

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sm00611a

Open Access Article. Published on 18 August 2022. Downloaded on 7/31/2025 4:57:24 PM.

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

(cc)

Soft Matter

noise amplitude Te¢ was found to be significantly larger for one
cell type, a difference that was attributed to the significantly
larger intrinsic timescale 7 of this cell type.

Once the intrinsic timescale 7 is known, typically through
dynamic (time dependent) reorientation measurements of (¢) in
the f > ¢~ limit,>® the cellular rotational diffusion coefficient is
obtained from D = Teg/t. The latter, as explained above, is
intimately linked to the nonequilibrium, active nature of cells
and provides a quantitative prediction for the free relaxational
dynamics of initially ordered cells upon which orientational
order is lost, i.e. when the periodic driving forces are removed
and a random distribution p(0) = 1/n is approached. From a
broader perspective, our work provides concrete guidelines for
how the widespread cyclic stretching experimental frame-
work—where Eg,p,, ¢, 7 and f are controlled—can be system-
atically used for extracting the basic cellular parameters b, t
and D, which provide insight into the mechanical properties of
cells and what governs them. To this end, the design of various
experiments and the biophysical observables accessible through
them are summarised in a flowchart available in the Appendix.

Finally, we considered the effect of periodic driving on intra-
cellular nematic order as manifested in cytoskeletal organization,
in particular in the orientation of actin SFs. We found that intra-
cellular nematic order increases with both the magnitude ¢ of the
periodic driving forces and the biaxiality strain ratio r. These
results were semi-quantitatively explained by applying the same
cell body fluctuations theory to orientationally correlated SF
domains. Overall, in this work we offer a quantitative under-
standing of active orientational fluctuations in living cells under
periodic driving, both cellular and intra-cellular, which are rele-
vant for physiological conditions.

Throughout the manuscript we discussed the dimensionless
effective temperature Tes. Yet, it would be interesting to obtain
an estimate of the magnitude of fluctuations in physical units.
To that aim, one should consider VE.sT.s, which has the
dimensions of energy (note that the Boltzmann constant kg
has already been incorporated into Tes, though it was not
explicitly spelled out above), i.e. it is the energy scale of cellular
orientational fluctuations. It is most natural to use our own
experimental data for REF-52 to obtain an estimate of this
energy scale of cellular orientational fluctuations. To estimate
the typical cell volume V, we estimate the cell length to be
100 microns, the cell width to be 20 microns and its height to
be 2 microns. The effective cellular elastic modulus E. is
estimated in Fig. 1 to be 10 kPa and the dimensionless T of
REF-52 is found in Fig. 3 to be 3.2 x 10~°. Taken together, we
estimate the energy scale of cellular orientational fluctuations
for REF-52 to be 10~ J, which is about 6 orders of magnitude
larger than the thermal energy at room temperature.

Interestingly, the same energy scale of cellular fluctuations
has been estimated based on the linear diffusion of a single
pigmented epithelial cell immersed in an aggregate of neural
retinal cells®®®! and measurements of interfacial fluctuations
during cell sorting in multicellular aggregates.”" The six orders
of magnitude difference between the energy scale of cellular
fluctuations and the thermal energy at room temperature
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energy has been proposed to correlate with the large number
of adhesion bonds that need to be detached in order for a cell
to reorganize.”” Future work should test the degree of generality
of the emerging energy scale of cellular fluctuations across
different cell types and biophysical dynamics, and elucidate its
basic origin.

Our results raise several additional questions and open
future investigation directions. It would be very interesting to
extract the cellular properties b, t and D for many cell types, and
to explore the biophysical factors and molecular processes that
control them. In particular, it would be interesting to explore
the possible relations between temporal cellular parameters ©
and D, and the kinetics of adhesion proteins and actin turnover
rates.””*® In addition, it would be interesting to explore the
possible relations between the rotational diffusion coefficient
D and cell migration. Finally, it would be interesting to
further explore the quasi-universality of the level of cellular
elastic anisotropy (in the high-frequency limit), as quantified by
b =1.12-1.23. It may suggest generic cytoskeletal organization
principles across different cell types, which should be better
understood. It is interesting to note in this context that for Caco-
2 cells in a confluent epithelial layer, a larger value of b = 2.25
has been estimated,>® apparently due to cell-cell interactions.

The structure of eqn (2) and (4) shows that the characteristic
width of p(0) scales as ¢~'/Tyr. It implies that a population of
cells will exhibit enhanced orientational correlations with
increasing ¢ under periodic driving. Likewise, the cytoskeletal
organization of cells features enhanced nematic order, i.e. cell
polarization, with both increasing ¢ and r. It would be interesting to
explore whether these principles are at play in physiological
processes, e.g. during tissue development where well-coordinated
inter-cellular organization is necessary. Finally, in relation to
applications, these biophysical principles can be used in the
context of tissue engineering—e.g. for cardiovascular regenera-
tion—where controlled cell-to-cell alignment is a major challenge
of prime importance.®>"*
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Appendix
Cellular orientation experiments and data analysis

The cellular orientation data of primary human umbilical cord
fibroblasts, presented and analyzed in Fig. 2, correspond to the
experiments of ref. 18. The cellular orientation data of human
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aortic endothelial cells, presented and analyzed in Fig. 3a, (rather than the probability distribution function, such that
correspond to the experiments of ref. 19. The histograms XP(6) = 1), we normalized the latter by the average separation
originally reported on in these two papers'®'® were digitized (50) between consecutive probability entries/bin values in order
directly from figures therein (see also the captions of Fig. 2 and 3).  to obtain the probability distribution function p(6) = P(6)/(6).
In cases in which the reported quantity was the probability P(0) The Ilatter satisfies [p(0)d0 ~ " p(6)(66) = 1. The cellular

Compare

Fig. 7 A flowchart that briefly summarises various cyclic stretching experimental setups, the measured observables and the subsequent extracted
properties of cells. The experiments, represented by the blue boxes (top row), control the driving force (cyclic stretching) parameters r (biaxiality strain
ratio), ¢ (strain amplitude) and f (driving frequency). The elastic properties of the substrate to which the cyclic stretching is applied, e.g. its stiffness Eqyp
(not marked on the flowchart), are also controlled. Note that the biaxiality ratio r generally depends on both the experimental loading configuration (e.g.
the stretcher/stretchers employed, its/their coupling to the substrate etc.) and the substrate’s elastic properties, and hence should be extracted from
direct measurements in the cells’ vicinity. The measured observables appear in the orange boxes (middle row) and include: (i) the cellular orientation
probability distribution function p(6), obtained by long-time cyclic stretching experiments performed on a large ensemble of non-interacting cells (the
ensemble size should be selected so as to ensure statistical convergence, which should be quantitatively tested and demonstrated), (ii) the reorientation
dynamics 6(t) of single cells from their original random orientation to one of the mirror-image steady state orientations. It requires tracking single cells
over a long period of time with sufficient spatiotemporal resolution, (iii) the diffusional relaxation time t,¢, Obtained by tracking the relaxation dynamics of
an ensemble of cells from their cyclic stretching induced ordered state to a random orientational state upon the removal of the driving forces. These
observables allow the extraction of the basic cellular properties b, Teg, T and D, appearing in the green boxes (bottom row). b is a dimensionless measure
of cellular elastic anisotropy (in the high-frequency limit), which is intimately related to the cytoskeletal organization of cells and their intrinsic
polarization. It is extracted from the position of the maximum of p(0), denoted by 0,,, and the biaxiality ratio r using egn (5). Note that the latter equation is
valid for 1 — 1/b < r < 1/(b — 1), which is very common. For 0 < r < 1 — 1/b, we have 0, = 90°, and b is determined as a fitting parameter when p(0) is
fitted to eqn (4) (with d(f) of eqn (2)). This fitting procedure allows to extract the dimensionless effective temperature To¢, which provides a dimensionless
measure of cellular orientation fluctuations. Since the latter satisfies a generalized Stokes—Einstein relation of the form T, = 7D, the rotational diffusion
coefficient of cells D can be obtained once 1 is extracted. 7 is an intrinsic remodeling cellular timescale, which is related to cells’ ability to disassemble and
reassemble their adhesion complexes and actin structures during driven reorientation dynamics. It can be obtained from the single cell dynamics 6(t)
using eqn (3), once the noise term is removed. The rotational diffusion coefficient of cells D, which is intrinsically linked to the nonequilibrium active
nature of cells, is determined through D = T¢/1 and also independently through the measurement of the diffusional relaxation time 7. The outcome of
the two independent procedures should be compared.
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orientation data of REF-52, presented and analyzed in Fig. 1 and
3b, correspond to the experiments some of us reported on in
ref. 26, see experimental details therein.

In the context of experimentally extracting the orientational
distribution p(6), we would like to raise here a methodological
issue, which has not received enough attention in the literature.
The distributions for primary human umbilical cord fibroblasts
presented in Fig. 2 were obtained using ensembles ranging
from 397 to 1493 cells for each experimental condition,*®
presumably leading to proper statistical convergence. On the
other hand, the distribution for human aortic endothelial cells
presented in Fig. 3a was obtained using 77-144 cells (the exact
number is not specified in ref. 19) and the distribution for REF-
52 presented in Fig. 3b was obtained using 76 cells (our own
data, which as stressed above, were originally obtained for
studying single-cell reorientation dynamics®®). It is desired in
future work to employ larger cell ensembles to ensure the
statistical convergence of experimental data and to minimize
potential statistical undersampling effects in p(0).

To test the theoretical prediction in eqn (4), together with
eqn (2), against the experimental data for the three cell types,
we employed a fitting procedure to be explained next (and
whose outcome is plotted in the solid lines in Fig. 2 and 3). The
fitting procedure employed MATLAB’s** fmincon function,
which allows to find the minimum of constrained nonlinear
multivariable functions. For the latter, we defined a standard
quadratic error function between the experimental distributions
and p(0) of eqn (4), in the form err = [p(Oyg 7, b, Tegr) — pul’
where 0\ and py, are the measured orientations and probabil-
ities, respectively. The main fitting parameter is T, while r and
b are either highly constrained or fixed.

The value of r is, in principle, determined by the experimen-
talist. However, its actual value depends on the precise loading
configuration employed in a given experiment,*® and the mapping
between the latter and r is not generally known, and hence r
should be measured. When such accurate measurements are
available, as is the case the experiments whose data appear in
Fig. 3, r is just fixed. In the experiments whose data appear
in Fig. 2, the r values have been measured and reported on
with some uncertainty. In this case, we allowed for variations
within the range r = ry £ Any, with ry = 0.15 and Ary = 0.05
for Fig. 2a-e, and ry = 0.29 and Ary = 0.05 for Fig. 2f
(the uncertainty level of Ary = 0.05 is the one reported in
ref. 18).

The b values were determined based on the most probable
orientation, as described next. We fitted 5 data points in the
vicinity of the most probable data point (i.e. 2 points to the left
of it and 2 to the right) to a quadratic function 40 > + BO + C,
such that the most probable orientation is obtained as 0,,, = —B/2A
(which does not necessarily coincides with the most probable
data point). When the parabolic fit fails, we used the most
probable data point as an estimate of 0,,,. Then, the prediction
in eqn (5), together with the value of r, were used to estimate b,
which in turn was used as an initial value in the constrained
nonlinear minimization. Finally, in order to minimize the
possible sensitivity of the fitting process (i.e. the constrained
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minimization of the error function) to the initial values of the
fitting parameters, we considered an ensemble of 200 random
initial values for r and b (within their respective constrained
ranges), and for T. for each case. The reported results (solid
lines in Fig. 2 and 3) correspond to the smallest error within
this ensemble.

Intra-cellular nematic order data (stress fibers orientation
analysis for REF-52)

The intra-cellular nematic order data for REF-52, appearing in
Fig. 4-6, correspond to the stress fibers (SFs) orientation
analysis of the experiments some of us reported on in ref. 26.
For each cell (under periodic driving, in the long-time limit),
SFs have been detected (following the image analysis detailed in
ref. 26) and their individual orientation 0gr has been measured.
As stated in the main text, there are a few thousands SFs per
experimental condition, hence the resulting probability distribu-
tion function p(Osg — (Osr)cen) (Which includes data from ~70-80
cells and (Osg)cen is the average per cell) is statistically converged
(e.g largely insensitive to the binning scheme employed). Two
examples of p(Osp — (Osg)cen) are presented in Fig. 4.

The central part of each resulting distribution was found to
be predominantly Gaussian. Hence, we fitted the central part of
each distribution (including data points extending at least to
half of the maximum of the distribution) to a Gaussian and
extracted its standard deviation oy. The uncertainty in the
values of gy, reflected in the error bars in Fig. 5, correspond to
the associated uncertainty in the Gaussian fit. The theoretical
curve in Fig. 5 (dashed line therein) corresponds to the predic-
tion of eqn (6), with T estimated from the cell body value
extracted in Fig. 3b.

Design of experiments and biophysical observables

Here we briefly summarise the design of various experiments
and the biophysical observables accessible through them, as
explained in this work. This is done in the flowchart presented
in Fig. 7, see also the figure caption.
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