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In the course of animal morphogenesis, large-scale cell movements
occur, which involve the rearrangement, mutual spreading, and
compartmentalization of cell populations in specific configura-
tions. Morphogenetic cell rearrangements such as cell sorting
and mutual tissue spreading have been compared with the beha-
viors of immiscible liquids, which they closely resemble. Based on
this similarity, it has been proposed that tissues behave as liquids
and possess a characteristic surface tension, which arises as a col-
lective, macroscopic property of groups of mobile, cohering cells.
But how are tissue surface tensions generated? Different theories
have been proposed to explain how mesoscopic cell properties
such as cell–cell adhesion and contractility of cell interfaces may
underlie tissue surface tensions. Although recent work suggests
that both may be contributors, an explicit model for the depen-
dence of tissue surface tension on these mesoscopic parameters
has been missing. Here we show explicitly that the ratio of adhe-
sion to cortical tension determines tissue surface tension. Our mini-
mal model successfully explains the available experimental data
andmakes predictions, based on the feedback betweenmechanical
energy and geometry, about the shapes of aggregate surface cells,
which we verify experimentally. This model indicates that there is a
crossover from adhesion dominated to cortical-tension dominated
behavior as a function of the ratio between these two quantities.

differential adhesion hypothesis ∣ differential interfacial tension
hypothesis ∣ mathematical modeling ∣ cell aggregate geometry ∣
self-assembly

It is well established that many tissues behave like liquids on long
timescales. Cell tracking in vivo and in vitro highlights (i) large-

scale flows, (ii) exchange of nearest neighbors in a cellular
aggregate, and (iii) rounding-up and fusion of aggregates (1).
Macroscopic rheological properties such as surface tension can
be measured using a tissue surface tensiometer (TST) (1–8) or
micropipette aspiration (9), and surface tension can be used to
explain tissue self-organization in embryogenesis (8, 10–12) or
cancer (13, 14). In particular, cell sorting and tissue spreading
can be explained in terms of tissue surface tensions that differ
among cell types (1, 3–5, 8, 15, 16).

A full understanding of tissue surface tension as a driving force
for biological processes is important, and knowledge of its cellular
origins would allow us to intelligently design drugs and treatments
to alter tissueorganization.Twoopposing theories about themeso-
scopic origin of tissue surface tension have coexisted over the last
30 years. One, the differential adhesion hypothesis (DAH),
postulates that in analogy to ordinary fluids, tissue surface tension
is proportional to the intensity of the adhesive energy between the
constituent cells, which are treated as point objects. The DAHhas
proven successful in a variety of studies with cell lines (2–5, 15) ,
malignant (13, 14) and embryonic tissues (1, 5, 8, 16) and is widely
accepted (12, 17).A recent studybyFoty andSteinberg (18) experi-
mentally verified a linear relationship between adhesion molecule
expression levels and tissue surface tension.

However, recent experiments using atomic force microscopy
(AFM) (19) and TST (see data in this study) indicate a depen-
dence of the surface tension on actin-myosin activity in the cell,
interpreted as supporting an alternative theory in which cortical
tension in individual cells is thought to be the determining factor.
The differential interfacial tension hypothesis (DITH) developed
by Harris (20), Brodland (21), and Graner (22) relates tissue
surface tension to the tension along individual cell interfaces.
The DITH theories are appealing because they recognize that
individual cells are not point objects; a cell’s mechanical energy
changes with cell shape and the cortical tension clearly plays a
role in this energy balance.

Recent work has emphasized that interfacial tensions arise
from a balance of adhesion, cortical tension, and cortical elasti-
city (17, 19, 23, 24). However, the exact nature of this interplay
remains to be elucidated.

In this study, we develop, analytically solve, and experimentally
verify a model that specifies an explicit relationship between
surface tension and the ratio of adhesion to cortical tension. With
this model, we can also explain why the DAH, despite its simpli-
city, is so successful. Furthermore, we predict regimes where the
DAH breaks down and, unlike previous models, show that
changes in tissue surface tension must be accompanied by
changes in the shapes of surface cells as a function of the ratio
between adhesion and cortical tension. In the discussion, we pro-
pose future experiments, involving laser ablation and long-time
AFM measurement, which could be used to further test the
various aspects of our model.

Results
Theoretical Description. We develop a minimal mechanical model
based on two experimental systems, zebrafish embryonic tissues
and a P-cadherin-transfected L-cell line (LP2). Fig. 1A is a con-
focal section of a zebrafish aggregate, showing that cells in the
bulk are roughly polyhedral with sharp corners, an aspect ratio
of unity and without obvious polarization. The rate of cell divi-
sions in zebrafish aggregates is low (1) and cells within a single
tissue type are approximately the same size (see Fig. 1A). Our
model therefore enforces a constant volume for individual cells,
V ¼ 1, where we have normalized all volumes by the average
volume for a single cell.

Because our goal is to understand the collective behavior of cell
populations,wecan focusoncoarse-grainedmechanicalproperties
of individual cells such as cortical tension andadhesion.As inother
cell models (23, 25, 26), we associate an energy with cell–cell
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contacts, where the energy is proportional to the surface area of
contactbetweencells:W ad ¼ ðΓ∕2ÞPC,wherePC is thesurfacearea
(perimeter in 2D) in contact with other cells. In addition, the re-
sponse of single cells to low-frequency pressures and forces can
be characterized by a cortical tension (23, 26, 27): W cort ¼ βPT
where PT is the total surface area of a cell.

Of course, feedbacks between adhesion molecule and cytoske-
letal dynamics are abundant, which suggests that the cortical
tension along contacting interfaces (βC) can be different from
that along noncontacting interfaces (βNC). Because the cortical-
tension energy and adhesive energy both scale linearly with sur-
face area, we can accommodate these feedbacks in a simple way.
The term β ¼ βNC is simply the cortical tension of a cell in the
absence of any cell–cell contacts, which is the quantity measured
in single-cell pipette aspiration experiments (27). We introduce
the effective adhesion γ which is the total energetic contribution
of contacting surfaces. We define this as the difference between
the free energy of the adhesive bonds per unit area (Γ) and local
changes to the cortical tension near an interface 2ðβC − βNCÞ.
Then the coarse-grained mechanical energy for each cell in an
aggregate is given by

W cell ¼ ðβ − γ∕2ÞPC þ βPNC jV ¼ 1 [1]

where PNC ¼ PT − PC is the surface area of the noncontacting
interface. Note that (β − γ∕2) is half the interfacial tension of
cell–cell contacts, and β is the interfacial tension of cell–culture
medium interfaces. We observe that cells in the interior of aggre-
gates exhibit polyhedral shapes with sharp corners. As discussed in
the SI Text, this observation means that when γ∕β < 2, cortical
elasticity must be a small contribution to the energy (at least on
the relevant long timescales over which surface tension is a

meaningful quantity). Therefore Eq. 1 neglects elastic terms and
is valid when γ∕β < 2; we discuss the case γ∕β > 2 in a later section.

Previous methods for approximating tissue surface tension as-
sumed that individual cells do not change their shapes; in this case,
the surface tension is simply the difference between the interfacial
tensions of cell–cell and cell–culture medium interfaces (21, 26).
However, confocal images of the equatorial plane of spherical
zebrafish aggregates (Fig. 1BandC) suggest that surface cell shape
depends on tissue surface tension, i.e., that there is an interplay
between mechanical energy and geometry that must be taken into
account. Therefore our strategy will be to find shapes and confi-
gurations of cells which locally minimize the mechanical energy
and calculate the surface tension of those configurations.

When an aggregate of cells is compressed, the surface area of
the aggregate increases, and cells formerly in the bulk are ex-
posed to the surface. Therefore, in exact analogy with fluids, the
response of the tissue to changes in surface area is the difference
in energy, ΔW , between a cell in the bulk and a cell on the sur-
face, multiplied by the number of cells per unit area (or length in
2D) at the surface. The number of cells per unit area is equal to
unity divided by the projected area Aproj (or projected length in
2D) of a single cell onto the surface of the aggregate:

σ ¼ ðW surf −W bulkÞ∕Aproj [2]

In general, this quantity is difficult to calculate for large aggre-
gates because the total energy depends on the exact geometry
of each cell in force balance with other cells under the constant
volume constraint. However, we have derived an exact solution to
this problem for an ordered two-dimensional system.

Analytical and Numerical Results. Fig. 1 D and E are illustrations of
ordered 2D cellular structures with boundaries. Cells in the bulk
are hexagonal, all cells have the same fixed area, and individual
interfaces must have constant curvature because they are fluid on
long timescales and do not support shear stresses. With these con-
straints, it is possible to parameterize the surface cell shape with
only two numbers: Lside, which is the length of contact surface
cells make with other surface cells, and nstretch, which is the num-
ber of bulk cells that a surface cell stretches across. Fig. 1D illus-
trates a force-balanced configuration with nstretch ¼ 1, and Fig. 1E
is a configuration with nstretch ¼ 3.

The optimal shape can then be explicitly calculated as the values
of Lside and nstretch that minimize Eq. 1. Finally, Eq. 2 is used to
calculate the surface tension.We find that nstretch ¼ 1 always mini-
mizes the energy for γ∕β < 2, and the surface tension as a function
of γ∕β is given by the dashed line in Fig. 2 A and B. There is a gen-
eralization of this calculation to ordered structures in three dimen-
sions, which is detailed in the SI Text. The surface tension for
3D-ordered aggregates is given by the dashed line in Fig. 2C.

Active processes allow cells to exchange neighbors and explore
many possible configurations, so that they are not confined to the
global minimum energy configuration. Instead, the collection of
cells explores a large number of local minima, and these config-
urations are disordered, much like the typical configurations of a
fluid or a jammed granular material. We use numerical simula-
tions to show that the surface tension for 2D-disordered aggre-
gates is related in a remarkably simple way to that for ordered
structures, and make a conjecture about 3D aggregates.

We used the Surface Evolver program developed by Brakke
(28) to numerically find the local minimum energy 2D structures
for various random initial conditions and values of γ∕β (seeMeth-
ods). Fig. 2 D and E illustrates two minimal structures generated
by this procedure: For small values of γ∕β, surface cells are
rounded (Fig. 2D) because they minimize their total perimeter
at the expense of cell–cell contacts, whereas, for large values
of γ∕β, cells are flat (Fig. 2E) because they maximize neighbor
contacts.

Fig. 1. (A–C) Confocal sections of zebrafish aggregates. (Scale bar, 10 μm.) (A)
Ectoderm cells in the bulk are densely packed into roughly polyhedral shapes.
Membranes are labeled using Gap43-GFP, nuclei using Hoechst. (B) Surface
cells in which E-cadherin is down-regulated. Cells have rounded edges and
arecompact. (C) Surfacecellsofanectodermaggregate.Bulk cellsarecompact,
whereas surface cells are stretched. (D and E) Illustration of ordered packingof
cells, where surface cells contact each other over a length Lside. (D) Cells along
the interfacewith cell–culturemediummaintaina compact shape (nstretch ¼ 1).
(E) Illustration of stretched surface cells with nstretch ¼ 3. This arrangement
satisfies force balance and the constant area constraint.
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Because the surface tension is a change in energy divided by a
projected length, we calculated both of these quantities for indi-
vidual cells in each numerical simulation. We find that the pro-
jected length, which corresponds to the macroscopic perimeter of
the entire aggregate, is the only quantity changed by the disorder
in the limit of small γ∕β. The total area cannot change because
the number of cells with fixed area is constant. Because the
macroscopic shape of a 2D hexagonal ordered crystal has hexa-
gonal symmetry, whereas the disordered structure is spherically
symmetric, this suggests that the macroscopic perimeter should
change as the ratio of the perimeter of a hexagon to a circle
of the same area: σdisorder ¼ 1.05σorder.

This amazingly simple ansatz is tested numerically in Fig. 2 A
and B. The blue line is the analytical expression for σdisorder,
whereas each of the magenta stars corresponds to the average
surface tension of six numerically minimized aggregates with dis-
ordered initial conditions. There is excellent agreement at small
values of γ∕β, and systematic deviations at large values of γ∕β that
are easily understood. The geometry places a strict constraint on
the macroscopic surface tension when γ ¼ 2β. As γ approaches
2β, the tension along cell–cell interfaces approaches zero and
force balance requires that cell-culture medium interface is flat
(see SI Text). Then the macroscopic surface tension is identically
the cortical tension at γ ¼ 2β, and the disordered structures in-
terpolate between the blue line and this value as γ∕β increases.

LP2 and Zebrafish Cell Shape Changes.We were able to test the pre-
diction of surface cell shape changes experimentally in LP2 cells
by applying actin-depolymerizing drugs [cytochalasin D (CD) and
latrunculin A (LA)] to cell aggregates (See Methods), determin-
ing their surface tension by TSTand imaging the aggregates with
SEM. Fig. 3 shows three SEM images of cell aggregates from the
LP2 cell line. The control aggregate (Fig. 3A) has a relatively high
surface tension of 3.16 erg∕cm2. The cells on the surface of this
aggregate are so flat that one cannot distinguish between them,
and our model suggests that the ratio of adhesion to cortical ten-
sion is high for this aggregate. Fig. 3 B and C are aggregates trea-
ted with actin-depolymerizing drugs that reduce the cortical
tension as well as cell–cell adhesion as the actin anchor of cad-
herin bonds is weakened. As expected, the macroscopic surface
tension is significantly lower. It is important to note that the effect
of actin-depolymerizing drugs on tissue surface tension is rever-
sible (see SI Text), and that rounded surface cells are viable cells,
as confirmed by viability staining and cell sorting experiments
(SI Text).

Confocal images of zebrafish surface cells such as those in
Fig. 1 B and C indicate that this shape change is more substantial
than going from round to flat: Although our model suggests that
structures with nstretch ¼ 1 are the minimum energy states, aggre-
gates with high surface tension often have surface cells which
stretch over multiple bulk cells as shown in Fig. 1B. These
stretched surface cells, however, do not express epithelial mar-
kers (see SI Text) and express the same tissue-type-specific

Fig. 2. (A–C) Plot of aggregate surface tension in units of β as a function of γ∕β. The dashed black line is the analytic calculation for ordered packing σordered.
The solid blue line is the surface tension for a disordered aggregate. The dotted red line is σ ¼ γ∕2, which is equivalent to the DAH. (A) Two-dimensional
aggregate, σrand ¼ 1.05σordered. Magenta points are the average surface tensions of minimum energy aggregates generated numerically. (B, Inset) Scaled ver-
sion of 2D data with error bars. (C) Three-dimensional aggregate. Blue line is conjectured disordered solution, σdisorder ¼ 1.10σorder. (D and E) Minimum energy
cell configurations generated using Surface Evolver at two different values of γ∕β. Orange cells have six neighbors. (D) Sample aggregate with γ∕β ¼ 0.33. (E)
Same initial conditions as D with γ∕β ¼ 1.667.

Fig. 3. (A–C) SEM images of cell aggregates. (A)
Control LP cell aggregate. (B) Cell aggregate treated
with latrunculin A. (C) Cell aggregate treated with
cytochalasin D. (D) Surface tension σ as measured
by TST.
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markers as bulk cells (1). Furthermore, they are also indistin-
guishable in their behavior as surface cells become intermixed
with bulk cells during aggregate fusion (1) and cells continue to
diffuse in and out of the surface layer (see SI Text). We now ex-
tend our model to account for these stretched cells and investi-
gate the phenomenon quantitatively in experiments.

Modeling Stretched Cell Shapes.When the adhesion is greater than
the cortical tension, our mechanical model Eq. 1 predicts that
cells will begin to spread out because the line tension is negative,
dW∕dP ¼ −γ∕2þ β < 0, so cells will continue to increase their
perimeter without limit. This perimeter growth cannot continue
unabated because other mechanical forces will eventually cause
the cells to stop expanding.

What additional restoring force is consistent with experimental
observations? Adhesion molecule regulation generates a plausi-
ble restoring force; the amount of energy a single cell can gain by
increasing its perimeter must be limited by the number of cadher-
ins on the cell surface, which is itself regulated. Although we do
not know the exact form of this regulation, we can expand its en-
ergetic contribution as a Taylor series in the difference between
the actual adhesive energy and the adhesive energy of a cell with
the preferred number of cadherins. Keeping up to second-order
terms, this adds a term αP2

C to Eq. 1, as discussed in the SI Text.
Another possible restoring force is elasticity generated by a den-
ser cortical network near cell–cell interfaces; this would also add
a term proportional to P2

C (22, 24). The remaining analysis does
not depend on the mechanistic origin of these forces, but simply
requires that the first higher-order term is of the form P2

C:

W cell ¼ ðβ − γ∕2ÞPC þ αP2
C þ βPNC jV ¼ 1 [3]

The lowest energy states corresponding to this energy func-
tional are complicated because the P2

c term introduces a length
scale that is not necessarily the same as the length scale introduced
by the incompressibility constraint. For example, in two dimen-
sions, the smallest perimeter structure is hexagonal, but the
preferred perimeter introduced by the second-order term does
not necessarily have to be a hexagon. However, in agreement with
experimental observations, a simple assumption is that both length
scales are the same and therefore α increases linearly from zero
with γ∕β for γ∕β > 2. In this case, the surface cells stretch to make
the same contact area as cells in the bulk, and we can calculate the
“covering ratio” for ordered 2Dpackings. Each bulk cell contacts a
surface cell over a length 6L and therefore a surface cell covers
approximately three bulk cells (see SI Text). The calculation for
3D is similar and the projected area of surface cells is 3.7 times
greater than that of bulk cells.

Zebrafish Tissue Surface Cells.We investigate the covering ratio for
the stretched surface cells in disordered 3D zebrafish ectoderm
aggregates. We hand-segmented confocal slices as shown in Fig. 4
A and B from n ¼ 15 aggregates to determine an estimate of the
projected areas of each cell. The results are illustrated in Fig. 4C.
The first observation is that stretched surface cells possess a pre-
ferred size that is reproducible from aggregate to aggregate, and
there is a significant difference between surface cells and bulk
cells. We find that the projected areas are 226� 100 μm2 for
the surface cells (ntotal ¼ 236) and 62� 9 μm2 for the bulk cells
(ntotal ¼ 380), i.e., the ratio between the projected areas is
3.7� 0.4, which is consistent with the theoretical prediction of
3.7. This stretching effect is not due to an increase in volume
of surface cells, because using V cell ∼ Aprojh (where h is the dis-
tance between the cell top and bottom), we find that bulk cells
span on average 8–9 z slices and surface cells 3 slices, and Aproj for
surface cells is about 3 times larger than for bulk cells.

What are the theoretical predictions for the surface tension in
this case? We use the specific value for α that makes the contact

length for bulk and surface cells equal and calculate the surface
tension of ordered 2D aggregates for a wide range of values of
γ∕β and nstretch. The experimentally observed surface tension and
surface cell shape will correspond to the minimum solution at
each value of γ∕β. For γ∕β < 2, compact surface cell shapes
are optimal (solid line in Fig. 4D), whereas for γ∕β > 2 the surface
cells stretch across three interior cells (dash-dotted line in
Fig. 4D). The surface tension exhibits a crossover at γ∕β ∼ 2 from
adhesion-dominated behavior (DAH) to a dependence on the
cortical tension and other mechanical effects.

Discussion
Thisworkhas twomain implications.The first is thatwhen γ∕β < 2,
surface cells do not stretch out and the differential adhesion
hypothesis is essentially correct: Surface cellsmake fewer adhesive
contacts than interior cells and this effect is the primary contribu-
tion tothesurfacetension, justas influids.Eventhoughcells change
shapes, the surface tension given by the magenta stars in Fig. 2A
varies almost linearly with the effective adhesion. Our framework
clarifies that “adhesion” as specified in the DAHmust correspond
to the net energetic contribution of contacting surfaces, which de-
pendsonboth the freeenergyofcadherinbindingcomplexesaswell
as local changes to the cortical tension induced by those bonds.
Furthermore, the balance between cortical tension and adhesion
is critical for determining surface cell shapes.

The second implication is that the analogy to fluids breaks
down when surface cells stretch to make more nearest neighbor

Fig. 4. (A and B) Representative confocal slices of a 3D zebrafish ectoderm
aggregate in planes tangent to the aggregate surface. A intersects the sur-
face cells, whereas B is at a depth of >25 μm and intersects a layer in the bulk.
(Scale bar, 10 μm.) (C) Plot of the projected areas of all cells. Red points cor-
respond to surface cells, whereas black points correspond to bulk cells, and
the solid lines represent the mean of the entire dataset. Error bars represent
errors on the aggregatemean. (D) Comparison of the relationship between σ,
γ, and β as obtained from our extended model with α ¼ MAXð0;ðγ∕2-βÞ∕
ð2PhexÞÞ, for various surface cell configurations. The dash-dotted line corre-
sponds to compact cell shapes, whereas the dashed and solid lines correspond
to surface cells stretched over two or three cells, respectively. For γ∕β < 2,
compact cell shapes are optimal and the differential adhesion hypothesis
is approximately satisfied, whereas for γ∕β > 2, cells stretched over three in-
terior cells are optimal and cortical tension dominates. (E, Inset) Magnifica-
tion of crossover behavior in D.
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contacts. In contrast to fluids, if surface cells stretch to have the
same net contact perimeter as cells in the bulk, there is no ad-
hesive contribution to the surface tension and the DAHmust fail.
This observation does not depend on a particular model. We have
shown that, in high adhesion zebrafish aggregates, surface cells
posses a well-defined, reproducible cross-sectional area that is
significantly larger than that for bulk cells. Furthermore, this
areal fraction is consistent with the assumption that surface cells
are making the same surface area of contact in the bulk. There-
fore we do not expect the surface tension of these aggregates to
depend strongly on the adhesion.

The observation that stretched surface cells exist also leads us to
consider cadherindiffusion. Inourmodel, theadhesiveenergyden-
sity is constant along contacting interfaces, and therefore in
stretchedcellscadherinmoleculesmustdiffuse tothe(muchlarger)
contact interface to maintain the same density. However, in com-
pact surface cells extra cadherins do not migrate to the contact
interface. As discussed in the SI Text, this is a reasonable first
approximation because there are no excess cadherins to bind with
on the surface of the bulk cells, and therefore compact cells get no
energy benefit from such amigration. However, heterogeneities in
cadherin density could lead to uniqueminimum energy cell shapes
andinvestigatingtheseinteractions isanavenueforfutureresearch.

Can these observed stretched surface cell states be explained
by a minimal model? In a regime where adhesion is stronger than
cortical tension, we show that stretched surface cells are the mini-
mum energy structures as long as there is a restoring force that
regulates the areas of cells in contact. Although there are at least
two plausible mechanisms for such a restoring force, adhesion
molecule regulation and elasticity of the cortical network, our ex-
periments have not directly tested these assumptions. In addition,
when calculating the surface tension shown in Fig. 4D and E, we
chose a particular value for the magnitude of this restoring force
(α) based on the assumption that the contact area preferred by
the restoring force is the same as that for bulk cells with sharp
corners. If this assumption is relaxed, the surface tension would
still exhibit a crossover at γ∕β ¼ 2, but the exact nature of the
crossover would change. Both the existence and the magnitude
of the restoring force could be investigated in a future experiment
using laser ablation to destroy individual cell–cell interfaces in
low and high adhesion aggregates and analyzing the structural
relaxation. Farhadifar et al. (23) have suggested that the aniso-
tropy of the network response and the magnitude of the structural
relaxation can be used to extract the relative magnitudes of cor-
tical elasticity compared to interfacial tension.

For a model that includes only adhesion and cortical tension
(Eq. 1), stretched surface cells are not the minimal energy struc-
tures as shown in Fig. 4 D and E. Despite this, as γ∕β approaches
two, the energies of stretched states become closer to that for the
unstretched states and active processes would allow surface cells
to explore these “metastable” configurations. However, we would
expect metastable stretched states to have a wide range of pro-
jected areas, weighted toward smaller area ratios because these
have lower energy. The fact that zebrafish surface cells have a
specific, reproducible area fraction significantly greater than
unity suggests that these structures are not metastable, but in-
stead have a preferred contact area with other cells as generated
by the model described by Eq. 3.

In order to fully interpret the available experimental data in
the context of this model, we would like to compare the magni-
tude of the adhesive tension to that of the cortical tension in in-
dividual cells. However, the net effect of adhesive contacts on
interfacial tension (which we denote γ) depends both on the free
energy of adhesive molecule bonds and also on changes to the
cortical tension along the contacting interface. Therefore it is dif-
ficult to determine how changes to the expression levels or activ-
ity of cadherins, actin, or myosin affect γ. In a recent study, Foty
and Steinberg showed that surface tension increases linearly with

the numbers of surface cadherins (18), in agreement with the
DAH and our model if γ∕β increases linearly with the number
of cadherins. However, because the interaction between actin
and cadherin-mediated adhesion is a highly dynamic process that
is regulated by α-catenin (29, 30), it is possible to argue that in-
creasing cadherin expression significantly increases cortical
tension and γ∕β remains unknown. Similarly, when we down-reg-
ulate surface tension by cytoskeletal drugs, both cortical tension
and adhesive energy are decreased because cadherin bonds are
stabilized by the cortical network (31–33). One attempt to dissect
the connection of cortical tension and adhesion of individual cells
was reported by Krieg et al. (19) using AFM measurements.
Although in principle AFM is a promising technique for those
measurements, thermal drift remains a technical challenge pre-
venting long timescale measurements. The results presented in
(19) are on timescales of seconds and therefore too short to
be relevant for the interpretation of tissue surface tension, which
becomes valid only for long timescales on the order of tens of
minutes. At these short timescales, the actin network does not
remodel (34, 35) and the AFM probes the cytoskeleton elasticity
and not exclusively the cortical tension. In addition, cadherin
bonds strengthen significantly over time after initiation, so the
adhesion dynamics over long timescales are different from those
on short timescales (16, 31, 32).

We propose a set of experiments to evaluate the cortical-ten-
sion β and the effective adhesion γ. One possible approach for
measuring the cortical tension is micropipette aspiration (27, 33).
Also, in the near future it may be possible to reduce AFM drift
enough to perform single-cell AFM experiments on the relevant
long timescales, allowing one to measure the repulsive force
generated by the bare cortical tension. The determination of
the effective adhesion γ is more difficult. A semiquantitative ap-
proach for studying the effect of γ∕β would be the use of cell lines
that are engineered to express a controlled number of fluores-
cently labeled adhesion molecules, actin, myosin, and actin-asso-
ciated proteins as done previously for Madin–Darby canine
kidney cells by Yamada and Nelson (36). One could then quantify
tissue surface tension and surface cell geometries as a function of
the ratio of the densities of these molecules and investigate the
predicted crossover in surface cell shapes and energy contribu-
tions at γ∕β ¼ 2 in our model. Second, laser ablation experiments
can be used to estimate the interfacial tension along cell–cell
interfaces (23). Additionally, it would be interesting to adapt
the shape-energy functional given by Eq. 1 to a Monte Carlo
or Cellular Potts model (26, 37) approach with activated dyna-
mics and compare simulated cell sorting based on this interaction
potential with the experimentally available data.

These approaches are an avenue of future research, and for the
present our model suggests that surface cell shapes can be used to
estimate the ratio between adhesion and cortical tension in an
experimental aggregate.

Disordered cellular structures appear in many problems in
physics and biology; the fact that one can calculate an analytic
expression for their surface energy (Fig. 2 A and B) is surprising
and useful. For example, Eq. 1 with γ ¼ β describes a dry foam
and therefore our method can be used to calculate the surface
energies of finite 2D foams as a function of cluster size. A simple
extension of this work also predicts how cells in the bulk change
shape from spheres (when there is no adhesion) to polyhedra with
sharp corners when the adhesion is high (see SI Text).

We have developed a minimal model that relates tissue surface
tension to the mechanical properties of individual cells, such as
cortical tension, cell–cell adhesion, and incompressibility. Our
model suggests how a crossover from the DAH to significant
cortical-tension dependence might occur, which is an important
consideration when designing drugs to alter mechanical behavior.
Both the DAH and the DITH were developed to explain cell sort-
ing experiments in vitro. Integrating both surface tension-based
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hypotheses into a single framework, our model predicts not only
that cells sort out according to the surface tension of their aggre-
gates but also that this surface tension exhibits a crossover from a
regime where intercellular adhesion is the dominant contributor
to one where cortical tension dominates.

Methods
Generation of Zebrafish and P-Cadherin Expressing L-Cells Aggregates. Zebra-
fish aggregates were generated as previously described in refs. 1 and 5.
Mouse embryonic fibroblast L929 cells were cotransfected by electroporation
with plasmids encoding P-cadherin and G418 resistance, as previously
described (18). Detailed procedures are described in the SI Text.

Fluorescent Microscopy. For structural studies and antibody staining, zebrafish
cell aggregates were imaged on an Olympus spinning disc microscope at
room temperature using 10 and 20× air or 40 and 60× oil objectives. Actin
expression was assessed by phalloidin staining (1∶100; Invitrogen) and E-cad-
herin was identified by antibody staining (1∶750) (38) as described in ref. 39.

In the SI Text, to show the motion of surface cells in and out of the bulk,
zebrafish ectoderm aggregates, labeled with histone-conjugated Alexa488,
were imaged on a two-photon microscope using a 40× water immersion ob-
jective. In situ hybridization was carried out as described in refs. 1 and 5, and
imaged using a Leica MZ16FA microscope.

Scanning ElectronMicroscopy. Cellaggregateswerefixedfor1hwith2.5%elec-
tron microscopy grade glutaraldehyde in 0.15 M cacodylate buffer, pH 7.4, at
room temperature. They were washed 3× for 10 min with the buffer and de-
hydrated in a closely graded 50–100% ethanol series stored at 20° for 5-min
intervals. They were then transferred through two more changes of ice-cold
100% ethanol for 20 min, washed 2× for 10 min with amyl acetate, air dried
at room temperature, sputter-coated with gold, and examined in the SEM.

Determination of Projected Surface Area. Projected surface areas of surface
and bulk cells in cell aggregates were determined using a built-in ImageJ

(version 1.4, National Institutes of Health image) routine. The obtained area
pixel counts were imported into Matlab and analyzed as well as plotted. For
bulk cells, five neighboring planes, 3 μm apart, were compared. We analyzed
only cells that were clearly visible in the equatorial plane. The maximum area
of each cell was then measured. For surface cells, the problem of not being in
the maximum plane does not exist therefore we analyzed only three planes.
We concentrated on the surface in the middle of the field of view where the
curvature of the aggregate would not significantly distort the cell shapes. We
analyzed 15 aggregates from three experimental days and generated a
dataset of 236 surface and 380 bulk cells.

Tissue Surface Tensiometry. Tissue surface tensiometry was carried out as pre-
viously described (1–3, 5). From the force and the shape of the aggregate
before and under compression at force equilibrium, tissue surface tension
was calculated as described in ref. 1.

In Silico Generation and Analysis of 2D Cellular Structures. Standard methods
(40, 41) were used to generate a 2D random, soft sphere packing with per-
iodic boundary conditions and a box size L. A voronoi tessellation of the soft
sphere packing was constructed using Matlab, restricted to particles with a
center of mass within 0.4L of a randomly chosen point in the packing. This
tessellation generates a finite, connected cellular structure composed of N
cells which was then used as an input to the program “Surface Evolver,”
by Brakke (28), which numerically minimizes the total perimeter of the entire
cellular structure, under the constraint that the area of each cell should equal
the average area. Each interior edge of the cell was initialized with a tension
unity and each surface edge was initialized with a tension (β∕ð2β − γÞ). See
SI Text for additional details.

ACKNOWLEDGMENTS. The authors thank J. A. Talbot, S. Thiberge, and the ima-
ging core facility for the two-photon movie, S. F. Norrelykke, W. Ellenbroek,
and B. Chen for scientific discussions, and T. Newman and S. F. Norrelykke for
reading various versions of the manuscript.

1. Schoetz E-M (2008) Dynamics and Mechanics of Zebrafish Embryonic Tissues—A Study
of the Physical Properties of Zebrafish Germlayer Cells and Tissues and Cell Dynamics
During Early Embryogenesis (Verlag Dr. Mueller Publishing Group, Saarbruecken).

2. Foty RA, et al. (1994) Liquid properties of embryonic tissues: Measurement of
interfacial tensions. Phys Rev Lett 72(14):2298–2301.

3. Foty RA, et al. (1996) Surface tensions of embryonic tissues predict their mutual
envelopment behavior. Development 122(5):1611–1620.

4. Forgacs G, et al. (1998) Viscoelastic properties of living embryonic tissues: A quanti-
tative study. Biophys J 74(5):2227–2234.

5. Schoetz EM, et al. (2008) Quantitative differences in tissue surface tension influence
zebrafish germlayer positioning. HFSP J 2(1):1–56.

6. Mgharbel A, Delanoë-Ayari H, Rieu J-P (2009) Measuring accurately liquid and tissue
surface tension with a compression plate tensiometer. HFSP J 3:213–221.

7. Norotte C, Marga F, Neagu A, Kosztin I, Forgacs G (2008) Experimental evaluation of
apparent tissue surface tension based on the exact solution of the Laplace equation.
Europhys Lett 81:46003.1–46003.6.

8. Davis GS, Phillips HM, SteinbergMS (1997) Germ-layer surface tensions and “tissue affi-
nities” in Rana pipiens gastrulae: Quantitative measurements. Dev Biol 192:630–644.

9. Guevorkian K, Colbert M-J, Durth M, Dufour S, Brochard-Wyart F (2010) Aspiration of
biological viscoelastic drops. Phys Rev Lett 104(21):218101.

10. Armstrong PB (1989) Cell sorting out: The self-assembly of tissues in vitro. CRC Cr Rev
Biochem Mol Biol 24:119–149.

11. Holtfreter J (1944) A study of the mechanics of gastrulation. J Exp Zool 95:171–212.
12. Steinberg MS (1996) Adhesion in development: An historical overview. Dev Biol 180

(2):377–388.
13. Foty RA, Corbett SA, Schwarzbauer JE, Steinberg MS (1998) Effects of dexamethasone

on cadherin-mediated cohesion of human fibrosarcoma HT-1080 cells. Cancer Res
58:3586–3589.

14. Foty RA, Steinberg MS (1997) Measurement of tumor cell cohesion and suppression of
invasion by E- or P-cadherin. Cancer Res 57:5033–5036.

15. Duguay D, Foty RA, Steinberg MS (2003) Cadherin-mediated cell adhesion and tissue
segregation: Qualitative and quantitative determinants. Dev Biol 253(2):309–323.

16. Borghi N, Nelson JW (2009) Intercellular adhesion in morphogenesis: Molecular and
biophysical considerations. Curr Top Dev Biol 89(1):1–32.

17. Lecuit T, Lenne PF (2007) Cell surface mechanics and the control of cell shape, tissue
patterns and morphogenesis. Nat Rev Mol Cell Biol 8:633–644.

18. Foty RA, Steinberg MS (2005) The differential adhesion hypothesis: A direct
evaluation. Dev Biol 278(1):255–263.

19. Krieg M, et al. (2008) Tensile forces govern germ-layer organization in zebrafish. Nat
Cell Biol 10(4):429–436.

20. Harris AK (1976) Is cell sorting caused by differences in the work of intercellular
adhesion? A critique of the Steinberg hypothesis. J Theor Biol 61(2):267–285.

21. Brodland GW (2003) New information from aggregate compression tests and its
implications for theories of cell sorting. Biorheology 40:273–277.

22. Graner F (1993) Can surface adhesion drive cell-rearrangement? Part I: Biological
cell-sorting. J Theor Biol 164:455–476.

23. Farhadifar R, et al. (2007) The influence of cell mechanics, cell-cell interactions, and
proliferation on epithelial packing. Curr Biol 17:2095–2104.

24. Paluch E, Heisenberg C-P (2009) Biology and physics of cell shape changes in develop-
ment. Curr Biol 19(17):R790–R799.

25. Hufnagel L, et al. (2007) On the mechanism of wing size determination in fly
development. Proc Natl Acad Sci USA 104(10):3835–3840.

26. Graner F, Glazier JA (1992) Simulation of biological cell sorting using a two-dimen-
sional extended Potts model. Phys Rev Lett 69(13):2013–2016.

27. Evans E, Yeung A (1989) Apparent viscosity and cortical tension of blood granulocytes
determined by micropipet aspiration. Biophys J 56(1):151–160.

28. Brakke KA (1992) The surface evolver. Exp Math 1(2):141–165.
29. Drees F, et al. (2005) [alpha]-Catenin is a molecular switch that binds E-cadherin-[beta]-

catenin and regulates actin-filament assembly. Cell 123(5):903–915.
30. Yamada S, et al. (2005) Deconstructing the cadherin-catenin-actin complex. Cell 123

(5):889–901.
31. Imamura Y, et al. (1999) Functional domains of alpha-catenin required for the strong

state of cadherin-based cell adhesion. J Cell Biol 144(6):1311–1322.
32. McClay DR, Wessel GM, Marchase RB (1981) Intercellular recognition: Quantitation of

initial binding events. Proc Natl Acad Sci USA 78(8):4975–4979.
33. Chu Y-S, et al. (2004) Force measurements in E-cadherin-mediated cell doublets reveal

rapid adhesion strengthened by actin cytoskeleton remodeling through Rac and
Cdc42. J Cell Biol 167(6):1183–1194.

34. Adams CL, James Nelson W, Steven J Smith (1996) Quantitative analysis of cadherin-
catenin-actin reorganization during development of cell-cell adhesion. J Cell Biol
135:1899–1911.

35. Angres B, Barth A, Nelson WJ (1996) Mechanism for transition from initial to stable
cell-cell adhesion: Kinetic analysis of E-cadherin-mediated adhesion using a quantita-
tive adhesion assay. J Cell Biol 134(2):549–557.

36. Yamada S, Nelson WJ (2007) Localized zones of Rho and Rac activities drive initiation
and expansion of epithelial cell-cell adhesion. J Cell Biol 178(3):517–527.

37. Mombach JCM, et al. (1995) Quantitative comparison between differential adhesion
models and cell sorting in the presence and absence of fluctuations. Phys Rev Lett 75
(11):2244–2247.

38. Babb S, et al. (2001) Zebrafish E-cadherin: Expression during early embryogenesis and
regulation during brain development. Dev Dyn 221:231–237.

39. Köppen M, et al. (2006) Coordinated cell-shape changes control epithelial movement
in zebrafish and Drosophila. Development 133:2671–2681.

40. Durian DJ (1997) Bubble-scale model of foammechanics: Melting, nonlinear behavior,
and avalanches. Phys Rev E 55:1739–1751.

41. O’Hern CS, et al. (2002) Random packings of frictionless particles. Phys Rev Lett 88
(7):075507.1–075507.4.

12522 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1003743107 Manning et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003743107/-/DCSupplemental/pnas.1003743107_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003743107/-/DCSupplemental/pnas.1003743107_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003743107/-/DCSupplemental/pnas.1003743107_SI.pdf?targetid=STXT


Supporting Information
Manning et al. 10.1073/pnas.1003743107
SI Text
SI Methods. Zebrafish cell aggregate preparation. In brief, wildtype
zebrafish embryos were injected at one-cell stage with leftymRNA
(50 pg) or Cyclops mRNA (100 pg) and a fluorescent dye (Invitro-
gen). For adhesion down-regulation, 6–8 ng of E-cadherin
morpholino or N-cadherin morpholino (Gene Tools, LLC) was
coinjected with the mRNA and fluorescent dye as described pre-
viously (S1). For the structural studies, Gap43-GFP (100 pg) was
coinjected as a membrane marker and Hoechst staining
(50 μg∕mL) was used in some cases to mark the cell nuclei. For
the two-photon imaging and antibody staining, histone conjugated
Alexa 488 was used as a cell nucleusmarker. Aggregates were gen-
erated mechanically at sphere-to-sphere oblong stage and then
transferred intoCO2-independent cell-culturemedium(Gibco, In-
vitrogen), supplemented with 10% FCS and antibiotics (S1, S2).

Cell death staining. Zebrafish aggregates were incubated in propi-
dium iodide (1∶1;000) for at least 30 min before imaging.

Generation of P-cadherin expressing L-cell aggregates. Mouse em-
bryonic fibroblast L929 cells were cotransfected by electropora-
tion with plasmids encoding P-cadherin and G418 resistance, as
described previously (S3). Briefly, 3 × 106 cells were suspended in
300 μL of transfection medium (RPMI medium 1640, 0.1 mM
DTT, 10 mM dextrose). Twenty micrograms of PβactPcad (S4)
and 2 μg of pcDNA3 (Invitrogen) cDNA were electroporated
at 200 V and 960 μF in a 0.4-cm electroporation cuvette using
a Biorad Gene Pulser II apparatus. Transfected cells were plated
into 100-mm tissue culture plates, grown for 24 h, whereupon
they were selected in 800 μg∕mL of G418 until resistant cells
reached 40–50% confluence. Resistant cells were screened for
P-cadherin expression by flow cytometry. Cells were detached
with trypsin-calcium (Gibco-BRL), washed three times in HBSS
then incubated in 10 μg∕mL anti-P-cadherin antibody (PCD-1,
Zymed) on ice for 45 min. Cells were again washed with cold
HBSS and incubated on ice for an additional 45 min with an Alex-
afluor-488-conjugated goat-anti-rat secondary antibody (Zymed).
Cells expressing P-cadherin were sorted by FACS (Epics Altra,
Beckman Coulter), expanded then subjected to limiting dilution
cloning. Two clonal cell lines were generated, each expressing a
different level of P-cadherin, which we designate as LP1a and
LP2. Spheroidal aggregates were prepared using the hanging
drop method. Near-confluent monolayers were dissociated from
10-cm tissue culture plates with trypsin/EDTA. Dispersed cells
were washed in complete medium to inhibit the trypsin, then cen-
trifuged to pellet the cells. The pellets were washed with PBS and
resuspended in complete medium at a concentration of
2.5 × 106 cells∕mL. Ten microliter aliquots of cell suspension
were deposited on the underside of the lid of a 10-cm tissue cul-
ture dish. The bottom of the dish contained 5 mL of PBS and
served to prevent evaporation of the drops by forming a hydration
chamber. Hanging drops were created by inverting the lid over
the hydration chamber. The drops were incubated at 37 °C,
5% CO2, and 95% humidity for 2 days allowing cells to coalesce
and form aggregates. At day 2, aggregates were transferred to 10-
mL shaker flasks (BellCo Glass) in 3-mL complete medium and
placed in an orbital shaker at 110 rpm for another 1–2 days.

Rescue of cytochalasin D-treated aggregates. Mouse fibroblast L
cells were transfected for expression of N-cadherin as previously
described (S5). After selection in G418 and limiting dilution clon-
ing, one cell line, LN77S1, was expanded and used to generate

spherical aggregates for tissue surface tensiometer (TST) mea-
surements. For cytochalasin D (CD) treatment, aggregates were
generated by the hanging drop method, whereupon they were
treated for 15 min in 2 μg∕mL CD (Sigma) and subjected to
TST (in CD-containing compression medium), as previously
described. After TST measurements, aggregates were removed
from the TSTcompression chamber and placed in fresh medium
without CD for 2 h, whereupon they were subjected to another
round of TST, now in the absence of CD.

In silico analysis of random 2D cellular structures: Surface Evolver de-
tails.A voronoi tessellation was generated as discussed inMethods
of the main text and used as an input to the program “Surface
Evolver,” by Brakke (S6), which numerically minimizes the total
perimeter of the entire cellular structure, under the constraint
that the area of each cell should equal the average area. Each
interior edge of the cell was initialized with a tension 1, and each
surface edge was initialized with a tension β∕ð2β − γÞ. The mini-
mization routine uses gradient descent to find a local minimum
(i.e., there are no positive energy changes permitted). Surface
Evolver was used in two-dimensional “STRING” mode, with an
autochop value of 0.186 in units where the polygons are of unit
area, to ensure that the maximum line segment was lmax ¼ 0.3L,
where L ¼ 0.62 is the length of a side of a regular hexagon
with unit area. In addition, the fixed scale factor was set at
1.73 × 10−4 to ensure resolution of lengths lmin ¼ 0.1 × lmax ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 × scale factor

p
. We have verified that altering the scale factors

slightly does not significantly alter the results, and reducing the scale
factors significantly drastically increases the computing time.

The resulting structure was minimized using 1 × 105 gradient
descent steps. In all cases, this is a sufficient number of steps so that
the energy changes by less than one part in 105, and we have also
verified that increasing the number of steps does not change the
result. The resulting structures were analyzed in Matlab. Surface
interfaces are easily identifiable because they are not shared,
and the surface perimeters were calculated. The projected lengths
of surface interfaceswerecalculatedby identifying theendpointsof
surface interfaces and calculating the Euclidean distance between
them. For each data point for the ratio γ∕β, this process was re-
peated for six randominitial conditionswith185� 15 cells.Wealso
studied a larger structure with 449 cells and found that the surface
tension varied by less than 2% from the smaller aggregates.

Supplemental Experimental Data. Figs. S1 and S2 show results from
control experiments that were carried out to confirm (i) that
stretched surface cells are not changing cell type and become
epithelial like, (ii) that treatment of cell aggregates with cytoske-
letal drugs is reversible and does not harm the cells, (iii) rounded
surface cells are viable and do not express any death marker, and
(iv) sort in hanging drop experiments.

Calculation of Surface Tension from the Mechanical Model. Surface
tension is thedifference inmechanical energybetweensurfacecells
andinteriorcells timesthenumberofcellsperunitsurfacearea.The
number of cells per unit area is equal to unity divided by the pro-
jected area Aproj (or projected length in 2D) of a single cell onto
the surface of the aggregate, andwe recall Eq. 2 from themain text:

σ ≡
�

ΔW
one cell

��
one cell
Aproj

�
: [S1]
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Using this definition for the surface tension and the mechan-
ical energy given in the main text (Eq. 1), we can determine the
surface tension for various cell geometries in two and three di-
mensions.

Two-dimensional ordered structure analysis, nstretch ¼ 1. Our starting
point will be a perfectly ordered 2D hexagonal lattice of cells as
shown in Fig. 1D in the main text. This structure satisfies force
balance everywhere and is the minimum energy structure in an
infinite plane.

Recall the expression for the mechanical energy of a single cell
as a function of the adhesive energy per unit area γ and the cor-
tical tension β, which is Eq. 1 in the main text:

W ¼ −
γ

2
Pc þ βPT: [S2]

Then the energy W in for a single cell in the interior of the ag-
gregate is simply

W in ¼ −
γPhex

2
þ βPhex jA ¼ 1; [S3]

where Phex ¼ 6L ¼ 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2∕ð3 ffiffiffi

3
p Þ

q
∼ 3.72 is the perimeter of a hexa-

gon with area A ¼ 1. Our goal is to find the minimal energy or-
dered structure. Because the total area is constrained, we assume
that the total energy is minimized when the surface energy is
minimized subject to the area constraint. As discussed in
Stretched surface cells, one can show that, for γ < 2β, the ordered
structure that minimizes the surface energy is one where surface
cells individually minimize their mechanical energy W subject to
the constraint Atot ¼ 3

ffiffiffi
3

p
L2∕2 and boundary conditions imposed

by four neighboring cells. (See Fig. 1(D) in the main text.) For the
remainder of this section, we focus on nstretch ¼ 1; the remaining
possibilities are discussed in Stretched surface cells. Interfaces
must have constant curvature because they are fluid and do
not support a shear stress. Therefore it is possible to parameterize
the cell shape in terms of two curves, Lside and Lcap, where Lside is
a line of length ~LsideL, and Lcap is a circular segment of length
~LcapL. The cell shape is therefore a pentagon plus a circular seg-
ment with chord length

ffiffiffi
3

p
L.

Next, we use the following formula for the area A in terms of
the circle radius R and segment height h:

AðR;hÞ ¼ R2 cos−1
�
R − h
R

�
− ðR − hÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hR − h2

p
: [S4]

Similarly, the chord length can be written as

cðR;hÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hR − h2

p
: [S5]

The area of the circular segment is given by the difference be-
tween the total area Atot ¼ 3

ffiffiffi
3

p
L2∕2 and the area of the penta-

gon:

Acirc ¼
�
3

ffiffiffi
3

p

4
−

ffiffiffi
3

p
~Lside

�
L2: [S6]

Substituting c ¼ ffiffiffi
3

p
L and A ¼ Acirc, we nondimensionalize all

lengths by L and solve numerically for R and the arc lengthgLcap ¼ 2R sin−1ðc∕2RÞ. ~Lside must be less than 0.75 because R ¼
∞ at that point. In addition, Lside is bounded below by ∼0.07, as
h ¼ R ¼ c∕2 at that point, and for smaller values of Lside packed
cells begin to overlap. Next, we find the value of ~Lside that mini-
mizes the energy W for surface cells at a specified value of γ∕β.
Eq. S1 can then be used to determine the surface tension:

σ ¼ γð3L
2
− LsideÞ þ βð−3Lþ 2Lside þ LcapÞffiffiffi

3
p

L
: [S7]

A plot of the surface tension for the ordered aggregate as a func-
tion of γ and β is given by the dashed black line in Fig. 2(A) of the
main text. One sees immediately that the surface tension in-
creases with increasing adhesion. Because the plot is curved,
there is a slight dependence on cortical tension, but this effect
is weak. With γ ¼ β, this model is equivalent to a foam, and these
results can be compared to those of Fortes and Rosa (S7) who
determine the surface energy of a disordered foam via a different
method. Although Fortes and Rosa incorrectly identify the sphe-
rical cap as a full hemisphere, this does not introduce a larger
error and therefore their predictions for the surface tension of
ordered structures is similar to ours. This calculation is valid
for 0.186 < γ∕β < 2. The upper bound is the point at which bulk
cells begin to stretch out beyond hexagons, as discussed in
Stretched surface cells. The lower bound is the point at which gaps
begin to open up between bulk cells.

Rounding of interior cells. It is obvious that in the limit of zero
adhesion, the minimum energy mechanical state for cells should
be spheres (3D) or circles (2D). However, in our model [and
many other models (S8, S9)], the bulk cells are approximated
as polyhedra or polygons. How do the cell structures transition
from spheres to polyhedra as the adhesion increases?

Here we show that in our simple-ordered 2D model there is a
continuous transition from a state where the cells have a packing
fraction of unity (i.e., they fill space for γ∕β > 0.186) to a state
where gaps open up between cells and the cells become rounded
γ∕β < 0.186. Therefore, for systems with negligible contributions
from elasticity or bending energies, the assumption that the cells
are polygonal (as in refs. S8, S9) is exact as long as γ∕β > 0.186.
We expect a similar result to hold in 3D.

In the ordered system, symmetry, and force balance requires
that the minimum energy shape be a hexagon with “rounded
corners” as illustrated in Fig. S3A. The edges of the hexagon
are length L, whereas the radius of the circle that defines the
corners is denoted R. Because cell area is conserved, L can be
viewed as a function of R:

LðRÞ ¼
ffiffiffi
2

p

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

p
þ ð6 −

ffiffiffi
3

p
πÞR2

q
: [S8]

Then one can write the total mechanical energy of the cellW as a
function of LðRÞ and R, and take the derivative with respect to R
to find the minimum. A plot ofW ðRÞ as a function of γ∕β is shown
in Fig. S3B.

For 0 < γ∕β < 0.186, theminimumofW ðRÞoccurs at anumber
R� > 0. For γ∕β ¼ 0, R� ¼ 0.564, which corresponds to a global
shape which is a circle, as expected. At γ∕β ≤ 0.186, the minimum
ofW ðRÞoccursatorbelowzero.BecauseR < 0correspondstocon-
vex shapes that donot tile the plane, these solutions are unphysical.
Then the minimum energy packing is R ¼ 0, and the global mini-
mum energy shapes are polygonal (see Fig. S3C).

The above analysis was based on a cell mechanical energy with
no elasticity (i.e., Eq. 1 in the main text.) However, when γ∕β > 2,
we introduce an elastic term that acts as a restoring force to pre-
vent cells from increasing their perimeter (Eq. 3 in the main text).
Why don’t we include an elastic term for γ∕β < 2? Because it is
not consistent with our images of bulk cells.

To understand this, we first note that, in the aggregates we im-
aged, the cells in the interior are shaped as polyhedra, with no
discernible rounding at the corners. We could imagine adding
an elastic term to the mechanical energy, even for γ∕β < 2:

W ¼ −
γ

2
Pc þ βPT þ αP2

c : [S9]
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We now analyze this energy in the same way as before. Fig. S3D
is a plot which shows the rounding of the edges R as a function of
γ∕β, for different values of the elasticity parameter α. The lowest
curve corresponds to α ¼ 0 and is therefore exactly the same as
Fig. S3C. If the elasticity is zero, then this regime is very small
(0 < γ∕β < 0.18). But as the elasticity increases, there is a larger
and larger regime where bulk cells are rounded.

If the adhesion is greater than the cortical tension (i.e., nega-
tive line tension) then it is possible to choose an elastic constant
α > 0 so that bulk cells always remain polyhedral (i.e., the corners
are sharp.) In fact, this is how we chose α for γ∕β > 2. As dis-
cussed in the main text, this means that the elasticity coefficient
α rises linearly from zero in γ∕β for γ∕β > 2.

This analysis suggests that when a second-order elastic term is
added to the cell mechanical energy (as Eq. 3 in the main text),
there is a large regime where the interior cells are quite rounded,
which is not consistent with a vertex model. In some biological
tissues, such as epithelial layers, there are additional processes
and structures (such as focal adhesions) that ensure gaps do
not open up between cells. Vertex models implicitly include these
processes as a constraint on tissue structure, but it is not clear that
such a constraint is appropriate for cell aggregates. Determining
when such a “vertex energy” is important for various tissue types
is an interesting avenue for future research.

Disordered two-dimensional structures.Active processes allow cells
to exchange neighbors and explore many possible configurations,
so that they are not confined to the global minimum energy con-
figuration. Instead, the collection of cells explore a large number
of local minima, and these configurations are disordered, much
like the typical configurations of a fluid or a jammed granular
material. We now use numerical simulations to show that the sur-
face tension for 2D disordered aggregates is related in a remark-
ably simple way to that for ordered structures, and make a con-
jecture about 3D aggregates.

First, we used the Surface Evolver program developed by
Brakke (S6) to numerically find the local minimum energy 2D
structures for various random initial conditions and values of
γ∕β (see Methods). The fact that there must be exactly six cells
with a different number of neighbors (called isolated disclina-
tions) is a consequence of the “Gauss-Bonnet” theorem, which
can also be used to understand features of random aggregates.
For example, one can show that the average number of nearest
neighbors must be six in the bulk and four on the boundary, ex-
cept for those six disclinations. As shown in Fig. S4, cells in a ran-
dom aggregate which do not have the average number of nearest
neighbors can be grouped into “defect pairs,” where the pair has
the correct average. These defect pairs that occur both on the
surface and in the bulk should have a different energy W and
a different geometry Lproj from the cells which have the average
number of neighbors.

Fig. 2 D and E in the main text are two structures generated by
Surface Evolver, where each cell is colored according to its num-
ber of neighbors. To understand how disorder changes the surface
tension given by Eq. S7, one must ask if these defects alter the
mechanical energy difference, ΔW or the projected length Lproj.
By comparing the statistics of defect pairs and surface cells in nu-
merical simulations, we find something surprising: At low values
of γ∕β, only Lproj changes, whereas at large values of γ∕β, the
changes in ΔW and Lproj offset, so that their ratio appro-
aches unity.

Table S1 compares various properties of the cellular structures
as a function of the ratio γ∕β. The surface tension is calculated
using Eq. S1. For surface cells, we compare the projected length
and energy of defect pairs to those quantities for cells with four
nearest neighbors. The percent difference between these pro-
jected lengths (%Δlproj), and energies (%ΔW surf) are calculated.
Similarly, we calculate the percent difference in energy between

defect pairs and six-sided cells in the bulk (%ΔW int). Perhaps
surprisingly, the energies of defect pairs and average cells in
the interior differ by less than 1%. For surface cells, the percent
difference in the projected length is significantly larger than the
percent difference in energy, an effect which is more pronounced
at lower values of γ∕β. For example, at γ∕β ¼ 0.33, the projected
lengths differ by 9%, whereas the energies differ by only 0.2%.
Thus, when the ratio γ∕β is small, the primary effect of the defect
pairs is to alter the geometry and not the energy, leading to a very
simple analytic prediction for the surface tension of disordered
aggregates. The projected length, which corresponds to the
macroscopic perimeter of the entire aggregate, is the only para-
meter changed by the disorder in the limit of small γ∕β. The total
area cannot change, however, because the number of cells with
fixed area is constant. Because the macroscopic shape of a 2D
hexagonal ordered crystal has hexagonal symmetry, whereas
the disordered structure is spherically symmetric, this suggests
that the macroscopic perimeter should change as the ratio of
the perimeter of a hexagon to a circle of the same area: σrand ¼
1.05σordered. This amazingly simple ansatz is tested numerically in
Fig. 2 A and B in the main text. The blue line is the theoretical
prediction, whereas the magenta stars are numerical results from
Surface Evolver. There is excellent agreement between the theory
and numerical simulations, though there is a systematic deviation
at large values of γ∕β. This systematic deviation results from the
fact that the geometry places a strict constraint on the macro-
scopic surface tension when γ ¼ 2β. As illustrated in Fig. S5C,
force balance is satisfied at all junctions between cells. As γ ap-
proaches 2β, the tension in cell–cell interfaces approaches zero
and force balance requires that surface cells have a flat interface
with the cell-culture medium. Then the macroscopic surface
tension is identically the cortical tension. Because the ordered sur-
face tension also approaches β as γ → 2β, the surface tension of
disordered aggregates must approach σordered for large values of
γ∕β. This result also explains why the changes in ΔW and Lproj for
defect pairs offset each other in this limit.

Fortes and Rosa use a different approach to calculate the sur-
face energy of a disordered dry foam (S7), and because they per-
form an averaging over surface angle with a uniformmeasure, they
predict that the surface energy is constant as a function of cluster
size.As described above, our prediction for 2Ddisordered foams is
for the large cluster limit, because we assume that the number of
isolated disclinations (S6) is small compared to the total number of
cells on the surface. However, our method can be extended to
calculate the (higher) energy of surface cells that are disclinations.
Accordingly, smaller clusters have larger surface tensions (analo-
gusly to the Gibbs Thomson effect in fluids), and we can use our
model to predict the dependence of surface energy on cluster size.
If this 2D analysis extends to 3D, it might play an important role in
determining timescales for cell sorting experiments.

Three-dimensional cellular structures. Although the 2D model is
useful for developing tools and intuition, cell aggregates used
in surface tension and cell sorting experiments cannot be approxi-
mated by two-dimensional structures. Here we sketch the results
for three-dimensional ordered packings.

The minimal energy structure for an infinite packing of iden-
tical cells in 3D is the Kelvin cell or tetrakaidecahedron, which
has eight hexagonal surfaces and six rhomboid surfaces. Weaire
and Phelan (S10) have shown that there is another structure with
different types of cells (though all the cells have the same volume)
that has a lower energy, but we will restrict ourselves to identical
ordered cells. We will also neglect the slight curvature of Kelvin
cell faces, as these change the surface area by less than 1%. One
can think of generating the Kelvin cell by placing spheres on a
body-centered cubic (BCC) lattice and letting the spheres grow
until they fill all space. A sphere on the BCC lattice has eight
nearest neighbors which become the hexagonal interfaces,
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and then six next-nearest neighbors which become the rhomboid
interfaces.

Byassociating theKelvin cellswith their correspondingBCClat-
tice points, we can use crystal basis vectors to identifying facets of
the finite cluster. Let [100], [010], and [001] be the three directions
along the cube of the BCC lattice that generates the Kelvin cell
packing. We will need to describe the minimum shape for a finite
number of these cells. The surface of this three-dimensional
“crystal” has two different types of faces that are composed of
close-packed cells, which can be labeled [011] and [001] in crystal-
lographic notation. Fortes andRosa have shown that theminimum
energy packing of a large number of ordered cells is a truncated
rhombic dodecahedron with two types of faces, one of which is a
rhombus with area Arhomb oriented along [001] and symmetry-
related directions and the other of which is a hexagon with area
Ahex oriented along [001] and symmetry-related directions (S7).

First we will describe the minimum energy cell shapes that oc-
cur along each crystal facet. One can show that the cells on the
surface normal to the [011] vector (and its symmetry-related cou-
sins) have six nearest neighbors with hexagon contacts and four
nearest neighbors with rhombus contacts. In contrast, cells on the
surfaces normal to the [001] family of vectors have five nearest
neighbors with rhombus contacts and four nearest neighbors with
hexagon contacts. In both cases, the area of each rhombus is L2

and the area of each hexagon is 3
ffiffiffi
3

p
∕2L2. The total volume of

each cell is VK ¼ 8
ffiffiffi
2

p
L3, and the total surface area for Kelvin

cells in the bulk is SAK ¼ L22ð6 ffiffiffi
3

p þ 3Þ. As in the two-dimen-
sional case, let γ∕2 be the adhesive energy and β the stretching
energy per unit surface area. The compact surface cell shapes are
a half-Kelvin cell, extended by a distance xðθÞ, and a cap of
constant curvature. This 3D geometry is a much more compli-
cated minimization compared to the 2D case, because the exten-
sion distance varies and the cap is not spherically symmetric. In
general, this problem can only be solved numerically using
Surface Evolver.

However, one can closely approximate the shapes by a combi-
nation of a polyhedral prism and a spherical cap. With these ap-
proximations and the constant volume constraint, it is again
possible to parameterize the surface cell shapes in terms of two
parameters, which correspond to the “side” surface area in contact
SAside, and the surface area of the capSAcap. The cap is constrained
by requiring that its areal cross-section equal the areal cross-sec-
tion of the Kelvin cell and its volume plus the volume of the ex-
tended Kelvin cell satisfy the total volume constraint V ¼
8

ffiffiffi
2

p
L3. We can then solve for the minimum energy shape, para-

meterized by x, as a function of the ratio γ∕β. The energy is

W ðxÞ ¼ −
γ

2
SAside þ βðSAcap þ SAsideÞ

¼ β

��
1 −

γ

2β

�
SAsideðxÞ þ SAcapðxÞ

�
; [S10]

where the surface area of the cap is determined by SAcap ¼
πðr2c þ h2Þ, rc ¼

ffiffiffiffiffiffiffiffi
a∕π

p
is the radius of the circular cross-section,

and h is the height of the cap determined from
V cap ¼ 1∕6πhð3r2c þ h2Þ. The cross-sectional area a and the cap vo-
lume V capðxÞ are different for different orientations.

The difference in adhesive energy between exterior and inter-
ior cells is then given by

ΔW γ ¼ −γ∕2ðSA�
side − ð1∕2ÞSAK Þ; [S11]

and the difference in stretching energy is

ΔW β ¼ βðSA�
cap þ SA�

side − ð1∕2ÞSAKÞ: [S12]

As noted above, the functions SA�
capðxÞ and SA�

sideðxÞ must be cal-
culated separately for the two planes [001] and [011]. First, we’ll

focus on cells oriented along the [011] plane. One can show that
the areal cross-section, which is the projection of the cell onto the
surface normal to [011], is an irregular hexagon with area A011 ¼
4L2

ffiffiffi
2

p
. The volume of the extended polyhedron is 4

ffiffiffi
2

p
L3þ

4
ffiffiffi
2

p
L2x, and the volume of the cap is 4

ffiffiffi
2

p
L3 − 4

ffiffiffi
2

p
L2x. The

surface area that is in contact with other cells is SA011
side ¼

L2ð6 ffiffiffi
3

p þ 3Þ þ xLð4 ffiffiffi
3

p þ 2Þ.
For cells oriented along the [001] plane, one can show that the

cross-section is an irregular octagon with area 7L2. The perimeter
is Lð4 ffiffiffi

2
p þ 4Þ, and the contact area SA001

side ¼ L2ð6 ffiffiffi
3

p þ 3Þþ
Lxð4 ffiffiffi

2
p þ 4Þ. The surface tension along each face is then

ðΔW γ þ ΔW βÞ∕Aproj, evaluated at the minimum energy shape.
A plot of the surface tension for both [001] and [011] crystal sur-
faces is given by the black and magenta dashed lines in Fig. 2C in
the main text. The two lines lie on top of one another; the macro-
scopic surface tension is the same on each type of facet.

Because the macroscopic surface tension is the same along
each interface as long as γ < 2β, we do not need to perform
any averaging. However, when γ > 2β, surface cells stretch out,
and we would like to calculate the global minimum energy shape
for this system. In other words, we want to know the macroscopic
dimensions of the crystal generated by packed Kelvin cells. To
calculate Arhomb and Ahex, we must determine the truncation
length, d, that minimizes the 3D packing at a fixed volume, V �.
First, we rewrite the areas and total volume in terms of the
truncation length d and the length of the original rhombic dode-
cahedron, l:

Ahex ¼
2

ffiffiffi
2

p

3
l2
�
1 − 3

d2

l

�
; [S13]

Arhomb ¼ 4l2
d2

l
; [S14]

V ¼ 16
ffiffiffi
3

p

9
l3
�
1 − 8

d3

l

�
: [S15]

The total surface energy Etot of the packing is given by

Etot ¼ 12Ahexγ011 þ 6Arhombγ001; [S16]

where γ011 and γ001 are the macroscopic surface tensions along
each macroscopic crystal facet, and which we have shown above
to be equivalent. We use the method of Lagrange multipliers to
minimize Etot as a function of d subject to the constant volume
constraint. The energy Etot is minimized at

d� ¼ l
�
2

ffiffiffi
3

p

3
−

ffiffiffi
6

p

3

γ011
γ001

�
: [S17]

Therefore Ahex ¼ 0.619l2 and Arhomb ¼ 0.458l2. Later, we will
need to find the average q̄ of a quantity q that differs between
different macroscopic crystal facets. To do so, one simply
averages

q̄ ¼ 12Ahex q011 þ 6Arhomb q001
12Ahex þ 6Arhomb

≡ 0.270 q001 þ 0.730 q011: [S18]

Numerically solving for minimum energy surfaces for thou-
sands of cells in 3D is beyond the scope of this work. However,
we cautiously use the results for 2D disordered structures to make
a conjecture about 3D random aggregates. First, force balance
requires that surface tension must approach β in the limit that
γ∕β → 2, so that the results for the ordered 3D packing should
hold in this limit. Second, we suggest that at low values of
γ∕β, the surface tension is that for an ordered 3D aggregate
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multiplied by the ratio between the surface area of a Kelvin cell
and a sphere of the same area, σ3Drand ¼ 1.10σ3Dordered.

An important prediction of this model is that the shapes of
cells on the surface change as the surface tension changes. Fig. 2
D and E in the main text are numerical solutions for the minimum
energy shapes of 2D cellular aggregates at two different values of
γ∕β. When γ∕β is small (Fig. 2D), surface cells receive little en-
ergetic benefit from contacts compared to the energy they pay for
stretching, and so their shape is rounded, which minimizes the
total amount they have to stretch. In contrast, when γ∕β is large
(Fig. 2E), surface cells make as much contact with their neighbors
as possible, resulting in stretched cells with a nearly flat cell-
culture medium interface.

Stretched surface cells. In this section, we develop an expression
for a second-order restoring force generated by adhesion mole-
cule regulation. As discussed in the main text, another plausible
restoring force is cortical elasticity, which would have the same
form (S8, S9).

The adhesive energy per unit area in the bulk and the static size
of the perimeter in contact are determined by the complicated
equilibrium between surface and bulk cadherins as well as asso-
ciated actin networks andmyosin motors. Because these dynamics
are constrained by the total number of such building blocks avail-
able in the cell, either (i) the contact area must be limited by these
dynamics, or (ii) the adhesive energy per unit area must change.
We believe that the first assumption is more relevant for our mod-
el, due to a specific feature of the adhesion dynamics. To form an
adhesive interface, surface cadherins on one cell must bind to sur-
face cadherins on another cell. Therefore it is not possible for two
cells in contact to have different energy densities, and (ii) can only
occur globally. Because we are interested in local changes to
surface cells for fixed bulk properties, we use assumption (i).

Although this mean-field assumption is a good first approxima-
tion, it does not track the movement of individual cadherins, and
heterogeneities could be important. For example, one could write
down a model where the density of cadherins locally changes cell
shape, and cell shape alters the density of cadherins, and then
perform a global minimization to search for the optimal distribu-
tion of cadherins. The different dimerization states of cadherin
molecules could also play an important role in cadherin–cadherin
binding dynamics, as pointed out recently by Harrison et al. (S11).

With the assumption that the adhesive energy per unit area is
constant, global adhesive molecule regulation would generate a
restoring force that drives the contact length toward its equili-
brium value. We can then write the adhesive energy W ad as an
expansion in Pc − Ppref , where Pc is the actual size of the peri-
meter and Ppref is the equilibrium value:

W adðPcÞ ¼ C0 − C2ðPc − PprefÞ2 þ OðPc − PprefÞ3: [S19]

Adding Eq. S19 to the cortical tension energy βPT and keeping
only first- and second-order terms, the total mechanical energy
can be written

W ¼
�
−
γ

2
þ β

�
Pc þ αP2

c þ βΔPT jA ¼ 1; [S20]

where the term ΔPT is the length of the cell perimeter not in con-
tact with other cells, and α is related to Ppref and the second coef-
ficient in the Taylor expansion. Because we are only interested in
differences between energies, we define model parameters so
that W ðP ¼ 0Þ ¼ 0.

Importantly, we have now introduced a length scale P� which is
different from the length scale introduced by the incompressibil-
ity constraint, Phex. To see this, note that in the bulk PT ¼ Pc. In
this case, the mechanical energy functional is very similar to one

used by Farhadifar et al. (S9) and Hufnagel et al. (S8). Neglecting
the area constraint, W now has an equilibrium solution P� ¼
ðγ∕2 − βÞ∕ð2αÞ.

However, for an infinite two-dimensional cellular structure,
the minimal perimeter structure is a hexagonal lattice, with

Phex ¼ 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2A∕ð3

ffiffiffi
3

p
Þ

q
≃ 3.72:

Because we require a fixed area A ¼ 1, the ground state of this
functional under the area constraint is a perfect hexagonal net-
work Peq ¼ Phex when P� < Phex and a soft network with Peq ¼ P�

for P� > Phex, as pointed out by Farhadifar et al. (S9). In Two-
dimensional ordered structure analysis, nstretch ¼ 1, we assume that
the bulk equilibrium is hexagonally packed, if and only if

ðγ∕2 − βÞ∕ð2αÞ ≤ Phex: [S21]

An interesting question is whether the inequality is saturated
for embryonic tissues in the stretched limit. By comparing a simi-
lar model to laser ablation experiments, Farhadifar et al. (S9)
found that 2D epithelial sheets were in a parameter regime that
was far from saturating the inequality and the ground state was
far from a soft network. This result is consistent with the observa-
tion that epithelial sheets behave more like an elasto-plastic solid
than a liquid–cell rearrangements are rare and highly localized
and the network has a strong elastic response.

However, zebrafish aggregates are more liquid-like, as the cells
execute Brownian motion over intermediate timescales, aggre-
gates fuse together, and the aggregate exhibits a surface tension.
Therefore, we will assume that this inequality is saturated, so that
cells on the surface minimize their energy when they have the
same perimeter in contact as cells in the bulk. This choice has
the additional benefit that α rises continuously from zero at γ∕β ¼
2 so that the adhesion regulation only becomes important at large
values of γ∕β. Additionally this potential does not create an arti-
ficial elasticity at low values of γ∕β, which matches the experimen-
tal observation of sharp corners in Fig. 1A.

It is obvious why this energy allows stretched surface states:
The adhesion dynamics regulates the contact perimeter but
not the total perimeter, so the surface cells prefer to have roughly
the same contact perimeter (P�) as cells in the bulk (Phex) and
they must stretch out to do so.

For surface cells, PT ≠ Pc, and the minimum energy contact
perimeter, P�

c is given by

P�
c ¼

1

2α

�
γ

2
− β

�
1þ dΔPT

dPc

��
; [S22]

where dΔPT∕dPc is the additional change in total perimeter
caused by a unit change in contact perimeter. This quantity is
roughly unity for a situation where a cell is just becoming un-
stable; the lowest energy perturbations are protrusions of vanish-
ing volume and in this case an increase in the contact perimeter
requires the same increase in the total perimeter.

Although contacts between cells in zebrafish aggregates are re-
latively smooth and cell shapes are polyhedral, the energy func-
tional given by Eq. S20 allows cells to increase their contact
perimeter by roughening their boundary instead of stretching.
A physical mechanism that prevents roughening is the bending
stiffness of the membrane and cortical network, and this mechan-
ical energy should be a function of the curvature of the cell inter-
face. Including this term would require one to calculate spatial
gradients of cell perimeters (instead of just lengths) and add a
great deal of complexity to the model. Instead, we approximate
this effect in our model by enforcing that interfaces are straight
lines or circular arcs.
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For large values of γ∕β, the total energy (or, equivalently, the
surface energy) of the cellular structure is minimized when sur-
face cells stretch to make the same perimeter (or surface area in
3D) of contact as bulk cells. In this case, we would like to
calculate the number of bulk cells that a surface cell touches,
as illustrated in Fig. S5A. If we view the bulk cells as having a
fixed shape, then we can calculate this “covering ratio” exactly
for ordered packings. In 2D, each bulk cell contacts a surface cell
over a length 2L and therefore covers exactly three bulk cells.
However, the assumption that the bulk cells remain fixed as
the surface cells stretch is clearly not correct; cells just beneath
the surface relax slightly because they lose at least one vertex,
inducing curvature and causing surface cells to spread out further.
In addition, the above calculation neglects contacts between two
surface cells, which will reduce the amount of contact surface
cells must make with bulk cells.

For two-dimensional ordered systems, we can show that these
effects cancel one another, and therefore the simple covering
ratio approximation is reasonable. The force balance and area
conservation constraints can be satisfied when surface cells are
stretched over exactly an integer m number of bulk cells, as illu-
strated in Fig. S5A. (Although noninteger states are possible, they
spontaneously break the symmetry of the ordered system and
cannot be computed analytically.) In ordered case, bulk cells just
underneath the surface either (i) remain hexagonal or (ii) possess
a spherical cap of length 0.193L. One can show that the contribu-
tions to the surface tension from these “second-layer” cells are of
order ðm − 1Þð0.07Þ2L2β per cell and are negligible compared to
the contributions from the exterior layer of stretched cells.

The surface tension can then be written

σ ¼ ð−γ∕2þ β þ 2αP�ÞΔPc þ αΔP2
c þ βΔPT

Lproj
; [S23]

where ΔPc is the difference between the surface cell contact peri-
meter P�

c and the perimeter in the bulk P�. When α is chosen so
that Eq. S21 is an equality, the term which is first order in ΔPc in
Eq. S23 is zero and the surface tension is

σ ¼ αΔP2
c þ βΔPT

Lproj
: [S24]

After identifying the equilibrium shapes of the second-layer cells,
we can then use the same techniques as in Two-dimensional or-
dered structure analysis, nstretch ¼ 1, to analytically solve for the
stretched cell shapes that minimize the surface energy given by
Eq. S24. Again, Lside is the contact length between cells at the
surface, and Lcap is the length of the circular cap in contact with
cell-culture medium. The minimum energy solutions for several
values of m are shown in Fig. S6A.

Just as before, we calculate the surface tension as a function of
γ∕β, for stretched cells with various covering ratios (solid lines in
Fig. S6B). For γ < 2β, the compact cell shapes discussed in Two-
dimensional ordered structure analysis, nstretch ¼ 1 minimize the
surface energy. For γ > 2β, surface cells that cover three bulk cells
are always lower energy than cells which cover one, two, or four
bulk cells, suggesting that the optimal covering ratio in 2D is
three. Furthermore, Fig. S6B compares the surface tension cal-
culated using the full cell shapes (solid lines) to the surface ten-
sion calculated for fixed bulk shapes (dashed lines). This figure
illustrates that the simple, fixed bulk cell approximation is reason-
able, and we will use it for the remainder of this section. A subset
of these data is shown in the main text Fig. 5 A and B.

As illustrated in Fig. S6, this model predicts a quick crossover
at γ∕β ¼ 2 from compact surface cell shapes to stretched surface
cell shapes. Furthermore, the surface tension in units of β
varies strongly with γ∕β for γ∕β < 2; adhesion is the dominant

contribution to changes in surface tension. For γ∕β > 2, the sur-
face tension still increases with γ∕β, but with a much smaller
slope. In this regime, the contact area for surface cells begins
to shrink as shown in Fig. S6A, and the dominant contributions
are from β and the restoring force, α. Intuitively, for small values
of γ∕β, surface cells make fewer contacts than bulk cells, and
therefore adhesive contacts are the dominant contribution to
the surface tension. For large values of γ∕β, cells stretch to make
the same number of contacts, and so surface tension is controlled
by other contributions to the energy such as cortical tension and
adhesion regulation.

It is difficult to reconstruct all cell–cell interfaces accurately in
an experiment, but the covering ratio is accessible experimentally.
We can imagine taking 1D slices of a 2D aggregate at lines tan-
gent to the surface of the aggregate, and calculating the projected
length of each cell onto that line. The ratio of the projected
length of surface cells to the projected length of bulk cells should
be the same as this covering ratio, three. Three-dimensional
ordered aggregates have two types of facets, denoted [001]
and [011] in crystallographic notation, with different surface cell
shapes along each facet. Using the same prism-spherical cap ap-
proximation as in Three-dimensional cellular structures, we find
that [001] faces have a covering ratio of 2.16, and [011] faces have
a covering ratio of 4.32. The covering ratio for the entire ordered
aggregate depends on the relative sizes of these facets on the
surface of the crystal, which is 27% type-[001] and 73% type-
[011] (see Eq. S18). Therefore, we predict that the projected area
of surface cells is 3.7 times greater than that of bulk cells.

Relationship Between Adhesion and Cortical Tension.As discussed in
the main text, the effective adhesion in our model is understood
to be the total energetic effect of contacting surfaces including
local changes to the cortical network near the interface, instead
of simply the adhesive bonds per se. Our model suggests that
when surface cells are not stretched out, tissue surface tension
scales with the “effective adhesion” γ, which involves the change
in cortical tensionΔβ at contacting interfaces, and the free energy
per unit surface area for cadherin bonds Γ:

γ ¼ Γ − 2Δβ: [S25]

We call γ an effective adhesion because it is directly proportional
to the contacting surface area between two cells.

Based on this equation, we can imagine two different scenarios:
(i) Δβ < 0 and (ii) Δβ > 0. Because Δβ ¼ βC − βNC is the differ-
ence between the cortical tension at contacting and noncontacting
interfaces, one needs to determine if the cortical tension is en-
hanced or reduced near cell–cell contacts. There is experimental
evidence that different scenarios may occur in different cell types.
Because our mesoscopic model accommodates either case, it
suggests some novel interpretations of existing experiments.

First, there are some observations that suggest Δβ < 0, i.e.,
cortical tension is smaller at cell–cell contacts than at cell–culture
medium interfaces. Recent experiments where retinal pigment
epithelial cells are cultured on specific architectures suggest that
the actin network is more dense in regions where the cells do not
make adhesive contacts (S12, S13). Similarly, Yamada and Nel-
son (S14) have made detailed observations of cadherin dynamics
in Madin–Darby canine kidney cells, and found that the cortical
network is less dense at contacts, and a cortical-tension-increas-
ing biochemical pathway is activated outside of the contact
region.

Although it is unclear whether these epithelial cells form
macroscopic three-dimensional aggregates with a measurable tis-
sue surface tension, such an observation has very interesting im-
plications. A major outstanding question in the field is how the
tissue surface tensions, which are on the order of an erg∕cm2, can
be generated by cadherin bonds which have a small binding
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energy 10kT, at least when the binding energy is measured by
atomic force microscopy on short timescales (S15). In contrast,
estimates for the cortical tension in tissues are much larger, on
the order of an erg∕cm2. In tissues whereΔβ is large and negative,
Eq. S25 explains how remodeling of the cortical network near
contacts can account for the large measured tissue surface
tension.

However, there are several tissue types where observations
suggest Δβ > 0. Phalloidin staining of zebrafish aggregate cells
at high magnification suggests that the actin network is less dense
at the cell-culture medium interface than at cell contacts (see
Fig. S7). This result differs from the staining reported in ref. S16,
but is in agreement with E-cadherin antibody staining which is
also enriched at these sites, Fig. S7 D and E. Furthermore,
cell–cell contacts between surface cells seem to have the highest
E-cadherin accumulations (see Fig. S7), possibly because these
are the sites of highest stress as these stretched cells are pulling
on each other for force balance. Observations that the cortical
tension increases near cell–cell contacts have been reported in
S180 carcinoma cells by Chu et al. (S15).

If Δβ > 0, then the free energy of mature cadherin bonds per
unit area (Γ) must be much larger than the reported ∼10kT. One
possible explanation for this discrepancy is that mature cadherin
bonds are additionally stabilized by alpha-catenin and actin on a
timescale of about 10 min, and therefore mature bonds are much
stronger than immature bonds. Another possibility is that there
are additional bonds (such as integrin-mediated bonds) which are
stronger and only form after the intial cadherin bonds are in-
itiated.

In any case, our model suggests that cortical network re-
modeling near contact interfaces plays a large role in macroscopic
tissue surface tension and therefore deserves more study. Both

correlated and anticorrelated feedback between adhesion and
cortical tension fit within the framework of our model.

Connection with Other Surface Tension Theories. Recent work by
Brodland et al. (S17) addresses the microscopic origins of surface
tension in terms of interfacial tensions, where γcm is the interfa-
cial tension of a cell-medium interface and γcc is the interfacial
tension of a cell–cell interface. Following Graner (S18), one can
show that, if individual cells do not change their shapes, the sur-
face tension should scale as

σ ¼ γcm − γcc
2

: [S26]

In our model, it is also possible for the interface between a cell
and culture medium, which carries a tension γcm ¼ β, to be dif-
ferent from cell–cell interfaces, which carry a tension γcc ¼
2β − γ. Inserting into Eq. S26, we find σ ¼ γ∕2, which is equiva-
lent to the differential adhesion hypothesis and is represented by
the dotted line in Fig. 2A in the main text.

However, experimental evidence indicates that the cells do
change their shapes. Surface tension does not result solely from
the line tensions—the surface tension depends on the geometry
(or cell shapes) because it is an energy per unit area. In our mod-
el, the fact that a nonproliferating cell has a roughly constant vo-
lume constrains this geometry, and allows us to specify the surface
tension exactly. Our analysis suggests that this shape change does
not significantly alter the accuracy of the differential adhesion
hypothesis when the adhesion and cortical tension are similar
0.186 < γ∕β < 2, but that geometric effects become important
when the two are very different (γ∕β > 2) and surface cells
stretch.
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Fig. S1. Surface cells of zebrafish aggregates composed of ectoderm or mesendoderm cells do not express the enveloping layer (EVL) specific marker cyt-1. (A)
Superficial cells (EVL) of wild-type embryos express cyt-1 at shield stage. Cyt-1 expression is detectable as early as the late blastula stage (S7). (B) Aggregates
from sphere stage wild-type embryos also show strong cyt-1 expression. In contrast, aggregates of wild-type embryos overexpressing Cyclops, lefty, or from
maternal zygotic one-eyed pinhead (MZoep) mutants, representing mesendoderm or ectoderm tissues, respectively, do not express cyt-1 (C–F). These aggre-
gates were shown previously (S1, S2) to homogenously express tissue type-specific markers for several hours in culture. This finding is in agreement with the
results observed for deep cell explants in ref. S7.

Fig. S2. (A) N-cadherin expressing L-cell aggregates recover from CD treatment. The cohesivity of aggregates of LN77S1 was markedly reduced upon treat-
ment with CD. However, if aggregates were removed from CD and placed in fresh tissue culture medium, they recovered their cohesion to levels equaling, and
sometimes surpassing, that of untreated aggregates. This result demonstrates that the effects of CD are reversible and suggests that CD treatment does not
result in permanent cell damage. Similarly, injecting E- or N-cadherin morpholino does not appear to injure cells since a live/dead cell assay failed to identify the
presence of any dead or dying cells in zebrafish ectoderm aggregates containing 6 ng E-cadherin MO (B), and injected N-cadherin MO treated mesendoderm
(green) was able to sort out from mesendoderm (red) while in culture for over 25 h (C).
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Fig. S3. Cavitation, or opening up of gaps between cells, in the mechanical model. (A) A diagram illustrating one corner of a hexagon with rounded corners.
(B) A plot of the energy W as a function of the circle radius R for various values of the ratio between the adhesion and cortical tension (γ∕β). (C) A plot of the
minimum energy value of R as a function of the ratio γ∕β. For γ∕β > 0.186, R� ¼ 0 and the minimum energy packing is a hexagon with no rounded corners. (D)
Plot of radii of curvature for cell corners as a function of γ∕β. Different colors correspond to different values of the elasticity coefficient, α as indicated by the
legend. As elasticity increases, the cells become rounded over a much larger parameter range in γ∕β.
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Fig. S4. (A) Illustration of a small cellular structure with finite boundary. Cells are colored according to their number of nearest neighbors, and cells are
arbitrarily grouped into defect pairs using solid black lines. Magenta squares denote the remaining isolated disclinations. (B) Illustration of an ordered cellular
structure with six isolated disclinations.

Fig. S5. Illustration of stretched surface cell shapes used in calculations. (A) Cells along the interface with the cell-culture medium can stretch to form the same
number of contacts as in the bulk—for constant bulk cell shapes this means each surface cell covers approximately three interior cells. Compare to Fig. 1C in
main text. (B) Cellular structures with stretched surface cells satisfy force balance and the constant area constraint when second-layer cells are curved. Stretched
surface cells also contact one another over a fixed length Lside. These effects cancel one another so that the covering ratio calculated from A is approximately
correct. (C) Illustration of line tensions at the surface of 2D aggregate. Aggregates where the interface between a cell and culture medium is rounded have a
macroscopic surface tension that is different from the cortical tension. In contrast, if the cell-culture medium interface is flat then force balance requires that
the macroscopic surface tension equal the cortical tension along that interface.

Fig. S6. (A) Contact length between surface cells Lside that minimizes the surface energy as a function of the ratio between the adhesion and cortical tension
(γ∕β). Each line corresponds to a different integer value for the covering ratio: The number of interior cells covered by the surface cell. (B) Surface tension as a
function of γ∕β for different values of the covering ratio. Solid lines correspond to calculations based on curved cell shapes that satisfy force balance. Dashed
lines correspond to an approximation where the bulk cells maintain a fixed, hexagonal shape.
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Fig. S7. (A) Maximum intensity projection of a part of a zebrafish ectoderm aggregate at 40× magnification. The cell membranes are labeled with Alexa546
phalloidin antibody which labels filamentous actin. Surface cells show punctate phalloidin staining at the interface with the cell-culture medium and stronger
filamentous-like staining at cell–cell contacts. (B) Another ectoderm aggregate, but at 20×magnification to show a larger area. (C) A small cell cluster to focus
in on the difference in staining between cell–cell interfaces and cell–medium interfaces. In all three images, the cell–cell interfaces have significantly stronger
labeling than the cell–medium interfaces. (D and E) Equator confocal slice of a zebrafish ectoderm aggregate: E-cadherin antibody staining at 40× and 20×,
respectively. The staining is strongest at cell–cell interfaces in correlation with phalloidin staining and in particular at contact points between neighboring
surface cells (see also Movie S3).

Movie S1. This movie shows a single z slice of a zebrafish ectoderm aggregate labeled with histone conjugated Alexa488. The cell nuclei are fluorescent. The
movie was takenwith a 40× objective on a two-photonmicroscopewith 10-min time steps. Two cells are labeled artificially in blue and green to better illustrate
their motion. Over the course of time, the blue cell moves outward toward the surface, while the green cell moves from the aggregate surface to the interior,
illustrating the liquid character of the aggregate on long times. (Frame rate: 5 fps.)

Movie S1 (MOV)
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Movie S2. This movie shows a zebrafish ectoderm aggregate labeled with Gap43-GFP. The cell membranes are fluorescent. The movie was taken on an
Olympus spinning disc confocal microscope at 40× magnification. Slices are 3 μm apart. The movie shows a z stack, starting from the outer surface of
the aggregate toward the equatorial plane. The projected areas of the surface cells are much larger than of the bulk cells as quantified in the main part
of this paper. (Frame rate: 5 fps.)

Movie S2 (MOV)

Movie S3. This movie shows a zebrafish ectoderm aggregate labeled with phalloidin FITC staining to visualize f-actin distribution. Actin distribution is punc-
tate at the interfaces with the cell–culture medium and enforced at cell–cell interfaces. In particular, stretched surface cells show a strong actin accumulation at
the contact areas with their neighbors, in agreement with the E-cadherin distribution shown in Fig. S7. The movie was taken on an Olympus spinning disc
confocal microscope at 40× magnification and shows a z stack, starting from the outer surface of the aggregate toward the equatorial plane. (Frame
rate: 5 fps.)

Movie S3 (MOV)

Table S1. Surface Evolver data showing that the projected lengths of defect pairs at the
surface change significantly for low γ∕β, but their energies remain relatively constant

γ∕β σ %Δlproj %ΔW surf %ΔW int

0.33 0.147 ± 0.004 −9.2 ± 3.3 −0.2 ± 0.2 0.1 ± 0.2
0.75 0.414 ± 0.006 −8.4 ± 3.6 −0.4 ± 0.6 0.1 ± 0.2
1.0 0.553 ± 0.006 −7.9 ± 3.7 −0.7 ± 0.9 0.1 ± 0.2
1.5 0.795 ± 0.005 −7.6 ± 2.9 −2.4 ± 1.4 0.1 ± 0.2
1.66 0.868 ± 0.004 −7.7 ± 2.8 −3.6 ± 1.6 0.1 ± 0.2
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