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Abstract. Using a two dimensional experimental geometry, we study hydrodynamics and cell motion during
the rounding-up of three kinds of hydra aggregates (ectodermal, endodermal and mixed). The relaxation of
initially elongated aggregates toward a circular shape is exponential and the relaxation time is proportional
to the aggregate size as expected from hydrodynamics laws. As for viscous liquids, aggregate rounding is
driven by tissue surface tensions σ and resisted by tissue viscosity η. The ratio η/σ is the same for the three
kinds of aggregates. With a reasonable value σ = 1 mN/m, we obtain an estimate larger than 104 Pa s
for the tissue viscosity. Cell motion during rounding is strongly cooperative and cell displacements exhibit
some specific patterns in each aggregate. These results point out the role of adhesive bonds in the observed
kinetics.

PACS. 87.18.Ed Aggregation and other collective behavior of motile cells – 87.17.Jj Cell locomotion;
chemotaxis and related directed motion – 87.19.Tt Rheology of body fluids

1 Introduction

It is now well established that certain living tissues mimic
the behavior of viscous liquids [1]. When multiple types of
cells from a primitive animal or an embryo are dissociated,
randomly intermingled and then reaggregated, they are
able to rearrange, to re-establish coherent homotypic do-
mains. This rearrangement of cells, known as cell sorting,
is analogous to the demixing of immiscible liquids. The
fusion or the rounding up of cell populations are also sim-
ilar to the coalescence or rounding up of liquid droplets:
these processes are driven by tissue surface tensions σ and
resisted by tissue viscosity η [2].

Steinberg first proposed that cell sorting is driven by
surface energy minimization [3]. Its differential adhesion
hypothesis (DAH) postulates that tissues possess inter-
facial tensions arising from the adhesive interactions be-
tween individual cells, and predicts that mixed popula-
tions of sufficiently mobile cells rearrange so that the less
cohesive cells envelop the more cohesive cells [4]. The sur-
face tensions of different chicken embryonic tissues have
been measured using a parallel plate compression appara-
tus [5]. The relative magnitudes of these tensions predict
correctly the mutual envelopment of these tissues [6]. The
analysis of the relaxation of embryonic aggregates sub-
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jected to mechanical deformations, either by centrifuga-
tion [7] or by compression [8], demonstrated that tissues
relax as elastic materials on short time scales and as vis-
cous liquids on long time scales. The relaxation of com-
pressed cellular aggregates was analyzed using a kelvin
model of viscoelasticity [8]. As stated by the authors, this
model may represent a strong oversimplification of the tis-
sue rheology but it gives an estimation of the tissue elastic
and viscous parameters [8]. Earlier, Gordon et al. obtained
quantitative values of the ratio η/σ from the hydrody-
namical analysis of the fusion and the rounding of cellular
aggregates [2]. However, the authors gave only orders of
magnitude of this parameter as they performed only pre-
liminary experiments, presumably because it was difficult
to obtain suspended three dimensional aggregates which
were fixed over long times (rotation or flattening on a sur-
face are undesirable).

In this work, we show that the hydrodynamical laws
also apply for the rounding-up of two dimensional (2D) ag-
gregates of mixed ectodermal and endodermal hydra cells
in various proportions. This 2D system is interesting be-
cause it allows to track single endodermal cell motion in
the same time as measuring the shape relaxation. We an-
alyze the relaxation with the 2D hydrodynamical equa-
tions derived by Mann et al. for polymer monolayers in
the case of dissipation dominated by surface viscosity [9].
This method allows a direct estimation of the ratio of η/σ.
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Fig. 1. 2D experimental set-up used to study aggregate shape
relaxation and cell motion.

2 Experimental observations

We first study the shape relaxation of 2D hydra aggre-
gates prepared according to previously reported meth-
ods [10,11]. Briefly, we dissociated and reaggregated cells
and gently sandwiched them between glass slides sepa-
rated by 25 µm spacers. The experimental system and the
sequence of events in three kinds of aggregates are dis-
played in Figures 1 and 2.

Figure 2a–c corresponds to an aggregate with roughly
equal proportions of each cell type. Initially, the popula-
tion of endodermal cells (dark cells) consists both of sin-
gle cells and clusters of several cells which are surrounded
by a continuous mass of ectodermal cells (light). The ag-
gregate is elongated. After 1 h, the aggregate slightly
rounded, internal clusters grow by fusing with one another
and with single cells (Fig. 2b). Rounding up is complete
after 6 hours and sorting almost complete although the
inner endodermal cluster is not very compact (Fig. 2c).
Dead cells appear at the periphery of the aggregate, they
can be distinguished from living cells by their larger size
and circular shape. Later, the 2D sample slowly disaggre-
gates [10]. In 3D, from a mixture of dissociated cells, the
aggregate develops an internal cavity within 20 hours [12]
and within one week a normal hydra might regenerate [13].
Hydra has indeed a strong regenerative capacity.

In Figure 2d–f, an initially elliptical pure endodermal
aggregate was prepared by separating endodermal and ec-
todermal tissues [14]. Rounding up is completed after 6h
(Fig. 2f). After that time, cell perform a random motion
within the rounded aggregate during still 3h.

The aggregate displayed in Figure 2g–i was prepared
by first separating tissues, putting them into contact be-
fore sandwiching the resulting aggregate between glass
slides. Initially, we wanted to study the process of tissue
engulfment in 2D [14], however we always obtained an ini-
tial situation under the microscope with the endodermal
cells were completely surrounded by the ectodermal clus-
ter (Fig. 2g). At that initial time (t = 0 h) the aggregate
displays an irregular shape and the endodermal cluster
is elongated. After 2h (Fig. 2h), both the full aggregate
and the internal endodermal cluster have been rounding.
After 7h (Fig. 2i), the inner cluster becomes circular but
the external aggregate boundary seems to slightly oscillate
around the circular shape. We observed frequently pure ec-
todermal aggregates which did not round completely dur-
ing the survival of the aggregate.

3 Aggregate shape relaxation analysis

Experiments are digitized at intervals of 5 ∼ 10 min and
analyzed on a computer using NIH Image [15]. We do not
take into account dead cells for calculating the boundary
and shape of the aggregate. These are generally loose and
brighter than the living cells, they can be removed from
the binarized images by a set of basic filtering operations
(successive erode and dilate filters and finally threshold-
ing). We use NIH Image for those operations and also for
fitting each time the shape of the aggregate by an ellipse.
We keep as the only parameter defining the aggregate de-
formation d = M

m − 1 where M and m are the major and
minor axis of the fitted ellipse. d is zero for a perfect circle
and increases for elongated aggregates.

Figure 3 shows a log-linear plot of the time dependence
of the deformation of the aggregates displayed in Figure 2.
We present only the internal cluster relaxation for Fig-
ure 2g–i. The ectodermal relaxation data correspond to
an other aggregate not displayed in Figure 2. For each
aggregate, d decreases exponentially with time. The same
kind of exponential relaxation was found experimentally
in the case of the 2D relaxation of polymer domains at the
air/water interface by Mann et al. [9]. The authors showed
that such exponential behavior is expected theoretically
from the hydrodynamics laws. They showed also that the
relaxation time Tc is either proportional to ηSR/λ in case
of viscosity dominated by the surface viscosity ηS where
λ is the domain line tension, and R is the domain radius,
either to ηBR

2/λ in case of viscosity dominated by the
bulk water viscosity ηB (water underneath the polymer
monolayer). In case of cellular aggregates, the relaxation
is driven by tissue surface tensions σ (aggregate/external
medium surface tension), it is resisted by the tissue vis-
cosity (due cell-cell adhesive bonds). About 30 years ago,
Gordon et al. [2] found also an exponential relation for the
relaxation of 3D ellipsoid of revolution into a sphere with
a relaxation time scaling with the characteristic aggregate
size v1/3 where v is the volume.

In our case, the aggregate may be considered as purely
two dimensional. The 2D shape relaxation is then de-
scribed by a surface viscosity ηS exactly as in case of
the relaxation of polymer domains at the air/water in-
terface [9]. Furthermore, we believe the microscopic origin
of this viscosity is friction between adjacent cells due to
adhesive bonds, not friction at the cell-glass interface. We
indeed tryed to reduce the cell/substrate adhesion by cov-
ering the glass with Albumin but we did not observe any
change in the time course of cell sorting [10]. Hence, the
surface viscosity is proportional to the aggregate thickness
ηS = η × e [16], where η is a bulk viscosity proportional
to the 3D tissue viscosity ηT . Indeed, if we model the cells
within the 2D aggregate as cubes (Fig. 1), and if we as-
sume the viscosity is proportional to the adjacent cell/cell
contact area, then the surface contact between adjacent
cubes in the monolayer gives η = 4

6ηT . This picture of
viscosity is of course oversimplified but there are no 3D
measurements for comparison, then for the following we
will call η the tissue viscosity. Lastly, although the con-
cept of tissue surface σ tension was only demonstrated
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Fig. 2. Shape relaxation in 2D hydra aggregates. (a–c), Aggregate with nearly equal proportions of endodermal (dark) and
ectodermal cells (light) at 0h (a), 1h (b) and 6h (c); bar, 50 µm. (d–e), Pure endodermal aggregate at 0h (d), 1h (e) and 6h (f);
bar, 100 µm. (g–i), Aggregate with one endodermal aggregate surrounded by mostly ectodermal cells at 0h (g), 2h (h) and
7h (i); bar, 100 µm.
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Fig. 3. Deformation parameter (see text) as a function of time
for internal endodermal cluster within an ectodermal aggregate
(crosses), pure endodermal aggregate (bullets), mixed aggre-
gate (open triangles) and pure ectodermal aggregate (circles).

recently using the compression plate apparatus on 3D ag-
gregates [5], we will assume that the tissue line tension
which drive the 2D relaxation is proportional to σ, i.e.
λ = σ × e. We obtain finally:

Tc =
η

σ
R. (1)

In Figure 4, we have plotted the measured relaxation
time Tc of the whole experiments analyzed as a function

Fig. 4. Relaxation time Tc as a function of aggregate size;
same legend as Figure 3.

of the aggregate size R (radius of the rounded aggregates
at the end of the relaxation process). For each aggregate
type, Tc is increasing with R but the scattering of the ex-
perimental points do not allow to conclude definitely on a
linear increase especially for endodermal and ectodermal
aggregates. It seems there are no significant differences
between different aggregates. Thus we fitted the whole
data (except the internal cluster data point) with equa-
tion (1). We obtained η/σ = 0.5±0.2 min/µm which gives
η = 3 × 104 Pa s (1 Pa s = 10 Poise) using σ = 1 mN/m
as a typical value of tissue surface tension [5,8]. This is
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Fig. 5. (a) Cell trajectories of 184 endodermal cells in a pure
endodermal aggregate; positions are reported at intervals of
10 min between 0 h and 6 h. (b) Cell displacements in the same
aggregate during time interval 0–3 h; arrow size is proportional
to cell displacement; bar, 100 µm.

107 times higher than the water viscosity. It seems that
the relaxation time of the only internal endodermal clus-
ter which could be analyzed (Fig. 2g–i) is larger than the
relaxation of full aggregates of the same size. This is also
expected from the hydrodynamics as the viscosity which
has to be taken into account in equation (1) is in fact
the sum of the viscosities inside and outside the rounding
boundary [9]. Thus, for the rounding of full aggregates, ex-
ternal viscosity of medium (i.e. approximately the water
viscosity) is negligible, while for the endodermal cluster,
the external medium is the ectodermal aggregate which
is presumably of the same order of magnitude than endo-
dermal viscosity.

4 Individual cell motion during aggregate
rounding

Using previous methods [10], we have tracked the displace-
ments of endodermal cells during the rounding of 2D ag-
gregates. We show two examples of such tracking in Fig-
ure 5 (184 endodermal cells in an endodermal aggregate)
and Figure 6 (117 endodermal cells in a mainly ectodermal
aggregate). At short times, cells present zigzag trajecto-
ries due to the random forces exerted by the surrounding

Fig. 6. Cell trajectories of 117 endodermal cells in an ecto-
dermal aggregate; positions are reported at intervals of 10 min
between 0 h and 9 h; arrows indicate the direction of cell flows;
bar, 100 µm.

cells (Figs. 5a and 6). Over larger times, cells move locally
in the same direction, as coherent groups. Displacements
exhibit both long time and long distance correlations as
previously shown during cell sorting [10]. In the endoder-
mal aggregate, the flows describe an almost perfect saddle
pattern (Fig. 5b). Rounding is achieved in about 4 hours.
During the 5 following hours of aggregate survival, cells
describe random trajectories (not shown). We calculated
the mean cell velocity and found it is faster at the very be-
ginning of the rounding. Then it slows down progressively
and then remains constant once rounding is completed.
During the rounding of less symmetric endodermal aggre-
gates, we observed less symmetric displacement patterns
but motion was also coherent. In case of ectodermal ag-
gregate, we sometimes do not observe complete rounding
as in Figure 6. Here, circular flows organize in at last three
part of the aggregate. By looking the time-lapse recording
of this experiment, these flows suddenly appeared after
200 min as if they were triggered by some instability. The
apparition of these flows coincide with a peak in the mean
cell velocity. We also observed circular flows in an other
pure ectodermal aggregate, never in endodermal aggre-
gates. They do not seem to help the rounding process.

5 Discussion

As predicted by hydrodynamics, the shape relaxation of
2D hydra cell aggregates is exponential and the relaxation
time seems to scale with the aggregate radius. The anal-
ysis of 2D shape relaxation allows thus to estimate the
ratio of tissue viscosity over tissue surface tension. In or-
der to obtain separately these quantities, it is necessary
to complete these observations with an other technique.
Direct measurements of tissue viscosity have never been
performed to our best knowledge. It will be interesting to
use a surface viscosimeter [16] or to measure the drag force
exerted on a moving disk within the 2D layer [17]. On the
other hand, tissue surface tension are measured using the
compression plate apparatus of Foty et al. The method lies
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on the analysis of the equilibrium shape of compressed ag-
gregates using Laplace’s equation. This apparatus allows
also to study the relaxation of 3D aggregates [8]. In prin-
ciple, if the cells within the compressed aggregate equi-
librated their shape [7], it should be possible after the
release of the compression to analyze the shape relaxation
of this roughly oblate ellipsoid with the equation estab-
lished for the rounding of an ellipsoid of revolution [2].
This is valid for not too compressed aggregates. An other
simple geometry for which the hydrodynamics equations
have been solved is the fusion of two identical spherical
drops of viscous liquid. When placed in contact, the drops
fuse together. The beginning of such fusion as a function
of time t is described by

x2 =
3Rσt
2πη

(2)

where x is the radius of contact between the drops [19].
Compared to the relaxation analysis of free 3D aggregates,
2D aggregates offer some advantages: they are not moving,
nor rotating nor flattening on a nearby surface. The 2D
system also allows to track simultaneously cell motion.

We previously showed that cell motion consists both
of random and coherent components [10] and studied pre-
cisely random cell displacements and deformations us-
ing confocal microscopy [11]. On the other hand, co-
herent motion was poorly studied quantitatively. Here
we show that during rounding of elongated aggregates,
cell motion is strongly cooperative. Neighboring cells ex-
hibit parallel trajectories with both correlations at long
times and long distances, and little lateral random fluc-
tuations. When the initial aggregate shape approaches a
perfect ellipse, the displacement pattern is very symmetric
(Fig. 5b). The average velocity is larger during rounding
up of the aggregate than during the period of random mo-
tion once aggregate rounded. This is again a clear hint that
motion is strongly cooperative during rounding. Phillips
and Steinberg suggested from the observation of the shape
relaxation of centrifuged aggregates that coherent motion
arises when cells are strongly but not irreversibly bound
to one another (irreversible bonds prevent relative motion
between cells) [7]. Such a “liquid like” cooperative motion
is not the only possible correlated cell motion. In simula-
tions of cell aggregates using the Potts model [11,20], we
observed that for a large set of parameters investigated,
cell motion remains random and uncorrelated within the
center of the aggregate at short and intermediate times
even in the presence of long time biases due to internal
sorting or internal rounding [21]. This different behavior
between simulations and our experimental observations is
likely due to the presence of adhesive molecules forming
tight bonds in real cells [22]. In simulations, bonds are ab-
sent, adhesion is modelled as a surface energy proportional
to the contact area between neighboring cells. A realistic
model of cellular aggregates has thus to take into account
these discrete adhesive bonds and their possible diffusion
within the cell membrane.

The origin of the observed circular flows is an intrigu-
ing issue. Recently, Wu and Libchaber observed swirls and

jets in concentrated 2D populations of swimming bacte-
ria [23]. In their system as in our, there are no identi-
fiable temperature or chemical gradient which can drive
some instabilities. There are many other possible insta-
bility mechanisms [24]. A gradient of cell density around
the boundary of the aggregate where cells seem loosely
packed after some time, could induce differential adhesion
forces able to drive convection. To our best knowledge,
this situation was never examined. Also, it is know that
self-propelled particles may spontaneously organize, and
even create vortexes in circular aggregates, due to the cou-
pling between cell adhesion, cell deformability and exclu-
sion volume [25]. Reduced adhesion prevents the forma-
tion these structures in simulations [25]. However, in our
case we always observed circular flows in the less cohesive
ectodermal aggregates.

Cell-cell adhesion is also responsible for the huge effec-
tive tissue viscosity. Taking a reasonable value for the sur-
face tension, i.e. σ = 0.3 ∼ 10 mN/m [5,8,18], we indeed
obtain a tissue viscosity in the range 104 to 3 × 105 Pa s
which is 106 to 108 times higher than water viscosity.
Such a high viscosities agree with previous measurements
in chicken embryo aggregates [2,8]. Reported viscosities
of individual cell differ by nearly three orders of magni-
tude [26,27]. They depend on cell types, on shear rate [28]
and on experimental techniques (intracellular or whole cell
measurements [27]). Largest values (i.e., η ' 104 Pa s)
were measured for individual fibroblast and endothelial
cells [26]. The equivalent bulk viscosities of surfactant lay-
ers, i.e., η ' 150 ∼ 2000 Pa s [16,17], and of phospholipid
bilayers i.e., η ' 2 ∼ 200 Pa s [29] are also smaller than
our estimates. Thus, we believe that in cellular aggregates
the high viscosity results from the sliding friction between
adjacent cell membranes bonded by adhesive molecules.
This friction is higher than the friction experienced be-
tween pure lipid bilayers due to the coupling of the ad-
hesive molecule with the cytoskeleton, and also due to
membrane ruffles and extracellular matrix [22].

Lastly, quantitative difference between physical pa-
rameters of different cell types are discussed. We have
measured in this work a ratio η/σ ' 0.5 min/µm identical
for the three kinds of hydra aggregates investigated (ecto-
dermal, endodermal and mixed). Surface tension of hydra
aggregates was never measured, however from both mea-
surements of adhesion at the level of a single cell pair using
optical tweezers [30] and the fact that endodermal cells are
surrounded by ectodermal cells at the end of cell sorting,
we can reasonably assume that endodermal tissues are the
more cohesive (i.e. have the larger surface tension). Hence,
among the two hydra cell types endodermal cells have the
higher viscosity. It is also confirmed by the hierarchy of
diffusion constants previously measured in hydra aggre-
gates: Dendo ' 0.5, Dendo ' 1.2 µm2/min [11]. Indeed
according to the Stoke Einstein’s law D = kBT/6πηa,
the diffusion constant of a Brownian particle of radius a is
slower in a more viscous medium. Of course, for cell aggre-
gates, one cannot exclude that the effective temperature
(which represents the effective temperature of the cellu-
lar bath [11,23]) varies according to the cell type [11].
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Taking our estimate η ∼ 104 Pa s, we obtain the cellular
energy kBT ∼ 10−13 J. In chicken embryos aggregates,
η/σ seems slightly larger (i.e, 0.6 ∼ 3.8 min/µm [2] and
4.9 min/µm [32] from the fusion of different aggregate
types), while the diffusion constant of single pigmented
cells in neural cell aggregates is 15 to 30 times smaller
than in hydra aggregates [31]. It indicates that viscosity
is smaller while cellular activity is higher in case of hydra
aggregates.

6 Conclusion

In this paper, we have shown that the relaxation of 2D
aggregates follows the hydrodynamics laws of viscous liq-
uids. We obtained large estimates of the tissue viscosity
comparable to the rare other measurements available. Cell
motion is strongly correlated during rounding. It indicates
that adhesive molecules in the cell membrane control cell
motion as well as the value of physical parameters describ-
ing the system (surface tension, viscosity, effective temper-
ature). From the physical point of view, further theoretical
work is required to understand the dynamics of such a sys-
tem of deformable, active and adhesive cells. It would be
also interesting to compare 2D and 3D relaxations and to
use spacers of different thicknesses in order to find any
dependence of tissue viscosity and surface tension on the
system dimensionality. From a biological point of view,
changes in tissue spreading or cell sorting mediated by
differences in the level of expression of adhesive molecules
have already been observed qualitatively [33,34], it would
be also interesting to measure quantitatively how cell-cell
adhesion modifies the value of the physical parameters
discussed here.
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sions. The warm hospitality of Tohoku University is gratefully
acknowledged.
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