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E-cadherin plays a central role in cell-cell adhesion. The
ectodomains of wild type cadherins form a crystalline-like two
dimensional lattice in cell-cell interfaces mediated by both trans
(apposed cell) and cis (same cell) interactions. In addition
to these extracellular forces, adhesive strength is further reg-
ulated by cytosolic phenomena involving α and β–catenin–
mediated interactions between cadherin and the actin cytoskele-
ton. Cell-cell adhesion can be further strengthened under ten-
sion through mechanisms that have not been definitively char-
acterized in molecular detail. Here we quantitatively deter-
mine the role of the cadherin ectodomain in mechanosensing.
To this end, we devise an E-cadherin-coated emulsion system,
in which droplet surface tension is balanced by protein bind-
ing strength to give rise to stable areas of adhesion. To reach
the honeycomb/cohesive limit, an initial emulsion compression
by centrifugation facilitates E-cadherin trans-binding, while a
high protein surface concentration enables the cis-enhanced
stabilization of the interface. We observe an abrupt concen-
tration dependence on recruitment into adhesions of constant
crystalline density, reminiscent of a first-order phase transi-
tion. Removing the lateral cis-interaction with a "cis mu-
tant" shifts this transition to higher surface densities leading to
denser, yet weaker adhesions. In both proteins, the stabilization
of progressively larger areas of deformation is consistent with
single-molecule experiments that show a force-dependent life-
time enhancement in the cadherin ectodomain, which may be
attributed to the “X-dimer” bond.

Correspondence: jb2929@nyu.edu

Significance

The cytoskeletal role in reinforcing cell-cell adhesion is well
known, but the contribution of the extracellular E-cadherin
domains remains elusive. This work uses a biomimetic emul-
sion system to demonstrate the strengthening and recruitment
of E-cadherin ectodomains in response to push-pull mechan-
ics. We find that E-cadherin adhesion areas grow linearly
with the number of molecules, indicative of a constant pro-
tein density. Moreover, we observe abrupt recruitment into
crystalline adhesions as a function of surface concentration,
consistent with the proposal of a first-order phase transition
at adhesion junctions. Our system is compatible with bio-
logical cells, opening the field to biophysical studies of the

hybrid system.

Introduction
E-cadherin adhesion plays a crucial role in mechanical pro-
cesses in biology, such as morphogenesis, development (1–
3), maintenance of tissue structure (4–7) and tumor metasta-
sis (8, 9). In-vivo, cadherins form cell-cell junctions through
the cooperative action of trans and cis binding (10, 11).
Extracellular trans dimers undergo a homophilic interaction
with a free energy of binding that has been measured in vitro
to be in the range of 9− 10kBT (12) in 3-D bulk solution.
These dimers laterally cluster via cis interactions on the cell
surface into a 2D lattice at adhesion sites, with a 2D bind-
ing energy predicted to be on the order of 4 kBT by numeri-
cal simulations (13). The clustering of cadherins at adherens
junctions is driven by both intra- and extracellular interac-
tions (14–16).
There is increasing evidence that cadherin adhesions are ac-
tive mechanical sensors (17–23). More specifically, intra-
cellular domains interact with the actin cytoskeleton through
adaptor proteins, α and β catenin, which have been shown to
be tension-dependent (24–26). Whether the mechanosensi-
tive behavior of E-cadherin is due to its intrinsic molecular
properties or due to those of the cadherin cytoskeletal com-
plex is unclear. Of note, extracellular cadherin domains have
been shown to exhibit mechanosensitive catch-bond proper-
ties in single-molecule force-spectroscopy experiments (27–
29).
Simplified systems of cadherin-functionalized emulsions, li-
posomes, and model membranes, have served as useful
probes of the mechanisms underlying cis and trans cooper-
ativity (30–35). Nevertheless, the mechanosensing effects
of extracellular cadherin adhesion and the relative contribu-
tion of cis and trans binding have not been quantified. Here,
we investigate extracellular cadherin adhesion in a tissue-
mimetic emulsion, where compression and relaxation, pro-
tein surface concentration, and the presence of cis interac-
tions can be independently controlled.
Using emulsions, we mimic this cellular adherens junction
formation by pushing the emulsions together through a cali-
brated pressure in the kPa range to facilitate protein recruit-
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tissues, as shown in Fig. 1 B, C.
These emulsions are visualized under a confocal microscope,
revealing uniform cadherin fluorescence on the surface of the
droplets, as shown in the inset in Fig. 2A. Cadherins depend
on calcium ions for their adhesive function (43). Specifically,
the ectodomains are comprised of tandem immunoglobulin-
like domains that bind calcium, which increases their rigid-
ity to form a crescent shape (44). This conformation enables
them to bind other cadherins through trans interactions across
cells and cis interactions on the same cell. Histograms of flu-
orescence intensity on the droplet surface reveal that adding
calcium [Ca2+] increases cadherin surface adsorption. Con-
verting the intensity to protein density ρ (see Methods) allows
us to quantify the surface adsorption of bulk cadherin [cad],
as shown in Fig. 2B. Both WT and MT data are well fit with
the Langmuir adsorption isotherm

ρ

ρmax
= [cad]Keq

1 + [cad]Keq
, (1)

where ρmax is the cadherin saturation density. Cadherin ad-
sorption via the histidine tag has an equilibrium constant of
Keq = 4×10−12. Note that in the presence of calcium, cad-
herin preferentially partitions into the aqueous phase above
[cad] = 1 µM, likely due to protein aggregation. We find that
adding physiological 1.8mM for [Ca2+] increases ρmax by
25%, which corresponds to a decrease in inter-cadherin dis-
tance from 9.1 to 8.1, almost reaching the crystalline packing
limit at 7.2 (10). The ratio of Keq with and without calcium
yields a free energy difference of 0.3 kBT. This adsorption
enhancement may be a consequence of the entropy loss upon
calcium stiffening of the proteins, as illustrated in Fig. 2C.
The protein concentration does not affect the surface tension
because the proteins are not adsorbed at the interface, but are
carried by the functionalized lipids (45).
Having characterized the density of proteins on the surface,
we demonstrate their adhesive function via an aggregation as-
say (46). Thermal emulsion droplets of diameter 5 µm, func-
tionalized with either WT or MT, do not adhere in the absence
of calcium, nor do they adhere in the presence of calcium
without cadherins, as shown in Fig. S3. However, they do
bind to form diffusion-limited aggregates (DLA) (47) in the
presence of proteins and calcium, as shown in Fig. 2D. These
branched structures have on average three droplet neighbors
in WT or MT adhesion, consistent with DLA theory, as
shown in Fig. 2E.
Using large cadherin-coated droplets the size of biological
cells, we study the effects of concentration and applied pres-
sure on cadherin-cadherin adhesion strength in both WT and
MT proteins. Gravity alone is insufficient to deform the
droplets away from spherical because the kinetic barrier to
adhesion is too high. Compression by centrifugation over-
comes this barrier by bringing the molecules closer together
at a flat interface, activating their adhesion. In fact, applying
a centrifugation rate of 800g, corresponding to a compression
of 4.8 kPa, deforms the droplets into a foam and facilitates
cadherin recruitment into adhesions. We subsequently allow
the system to relax for 48h to reach mechanical equilibrium

ment and adhesion (36). This applied pressure mimics the 
protrusive pushing forces driven by the actin-based Arp2/3 
complex, which are known to be necessary for cells to effi-
ciently form and extend cadherin adhesions (37). After com-
pression by centrifugation, the emulsion is allowed to relax 
back to mechanical equilibrium, in which there is a balance 
between surface tension and the adhesive energy of protein 
binding. This step aims to mimic the stabilization of adhe-
sion by cellular pulling forces (38). The resulting droplet 
deformation allows us to estimate the average binding en-
ergy per cadherin dimer. Comparing wild type (WT) and 
cis-deficient mutant (MT) shows that cis interactions signifi-
cantly contribute to the stabilization of adhesions and lead to 
larger areas of deformation (10).
For both WT and MT, we find a pressure-sensitive adhe-
sion response. The larger the applied pressure and there-
fore droplet strain, the larger the equilibrium adhesion size. 
At the maximum pressure, we reach the honeycomb limit 
and study the effect of cadherin surface concentration. The 
WT self-assembles into adhesions with a constant density of 
15.7× 103 cadherins/2 independent of initial concentration. 
This finding is consistent with numerical simulations that 
propose that cis interactions drive crystallization in cadherin 
adhesion in 2-D (13, 39). The absence of cis interactions al-
lows the MT to freely rearrange until it reaches a jamming 
density of 20.1 × 103 cadherins/2, which is higher than that 
of the WT crystal. The solid nature of these adhesions in 
both WT and MT is confirmed by fluorescence recovery after 
photobleaching (FRAP) measurements.
Interestingly, we observe that a wide range of adhesion ar-
eas can be stabilized by a constant cadherin density, which 
we interpret via a tension-dependent binding free energy of 
cadherin dimers. Our experiments indicate that the binding 
energy progressively increases with droplet strain, offering a 
scale of binding energies from 1.6 kBT in the weak-binding 
regime, up to 20 kBT per molecule at the cohesive limit. Our 
results suggest an intrinsic bond strengthening due to applied 
tension, suggesting that E-cadherin mechanosensitivity is due 
in part to intrinsic molecular properties of E-cadherin.

Results
Our biomimetic emulsion system mimics the outer cell mem-
brane, but replaces the cytoskeleton with silicone oil, as 
shown in Fig. 1A. The oil-in-water interface has a surface 
tension of 7mN/m in Fig. S2 A and B. The monolayer 
membrane is stabilized by a mixture of SDS, Egg-PC (EPC), 
and DGS-NTA-Ni phospholipids, which serve to functional-
ize the droplets with E-cadherin (30, 41).
The cost of lipid desorption has been estimated to be between 
32 − 40kBT (42), beyond the scope of E-cadherin binding 
energies. This indicates that the cost of lipid desorption is 
much higher than protein rupture.

Droplets are generated using microfluidics, which gives rise 
to monodisperse (D = 20 ± 1) emulsions that are stable 
against coalescence. This synthesis allows for their com-
pression into a biliquid foam structure resembling cohesive
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Fig. 1. (A) Schematic representation of biomimetic emulsion droplets. Droplets consist of silicon stabilized through phospholipids and SDS. Lipids with a NTA(Ni) group
allow for the binding of His-tagged cadherin ectodomains. (B) Biomimetic emulsion droplets functionalized with fluorescent E-cadherin extracellular domain form a confluent
tissue-like structure. (C) Cadherin-expressing living cells form a confluent packing through cadherin binding (40). Scale bar: 20µm.
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Fig. 2. (A) Distribution of pixel brightness for a given droplet, measured on the fo-
cal plane that displays the larger ring diameter. The average intensity in presence
of calcium (green histogram) is larger that the average intensity without (white his-
togram), indicating that calcium favors the recruitment of cadherins at the droplet
surface. (B) Cadherin surface adsorption density ρi as a function of cadherin bulk
concentration [Cad]. Adsorption at the droplet surface increases when bulk den-
sity increases, and saturates when [Cad]' 103nM. Addition of calcium in the
medium yields a higher cadherin surface density up to ρi ' 9.3×103 cad/2. (C)
Schematic representation of calcium binding to cadherins. Calcium binding rigidifies
cadherins, giving them a crescent shape, which is crucial to forming trans dimers.
Rigidified cadherins also leave more surface area open for the binding of additional
cadherins to the droplet. (D) Cadherin-coated Brownian droplets (green disks) form
large aggregates upon calcium addition, confirming homophilic adhesion. Scale
bar: 20.(E) Distribution of coordination number for WT and MT cadherin-coated
droplets. Both WT and MT form droplet aggregates of mean coordination number
〈Z〉= 3.
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Fig. 3. (A) Droplets adopt a foam-like structure through centrifugation. Over 48
hours, the system relaxes to a foam under tension, where cohesion is maintained
by the cadherin-populated patches between neighbouring droplets. Compressed
droplets attempt to relax back to spheres under the influence of droplet surface ten-
sion and the re-entry of aqueous buffer. (B) Expanded view of the force balance
between two adhesive droplets of uncompressed radii R0 and adhesion radius r,
with cadherin density ρ. Mechanical equilibrium is maintained in adhesive droplets
through the balance between cadherin binding energy eb and droplet surface ten-
sion γ.

where the surface tension force is balanced by the cadherin
binding forces, as shown in Figs. 3A, B. Droplets relax back
to spheres in the absence of calcium within 15 minutes, Fig.
S4.

Control experiments show that cadherin adhesion is only ac-
tivated in the presence of calcium, otherwise the droplets re-
turn to their spherical shape. With calcium, increasing the
initial concentration of cadherins on the surface, ρi, stabilizes
progressively larger adhesions in both the WT and MT pro-
teins, as shown in Fig. 4A. For each concentration, the adhe-
sive emulsions are refractive index matched for visualization
in 3-D (48), as shown in Fig. 4B, C. Image analysis identifies
the average intensity and the adhesion area A, which in turn
give the density and a corresponding number of cadherins N
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Fig. 4. (A) Final configuration of the system after compression at 4.8kPa and 48h relaxation, for different concentrations of bulk cadherins, both for WT (upper panels) and
MT (lower panels). Droplets of varying cadherin surface densities were centrifuged, resulting in the formation of irreversible adhesions and deformations. Scale bar: 20. (B,
C) 3-D reconstruction of compressed droplets for WT (panel B) and MT (panel C). Cadherins are concentrated at sites of adhesion upon compression. For each patch, the
radius r is measured, and yields the patch area A. Panel width corresponds to 40µm. (D) Distribution of patch radii for both WT and MT systems. For (B), (C) and (D):
surface density ρi = 9.3×103cad/2 and compression P = 4.8kPa.

in each adhesion patch. HereN is measured directly from the
cadherin fluorescence intensity, and converted to density af-
ter mechanical equilibrium is reached. The broad distribution
of patch radii arises from the heterogeneous droplet packing
geometry and stresses therein (48). Figure 4D shows that the
WT on average stabilizes larger patches than the MT under
the same experimental conditions.
From these data, we estimate the free energy of binding per
molecule eb. First, we estimate the total deformation energy
Ed stored in a system consisting of two droplets in contact. In
the limit of small deformations and given a constant surface
tension γ = 7± 0.5 mN/m across the droplet interface (49),
we have

Ed = 2γ
S0
A2, (2)

cal equilibrium, this energy of deformation is balanced by the
total free energy of binding N×eb of N cadherin molecules.
Using Eq. (2), the binding energy per cadherin bond eb is thus
given by

eb = 2γA2

S0N
. (3)

This result predicts A =
(
ebS0
2γ

)1/2
N1/2 or equivalently

A = ebS0
2γ ρ, where ρ is the cadherin density in the patch. In

Fig. 5A, this linear increase of area with density holds in the
limit of low initial concentrations ρi (under 4.8 kPa com-
pression) and gives eb = 1.6± 0.3 kBT in the case of the
MT. This free energy of trans binding alone is in the range
predicted by computational studies that take into account the
rotational and vibrational entropy loss upon confinement and
dimerization in 2D (50).
Above a threshold ρ, the cadherins jam into patches of a con-

where S0 = 4πR0
2 denotes the area of the spherical droplet of 

radius R0 and A is the contact area of adhesion. In mechani-
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Fig. 5. (A) AreaA of patches as a function of cadherin numberN in the patch for different cadherin surface concentration ρi in WT and MT systems, at a given compression
P = 4.8kPa. We identify two regimes. For low cadherin number, the data follows A ∝ N1/2 (black dashed line), yielding an estimate of eb = 1.6± 0.3 kBT . For
larger N , the data follows A ∝ N , indicating constant density in the patches. (B) Area of patches A, as a function of the number of cadherins N in the patch for fixed
cadherin surface concentration ρi and different values of compression. The compression ranges from about 0.3 to 4.8 kPa. For both WT and MT, we observe A ∝ N ,
indicating that adhesions are growing at a constant density. For the WT the density is ρWT = 15.7× 103cad/µm2, while the MT adhesions are denser at about
ρMT = 20.1×103cad/µm2. (C) Binding energy eb per cadherin bond as a function of the area strain ξ of the deformed droplets, for both pressure and density evolution
as shown in in panel A and B. Since eb = 2γA2/(NS0) and A = ρN with constant density, eb varies with deformation (D) Fraction of cadherins recruited as a function of
varying cadherin density and pressure. Circles (WT) and squares (MT) show cadherin recruitment as a function of cadherin density (ρi). An empirical fit demonstrates the
sigmoidal nature of the recruitment with an inflection point around 9500cad/2. Stars (WT) and diamonds (MT) show recruitment evolution as a function of applied pressure
(top axis). Varying the pressure from 0.3 to 4.8 kPa leads to a linear growth in recruitment for both WT and MT.
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Fig. 6. (A) Focus on a loosely packed region in the capillary for WT cadherin-saturated droplets (ρi = 9.3× 103cad/µm2) and maximal compression at P = 4.8kPa.
Arrows indicate photobleached regions on adhesion patches. Scale bar: 20µm. (B) Magnified view of an adhesion before and after FRAP. Scale bar: 1µm. The
photobleached regions of patches do not recover initial intensity, for both WT and MT, indicating a jammed state in the patches in both situations. (C) Quantitative measurement
of recovery intensity after FRAP, for both WT and MT. Inset: electron-microscopy of patches made of WT or MT, reproduced from (10).

stant density (A∝N ) ρMT = 20.1×103/µm2. Increasing ρi
enhances the probability to make larger adhesion patches, but
does not change their density. This MT density corresponds
to an average inter-cadherin distance of 6.9± 0.1nm, which
agrees with the jamming limit of the random packing of disks
(51). On the other hand, WT adhesions are comprised of
both cis and trans-interacting cadherins, which forces them
to crystallize at a lower density of ρWT = 15.7× 103/µm2,
also shown in the figure. This patch density is independent
of initial concentration. It corresponds to an inter-cadherin
distance of 7.9 nm, which is in good agreement with the re-
ported crystal lattice distances of 7.2 to 7.9 nm, as measured
by crystallography or electron microscopy of liposome and
cell-cell adhesions (10, 52).
Assuming a constant eb per molecule in Eq. (3), a given cad-
herin density fixes the area of deformation. However, our
data shows that patches of the same density give rise to in-
creasing adhesion sizes as a function of the applied pressure.
We therefore interpret our experimental results in terms of
the eb increase with droplet deformation, quantified as the
area strain of a droplet,

ξ = S −S0
S0

, (4)

areas, similar to the effect of increasing ρi at constant pres-
sure in Fig. 5A. Both ρi and the applied pressure, therefore,
play an important role in stabilizing adhesions.
We find eb ∝ ξ1/2, see Fig. 5C. This result is indicative of
a force-dependent adhesion response, where the cadherin-
dimer bond is strengthened in response to deformation (29).
While both WT and MT show a continuously increas-
ing binding free energy, the WT stabilizes larger adhesion
patches than the MT and reaches higher binding energies of
up to 20kBT at the cohesive droplet limit. The amplitude
of the stress response of the MT is 3/4 of that of the WT,
highlighting the importance of cis and trans cooperativity in
stabilizing adhesion.
To test the validity of the measured strengthening of Cad-
herin bonds, we perform a negative control using binders
that have no known mechano-sensitive property. This exper-
iment is realized using complementary single DNA strands
on neighboring droplets, shown in the schematic in Fig. S5.
When they are in contact, the DNA hybridizes causing ad-
hesion between droplets. The DNA binding is not mechano-
sensitive: adhesions are formed spontaneously without the
need for compression. In addition, compression and sub-
sequent relaxation do not significantly change the adhesion
size/strength. Analyzing the growth of the area of adhesion
as a function of the number of molecules N in the patch re-
veals the A ∝N1/2 relation (see Figures S6A,B), indicative
of a fixed free energy of binding per molecule, instead of the
linear relation found in cadherins.
Next, we plot the percentage of recruited proteins into adhe-
sions as a function of both pressure and concentration, see
Fig. 5D. Since increasing pressure linearly increases the area
of adhesion, it also linearly increases the fraction of recruited
molecules, consistent with a random attachment model at
fixed concentration. Conversely, increasing ρi at fixed pres-
sure, we observe a sharp non-linear increase in recruitment
for both WT and MT above a common threshold density, see
Fig. 5D. This behavior is reminiscent of a density-dependent
phase-transition that has been predicted to occur in cadherin

where S denotes the area of the deformed∑ droplet and, in
the limit of small deformations, S −S0 = i

n
=1 Ai

2/S0 (53), 
where index i labels the patches on a droplet with n contacts. 
In the limit of maximum compression into a biliquid foam, 
we measure the number of contacts per droplet n = 12 (54, 
55), and we can thus set the local strain of a contact patch of
area A to be ξ ' 12A2/S0

2.
To maximize the extent of adhesion we saturate ρi to 9.3 × 
103/µm2, and test the effect of the applied pressure rang-
ing from 0.3 kPa to 4.8 kPa. In Fig. 5B, we show the same 
linear increase of A vs. N , i.e., constant cadherin packing 
density, for the WT and MT as those observed in Fig. 5A, 
confirming protein crystallization or jamming, respectively. 
Increasing the pressure forms progressively larger adhesion
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ectodomains (13, 39).

Our density measurements in Fig. 5 suggest that WT and MT
adhesions are solid-like, either in a crystalline or a randomly
jammed array. To test this hypothesis, we FRAP sections
of many adhesion zones, as shown in Fig. 6A. Both protein
types do not fully bleach, but preserve 40% of the initial flu-
orescence after a one minute laser pulse Fig. 6B,C. We do
not observe any subsequent fluorescence recovery, consis-
tent with solid adhesions. However, bleaching the proteins
that are outside the adhesions uncovers two cadherin pop-
ulations that recover over significantly different timescales,
τ1 = 44 s and τ2 = 523 s, respectively. Their diffusion con-
stants, given by D = r2

b/(4τ), where rb is the radius of the
circular photobleached region, yieldD1 = 2.2×10−2 µm2/s
and D2 = 2.0× 10−3 µm2/s, Fig. S7. The fast recovery is
consistent with the diffusion of lipids on the surface of a sil-
icon oil emulsion (56), while the slow recovery may be a
result of lateral crowding interactions at the saturation cad-
herin ρi used in these experiments.

Discussion

In this paper, we have established that our biomimetic emul-
sion system can recapitulate a number of known E-cadherin-
dependent phenomena and thus constitutes a useful plat-
form to study cadherin-mediated cell-cell adhesion. First, we
quantify the effect of calcium on the packing density of cad-
herins at droplet interfaces and establish its role in enabling
trans dimerization. Second, as observed in cells, WT cad-
herins coated on droplet surfaces spontaneously organize into
adhesions with a crystalline density, driven by both trans and
cis interactions. Third, we find that the MT does not form a
crystalline lattice, but, rather, jams into clusters with a higher
density than the WT. This tendency of the MT to form dense
adhesions through non-specific lateral interactions has also
been observed previously in lipid bilayer systems (57).

Both WT cadherins and the cis mutant are found to be
mechanosensitive, but the WT cadherins are able to reach
a higher binding energy of 20kBT compared to 14kBT for
the MT. This enhancement may be due to cis and trans-
cooperativity in the WT, in agreement with FRET-based mea-
surements showing that bond-lifetimes are greatly increased
due to cis interactions (32). While it is known that cadherins
are capable of force-dependent tuning of their adhesion by
acting like catch-bonds under tensile stress(27–29, 58, 59),
rigorously defined as an increase in lifetime with increasing
force (60), further experiments are necessary to pinpoint the
molecular mechanism associated with this phenomenon. A
plausible candidate has been identified as the X-dimer con-
figuration of bound E-cadherin (61, 62). Our system opens
the door to further experiments with mutant proteins aimed
at directly establishing a role for X-dimers in the E-cadherin
mechanosensitive response and, more generally, in regulating
the transmission of forces between cells.

Materials and Methods

Emulsion Preparation. The protocol for the emulsion
preparation is described in (30). Briefly, the oil droplets are
co-stabilized with SDS (1 mM) and the following mixtures of
lipids: EPC (egg phosphatidylcholine) and DGS-NTA (Ni)
lipids at a molar ratio of 92:8. The lipids were purchased
from Avanti Polar Lipids (St. Louis, MO). They were mixed
to reach a total mass of about 14 mg and dried under nitrogen
before the addition of 10 mL 50-cSt silicone oil purchased
from Sigma Aldrich (St. Louis, MO). The lipid-containing
oil was then sonicated for 30 min at room temperature and
heated for 3 hours at 50◦C. We thus obtained an oil satu-
rated with phospholipids. The lipid-containing oil (10 mL)
was then emulsified through a microfluidic chip. The result-
ing emulsion was mono-disperse with a diameter of about
20 µm. Brownian emulsion droplets were produced through
membrane emulsification by a 0.5 µm pore membrane (SPG
Technology, Miyazaki, Japan), with 10 mM SDS as the con-
tinuous phase, which resulted in droplets with a diameter of
approximate 4− 5 µm. To functionalize these droplets with
DGS-NTA(Ni), 0.5 mg of DGS-NTA(Ni) was dried and re-
hydrated with binding buffer and droplets at a 1 : 1 ratio. The
droplets were incubated with the phospholipid and binding
buffer mix overnight at room temperature and gentle rotation.

Cadherin Grafting. Binding buffer was prepared contain-
ing 3.8mM calcium, 2 mM EDTA, 20 mM Tris, 10 mM
NaCl, 10 mM KCl, pH = 7, and 1 mM SDS in a 50:50 glyc-
erol/water solution for refractive index matching. The emul-
sion was mixed with binding buffer at 40% volume fraction
and then incubated with varying concentrations of His-tagged
E-cadherin ectodomains in 50 µL of binding buffer contain-
ing EDTA. Low concentrations of salts were added to reduce
nonspecific adhesions between the droplets.

Cadherin Density Estimation. We experimentally mea-
sured the density of cadherins on the droplet surface at
droplet saturation. The fluorescence intensity of a solution of
1 µM WT E-cadherin, containing 3.0× 1013 molecules was
measured through a fluorimeter (Horiba-PTI QM-400 Fluo-
rescent spectrometer). Upon adding droplets at 40% volume
fraction and 1.8 mM calcium, we observed a 62% loss in
fluorescence intensity of the 1 µM cadherin solution. This
loss of intensity from the bulk solution indicated that ap-
proximately 1.8× 1013 cadherin molecules migrated from
the bulk solution on to the droplets. We estimated the droplet
density to be about 3.2× 104 /µl, corresponding to a total
droplet count of about 1.6× 106 in a 50µl sample. There-
fore, there were approximately 1.2×107 cadherin molecules
per droplet. For a droplet of radius 10 µm, the surface
area is 1256 µm2. The density of cadherins at saturation
is approximately 9.3× 103 /µm2. Therefore, a saturation
intensity of 150 A.U. for WT cadherin and 120 A.U. for
MT cadherin corresponded to a cadherin surface density of
9.3×104 /µm2. The fluorescence measurements are shown
in Fig. S1.
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Supplementary Data

1 Experimental Supplement

Figure S1: Fluorescence intensity of binding buffer containing cadherins. We experimen-
tally measured the density of cadherins on the droplet surface at droplet saturation. The
fluorescence intensity of 50µl a solution of 1µM E-cadherin, containing 3 × 1013 molecules
was measured through a fluorimeter (Horiba-PTI QM-400 Fluorescent spectrometer). Upon
adding droplets at 40% volume fraction and 1.8mM calcium, we observed a 62% loss in fluo-
rescence intensity of the 1uM cadherin solution. This loss of intensity from the bulk solution
indicated that approximately 1.8×1013 cadherin molecules migrated from the bulk solution
on to the droplets. We estimated the droplet density to be about 3.2×104/µl, corresponding
to a total droplet count of about 1.6× 106 in a 50µl sample. Therefore, there were approxi-
mately 1.2× 107 cadherin molecules per droplet. For a droplet of radius 10µm, the surface
area is 1256µm2. The density of cadherins at saturation is approximately 9.3 × 103µm2.
Therefore, a saturation intensity of 150 AU for WT cadherin and 120 AU for MT cadherin
corresponded to a cadherin surface density of 9.3× 104µm2
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A B

Figure S2: Experimental measurement of surface tension. (A) Surface tension is measured
optically using the pendant drop method. The oil phase is injected through a hooked needle.
The shape of this oil drop is determined by the balance of forces primarily between gravity
and the oil-water interfacial tension. We use an optical tensiometer (Attension, Biolin
Scientific, Gothenberg, Sweden). The device detects the image of the oil droplet in water,
measures its size and radius R0, and the droplet’s tangent angle ϕ. Through this we obtain
an estimate of the oil-water interfacial tension. (B) The average measured surface tension
is 7mN/m.

A B

Figure S3: Negative control. (A) Cadherin-coated droplets compressed at 800g in the
absence of calcium relax back to their spherical shape. Additionally, there is no recruitment
of cadherins at contact points. (B) Droplets lacking cadherins but in the presence of calcium
similarly relax back to their spherical shape. Droplets here are dyed with the lypophilic dye,
Bodipy, for fluorescence.
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Figure S4: Droplet relaxation with time in the absence of cadherins and calcium. Panels
(A-C) show how droplets dyed with Bodipy, and without cadherin adhesion relax after
compressive force is remove after centrifugation over 15 seconds, 15 minutes, and 24 hours.
Relaxation from full deformation to spherical begins around 15 minutes after compression
is removed.
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Figure S5: Analyses of fluorescence recovery at the contact-free region of droplets. (A)
Overview of experiment shows the selection of contact-free regions marked by arrows for
FRAP. (B) Cropped and magnified images of contact-free perimeters showing their intensity
evolution of time: before bleaching at 0 seconds, 5 seconds after bleaching, and 100 seconds
after bleaching. (C) Perimeter intensity as a function of time shows fluorescence recovery
over time, but we observe two populations: a fast recovery time of τ = 44 seconds, consistent
with the diffusion of lipids in silicon oil, and a slower recovery time of τ = 523 seconds, likely
due to lateral inter-cadherin interactions.

2 Binding between DNA-coated droplets

The droplets used in this experiments were prepared according to 1. Briefly, a 10 v
v% a

monomer (Dimethoxydimethylsilane (DMDMS) and 1 mL 3-Chloropropylmethyl-dimethoxysilane
(3CPMDS) were used, along with 20 v

v% Ammonia solution. They were polymerized until
the desired size was reached.

Complementary DNA molecules with the following sequences were used (5’ - 3’):
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Figure S6: Schematic showing adhesion between DNA-coated droplets. Free complementary
“sticky ends” (shown on individual DNA strands) bind to each other forming adhesion
patches and deforming the droplet-droplet interface.

Lprime /5AzideN//iCy3/A GCA TTA CTT TCC GTC CCG AGA GAC CTA ACT
GAC ACG CTT CCC ATC GCT A GA GTT CAC AAG AGT TCA CAA

Lprime/5AzideN//iCy5/A GCA TTA CTT TCC GTC CCG AGA GAC CTA ACT
GAC ACG CTT CCC ATC GCT A TT GTG AAC TCT TGT GAA CTC

To prepare the droplets to be coated with the mobile DNA linkers, first the prepared
droplets were washed to remove excess stabilizing SDS surrounding the droplets. This was
done by filling a vial with 450 µL of 1mm SDS. Then, 50 µL of packed droplets were procured
from the prepared droplets by using an eppendorf pipette tip that had been slightly clipped
to have a larger opening. This was done to ensure that droplets didn’t get compressed as the
packed bulk was extracted. After the packed droplets were extracted, the were washed by
centrifuging the diluted vial for 10min at 0.8Hz. The excess solution was removed, 450 µL
of 1mm SDS was added, and the droplet solution was centrifuged for 10min at 0.8Hz twice
more to complete the washing.

To coat the droplets with DNA linkers first, the DNA linkers and the NaCl TE Buffer
(50mmNaCl, 10mmTris 1mmEDTA) were combined in 6 vials to reach a volume of 40 µL
to be combined later with 10 µL of droplets to reach the following concentrations: one for
the L′ DNA at final concentration 20 nm to remain constant between the conditions and
five for the L DNA at final concentrations, 20 nm; 10 nm; 5 nm; 2 nm; 1 nm. The washed
droplets shaken gently before 10 µL were pipetted into each vial over a vortex. After the
droplets were added, the vial was shaken by hand for a short time, to allow the droplets
to mix with the DNA more gently. After all the vials were prepared, they were placed
in a rotator to incubate for approximately 2 h. After the droplets incubation time, 50 µL
NaCl TE buffer + 0.1% Triton 165 was added to each of the vials to aid in removing
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Figure S7: A log-log plot of the adhesion area (rescaled by droplet surface area S0) as a
function of binder number N in adhesions. While the area scales linearly with N (slope of
1) in the case of E-cadherin, the scaling changes to A ∝ N1/2 in the case of DNA-coated
droplets. DNA binding is well captured by a simple model with a constant binding energy,
in which the area grows with the density of the binders. (B) A linear plot of A2/S0 versus
N (over a narrower range of N) confirms that the binding energy is given by the slope
(k × 2γ = 1.1kBT ) in the case of DNA-binding. We reach a maximum packing density of
DNA at N = 110, 000 (and therefore the maximum area), when the inter-DNA distance is
the known 4.7 nm packing limit (vertical dashed line). By contrast, E-cadherin data are
better fit to a quadratic function, consistent with the constant crystalline density in the
patches, independent of the area.
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any unbound DNA left on the surface of the droplets. After this solution was added, the
droplets were centrifuged at 0.8Hz for 5min before the excess solution was removed from
each vial. 50 µL NaCl TE buffer was added to each vial before centrifuging at the same
rate for the same time twice more to ensure as much of the unbound DNA was removed as
possible. DNA-coated droplets formed adhesions spontaneously. They were imaged after
both centrifugation without centrifugation. The adhesions patches were isolated using their
intensity values and their areas measured.
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3 Binding Energy Estimation

We detail in this note the computation of the deformation energy of a spherical droplet of
radius R0 into a deformed droplet with a patch of area A. We define S0 as the initial droplet
surface area, i.e: S0 = 4πR2

0 and we define S as the new total area of the deformed droplet.
We denote by α the half summit angle of the cone whose basis is the patch of area A. The
total area S is the sum of the area of the disc A and the area of the spherical cap As. These
areas are given by

A = π(Rsinα)2, (1)

As =

∫ α

0

∫ 2π

0

dϕR2sinθ = 2π(1 + cosα)R2 (2)

Because of volume conservation, we can express R as function of α and R0. More
precisely, we have

R3(cosα sin2 α+ 2(1 + cosα)) = 4R3
0 (3)

and a Taylor expansion yields R = (1+ a4

16R0+O(α6). Without approximation, the new
surface S is given by

S = A+As = π(sin2 α+ 2(1 + cosα))
4

cosα sin2 α
+ 2(1 + cosα)2/3R3

0, (4)

which after Taylor expansion yields

S = 4π(1 +
α4

16
)R2

0 +O(α6) (5)

The area difference is thus given by

S − S0 = π
α4

4
R2

0 +O(α6). (6)

Since we have

S = 4π(1 +
α4

16
)R2

0 +O(α6) (7)

A2 = π2α4R4
0 +O(α6). (8)

We can show that additional patches bring independent and similar contributions to the
area increase. Considering N patches of area A1, ...AN , the total area increase is given by

S − S0 =

N∑
i=1

A2
i

So
. (9)
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Finally, we estimate the binding energy by assuming a constant surface tension, γ across
the droplet. For two droplets in contact, the total energy of deformation of the system will
be given by

Ed = γ(S − S0)× 2 (10)

= 2γ
A2

S0
. (11)

Undeformed sphere of surface area S0

R0

As

A

Deformed sphere of surface area S = As + A

Rα

Figure S8: Schematic showing the compressed adhesion A formed when a droplet is com-
pressed and bound to a neighbor
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