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Recent experiments show that a soft biological tissue
generated by self–aggregation of different cell lines
around two elastic pillars produces a traction that
can be measured in terms of deflection of the beams
themselves. When dextran is added to the fluid
surrounding the tissue, an osmotic pressure applies
on the sample which exhibits fast compression. On
a longer timescale, about 30 minutes, the material
elongates along the pillar inter-axis (the direction of
active stress) up to a length that is even larger than
the pre-shock one. We address an active mechanical
explanation of such an unexpected behavior by
investigating the peculiar poroelastic nature of the
tissue material, made up of an active solid component
that can remodel its dynamic activity on the basis of
external loads.
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1. Introduction
The idea of a mechanical cross-talk between cells and their environment dates back at least four
centuries, with the preliminary intuitions of great scientists such as Galileo Galilei [1,2]. More
recently, it has become clear that this state of dynamic reciprocity [3] plays a crucial role in
several cellular phenomena, such as migration [4], differentiation [5] and progression in the cell
cycle [6]. Moreover, alterations in the feedback loop between cells and their mechanical milieu
have been shown to correlate with injuries and diseases [7]. Sometimes this cross-talk involves
the tendency of cells to establish a target level of some mechanical quantity and keep it over
time. This has been elucidated in tissue equivalents, i.e., in three-dimensional in vitro models of
cells seeded in reconstituted fibrin or collagen matrices [8]. Such systems have clear advantages
compared to ex vivo samples, in terms of reproducibility and ease of data acquisition. In the
literature concerning these systems, the tendency of cells to seek a target state is generally known
as ‘tensional homeostasis’ [2] and it has been shown to apply at different scales [9]. Over the
years, the response of cells to changes in the environment that oppose maintenance of a target
mechanical state has been a matter of vivid interrogation [10–14].
Recent experiments show that after a mechanical perturbation of a contractile soft tissue in
homeostatic tensile state, the material returns in few minutes to a new equilibrium, intermediate
between the original and the perturbed one [15]. In the same vein, the collective active tension
produced by fibroblasts is reminiscent of the externally applied loads, depending on their
application time [16]. On the other hand, osmotic pressure is a very effective tool to investigate
the mechanobiology of biomaterials under compression, when a non trivial interplay between
hydraulic and osmotic pressure occurs [17–20]. While there is a large literature devoted to
investigate the mechanical behavior of living tissues under tensional external loads [2], the
compressive case is much less understood. The reason of such a minor interest is probably not
much in a minor physiological relevance, inasmuch an intrinsic technological difficulty that has
been been recently addressed by the osmotic pressure [21].
In this work, we investigate theoretically at which extent a target state is modulated by changes
in the mechanical environment of the cells populating tissue equivalents under compression. We
show that the response of cells to a mechanical insult depends on active mechanisms that follow
shortly from an early passive mechanical response. Using mathematical modeling, we propose a
framework to account for such active mechanisms, disentangling the sequence of events that lead
to the final state of the tissue.

2. The experiment
We specifically address the recent experiments by Giovanni Cappello et al. [22]. An uniaxially
constrained tissue equivalent (microtissue, in the following) is seeded with NIH/3T3 cells
between two pillars of known mechanical properties. A tracking algorithm records over time
the evolution of the distance between pillars (L) and the tissue width (W ), see Fig. 1. Knowing
the pillar stiffness (k) and measuring their deflection it is possible to estimate the force exerted by
the microtissue through the formula

F =−k(L− L0), (2.1)

L0 being the distance between the unloaded pillars. After 24h from seeding, the microtissue is
completely formed and bends the supporting pillars by exerting a force of a few µN. The value of
this force is consistent across several tissues and slightly increases over time, as the cells compact
more and more the intracellular collagen (see [22] for further details). It is possible to think of
this force as the target, homeostatic mechanical state sought by the cells, which we will perturb
in the following. Confocal images of the tissues reveal alignment of both collagen fibers and
cell actin fibers in the direction along the pillars, showing the anisotropic organization within
the cell aggregate (see Fig. 2a,b). At this time-point, an osmotic compression is applied to the
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microtissue through the addition of dextran to the culture medium [18,19,21,23]. This results in
a rapid compression (bump after the red arrow, Fig. 2c), followed by a later slower relaxation
occurring over one hour. An elongation of the tissue eventually occurs along the longitudinal
direction, as shown in Fig. 2d, with a compaction along the transverse direction. As a result,
the tissue reaches a new (unexpected) target state in which the tension on the pillars is reduced
compared to the state before the osmotic shock.

3. The mathematical model
To investigate the physics of the microtissue after addition of dextran, we formulate a
mathematical model in which the aggregates are conceptualized as an active poroelastic material.
The tissue is represented as a mixture of cells, extracellular matrix and interstitial fluid [19,24].
As the characteristic size of the cells and the extracellular matrix is much smaller than the
macroscopic size of the sample, we model the aggregate as a porous material, constituted by a
solid (cells and extracellular matrix) and (interstitial) fluid phases [25].
Before adding dextran to the culture medium, the external and internal fluid pressures are the
same, and no fluid flow occurs through the pores of the solid phase. When dextran is added to
the medium, it undergoes a fast diffusion in the surrounding fluid. Its molecular size prevents
the diffusion of dextran into the interstitial space [18]. The small pores at the tissue boundary
act therefore as a semipermeable membrane, and the osmotic pressure difference generates a
fluid outflow towards a new thermodynamical equilibrium. The dynamics leading to pressure
equilibrium follow a diffusion process characterized by the hydraulic diffusion coefficient

Dh ∼ k̃(2µ+ γ)/µ̃, (3.1)

where k̃ is the tissue permeability, µ and γ are the shear modulus and Lamé constant of the
aggregate, and µ̃ is the extra-cellular fluid viscosity [19,26]. Considering a permeability k̃∼
10−18 m2 [19], a shear and Lamé moduli of 10 kPa, and a viscosity µ̃∼ 10−3Pa · s, the diffusion
scaling t∗ ∼L2/Dh suggests a timescale t∗ for water percolation of the order of a few minutes for
aggregates of a few hundreds of microns in size. This is consistent with the compression bump
seen in Fig. 2 and with the observations for single cells reported in Ref. [27].
If the dextran macromolecules are big enough [22], they do not enter the interstitial space of
the porous medium and, at steady state, the Kedem-Katchalski condition [28] (the continuity of
chemical potential) applies across the boundary of the tissue, i.e.,

p=−π, (3.2)

L
W

Figure 1. Image of a reference 3T3 microtissue before osmotic compression. The length between the pillars (L) and the

tissue width (W ) are used to characterize the morphological modifications of the microtissues during the experiments.
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Figure 2. Confocal images of a representative 3T3 microtissue, stained for actin (a) and collagen (b). The images

highlight the anisotropic orientation of fibers along the longitudinal pillar-to-pillar axis

. After an osmotic compression of 5kPa (red arrow), the tissue relaxes the tension exerted on
the pillars (c). This corresponds to an elongation along the direction of the pillars and a small
reduction of the width along the transverse direction (d). The reference quantities used to
calculate the relative changes are the defined at the beginning of the experiment, before applying
the osmotic compression. The lines in (c,d) are the mean of individual experiments, shaded
areas represent the standard deviation. The results are the mean ± Standard Deviation of n >
50 microtissues from N = 3 experiments.

where p is the interstitial fluid pressure, π > 0 is the osmotic pressure generated by the dextran
molecules [19], the surrounding fluid pressure being taken equal to zero.
The total stress [26] in the poroelastic medium is given by the sum of the solid stress T and fluid
pressure: as the tissue is mechanically unloaded at the boundary, it holds

T− pI= 0, (3.3)

and the stress in the solid phase at the boundary reads

T= pI=−πI, (3.4)

and the osmotic pressures loads the solid component of the mixture only.
The constitutive law for the solid stress is formulated in terms of the active strain theory [29,30].
We start by prescribing the following strain energy density for the material

W (Fe) =
µ

2
(Fe : Fe − 2 log Je − 3) +

γ

2
(Je − 1)2 +

α

4
(Fen · Fen− 1)2 , (3.5)

where Je =det(Fe) and Fe represent the elastic part of the total deformation. According to the
multiplicative decomposition [31]

Fe = FG−1. (3.6)

where F=
∂x(X,t)

∂X and the motion function x(X, t) provides the position at time t of the material
point that was in X at time t= 0. The tensor G accounts for the active cell contraction in the
microtissue [30]: the ability of the tissue to re-establish tensional homeostasis after a mechanical
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insult [2], possibly towards a target modulated by a previous perturbation [29]. For G= I (no
activity), one recovers in Eq. (3.5) a standard compressible hyperelastic material of Neo-Hookean
type [32]: the strain energy is the sum of a classical quadratic term, a logarithmic barrier that
inhibits access to the region detF≤ 0, a quadratic penalization in volumetric variation and an
anisotropic contribution that accounts for alignment of the fibers. In the limit of infinitesimal
strains, µ and γ are the shear modulus and Lamé parameter, respectively. For soft living matter,
typically µ, γ ∼ 1− 30 kPa [33]. The value for γ takes into account the presence of pores in the
solid phase (i.e., it is a drained modulus [26]), leading to moderate values of compressibility. Then,
the unit vector n is aligned with the axis of the pillars, whereas α is an anisotropic shear modulus
accounting for the collagen fibers. Typically, α>µ.
From the strain energy (3.5) we can derive the Cauchy stress

T= J−1
e

dW

dFe
F⊺e , (3.7)

which, according to Eq. (3.6), reads

T=
µJg
J

(
FG−1G−⊺F⊺ − I

)
+ γ

(
J

Jg
− 1

)
I+

αJg
J

(
FG−1n · FG−1n− 1

)
FG−1n⊗ FG−1n. (3.8)

The symmetry of the problem suggests to look for a homogeneous deformation solution of the
type

F=diag{λ1, λ2, λ2}, G=diag{a, b, b}, (3.9)

in which λ1 and λ2 are the relative change in length and width of the microtissue, whereas a and
b represent the longitudinal and transverse components of active remodeling, respectively. The
force balance equations in spatial coordinates read

T11 =−π − κ(λ1 − 1), (3.10a)

T22 =−π, (3.10b)

where n= (1, 0, 0)T . Here, κ is the rescaled stiffness of the pillars; independent experiments
measure a rigidity K = 0.5Nm−1, see Eq. (2.1). We can derive κ=KL0/A0, where A0 is the area
of the tissue section. For these tissues, we estimate κ∼ 5 kPa. By using the ansatz in (3.9), the
algebraic system of equations to solve reads

µ
ab2

λ1λ
2
2

(
λ21
a2

− 1

)
+ γ

(
λ1λ

2
2

ab2
− 1

)
+ α

ab2

λ1λ
2
2

(
λ21
a2

− 1

)
λ21
a2

=−π − κ(λ1 − 1), (3.11a)

µ
ab2

λ1λ
2
2

(
λ22
b2

− 1

)
+ γ

(
λ1λ

2
2

ab2
− 1

)
=−π. (3.11b)

As a final step, we need to specify governing equations for the active components a and b. We take
inspiration from the literature for active remodeling in finite deformations [34], and formulate an
evolution law that depends on some measure F(T) of the tensional state in the microtissue and its
history. Regarding the temporal dynamics, the experimental curves in Figs. 2c,d reveal that, after
the osmotic shock, the tissue relaxes in a timescale of 20-30 minutes up to strains that are different
from the pre-shock ones; notably the final longitudinal strain is even larger than the pre-shock
one. This time scale is in agreement with the active reorganization time-scale of single cells [27,35]
and with the relaxation time of tissue equivalents subject to stress relaxation experiments [14]. The
existence of a relaxation time yields a memory effect, which can be introduced in the equations
in a way similar to what is known for viscoelastic materials [36,37]. Classical theory suggests an
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evolution equation of the type

dG

dt
=− 1

tr
(G− (I+ AF(T))) (3.12)

with the memory functional

F(T) =

∫ t
0

d

dt′
(
T(t′) · I

)
e−(t−t′)/tm dt′, (3.13)

where the temporal derivative of the trace of the Cauchy stress in the solid phase is modulated by
an exponential kernel with a characteristic time tm, I is the identity tensor and A is a constant
symmetric positive definite tensor. Since dextran compresses the tissue on a timescale much
shorter than the development of active effects (as per Eq. (3.1)), we approximate the derivative
of the stress with a Kronecker delta centered at the time of the osmotic shock ts, i.e.,

d (T(t) · I))
dt

∼−πδ(t− ts). (3.14)

The approximation in Eq. (3.14) leads to

F(T)∼−πe−(t−ts)/tm . (3.15)

Assuming that the characteristic time tm is much longer than the duration of the experiment
(i.e., tm ≫ t− ts), the system of equations (3.12) eventually rewrites

da

dt
=− 1

tr

[
a−

(
1 + β

π

α

)]
, (3.16a)

db

dt
=− 1

tr

[
b−

(
1 + r

π

α

)]
, (3.16b)

where tr is a common relaxation time, set to 10 min, in agreement with the experiments in
Ref. [14,35] and A=diag(β/α, r/α, r/α), thus reflecting the anisotropy of the material. The
nondimensional constant r modulates the transverse versus longitudinal remodelling. The
rationale behind equations (3.16) is that the well known ability of living tissues to actively
organize an homeostatic stress state [30] may depend on the recent tensional history of the sample;
we assume that the new homeostatic stress depends on the peak stress experienced by the tissue
along a past time interval (namely π in the present framework). The factor β accounts for the
modulation of active tension possibly produced by blebbistatin: β = 1 is the control, β = 0.4 when
blebbistatin is added. Blebbistatin is an inhibitor of the actomyosin contractility in cells; however
it does only partially switches off the mechanical activity. The non null value of β that we adopt
is proportional to the residual active tension after delivery of the inhibitor.

Remark A key unconventional aspect of the experiments we address is that the living material,
the multicellular sample, does not exist in a former relaxed state: aggregation and activity develop
simultaneously. The cells plugged in the culture medium aggregate, they attach to the cantilevers,
they form a multicellular porous material and, at the same time, they generate tension. This is not
usual even in classical biomechanics: when a muscle is electrically stimulated, active tension is
produced, it can be electrically controlled and the strain of the muscle can be compared with the
original (relaxed) one.
What we know in our setup, under assumption of homogeneous deformation, are the
longitudinal and transverse stress, because we know that the sample is transversely unloaded
and we know the deflection of the cantilevers. We measure a force on the nanopillars of about 11
µN (CTRL) and 5 µN (with blebbistatin). If we had some information on the strain of the material
before the osmotic shock, we could place ourselves in the correct point of the stress-strain curve,
but unfortunately we do not. In other words, we do not know Fe and G at time t= 0, before the
osmotic shock, but we assume that initially F= FeG= I: we do not know in which position of the
stress-strain curve we are at time t= 0 and we place ourselves in the origin.
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Table 1. Values of the parameters used for the simulations.

Parameter Value Unit Description
κ 5 kPa Stiffness of elastic pillars
π 5 kPa Osmotic shock
µ 10 kPa Bulk shear modulus
γ 10 kPa Bulk Lamé constant
α 100 kPa Anisotropic shear modulus
tr 10 min Relaxation time
β 1-0.4 - Blebbistatin modulation of activity
r 2 - longitudinal vs transverse remodeling

0 10 20 30 40 50 60
Time [min]

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

R
el

. c
ha

ng
e

Length
Width
61
62

0 10 20 30 40 50 60
Time [min]

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

R
el

. c
ha

ng
e

Length
Width
61
62

a) b)

Figure 3. Comparison between experimental curves and model predictions, for tissues grown in standard conditions (a)

and in the presence of blebbistatin (b). The osmotic shock takes place after 5 min (red arrow) from the beginning of the

experiment. Thin lines represent the mean of the experiments, shaded areas the standard deviation. Thick lines show

model predictions.

4. Results
We solve the system in Eqs. (3.11),(3.16) using the parameters in Table 1. Fig. 3 shows a comparison
between experiments and theoretical predictions. We take the reference configuration F= I in the
material at time t= 0. Such a configuration is not stress-free and, as a matter of fact, the zero stress
configuration is unknown in our device because the tissue arises in a tensional state from the very
beginning: cell aggregation and generation of active tension occur simultaneously. In principle the
relaxed state could be devised detaching the cells from the pillars and inhibiting the cell activity,
but this is immaterial for our purposes. Both the fast compression, immediately after the osmotic
shock (red arrow in Fig. 3a), and the slow relaxation are well captured.
The material is longitudinally stiffer and its strain competes energetically with the work of active
and elastic external forces (the pillars). We remark that a simpler recovery law along one direction
only could not reproduce the longitudinal over-relaxation reported in the experimental data, not
even for auxetic materials, in which axial elongation causes transversal elongation [38]. No purely
passive viscoelastic lumped-parameters models (e.g., [13]) can reproduce the curve for λ1 in
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Fig. 3a: relaxation possibly takes back to a tensional state equal to the initial one, the observed
over-relaxation is of active nature. In the same vein, no nonlinear elastic material can account for
the observed elongation under load: even for a non-convex strain energy, the monotonicity of the
strain-stress relation abides under load, possible hysteresis shows up in the unloading phase only
(see also the discussion in Appendix).
The experimental evidence that the response to the osmotic shock is due to active effects, is
provided by exposition of the microtissues to blebbistatin, a myosin-II inhibitor, for 1 h before
performing the osmotic shock. Fig. 3b shows that, by inhibiting active responses, the tissues are
not able to over-relax their lengths, nor to recover the transverse compaction.
Most of the data that we have that we have from experiments are phenomenological in the sense
that they provide information at a tissue, macroscopic level. Partial knowledge at a molecular
level can be be inferred from the longitudinal orientation of actin, reported in Figure 2: cells
elongated longitudinally exert stress in the direction of actin alignment. While we have not
experimentally devised the pattern of myosin activity (the molecular motors that generate active
tension), we know that they glide along actin fibres, so that the orientation of the latter determines
the (main) orientation of the the active stress. In the same vein, we know that after inhibition of
myosin the observed super-relaxation vanishes, and this is the signature of an active behavior.
We might also argue about a possible role for the orientation of actin fibers dictated by osmotic
compression: compression might induce a less aligned configuration of fibres, thus making the
force generated by the myosin molecules less effective. It is consensually accepted that cells
contract more on stiff substrates than on soft ones, and they change shape accordingly [39].
In addition, we have seen similar results when we compressed the ECM around the cells [18].
However, at this stage of experimental evidence, these are only speculations about the cell-level
origin of the observed behavior and we keep the modeling at a macroscopic level.

In conclusion, we have discussed the mechanism such that a microtissue sample attached to
flexible pillars reacts to an osmotic shock by an active (long time) relaxation after the initial (short
time) passive compression. The osmotic pressure applies in a range (around 5 KPa) that does not
significantly affect the volume and morphology of single cells, thus supporting the importance
to model the system as a mixture of cells and extracellular matrix [18]. Such active behavior
drives the tissue to a new tensional equilibrium over-relaxing the initial length and such that
the initial width is only partially recovered. Using mathematical modeling, we account for both
these anisotropic mechanisms. First, cells align their cytoskeleton along the direction of the pillars
in a way that accommodates the external pressure, as previously seen for example in [21,22].
Second, cells counterbalance the osmotic pressure partially recovering the deformation in the
transverse direction (i.e., orthogonal to the line joining the pillars). A similar behavior is shown in
microtissues that, after displacement from their homeostatic mechanical state, generate an active
response that opposes the external loading [13,14]. Our results support the idea that the target,
homeostatic, tensional state actively sought by cells can be altered by external perturbations: the
target stress is influenced by its tensional history. This raises questions about the encoding of such
target state in ‘cell memory’ [40] and about the biological mechanisms that lead to its modulation
via the cross-talk with the mechanical environment.

Acknowledgements. DA acknowledges the support of the Gruppo Nazionale di Fisica Matematica of the
INDAM. PM acknowledges financial support from the Marie Sklodowska-Curie Individual Fellowship for the
Project CHECKMATE (Grant Nr. 893981). TB acknowledges funding from the ANR CONTRACTILE project,
grant ANR-23-CE13-0037 of the French ANR.

Appendix
Consider a continuum body subject to a constant pressure p at its boundary; then in any point of
the boundary Tn=−pn, where T denotes the Cauchy stress tensor and n is the normal outgoing
unit vector. A possible characterization of an admissible strain energy W (F) is to require that it
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satisfies the rank-one convexity condition [41]:(
∂W

∂F
(F̄+ δF)− ∂W

∂F
(F̄)

)
: δF> 0 (4.1)

for every dyadic tensor δF. In particular, for an homogeneous diagonal deformation, the
monotonicity condition (4.1) yields that the sign of stress and strain increment must be the same,
so that under compression the lengths shorten.
The possible introduction of viscoelasticity [42] does not modify the argument above, neither
in the transient nor at equilibrium. For example, in a Kelvin-Voigt solid the equilibrium state,
according to the force balance under applied load, is reached in a relaxation time dictated by
the viscous damping: however the inequality above is not violated neither in the transient nor
at equilibrium. More sophisticated viscoelastic models like standard solid behave in the same
qualitative way, according to more than one relaxation time. Fluid-like models (like the Maxwell
fluid) predict an unbounded relaxation flow that is not in agreement with observations.
We eventually mention that we have also worked out an example of elastic but not hyperelastic
material, such that the Cauchy stress is directly provided as a function of the strain and cannot
descend from variation of a strain energy. This model is able to account for the observed
elongation under compression. However, an elastic stress tensor that does not follow from
variation of a strain energy typically exhibits hysteresis, an anelastic behavior that, in our opinion,
is better captured by the active strain approach that we follow here.

Supplementary Material
The data that support the findings of this article are openly available in
Mascheroni P, Boudou T, Cappello G, and Ambrosi D.(2025). Supplementary materials for the
article "Active over-relaxation and stress memory of living tissues after osmotic shock" (1.0) [Data
set]. Zenodo. https://doi.org/10.5281/zenodo.17459443
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