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Cell Viability and Displacements. Two-photon microscopy provides
a means to visualize the shape of fluorescent cells deeply inside
aggregates. We demonstrate here that the soluble dye sulforho-
damine B (SRB) injected at a concentration of 8 �g/mL in the
culture medium quickly diffuses inside aggregates and stains the
intercellular space with an intensity comparable with the SRB
present outside of the aggregates. The cell membrane of dead
cells becomes permeable to SRB (1), as confirmed by experi-
ments showing that photodamaged cells submitted to a high laser
power (700 mW) are completely filled with the dye (data not
shown). Fig. S1 shows the middle plane of a F9 aggregate before
(A) and during successive compressions of 27% (B) and 57% (C).
At the start, the aggregate presents a few very bright dots, often
smaller than intact cells. We believe these bright spots are
fragments of cells, dead before the beginning of the experiment.
Their number does not increase after successive compressions.
We therefore conclude that up to at least a 57% compression
rate, compression does not lead to the destruction of cells within
the aggregate. Movie S1 shows a time series of two-photon
microscopy images at the middle plane of the same aggregate just
after a 27% compression. Images are taken every minute during
15 min, which is larger than the usual force relaxation period in
Fig. S3. Although the aggregate’s external boundary is mostly
fixed during this relaxation period, cells inside it are clearly
actively moving, changing neighbors either in the same plane or
from one plane to the other (i.e., some cells are disappearing,
others are appearing during that sequence, see the cell inside the
circle on the first frame). These qualitative experiments clearly
validate the assumptions of our model: that cells are relaxing
some of their stress by changing neighbors.

Monitoring Aggregate Shape. The aggregate profile during or after
compression is recorded with a stereomicroscope (MZ16 bin-
ocular, Leica) on a camera (A686M; Pixelink). The lighting is
adjusted by a KL 1500 LCD (Leica) through flexible tubes. The
whole setup is controlled with Labview (National Instruments),
and image analysis is performed with Matlab (The MathWorks)
and ImageJ (National Institutes of Health, Bethesda).

Fusion of Aggregates. For viscous liquids, various simple geom-
etries are available to estimate (from the analysis of aggregate
shape relaxation kinetics) the ratio of the surface tension � to the
viscosity �*. Ellipticity during the rounding up of elliptical
aggregates follows an exponential law with a time characteristic
of the surface tension-driven rounding of a liquid, TLiq � �*RF/�,
where RF is the final aggregate radius (2, 3). When two identical
viscous drops of radius R0 are placed in contact, they slowly fuse
together (Fig. S2 A and B). The initial regime of such fusion may

be described by X2 � tR0 �/�*, where X is the radius of the circle
of contact between both aggregates, and t is the time. In the
original work by Frenkel (4), there was a mistake about incom-
pressibility, detected by Eshelby (page 806 of the discussion of
ref. 5), who removed the extra prefactor 2/3 on the right-hand
side. We also found a calculus error on the line above Frenkel’s
equation (7) and removed an extra prefactor 1/�. Our corrected
formula therefore does not contain any numerical prefactor.
This is consistent with a more extensive calculation of the fusion
process at large times (6).

In Fig. S2C, we measure the radius of contact X for three
different F9 aggregates and plot X2 versus R0t. The result is fitted
by a straight line with the same slope for the three aggregates,
�/�* � 0.68 �m/min. With � � 5 mN/m (7), we estimate �* �
4.4 105 Pa�s. With a typical aggregate radius RF � 250 �m, we
estimate the characteristic time as TLiq � 6 h.

Model. In Eq. 1, the pressure p is defined as the isotropic part of
the internal stresses (trace of the stress tensor, i.e., sum of
diagonal components). The normal stress � is a nonisotropic part
of stresses (normal part of the deviatoric stress tensor, i.e.,
difference in diagonal components). For symmetry reasons, we
do not consider the shear stress (off-diagonal component). The
study of � is thus treated as a scalar problem.

Relaxation After Compression. For F9 mouse embryonic cell ag-
gregates, Fig. S3 shows the height relaxation after a prolonged
compression (duration tcomp), followed by a sudden free decom-
pression (at time taken as t � 0). All curves show an initial fast
relaxation �102 s. The aggregate does not recover completely its
initial shape during a recording time of �30 min. The compres-
sion has thus promoted irreversible, plastic-like deformations.
To recover the initial shape, it is necessary to wait a much longer
time, corresponding to the surface tension driven rounding time
(TLiq � 6 h, Fig. S2).

When successive compressions with the same compression
time and the same initial relative deformation are applied to an
aggregate, plasticity progressively accumulates (Fig. S3A). The
relaxation kinetics appear very similar when plotted by using, as
a reference height for each compressed aggregate, the final
height of the previous step (i.e., relative deformation, Fig. S3B)
rather than the initial aggregate height. The viscoelastic re-
sponse of the aggregate is therefore independent of its history:
Cells release their stress between two compressions.

The higher or the longer the compression step, the larger the
remaining plasticity at any time. In particular, the remnant
plastic deformation after 440 s in the case of Fig. S3C corre-
sponds to �abs (0) � 0.47 and tcomp � 10 min, which is for instance
�plastic � 10% (compared with �plastic � 3% for �abs (0) � 0.15 and
tcomp � 1 min, Fig. S3A).
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Fig. S1. Two-photon microscopy images of the middle plane of a F9 aggregate compressed between parallel plates at successive compression rates of 0% (A),
27% as in Fig. 1A (B), and 57% (C). Images were acquired 2 min after each compression. The extracellular space is stained with the freely diffusible sulforhodamine
B dye. (Scale bar, 100 �m.)
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Fig. S2. Fusion of embryonic F9 cell aggregates. Aggregates are kept on agar to prevent adhesion at 37 °C in a CO2-independent medium. (A and B) Images
of two aggregates (initial radius R0 � 250 �m) placed in contact at t � 0 (A) and at the end of the analyzed fusion period, t � 4 h (B). Arrows represent twice
the radius of contact X. (Scale bar, 200 �m.) Microscope, Eclipse TE2000 E (Nikon). (C) Measurement of X2 versus R0t for three aggregates with different sizes;
the solid line is a linear fit with slope �/�* � 0.68 �m/min.
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Fig. S3. Aggregate height versus time for F9 cells during free shape relaxation after compression. (A) Absolute deformation �abs(t) � (hag � h(i,t))/hag, where
h(i,t) is the height of aggregate during relaxation after i compressions. For each of eight successive compressions, the compression time tcomp � 1 min is followed
by a sudden decompression at t � 0; the initial relative deformation �rel (0) � 0.15; the time interval between two compressions tdecomp � 1,600 s. Each curve shows
a fast initial relaxation (�102 s) and then a slower regime (�103 s). Plasticity is progressively stored during successive compressions. (B) Same data, plotted as
relative deformation �rel(t) � (h0(i) � h(i,t))/h0(i), where h0(i) is the height of aggregate just before compression i: h0 (1) � hag, h0(i) � h(i � 1, t � 1,600 s). For
a given relative deformation, the height relaxation mechanism seems the same for all compressions. (C) Absolute deformation for a single larger and longer
compression: �abs (0) � 0.47, tcomp � 10 min. In Fig. 4, we choose by convention to use the deformation at 440 s as an indicator of apparent plasticity at long times.
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Fig. S4. Simulated aggregates with a liquid drop-like shape and deviations from it. Snapshots are taken at the end of simulations, after 106 Monte Carlo steps.
From top to bottom, increasing values of cell–cell tension �CC: 2.26 � 105, 4.52 � 105, 6.78 � 105 and 11.07 � 105. The force exerted on the plates increases, as
is visible by the plate deformation. Equally, the cells are increasingly deformed, which indicates that more elastic energy is stored. The last image is an extreme
example: The cell–cell tension �CC is large enough to dominate the fluctuation amplitude �, the aggregate surface tension �, and the plate stiffness k.
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Movie S1 (AVI)

Movie S1. Two-photon microscopy of cell rearrangements. In this top view of the middle plane of an embryonic F9 aggregate compressed at a 27% compression
rate, the extracellular space is visualized by the freely diffusible dye sulforhodamine B. The average aggregate diameter is 215 �m. Images are taken every minute
during 15 min. Contrast has been enhanced. On the first image, the white circle highlights a cell that leaves the plane of the image at t � 10 min.
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Movie S2 (AVI)

Movie S2. Fusion of two embryonic F9 aggregates. (Scale bar, 200 �m.) Interval between two images: 15 min. Total duration: 255 min.
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Movie S3A (AVI)

Movie S3A. Relaxation of an embryonic F9 aggregate. It has been compressed at �comp � 0.3 for tcomp � 60 min, then left free to relax. (A) Complete relaxation.
Total duration: 20 min. Interval between two images: 1 min. The solid line indicates the initial compression height. (Scale bar, 100 �m.) (B) Same experiment,
shown only during the first 70 s. Interval between two images: 1 s.

Marmottant et al. www.pnas.org/cgi/content/short/0902085106 8 of 9

http://www.pnas.org/content/vol0/issue2009/images/data/0902085106/DCSupplemental/SM3.avi
http://www.pnas.org/cgi/content/short/0902085106


Movie S3B (AVI)

Movie S3B. Continued.
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