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In recent decades, significant advances have been made in the description and modelling of
tissue morphogenesis. By contrast, the initial steps leading to the formation of a tissue
structure, through cell-cell adhesion, have so far been described only for small numbers of
interacting cells. Here, through the use of remote magnetic forces, we succeeded at creating
cell aggregates of half million cells, instantaneously and for several cell types, not only
those known to form spheroids. This magnetic compaction gives access to the cells
elasticity, found in the range of 800 Pa. The magnetic force can be removed at any time,
allowing the cell mass to evolve spontaneously thereafter. The dynamics of contraction of
these cell aggregates just after their formation (or, on the contrary, their spreading for non interacting monocytes cells) provides direct information on cell -cell interactions and allows
retrieving the adhesion energy, in between 0.05 and 2 mJ/m², depending on the cell type
tested, and in the case of cohesive aggregates. Thus, we show, by probing a large number of
cell types, that cell aggregates behave like complex materials, undergoing a transition fro m
wet granular to contractile network, and that this transition is controlled by cell -cell
interactions.

Introduction
A major goal of tissue engineering is to create a replacement
tissue or even an entire organ in vitro. This requires the
construction of a complex cell assembly possessing both a
precise architecture and specific cellular constituents. A better
understanding of both cell-cell interactions and the physical
properties of the different living tissues is a prerequisite.
Biophysical studies at the cellular scale were conducted over
the past two decades and are currently evolving towards the
field of tissue mechanics 1, 2. A living tissue, composed of a
large number of living cells as its building block, is a complex
material whose behaviour may resemble some archetypal
materials of soft matter physics such as a viscoelastic fluid, a
foam or a granular aggregate.
New laboratory methods are then needed to construct 3D
tissular structures from cellular “bricks”, while maintaining
precise control over the initial organization in order to study the
behavior of the material thus obtained.
Spatial control of cell populations can currently be achieved in
two ways. The biomimetic approach aims at modifying the
topography of the substrate so as to create defined cellular
patterns. In this case the substrate possesses heterogeneous
adhesive properties mediated by anchoring proteins and
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resulting in a controlled geometry, as obtained by
photolithography 3, polymer stencils 4, 5, microfluidic
techniques 6, or 3D printing 7. “Active” substrates responding to
pH, radiation, temperature, 8-10 have recently been developed to
allow reversible specific adhesion of cells, thus allowing
different cellular layers to be formed. However, these methods
are restricted to two dimensions or, at best, a small number of
layers. The other approach is based on active cell guidance in
three dimensions, for example by using electrophoresis 11, 12 or
optical “tweezers” 13, 14. However, the forces exerted by these
methods are not sufficient to organize large numbers of cells
into aggregates on the millimetric scale. In contrast, larger
aggregates can be obtained by starting with a cell suspension
and subjecting it to agitation, centrifugation or culture in
separate compartments. The formation of such “spheroids”
requires strong cell-cell adhesion. Spheroids are currently the
best model system for studying the behavior of individual cells
contained in a tissue 15, and the dynamical behaviour of these
spontaneously formed spheroids has recently being unraveled
using close analogies to liquid droplets 16 or cellular liquid
foams 17.
Cells tagged with biocompatible magnetic nanoparticles can be
remotely manipulated by magnetic forces, in order to form cell
layers 18, to obtain cellular patterns 19, or to guide stem cells
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fate 20. We have recently developed magnetic attractors that can
be used to induce cells to form large (millimeter scale)
aggregates 21. The cells are first magnetized by physiological
internalization of iron oxide nanoparticles that have been shown
to have no discernable impact on cell function 22. In the present
study, we extended this magnetic cell aggregation to any cell
types, and used it to study the dynamics of cellular materials
composed of half million cells, starting with an imposed and
perfectly controlled initial state. For example, aggregates of
monocytes – circulating cells that do not physically interact
with one another – were found to collapse like a heap of
granular material, while aggregates formed with cells
expressing adhesion proteins at their surface exhibited stable
structures. Cell-cell interactions were found to be responsible
for the final equilibrium of the latter aggregates, as reflected by
the diversity of behaviors exhibited by the different cell types
studied, including tumor cells, fibroblasts, myoblasts or stem
cells. Furthermore we were able to connect cell elasticity and
cell-cell adhesion with the mechanical behavior observed at the
tissue scale, thus drawing an analogy between such cellular
structures and complex materials described by soft matter
condensed physics.

Results and discussion

Magnetic confinement of any cell type governed by cell elasticity.
All 9 cell types tested here were readily magnetized by
spontaneous internalization of magnetic nanoparticles. Simple
incubation of the cells with iron oxide nanoparticles for 30 min
yields cellular magnetic densities of between 2 and 6 pg of iron
per picoliter of cells (between 1 and 10 pg of iron per cell; see
table 1). The nanoparticles are internalized and stored in
endosomes (figure S1, supplementary) 23-25. It has been shown
that this magnetic content has no impact on cell functions
(viability, proliferation, membrane receptor expression,
differentiation, etc.) 26-28. Simple incubation of the cells with
iron oxide nanoparticles for 30 min yields between 1 and 10 pg
of iron per cell. The nanoparticles are internalized and stored in
endosomes (figure S2, supplementary). It has been shown that
this magnetic content has no impact on cell functions (viability,
proliferation, membrane receptor expression, differentiation,
etc.). As all cell types don’t exhibit the same cell volume (see
table 1 for the cell radii), and because the relevant parameter
will further be the volumic force exerted within the aggregates,
it is more logical to express the cellular iron load as the
concentration of iron in cells (expressed in g/l), ranging
between 2 and 6 g/l. One can note that this range is narrower
than the total iron content per cell (in pg of iron/cell), thanks to
the volume normalization.

Table 1: For all cell types tested: iron mass per cell, cell diameter, number of cells deposited in each aggregate, magnetic cell density, mean force applied to a
cell 0.5 mm from the magnetic attractor (mean field gradient 1000 T/m).
CELL TYPE
THP1 monocytes
3T3 fibroblasts
C2.7 myoblasts
Mesenchymal stem cells
MDCK epithelial cells
PC3 tumor cells
HeLa tumor cells
S180 sarcoma cells
Ecadh-GFP S180 cells

mass of iron per
cell (pg)
2.2 ± 0.3
8.4 ± 1.1
10.2 ± 1.4
11.5 ± 2.2
3.6 ± 0.5
18 ± 2.6
9.7 ± 1.1
5.7 ± 0.7
5.6 ± 0.8

cell radius (µm)
6.6 ± 0.09
7.9 ± 0.05
8.7 ± 0.05
9.9 ± 0.05
6.4 ± 0.04
11.2 ± 0.05
8.2 ± 0.6
6.4 ± 0.05
6.3 ±0.05

The field gradient generated by the magnetic attractor, placed
under the substrate (without direct contact with the cells), is
about 1000 T/m (figure 1A). The magnetic force exerted on
each magnetic cell (about 500 pN, table 1) is sufficient to
instantaneously trap N cells deposited nearby (figure 1A). The
overall state of such aggregates is characterized by its
geometrical dimensions: its radius R, height h, volume V, and
compacity   Nvcell / V , where vcell is the cell volume (figure
1A). Right after trapping, initial compacity ini is about 0.25

2 | J. Name., 2012, 00, 1-3

number of cells in
the aggregate
5.105
2.5.105
2.105
1.5.105
5.105
1.105
2.5.105
5.105
5.105

magnetic cell
density (pg/pl)
1.8 ± 0.3
4.1 ± 0.7
3.7 ± 0.6
2.8 ± 0.4
3.3 ± 0.5
3.1 ± 0.5
4.2 ± 0.7
5.2 ±0.8
5.4 ± 0.9

Fmag (pN)
400±55
1540±200
1880±260
2110±400
660±90
3310±480
1780±20
1050±130
1030±150

(values for all cell types are given in table 2). The compacity of
the aggregate then increases in response of the application of
the magnetic force, and reaches a stable final state after a few
minutes (figure 1B). This steady-state compacity of the
constrained aggregate, measured after 10 min of force
application (tmag=10min), depends on the magnetic cell density,
and ranges from 0.4 and 0.6 for the cell types tested (figure
1C).
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Figure 1: Aggregate formation under magnetic force. A: The field gradient created by the magnetic attractor is superimposed on the image taken during cell
deposition. Within less than 2 seconds the cells formed the aggregate shown in the central image ( tmag=0), then the aggregate compacted to yield the shape shown in
the right-hand image (tmag=10min). The corresponding movie is shown as supporting information (movie S1, duration 10 min). B: The volume of the aggregates was
measured over time tmag during application of the force and reached steady-state after about 10 min. Compacity =Nvcell/V, with N the number of cells in the
aggregate and vcell the cells volume, was calculated at each time point, and reached an almost constant value after about 10 min. The two curves shown correspond
to the averaging of 6 independent experiments with S180 sarcoma cells (red symbols) or 3T3 fibroblasts (dark blue symbols). As the N cells are instantaneou sly
trapped by the magnetic attractor, this increase in compacity simply relates to the decrease of the aggregate volume due to t he application of the force. The
compacity measured at t mag=10min increases with the iron concentration (expressed in g of iron / l) contained in the cell bodies.

Simple modelling of this magnetic cellular compaction allows
extracting the effective elastic modulus, as follows. The
magnetic force per unit volume of the aggregate is given by
cF mag, where c is the number of cells per unit volume and F mag
is the force exerted onto each cell. The corresponding pressure
p at the bottom of the aggregate when the magnetic force is
being exerted is obtained by integrating this force density over
the aggregate thickness hmag : p  hmag cFmag . Still, one must take
into account the pressure gradient instead of doing as if all cells
were subjected to the same pressure as those at the bottom of
the aggregate. Thus
p z  

 cFmag z'dz'

hmag

(1)

Fcc 

6hmag
nd

Feff ,

(3)

where F eff summarizes the influence of the magnetic force
profile F mag(z):
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Meanwhile, if we assume that the average number n of
contacting neighbours per cell is known, then the pressure can
also be expressed in terms of the typical cell-cell force F cc :
p

where cn/2 is the number of cell-cell contacts per unit volume
and the cell diameter or center-to-center distance d is the
distance over which each cell-cell force F cc is transmitted. The
factor 1/3 arises from averaging over force orientations. From
equations (1) and (2), the cell-cell force can be expressed as :

1 cn
d Fcc ,
3 2
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(2)

As shown in supplementary figure S1, the magnetic force per
cell decreases exponentially with distance :
Fmag z  Fmag e





z

,

(5)

with = 1.2mm. Numerical resolution of equation (4) (F eff
(hmag)) is shown in supplementary figure S1. hmag is given in
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table 2 for all aggregates, and ranges between 0.6 and 0.8 mm,
thus of order half . For hmag=0.5, F eff ≈ 0.3F mag. Finally,
assuming that when the aggregate increases its compacity from
ini to mag, the distance between neighbouring cell centers is
reduced from d to d- mag isotropically in all three directions,
one gets:
(6)
 mag d   mag 3  ini d 3
Hertz’s theory 29 then provides the value of the elastic modulus
E of two identical spheres in terms of the force F cc between
them and the variation mag of the center-to-center distance:
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(7)

where  is the Poisson ratio. Combinings equations (3), (6) and
(7), we obtain
E
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This expression was used to calculate the values of the cell
Young modulus shown in Table 2. The cells were assumed
incompressible (=1/2) and arranged in random close packing
(n = 6). The values retrieved, in the kPa range, as strikingly
similar for all cell types, and meet the ones previously
measured for single cells 30.
Equipped with this novel technique to form cell aggregates
rapidly and with any cell types, we dispose of unique tool to
probe the aggregates free behaviour once the magnetic force
has been removed.
Spontaneous relaxation of an aggregate of non-interacting cells
resembles that of a granular medium
Figure 2A shows two sequences of images illustrating
spontaneous changes of an aggregate composed of 500 000
monocytes. These circulating immune cells do not physically
interact with one another and are not capable of adhering to a
substrate. As soon as the magnetic force that maintained the
cells together is removed, the cell assembly collapses and
spreads over the substrate. This spread is very rapid and
extensive when the initial state is imposed by 10 s of forced
magnetic compaction. Yet after 10 min of forced magnetic
compaction, it is still quite rapid and thorough : images of cells
in the first layers of the aggregate (above the substrate),
obtained by confocal microscopy, show how the cells have
been compacted by the 10 min application of magnetic force,
and how they become round again and spread when the force is
removed.
More quantitatively, for aggregates subjected to different
durations of forced compaction (tmag=10 s, 1 min, 3 min and 10
min) the radius R and height h were measured as a function of
time after the force had been removed. There averages are
shown on figure 2C. Whatever the degree of compaction
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imposed by tmag, the radius R of the aggregate increases and its
height h decreases. In both cases, this evolution is more rapid
for short tmag, i.e. for small degrees of compaction. Thus, the
spread of the multicellular aggregate is slowed by a denser
initial organization, characterized by greater compacity ρ after
longer forced compaction. The average compacity is also
shown in figure 2C, as a function of time after the force had
been removed. The longer the force was applied, the higher the
initial compacity value (consistent with figure 1B). Besides, it
is noteworthy that all compacities then tend to the same value,
about 20 minutes after the force is removed, of order 0.2, which
corresponds to the initial compacity ini at time tmag=0 when
cells are put in simple contact, with no interaction yet (figure
1B, and table 2).
This unconstrained collapse of a monocyte aggregate resembles
an avalanche of a granular medium such as a heap of sand.
Here, the aggregate cohesion appears to be reinforced when the
initial compression is maintained for a longer time. This can be
understood as follows. For hard grains, any shear deformation
of a compact granular medium requires some extra-volume to
provide space for neighboring grains to move past each other, a
phenomenon known as Reynolds dilatancy 31. Submarine
avalanches thus require extra liquid to permeate into the
granular medium, which may introduce some delay 32. The
present aggregate of non-adhesive cells can be viewed as a
compressed piling of soft elastic solid grains (or probably more
exactly viscoelastic solid grains). This feature introduces some
additional delay. Indeed, when the pressure is applied, the
grains are eventually compressed against each other, but it takes
the aggregate some time to reduce in volume, partly because
liquid has to be squeezed out and partly because of the grains'
possible internal viscoelastic timescale. Thus, the degree of
grain compaction depends on how long the external pressure is
being applied. Similarly, when the pressure due to the magnetic
force is removed, both the cells' own rheologies and the liquid
permeation (this time, into the aggregate) cause some delay in
the aggregate getting back to the volume it would span if the
cells were spherical. Thereafter, extra delay is needed as usual
to accomodate dilatancy. When the confining magnetic force
has been applied for a short time, compaction is weak and
decompaction is fast, thus surface avalanches occur
immediately and both the aggregate height and radius start
evolving immediately, see figure 2C. By contrast, when tmag is
long, decompaction is slow. It delays the surface avalanches
and the aggregate evolution. The height decreases more slowly
or may even increase slightly (due to decompaction) before it
eventually decreases (due to avalanches). It was indeed
observed after tmag = 10 min, and after longer tmag (1h, data non
shown), where the height of the aggregate first increased during
the first minutes after the force has been removed, then
decreases after about 10 minutes.

This journal is © The Royal Society of Chemistry 2012

Soft Matter

RSCPublishing

ARTICLE

Figure 2: Spontaneous collapse of aggregates containing 5x105 monocytes (non interacting cells). A: Consecutive images of the collapse of an aggregate formed under
force for either 10 s (left) or 10 min (right). The latter aggregate begins in a more compact state and its collapse is less marked. B: Monocytes observed by confocal
microscopy from below the aggregate (cells membranes are labelled in red by CellMask). The cells dissociate once the force is removed. The corresponding movie is
shown as supporting information (Movie S2, duration 30 min). C: For different durations of the forced compaction, the radius, height and compacity of the aggregates
are averaged and represented as a function of the time t elapsed since the force was removed. The lower the initial compaction of the aggregate (weak tmag), the
more rapidly it collapses.

Transition to cohesive aggregates
Let us now focus on the dynamical behaviors of aggregates
composed of cells bearing different types of adhesion proteins
that allow them to attach to the substrate and, to some extent, to
one another.
Different aggregates from different cell types were compacted
under magnetic force for 10 min, leading to more or less
compact states depending on the magnetic cell density (see
figure 1). From this imposed initial state, the shape of all the
aggregates evolved, but none of them collapsed (figure 3). The
aggregate should in principle start decompacting for the same
reason as with the non-adhesive cells, but here, the cells have
started adhering to each other and thus tend to go back to a
faceted rather than spherical configuration. The main evolution
therefore comes from the adhesion kinetics itself. Some
aggregates contracted further (for example, HeLa ovarian tumor
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cells evolved from a compacity of 0.52 to a compacity of about
0.8), while others “decompacted” (for example, S180 sarcoma
cells returned to a compacity of 0.4 after being compacted to
0.6 under the magnetic force). All curves represent the average
of 4 to 5 independent aggregates, and the error bars were
calculated as the standard deviation between the conditions.
Figure S3 (supplementary) show the 5 independent curves
obtained for HeLa tumor cells, demonstrating both the
robustness of the measurement and the weak variability of the
aggregates behavior. The final compacity, measured after two
hours of free evolution of the aggregates, thus appeared to
depend on the cell type. But at this stage, it was not clear
whether it resulted only from the cell type or from other
parameters of the experiment. To sort this out, we examined the
dynamics of the cellular aggregates of the same cell type after
placing them in different initial packing conditions. Aggregates
of 3T3 fibroblasts were prepared with different magnetic
densities (2.2, 4.1 and 4.9 pg/pl). As expected, they
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at tmag = 10 min (0.41, 0.48 and 0.53). Still, despite this variable
initial compacity, aggregates all contracted to a final compacity
of 0.64 (figure S4A, supplementary). Similarly, aggregates of
PC3 prostatic tumor cells with similar magnetic densities but
compacted for tmag = 100 s (compacity 0.35) or 10 min (0.41)

Journal Name
all achieved the same final compacity (0.53) (figure S4B
supplementary). Free compacity is therefore determined only
by the components cell of the aggregates, and not by the initial
forced geometry.

Figure 3: Spontaneous dynamics of cohesive aggregates, formed during 10 min of application of the magnetic force ( tmag=10min). A: Changes in compacity over time
for the different cell types tested. B: Final aggregate images (t=120 min). The aggregate profile at t=0 is superimposed (black line) on each image. Movies of one
typical aggregate for each cell type are shown in supporting information (movie S1, duration 1 hour).

Thus, while aggregates of non-interacting monocytes resemble
granular materials as shown in section 2, other aggregates
evolve spontaneously towards an equilibrium compacity
determined by the sole cell type. The natural candidate for
understanding the variability of compacities between cell types
is the intensity of cell-cell interactions. We then investigated
the role of cell-cell adhesion proteins in the formation of
compact aggregates.
Involvement of adhesion proteins in cellular aggregates: role of
E-cadherin
Through a multitude of transmembrane receptors, each linked
to the intracellular machinery and particularly to the dynamic
cytoskeleton, cells interact continuously with their
microenvironment, be it another cell or the extracellular matrix.
In some tissues, cells engage in tight contacts through cell-cell
adhesion proteins. The most prominent of these proteins are
cadherins. They create a contact zone known as the adherens
junction 33. To test the role of cell-cell adhesion in the final,
spontaneous compacity of cell aggregates, we compared wildtype S180 sarcoma cells, which display a low expression of Ecadherin, with S180 cells transfected to overexpress E-cadherin
(here after called Ecadh-GFP S180 cells).
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Figure 4A shows the dynamics of wild-type S180 cell
aggregates after various times of forced compaction (tmag=10 s,
1 min, 3 min and 10 min). Their final compacity was ρ = 0.4,
independently of the conditions under which the aggregate was
formed. The intrinsic compacity of these aggregates was lower
than that imposed by the magnetic force (for tmag=1 min, 3 min
and 10 min), indicating that all the aggregates decompacted. In
the case of aggregates composed of Ecadh-GFP S180 cells
(figure 4B, left), the final compacity was higher, ρ = 0.6, again
independently of the initial state. All the aggregates therefore
compacted, regardless of the initial conditions. This
demonstrates that cell-cell adhesion is a fundamental actor in
the compaction of aggregated cells, through an extension of
contact areas here due to E-cadherins interactions. This was
confirmed by confocal microscopic observations of the bottom
layers of the aggregate. While wildtype S180 cells (after
membrane labeling with a red fluorescent marker) retained a
near-spherical shape, with relatively small cell-cell contact
areas (figure 4C), transfected Ecadh-GFP S180 cells (Ecadherins being labeled with the green fluorescent protein GFP)
showed increased areas of cell-cell contact, drawing the
initially spherical cells together to form a more compact
structure of faceted cells (figure 4D).
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Figure 4: Modulation of cell to cell interactions (by E-cadherin expression) of S180 sarcoma cells. A: Changes in compacity over time for wild-type S180 cells, after
different times of forced magnetic compaction. Whatever the initial conditions, all the aggregates relax to a final compacity of 0.4. B: Same experiment with
transfected cells overexpressing E-cadherin (Ecadh-GFP S180). The final compacity reaches 0.6. In the presence of EGTA, which inhibits E-cadherins, the behavior of
these transfected cells again resembles that of their wild-type counterparts (right-hand graph showing changes in compacity after 10 min of forced magnetic
compaction). C: Confocal microscopy of S180 wild type cells (labeled with the red fluorescent membrane marker CellMask) during spontaneous changes in the
aggregate, following 10 min of magnetic compaction. 1 hour after withdrawal of the force, the cells retain their rounded shape and draw slightly apart from one
another. D: Confocal microscopy of Ecadh-GFP S180 cells (the green fluorescence is associated to the GFP E-cadherins) after 10 s of magnetic compaction (pictures
are shown right after the magnetic force is release (t=0), or 1 hour after (t=1h)): cell-cell contacts are rapidly reinforced (E-cadherin GFP), resulting in strong cell-cell
adhesion and contraction of the aggregate. The corresponding movies for both cell types are shown as supporting information (Movie S1, duration 30 min).

Finally, the reduction in overall compacity mediated by
reinforcement of cell-cell contacts is confirmed by the action of
EGTA on Ecadh-GFP S180 cells. EGTA specifically inhibits
cadherin activity by depleting the medium of Ca2+ ions, crucial
for maintaining the tertiary structure of cadherins’ extracellular
domain. In the presence of EGTA, the behavior of Ecadh-GFP
S180 cell aggregates came back identical to that of the wildtype S180 cell aggregates (figure 4B, right).
From molecular mechanisms to tissue dynamics
We have showed diverse macroscopic behavior of homotypic
aggregates of large numbers of living cells, and demonstrated
the unique role of cell-cell adhesion in these behaviours.
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Measuring the final value  of the compacity, in the absence
of any magnetic force, is then a way of estimating the cell-cell
adhesion. Indeed, when the aggregate involves spontaneously
after the magnetic force has been removed, if the contraction is
sufficiently homogeneous, there is no net force between the
contacting cells; hence the spontaneous finite contact between
them and the corresponding repulsive elastic force provides
access to the attractive adhesion force. Let us model two
neighbouring cells as plain elastic spheres. The adhesion
(Young-Dupré) energy W gained per unit surface area when
establishing contact causes the centre to centre distance d to be
reduced to d    . The connection between  and W was
calculated by JKR 34, 35 and is given by :
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Combining this equation (9) with equation (6) directly gives :
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Ed
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1  2  3

ini
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(10)

Values of W for each tested cell types are reported in table 2.
They are found in the range of 1mJ/m². The adhesion energy,
together with the cortical tension, are key parameters governing
the interactions of cells with the surroundings. While cell
cortical tension has been thoroughly characterized over the last
decades 36-38, measuring cell-cell adhesion energy is still
challenging.

Table 2: For all cell types tested: Initial compacity (immediately after cells deposition), compacity reached after 10 min application of the magnetic force (at
tmag=10min), and cell elasticity as well as intercellular adhesion energy calculated from these data, according to equations 8 (for E) and 10 (for Wadh).
CELL TYPE

Initial
compacity

THP1 monocytes
3T3 fibroblasts
C2.7 myoblasts
Mesenchymal stem cells
MDCK epithelial cells
PC3 tumor cells
HeLa tumor cells
S180 sarcoma cells
Ecadh-GFP S180 cells

0.20±0.02
0.23±0.03
0.24±0.04
0.24±0.03
0.21±0.04
0.22±0.03
0.23±0.02
0.26±0.03
0.27±0.04

ini

compacity
mag after
tmag=10min
0.39±0.02
0.48±0.03
0.47±0.04
0.41±0.03
0.44±0.04
0.42±0.03
0.46±0.03
0.60±0.03
0.62±0.03

height hmag at
tmag=10min
0.75±0.03
0.70±0.03
0.75±0.02
0.79±0.02
0.72±0.04
0.74±0.04
0.77±0.05
0.64±0.02
0.62±0.03

A popular approach consists in de-adhering a cell doublet by
pulling the two cells apart using micropipettes 39, 40. The force
opposing the separation can then be measured, but linking this
de-adhesion force to the adhesion energy is uneasy and
debatable. In particular, beside the role of the traction speed in
force generation, it implies that de-adhesion and adhesion
molecules are the same. The same approach was recently
adapted to spheroid de-adhesion, and the modelling led to an
energy released at the separation of order 10 mJ/m² 41. Also
recently, the modelling of spheroids compressed between two
plates (direct measure of the surface tension), give some
adhesion energy of order 1mJ/m² 42, in the same range of this
study. These studies completed previous ones probing cell-cell
interactions through macroscopic measurements of spheroids.
In the 1960s, Steinberg first postulated that differential cell-cell
adhesion could explain the segregation of different cell types
within a living tissue. In this case, the aggregate is assimilated
to a viscoelastic fluid, characterized notably by its surface
tension. It is then possible to deduce the adhesion properties at
the molecular scale by linking the tissue tension to the binding
energy and the surface density of adhesion molecules 43. To be
noted, all these approaches were only applied to spheroids
already formed, with cell-cell adhesions formed for long, and
with constituent cells exhibiting strong cell-cell interactions
(embryonic, cardiac, hepatic, retinal cells, etc.) necessary to
produce the spheroid. The approach presented here moves one
step forward by being capable of measuring for any types of
cells the formation of cellular junctions responsible for the
establishment of the steady state of a cellular aggregate
(characterized by its compacity ρ). Besides, we retrieve the
cell-cell adhesion energy from the macroscopic observation, in
top-down approach.
The present magnetic method for probing cell-cell adhesion
through simple optical measurements on the whole aggregate
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final spontaneous
compacity 
(t=2h)
0.63±0.05
0.62±0.03
0.59±0.04
<0.25±0.02
0.52±0.03
0.84±0.04
0.40±0.02
0.60±0.02

cell elasticity
(Pa)
435±80
820±120
875±130
930±190
870±140
750±120
960±320
840±120
860±140

cell-cell
adhesion
energy (mJ/m²)
0.97±0.15
1.05±0.16
1.18±0.25
<0.05±0.01
1.03±0.17
1.6±0.65
0.26±0.04
0.6±0.1

differs from other methods in yet another respect. Because our
aggregates undergo almost isotropic contraction, they display
fare less rearrangements between neighbouring cells than in
other techniques (such as aggregate uniaxial compression 44 or
micropipette manipulation 45 or aggregate fusion 46) where the
aggregate changes shape. The absence of rearrangements is
important because when two neighbouring cells lose contact,
the detachment process does not necessarily follow the reverse
path of the bonding process: it may involve different
morphologies or even different molecules 47. Incidentally, that
is a very general feature of adhesion in the field of adhesive
materials. For instance, a cycle of contact and debonding in the
simplest geometry of an elastic sphere and a plane 34 displays a
hysteresis. Similarly, the debonding process of pressure
sensitive adhesives, such as adhesive tapes, surprisingly
involves highly non-homogeneous deformations due to
cavitation 48. Thus, our method is particularly valuable in that it
probes specifically the bond formation process. It can thus be
combined with other methods to clearly distinguish between
bonding and de-bonding contributions.
Also worth mentioning, the physics of such aggregates
resembles that of foam 49, 50. This analogy is borne out by figure
4D, in which the microscopic structure of the aggregate shows
strongly facetted cellular bodies, much like the structure of a
wet foam 51. Several teams have recently started to work in this
direction 52, 53, postulating that the dynamic behavior of cell
aggregates results from topologic rearrangements of cell-cell
contacts. This allows the deformation of a preformed aggregate
towards a final spherical shape to be modeled, as predicted by
the framework of differential adhesion and the definition of a
tissue surface tension 17.
The experiments described here were used to determine the
degree of cell-cell interaction for any given cell type, in a 3D
environment with a degree of complexity approaching that of a
living tissue. It is no surprise that fibroblasts and myoblasts,
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which form highly cohesive tissues, formed compact
aggregates. What was more surprising was the low compacity
observed with MDCK epithelial cells, which are known to form
extended cell-cell contacts in 2D monolayers. Figure S5 shows
the E-cadherins of the E-cadherin-GFP-expressing MDCK cells
used here, either in 2D monolayer, or within the magnetically
formed aggregate. In 2D, the cells exhibit the typical MDCK
morphology with strong cell-cell adhesions. By contrast, in 3D
aggregates, cells are round, with only loose cell-cell contacts.
The epithelial weak spontaneous compaction in 3D is thus in
opposition to the observed capacity of these cells to form
cohesive sheets in 2D, and the cell-cell adhesion energy
retrieved must be considered with care, and only for the 3D
environment situation.
Finally, one obvious application is the measurement of the
metastatic potential of tumor cells, which is directly due to a
loss of cell-cell adhesion, and particularly E-cadherin
expression. Indeed, among the tumor cell lines tested here, the
strongest cohesion was observed with cervical cancer cells
(HeLa), which are micro-invasive and characterized by weak
metastatic potential.

Experimental
Cell lines and growth conditions
All cell lines were cultured in RPMI or DMEM medium
supplemented with 10% (v/v) heat-inactivated fetal calf serum,
100 U/mL penicillin, 100 µg/mL streptomycin and 5 mM Lglutamine, at 37°C with 5% CO2. The human monocytic cell
line THP-1 was cultured in suspension (from 0.2 to 1 million
cells per ml) in complete RPMI medium and used between
passages 25 and 35. The murine sarcoma cell line S180 was
cultured in DMEM and used between passages 20 and 35.
Ecad-GFP S180 cells are stably transfected S180 cells
(designated ECad-GFP S180 cells) expressing E-cadherin fused
with GFP on its cytoplasmic tail 54. Unlike parental S180 cells,
that do not express cadherin or engage in cell-cell adhesion,
transfected Ecad-GFP cells attach strongly to one another,
forming more tightly packed mololayers at confluence. Human
prostatic adenocarcinoma cells (PC3) and human ovarian tumor
cells (HeLa) were cultured in complete DMEM culture
medium. The murine C2-7 myogenic cell line (C2.7), the
murine fibroblasts (3T3) and the Madin-Darby canine kidney
(MDCK) epithelial cells were cultured in DMEM complete
medium. The MDCK cells were expressing stably canine Ecadherin-GFP. Human Mesenchymal Stem Cells (MSC, Lonza)
isolated from bone marrow donors, were cultured in complete
MSCBM medium and were not used beyond passage 6.
Magnetic cell labeling and iron uptake assay
Cells were magnetically labeled by spontaneous internalization
of anionic magnetic nanoparticles composed of maghemite (Fe2O3) and with a mean diameter of 8 nm, synthesized by using
Massart's process. The nanoparticles surface adsorbs citrate
anions, conferring an overall negative charge to the
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nanoparticles and facilitating its interaction with the plasma
membrane. Cell labeling was performed by incubating adherent
or suspended cells in serum-free RPMI medium supplemented
with nanoparticles (iron concentration of between 0.5 mM and
5 mM), and with 5 mM sodium citrate to ensure nanoparticles
stability. An incubation time of 30 min was used for all the cell
types. The labeling medium was then flushed out and the cells
were rinsed with serum-free RPMI medium before a 2-hour
chase period in complete culture medium to allow nanoparticles
internalization.
Magnetic uptake was measured by single-cell magnetophoresis,
based on cell velocity in the presence of a constant magnetic
field gradient of known intensity. Neglecting inertial effects,
the constant magnetic force Fm  MgradB balances the viscous
force Fv  6 Rv . One can then calculate cell magnetization M,
as M  6 Rv / gradB , where  is the viscosity of the carrier
fluid, R the cell radius, v its velocity and M its magnetic
moment. This yields the average iron mass internalized by
cells, and the per-cell iron load distribution.
Cell detachment
A non-enzymatic cell dissociation solution (Sigma Aldrich)
was used to detach magnetically labeled cells from the culture
flask surface, in order to preserve the cells’ adhesive properties.
The cell dissociation solution (4 mL) was added to the culture
flask (25cm²) containing cells at about 60% of confluence for
20 minutes in culture conditions (37°C in 5% CO 2), then 8 mL
of complete culture medium was added and the suspension was
centrifuged for 4 min at 1200 rpm. The cells were then kept on
ice to prevent spontaneous aggregation and resuspended in a
minimal volume before counting.
When used, EGTA (ethylene glycol tetraacetic acid) was added
at a volume of 4 mL of 5 mM solution in PBS for 40 minutes in
culture conditions (37°C in 5% CO 2), before centrifuging the
suspension for 4 min at 1200 rpm.
Formation of 3D multicellular assemblies by using magnetic
force
The magnetic set-up consisted of a cylindrical soft-iron tip of
750 µm diameter, magnetized to saturation with a permanent
magnet of 0.32 T (surface). The magnetic field gradients
generated near the magnetic tip reach 2000 mT/mm, then
decline to 500 mT/mm at 1 mm distance.
For cell patterning, a home-made square chamber with 50-mm
sides, the bottom of which was sealed with a 100-µm-thick
glass slide, was prepared. Two of its sides were also composed
of glass slides, for lateral observations. The chamber was filled
with complete culture medium (RPMI or DMEM depending on
the cell type) without phenol red, to obtain better contrast for 8bit images. The chamber was crossed by two heating tubes
through which water was circulated at 37°C. Liquid GPR
paraffin (5 mL, BDH Laboratory) was added to the surface of
the culture medium to avoid O2 exchanges between medium
and air, and to avoid contamination.
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A controlled number of cells (105 to 5x105) in suspension were
deposited in less than 2 seconds with a micro-pipette within a
volume of about 3 µL and attracted by the magnetic tip, piling
up to form a 3D aggregate of controlled dimensions. The
magnetic attraction was interrupted as necessary by simply
removing the magnetic device from the bottom of the chamber.
The profile of the aggregate was recorded with a Canon ESO
20D camera equipped with high-magnification lens, with
images taken every minute for 2 hours.
Image analysis
The profile images converted to 8-bit images were analyzed
with NIH Image software (ImageJ, U.S. National Institute of
Health). First binarized, a macro plug-in was used to determine
the axis of symmetry of each profile, taken to be the axis of the
multicellular aggregate, then to make geometric measurements
of both semi-profiles: height h, radius r. The aggregate volume
V was calculated using the Guldinus theorem: V  2dA ,
where d is the distance of the semi-profile center of mass from
the axis, and A the area of the semi-profile. No major
discrepancies were never observed between the two sets of
values obtained for each semi-profile, and they were averaged
to obtain the characteristic dimensions of the multicellular
aggregate over time.
Fluorescence staining and confocal imaging
For THP1 monocytes and sarcoma S180 cells, fluorescent
staining was used to study the cell organization, using
CellMask Deep Red plasma membrane stain (C10046,
excitation wavelength 561 nm; emission 685 nm; Invitrogen,
Carlsbad, CA). Detached cells in suspension were stained for 5
minutes at 37°C with 5 µg/mL CellMask. The cells were then
rinsed three times before being deposited in the vicinity of the
magnetic device to obtain a 3D aggregate. E-Cadherinexpressing sarcoma cells were tagged with GFP (488 nm/525
nm).
The central zone of each aggregate was observed with the
Andor Revolution spinning disk confocal system controlled by
Andor iQ software (Andor Technology, Belfast, Ireland) and
equipped with an electron multiplier camera (iXon; Andor
Technology) and solid-state 40-mW lasers.

Conclusions
This new magnetic technique for instantaneously trapping
together a large number of living cells into an aggregate of
perfectly controlled compacity provides the first insights into
variations in the dynamical behavior of cellular tissue-like
materials. Under the effect of gravity, monocytes (circulating
cells) dissociate rapidly in the same way as a granular material,
while cells expressing adhesion molecules behave like a
contractile network and their final compacity reflects the
intrinsic adhesion between the constituent cells.
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This approach, which can be used to probe cell-cell interactions
in a millimeter-scale 3D environment with any cell type,
including non-interacting cells, has a high potential to probe
tissular properties for tissue engineering applications.
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Supporting informations

Figure S1: A: Magnetic field gradient gradB as a function of the distance to the magnetic tip surface
(d magnetic tip) calculated from the trajectories of 1µm magnetic beads (Dynal, MyOne). The
magnetic gradient can be fitted (plain line) by a simple exponential law, with exponent =1.2:
gradB(T/m) =2390e

-1.2 d

, d being expressed in mm. At the bottom of the aggregate (0.1 mm above the

tip surface), defined as h=0, gradB=2115T/m. B: Ratio of the effective force seen in the aggregate,
Feff, defined in equation 3, over Fmag, cellular magnetic force acting on the first layer of the aggregate
(h=0), as a fonction of the aggregate height after magnetic compaction (h mag) divided by the exponent
 (=1.2 here) of the exponential decay of gradB. This curve was calculated using equation 4 and was
used to retrieve Feff for all types of aggregates (hmag being given for each case in table 2).

Figure S2: Electronic micrographs of different cell types (PC3 and HeLa tumor cells, MSC stem cells,
THP1 monocytes), showing magnetic nanoparticles contained in endosomes.

Figure S3: Evolution of the compacity after the removal of the magnet (application time tmag=10min),
for 5 independent aggregates of HeLa cells. On the right are represented images of the corresponding
aggregates at times 0 and 120 min.

Figure S4: Dynamic changes in aggregates composed of 3T3 fibroblasts (A) or PC3 tumor cells (B).
In the case of 3T3 fibroblasts, three cellular magnetic densities were used, yielding increasingly dense
aggregates. In all three cases the average compacity observed in three independent experiments
reached the same final state ρ = 0.62. With PC3 tumor cells, the same magnetic density was used
but the aggregates were compacted for 100 s (ρ = 0.35) or 10 min (ρ = 0.41). Average compacity
also reached a final state (ρ = 0.53) that was independent of the initial state.

Figure S5: Fluorescence imaging of E-cadherin-GFP-expressing MDCK cells. Top: Cells were seeded
in a dish to form 2D sheets, and demonstrate a typical MDCK morphology with tight cell-cell contacts
mediated by E-cadherins. Bottom: Cells were magnetically aggregated in 3D (for tmag =10 min), the
force was then removed and the aggregate evolved spontaneously for 2 hours. It was then fixed and
observed with fluorescence microscopy at different locations : in the center or at the edges. Only the
cells that have escaped the aggregate and formed 2D clusters are faceted with E-cadherin cell-cell
contacts. By contrast, cells packed in 3D remain spherical and don’t adhere one to the other.

Movie S1: Left : Aggregate formation under magnetic force, duration 10 min. Right : Aggregates
spontaneous evolution after the removal of the magnet, duration 1h, for all cell types.

Movie S2: Monitoring the cells dynamics with confocal microscopy, from below the aggregate. For
THP1 monocytes (left) and S180 sarcoma cells (middle), the cells membrane appear in red (CellMask
tag). For transfected Ecadh-GFP 180 cells (right), the membrane are green due to the presence of Ecadherin GFP tagged. Movie duration = 30 min.

