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Force loading explains spatial sensing of ligands  
by cells
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Cells can sense the density and distribution of extracellular matrix 
(ECM) molecules by means of individual integrin proteins and 
larger, integrin-containing adhesion complexes within the cell 
membrane. This spatial sensing drives cellular activity in a variety 
of normal and pathological contexts1,2. Previous studies of cells on 
rigid glass surfaces have shown that spatial sensing of ECM ligands 
takes place at the nanometre scale, with integrin clustering and 
subsequent formation of focal adhesions impaired when single 
integrin–ligand bonds are separated by more than a few tens of 
nanometres3–6. It has thus been suggested that a crosslinking 
‘adaptor’ protein of this size might connect integrins to the actin 
cytoskeleton, acting as a molecular ruler that senses ligand spacing 
directly3,7–9. Here, we develop gels whose rigidity and nanometre-
scale distribution of ECM ligands can be controlled and altered. 
We find that increasing the spacing between ligands promotes the 
growth of focal adhesions on low-rigidity substrates, but leads 
to adhesion collapse on more-rigid substrates. Furthermore, 
disordering the ligand distribution drastically increases adhesion 
growth, but reduces the rigidity threshold for adhesion collapse. The 
growth and collapse of focal adhesions are mirrored by, respectively, 
the nuclear or cytosolic localization of the transcriptional regulator 
protein YAP. We explain these findings not through direct sensing of 
ligand spacing, but by using an expanded computational molecular-
clutch model10,11, in which individual integrin–ECM bonds—the 
molecular clutches—respond to force loading by recruiting extra 
integrins, up to a maximum value. This generates more clutches, 
redistributing the overall force among them, and reducing the 
force loading per clutch. At high rigidity and high ligand spacing, 
maximum recruitment is reached, preventing further force 
redistribution and leading to adhesion collapse. Measurements of 
cellular traction forces and actin flow speeds support our model. 
Our results provide a general framework for how cells sense spatial 
and physical information at the nanoscale, precisely tuning the 
range of conditions at which they form adhesions and activate 
transcriptional regulation.

To explore the spatial sensing of ECM molecules by cells, we 
investigated a wide array of conditions, considering not only the 
 nanometre-scale distribution of ligands but also substrate rigidity, 
which is itself a major regulator of focal adhesions12. To this end, we 
developed a two-step protocol to combine polyacrylamide hydrogels 
with block co-polymer micelle nanolithography13. We thereby fab-
ricated hydrogels that have on their surface nanopatterned, quasi- 
hexagonal arrays of gold nanoparticles (nanodots), functionalized with 
a small peptide (cyclic arginine–glycine–aspartate, cRGD), which is 
an integrin ligand (Fig. 1a). Owing to steric hindrance3,8, this system 
allows just one integrin protein to bind to each functionalized nanodot; 
it also allows us to control both nanodot spacing and substrate rigidity. 

Because hydrogels swell14, the spacing of the nanodots was greater on 
gels than on glass surfaces. This swelling was of approximately 20%, 
and was not affected by gel rigidity (Extended Data Fig. 1). We seeded 
human breast myoepithelial cells onto the substrates; the cells attached 
specifically to the nanodots by using α 5β 1 integrin proteins to bind 
the cRGD ligands. Blocking these integrins with an antibody, func-
tionalizing the nanodots with a peptide with low affinity for integrin 
binding (arginine–glycine–glutamate, RGE)15, or functionalizing gels 
with cRGD in the absence of nanodots all inhibited cell attachment 
(Extended Data Fig. 2).

We then analysed how cells formed adhesion complexes on the 
substrates as a function of ligand spacing and substrate rigidity. As an 
initial control, we checked cell behaviour on a stiff substrate (glass). 
As expected, cells plated on non-patterned glass substrates (which 
were merely coated with a uniform gold layer and functionalized with 
cRGD) formed long focal adhesions that were rich in phosphory-
lated paxillin protein (Fig. 1b, c). On glass nanopatterned substrates 
with 30-nm spacing between nanodots, focal adhesions still formed, 
but were shorter. Cells on substrates with 50-nm or 100-nm spacing 
between nanodots exhibited only small, dotted adhesions. This con-
firms the reported maximum distance between bound integrins for 
focal-adhesion formation3,5, and indicates a length of between 30 nm 
and 50 nm for a potential molecular ruler in our system.

Also as expected and previously described10, cells seeded on very 
soft polyacrylamide gels formed small adhesive structures resembling 
nascent adhesions16 when ligands were spaced 50 nm or 100 nm apart, 
and formed focal adhesions only above a rigidity threshold (Young’s 
modulus) of 5 kPa (Fig. 1d, e). However, above this threshold we found 
several striking behaviours. First, focal adhesions formed on gels when 
ligands were spaced both 50 nm and 100 nm apart, though they did  
not on glass (Fig. 1b, c). Second, the dependency between focal- 
adhesion formation and ligand spacing was the reverse of that found 
on stiff substrates: cells formed longer focal adhesions as ligand spacing  
increased from 50 nm to 100 nm. Finally, adhesions seemed to  
collapse (drastically reduce their length) above a second rigidity  threshold,  
which was 30 kPa for 100-nm-spaced substrates, and 150 kPa for 
50-nm-spaced substrates. Because focal-adhesion collapse occurred 
at a lower rigidity for the higher spacing, this led to a regime (150 kPa) 
in which focal-adhesion length increased with decreasing spacing, 
reproducing the behaviour found on glass.

Thus, our results show that there is an optimal rigidity for adhe-
sion formation, which decreases as ligand spacing increases. We then 
confirmed the generality, validity, and implications of these results in 
different ways. First, we increased ligand spacing on gels to 200 nm. 
Confirming the trend, this reduced the optimal rigidity even further, 
to 1.5 kPa (Fig. 1d, e). Second, we checked that different  methods 
of quantifying adhesions led to the same trends. These methods 
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involved transfecting green fluorescent protein (GFP)-labelled paxi-
llin into live cells or staining phosphorylated paxillin in fixed cells; and 
 measuring overall paxillin recruitment or measuring focal-adhesion  
length (Extended Data Fig. 3). Third, we carried out experiments in 
other cell types (mouse embryonic fibroblasts, human umbilical vein 
endothelial cells, and MCF 10A breast epithelial cells) and in myo-
epi thelial cells seeded on nanodots coated with a different ligand, 
the collagen- mimicking GFOGER peptide16. The specific thresholds 
varied, but adhesion formation and collapse, and their dependency 
on ligand spacing and substrate rigidity, were maintained in all cases 
(Extended Data Fig. 4). Finally, we analysed the nuclear localization of 
the mechanosensitive transcriptional regulator YAP18, which correlates 
with focal-adhesion formation10. Indeed, YAP’s nuclear localization 
closely mirrored focal-adhesion length in all cases, showing a rigidity 
optimum that depended on ligand spacing (Fig. 1f, g).

Our results—which show adhesion formation on substrates with 
50-nm, 100-nm and even 200-nm nanodot spacing, depending on the 
conditions—are inconsistent with a molecular-ruler mechanism, even 
if gel deformation were to reduce nanodot spacing. Indeed, although 
cells could potentially pull on neighbouring ligands to reduce their 
spacing down to the length of a molecular ruler, this could not explain 
why, on 1.5 kPa substrates, focal adhesions form only when nanodots 
are spaced by 200 nm and not shorter distances. To further discard 
the molecular-ruler hypothesis, we used super-resolution stochastic   
optical reconstruction microscopy (STORM) of 100-nm-spaced 
substrates to image paxillin clusters, which correctly reproduced 
the expected 100-nm spacing (Extended Data Fig. 5). There were no 
differences in spacing on 30-kPa or 150-kPa substrates, confirming 
that the increased adhesion formation on the softer 30-kPa substrate 
was not due to reduced nanodot spacing caused by gel deformability. 
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Figure 1 | Increasing ligand spacing promotes the growth of focal-
adhesion complexes on intermediate-rigidity substrates, and collapse 
on high rigidities. a, Top, the nanopatterned polyacrylamide substrates, 
showing gold nanodots (yellow) on top of polyacrylamide gels with 
embedded fluorescent beads (purple). A cell adhered through focal 
adhesions (orange) is shown, with its nucleus in blue. Bottom, spatial 
configuration of integrin–ECM bonds on the quasi-hexagonal pattern of 
nanodots coated with cRGD ligands (yellow integrins are in blue). Right, 
scanning electron micrograph of a 100-nm pattern on a polyacrylamide 
gel (one of two independent experiments is shown). b, Staining for 
phosphorylated paxillin protein (a component of focal adhesions) in cells 
seeded on glass substrates coated with either a homogeneous layer of 
cRGD or quasi-hexagonal distributed cRGD ligands (30-nm, 50-nm and 
100-nm spacing). The right-hand image of each pair corresponds to the 
red rectangle in the left-hand image. c, Corresponding quantification of 
focal adhesion length (mean length of at least three focal adhesions per  
cell from n =  12 cells per condition, from two independent experiments). 

* * *  P <  0.001; one-way ANOVA. d, Staining of phosphorylated paxillin 
in cells seeded on polyacrylamide substrates with rigidities (Young’s 
moduli) from 0.5 kPa to 150 kPa, for nanodots spaced 50 nm, 100 nm 
or 200 nm apart. e, Corresponding quantification of focal-adhesion 
length (mean of at least three focal adhesions per cell from n =  10/10/11, 
10/12/11, 10/11/11, 10/10/11, 12/11/11, 10/10/11, 11/11/11, 12/12/−  
cells for 50/100/200-nm-spaced substrates and increasing rigidity; two 
independent experiments). The effect of both rigidity and spacing was 
significant (P <  0.05; two-way ANOVA). f, Staining for the transcriptional 
regulator YAP in cells seeded on polyacrylamide substrates with rigidities 
ranging from 0.5 kPa to 150 kPa, with 50-nm-, 100-nm- or 200-nm-spaced 
nanodots. g, Corresponding quantification of nuclear/cytosolic YAP ratio 
(n =  15 cells per condition; two independent experiments); the effect of 
both rigidity and spacing was significant. (P <  0.05, two-way analysis 
of variance (ANOVA)). Error bars represent mean ±  s.e.m. Scale bars 
represent 200 nm in a and 20 μ m in b, d, f.
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Nor could the results be explained by differential regulation of cell 
spreading, which did not correlate well with adhesion formation,  
particularly on 50-nm- and 100-nm spaced substrates (Extended Data 
Fig. 3).

A plausible alternative is regulation by force, as suggested 
 theoretically19. Mechanical forces are important in focal-adhesion 
maturation20,21, and we have shown10,11 that focal-adhesion growth 
in response to rigidity can be explained by force loading in integrins 
via a molecular-clutch mechanism. Furthermore, force transmission 
 mediated by a molecular clutch is predicted to depend on ligand 

 density22,23. We thus asked whether our results could be explained by 
a force-regulated, molecular-clutch mechanism.

Our previous molecular-clutch model involves a number of myosin 
motor proteins pulling on an actin filament, generating a rearward 
actin flow towards the cell centre. The substrate is modelled by a 
set of ECM-binding sites (corresponding to the functionalized gold 
 nanodots here) connected to a spring (representing substrate  elasticity). 
Molecular clutches, which comprise integrins and adaptor proteins, 
dynamically link the actin filament to the ECM substrate. When 
clutches are engaged, they become progressively loaded as myosin 

a b

f

1.5 5 11 30

g

Substrate Young’s modulus (kPa)

A
d

he
si

on
 le

ng
th

 (μ
m

)

150

50 nm
100 nm
200 nm

0.1 1 10 100 Glass
0.0

0.5

1.0

1.5

2.0

Fo
rc

e

Myosin II
Actin

Integrins

v

Nanodot + cRGDkon/koff

Adaptor

Fthreshold

ksub

klink

ed

1.5 5 11 30

S
p

ac
in

g 
(n

m
) 50

10
0

C
el

l t
ra

ct
io

ns
 (P

a)

Substrate Young’s modulus (kPa)

300 Pa

0 Pa 1,000
0

50

100

150

200

250

0.1 1 10 100

S
p

ee
d

 o
f a

ct
in

 �
ow

 (n
m

 s
–1

)

0

20

40

60

80

100

Substrate Young’s modulus (kPa)

1,0000.1 1 10 100

Ligand
 sp

acing

c

Substrate Young’s modulus (kPa)

Substrate Young’s modulus (kPa)

S
p

ac
in

g 
(n

m
)

50
10

0

Figure 2 | A molecular-clutch model explains cellular response to ligand 
spacing. a, The molecular-clutch model. Within cells, myosin motors 
(black) pull on actin filaments (grey) with velocity v, exerting a force on a 
set of parallel clutches (formed by adaptor proteins, red, and integrins, blue) 
which dynamically bind and unbind cRGD ligands (yellow) with on and 
off rates kon and koff. Mechanosensitivity is introduced by setting a force 
threshold, Fthreshold, in each clutch that triggers further integrin recruitment 
when surpassed (brown star). The elastic substrate is represented by springs 
connecting ligands to the substrate (ksub, black) and to each other (klink, 
orange). b, The effect of ligand spacing on clutch forces: as the spacing 
decreases, so does the force loading on each individual clutch. c, Model 
predictions (solid lines) and experimental average values (data points, from  
Fig. 1e) of focal-adhesion length as rigidity increases for differently spaced 
ligands. Model parameters changed were nl (180 for 50 nm, 130 for 100 nm 
and 5 for 200 nm) and the ratio klink/ksub (10 for 50 nm, 5 for 100 nm and  

3 for 200 nm). d, Examples of cell tractions (colour coding) exerted  
on substrates of differing rigidity and differing ligand spacing.  
e, Corresponding model predictions (solid lines) and experimental 
average values of cell tractions (n =  13/13, 11/16, 11/19, 16/13, 13/16, 
13/14 cells for 50/100-nm substrates and increasing rigidity; mean of two 
independent experiments). f, Examples of lifeact-GFP-transfected cells 
plated on substrates of increasing rigidity. Insets are kymographs showing 
the movement of actin features along the lines marked in red. The slopes 
of the traces created by the features (marked with lines) were used to 
calculate actin speed. g, Corresponding model predictions (solid lines) 
and experimental average values for actin speed (at least three traces were 
obtained per cell from n =  7/9, 9/9, 11/9, 8/7, 8/7, 9/9 cells on 50/100-nm-
spaced substrates of increasing rigidity; two independent experiments). 
Scale bars represent 20 μ m in the main images and 20 s per 2 μ m (x =  y axes) 
in the kymographs. Error bars represent mean ±  s.e.m.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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motors contract the actin filament. Mechanosensitive growth of focal 
adhesions is modelled by defining a force threshold in each clutch—a 
force which we previously identified as that leading to unfolding of the 
actin–integrin adaptor protein talin10. If any individual clutch surpasses 
this threshold before disengaging, it triggers a mechanosensing event 
that grows adhesions by increasing integrin recruitment. As integrins 
are recruited, the fraction of integrin-bound ligands increases, allowing 
adhesions to better withstand force.

To consider the effects of ligand distribution, we expanded this 
model in two ways (Fig. 2a; see Methods and Extended Data Table 1  
for model description and parameters). First, we modelled ligand 
 spacing by using springs to connect ligands not only to the substrate 
(with a spring constant ksub), but also to each other (with a spring 
constant klink). In this way, and as expected for an elastic substrate, 
forces applied to one ligand also deform its neighbours. Increasing klink 
increases this effect on neighbours, modelling the increased  mechanical 
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Figure 3 | Ligand disorder promotes adhesion growth, as predicted by 
the molecular-clutch model. a, Effect of ligand disorder on clutch force. 
b, Staining of phosphorylated paxillin in cells seeded on substrates of 
varying rigidity, and with ordered or disordered ligand spacing. The left-
hand images of each pair are magnifications of the rectangular regions in 
the right-hand images. c, For 50-nm substrates are shown corresponding 
model predictions (lines) and experimental average values for adhesion 
length (means of at least three adhesions per cell from n =  10/10, 10/10, 
10/10, 11/10, 11/12, 11/10, 11/11 cells in disordered/ordered conditions 
and on substrates of increasing rigidity; two independent experiments). 
Differences between ordered and disordered conditions were significant 
(P <  0.05; two-way ANOVA). d, e, For the same 50-nm substrates as in 
c are shown: d, examples of cell tractions, and e, corresponding model 
predictions (lines) and experimental average traction values (n =  14/13, 

12/11, 12/11, 19/16, 16/13, 21/13 cells for disordered/ordered conditions; 
two independent experiments). Differences between ordered and 
disordered conditions were significant (P <  0.05; two-way ANOVA). f, 
g, For 100-nm substrates are shown: f, phosphroylated-paxillin staining 
on ordered and disordered substrates, and g, corresponding model 
predictions (lines) and experimental average traction values (at least 
three adhesions per cell for n =  10/10, 10/12, 10/11, 11/10, 12/11, 11/10, 
11/11 cells on disordered/ordered ligands; two independent experiments). 
h, i, For the same 100-nm substrates as in g are shown: h, examples of 
cell tractions, and i, corresponding model predictions (solid lines) and 
experimental average traction values (n =  12/13, 15/16, 18/19, 14/13, 
11/16, 15/14 cells on disordered/ordered ligands; two independent 
experiments). Scale bars represent 20 μ m. Error bars represent 
mean ±  s.e.m.
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coupling between ligands that would result from reduced spacing. 
Second, we imposed a maximum integrin recruitment, because  integrin 
clustering cannot grow indefinitely, but will be restricted by integrin 
packing and by the physical size of focal adhesions, stress fibres, and 
cells themselves.

We then used this model to evaluate the role of ligand spacing. As 
the number of clutches is reduced and their spacing increases, the force 
exerted by myosin is distributed among fewer clutches, increasing the 
force loading on each individual clutch (Fig. 2b). This has no effect on 
very soft substrates, where force loading remains too low to reach the 
force threshold in any case, and adhesions do not grow. However, as 
rigidity increases, clutches with higher spacing are more likely to reach 
the force threshold, increasing integrin recruitment. Because these focal 
adhesions grow more, they also reach their maximum recruitment at 
a lower rigidity. At this point, the increased force loading caused by 
increased rigidity can no longer be compensated by further integrin 
recruitment, and the adhesion collapses. Thus, this framework can 
explain the experimental differences. Accordingly, running the com-
putational model with a base set of parameters (Extended Data Table 1) 
and modifying only the number of ECM ligands (nl) and their coupling 
(klink) correctly reproduces the effect of ligand spacing on focal adhe-
sions (Fig. 2c). For 200-nm substrates, we note that the experimental 
effects were even larger than the range that the model could predict.

To test this model further, we examined its predictions regarding 
substrate–cell force transmission and actin flows. Our molecular-clutch 
model11 predicts an initial increase in force transmission with  rigidity, 
then a plateau or even a slight decrease, and finally an increase until 
adhesions and forces collapse. As ligand spacing decreases, the 
 plateau is shifted to lower rigidities, and lower forces. We verify these 
 predictions here by measuring them experimentally using traction 
force microscopy at all rigidities except 150 kPa (for which cell- induced 
gel displacements were too small to resolve). Although agreement with 
experiments was not exact in all cases, running the model with the 
same parameters used above correctly reproduced the trends and 
relative differences of measured experimental tractions (Fig. 2d, e). 
Regarding actin flows, the clutch model predicts that they should be 
anti-correlated with forces24, because increased force transmission 
impairs and slows myosin function. Indeed, measured actin flows did 
show opposite trends to forces in response to both rigidity and ligand 

spacing, and were correctly reproduced by the model using the same 
parameters (Fig. 2f, g). Interestingly, actin flow measurements were 
available for 150 kPa substrates, allowing us to visualize the regime 
inducing adhesion collapse (for 100-nm spacing). As predicted by the 
model, this collapse resulted in increased actin flows (Fig. 2f, g).

We then explored whether force loading regulated by a molecular 
clutch could explain cell responses to not only overall ligand   density, 
but also ligand distribution. We used substrates with the same density 
of nanodots and the same mean interparticle distance, but with a disor-
dered rather than ordered quasi-hexagonal distribution (Extended Data 
Fig. 6)8. Because of this spatial disorder, the model predicts that force 
will be distributed less evenly among clutches (Fig. 3a). This would lead 
some clutches to experience high loads, increasing the likelihood of sur-
passing the mechanosensing force threshold, favouring focal- adhesion 
growth, and shifting focal adhesion collapse to lower rigidities.  
We verified this prediction experimentally using substrates with 50-nm 
spacing (Fig. 3b, c) and 100-nm spacing (Fig. 3f, g): in both cases, focal- 
adhesion growth at intermediate rigidities was increased drastically, 
and focal-adhesion collapse moved to lower rigidities. Of note, and 
unlike with ordered patterns, disordering the pattern allowed us to 
visualize focal adhesion collapse on 50-nm polyacrylamide  substrates. 
The effect of pattern disorder was successfully modelled by modify-
ing only the parameter that represents ligand spacing (klink), to which 
we assigned not a constant value for all ligands, but a distribution 
of random values centred on a mean (Fig. 3c, g). In terms of force 
transmission, the model predicts that, owing to the increased adhe-
sion formation, disorder eliminates the plateau observed at interme-
diate rigidities, leading to a monotonic force increase with rigidity 
up to focal-adhesion collapse. This was verified experimentally, and 
was modelled successfully with the same parameters (Fig. 3d, e, h, i).  
Notably, disordering the pattern on 100-nm substrates shifted the 
onset of focal adhesion collapse to a rigidity low enough (30 kPa) to 
measure force transmission. This allowed us to verify the prediction 
that focal-adhesion collapse at high rigidities is also associated with a 
decrease in force transmission (Fig. 3i).

Finally, we verified a fundamental hypothesis of the model: that 
focal-adhesion collapse at high rigidities is due to excessive  loading 
of integrin–ECM bonds, which can no longer be compensated with 
adhesion growth. This hypothesis leads to the counterintuitive  

C
tr

l

5 
μM

15
 μ

M

A
d

he
si

on
 le

ng
th

 (μ
m

)

0.0

0.5

1.0

1.5

2.0ba

Blebbistatin

– 5 μM 15 μM

** **

Calyculin A

– 1 nM

C
tr

l

1 
nM

***

c

ed
A

d
he

si
on

 le
ng

th
 (μ

m
)

Substrate Young’s 
modulus (kPa)

Decreasing 
contractility

150 kPa

5 μM

15 μM

f
Increasing 
contractility

A
d

he
si

on
 le

ng
th

 (µ
m

)

30 kPa

Substrate Young’s 
modulus (kPa)

A
d

he
si

on
 le

ng
th

 (μ
m

)

0.0

0.5

1.0

1.5

2.0

Figure 4 | Myosin contractility regulates adhesion growth according 
to model predictions. a, Using the myosin inhibitor blebbistatin at 
concentrations of 5 μ M or 15 μ M progressively decreases contractility 
in cells with collapsed adhesions (150 kPa substrate, 100-nm ligand 
spacing); this should first bring adhesion length to its maximum, and 
then decrease it again. b, Staining for phosphorylated paxillin in control 
(− ) and blebbistatin-treated cells on 150 kPa substrates with 100-nm 
ligand spacing. c, Corresponding quantification of adhesion length (mean 
of at least three adhesions per cell from n =  14 cells per condition; two 

independent experiments). d, Using calyculin A to increase contractility 
in cells with maximum adhesions (30 kPa substrate; 100-nm spacing) 
should decrease adhesion length. e, Staining for phosphorylated paxillin in 
control and calyculin-A-treated cells on 30 kPa substrates with 100-nm  
spacing. f, Corresponding quantification of adhesion length (mean of 
at least three adhesions per cell from n =  15 cells per condition; two 
independent experiments; two-tailed Student’s t-test). Scale bars represent 
20 μ m. * * , P <  0.01; * * * , P <  0.001. Error bars, mean ±  s.e.m.
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prediction that in this ‘collapsed’ regime, decreasing force loading 
(for instance by impairing myosin function) should lead to  adhesion 
growth. To confirm this, we seeded cells on rigid 150 kPa gels with 
100-nm-spaced nanodots, thereby generating collapsed focal 
 adhesions. One hour after seeding, we treated cells with the myosin 
inhibitor blebbistatin. As predicted, using a low concentration of bleb-
bistatin (5 μ M) resulted in focal-adhesion growth (Fig. 4a–c) compared 
with the control condition—effectively putting cells in the intermediate 
force-loading regime where focal-adhesion growth is favoured (Fig. 4a).  
Also as expected, using a higher concentration of blebbistatin (15 μ M)  
reversed the effect, as force loading was disrupted enough to bring 
cells to the low-rigidity regime where focal adhesions are also impaired  
(Fig. 4a–c). Conversely, increasing myosin contractility using calyculin 
A25 in cells with the largest adhesions (100-nm spacing, 30 kPa) brought 
cells to the collapsed regime, decreasing adhesion length (Fig. 4d–f).

The field of cell–matrix adhesion is mature, and several studies have 
addressed how adhesions are regulated by molecular interactions26–28 
and physical signals10,20,29,30; there is wide consensus that cells respond 
to increases in both rigidity and ligand density by promoting adhesion 
growth3,4,10,11,31. Strikingly, we find here the opposite behaviour in 
response to both factors. This behaviour is explained not by a distance- 
sensing mechanism per se, but by regulation of molecular force  loading, 
within a predictive model that integrates the effects of rigidity, ligand 
distribution, and contractility. The resulting cellular response includes 
the surprising feature of adhesion collapse under high load, which 
can explain previous findings on stiff substrates showing how ligand 
molecular length regulates adhesion stability32, and how increasing 
ligand spacing renders adhesions unstable7,19 and unable to sustain 
large forces on integrins over time33. Our results provide a general 
framework of how cells sense spatial and physical information at 
the nanoscale, precisely tuning the range of conditions at which they  
form adhesions and activate transcriptional regulation via YAP. This 
mec hanism might be harnessed by cells in the myriad of physiological 
and pathological processes that are regulated by mechanical factors 
and ECM characteristics.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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MethODS
Preparation of nanopatterned substrates on glass surfaces. Nanopatterned sub-
strates were prepared as described3,4,7. Briefly, polystyrene(x)-b-poly(2- 
vinylpyridine)(y) diblock copolymers (PolymerSource Inc.) and polystyrene 
standard (Alfa Aesar) were dissolved in toluene and stirred for 24 hours at room 
temperature. Different compositions were used to generate ordered and disordered 
substrates with different spacing (Extended Data Table 2). HAuCL4•3H20 (Sigma-
Aldrich) was added to the micellar solutions with a specific loading parameter 
defined as = /L n n[HAuCL4] [P2VP]  . For disordered structures the micellar gold 
solution was mixed with a polystyrene solution in a 1/1 ratio. 10 μ l of the solution 
were spin-coated (WS-400A-6NPP/Lite, Laurell Technologies Cooperation) onto 
round coverglasses of 12 mm diameter, previously cleaned with piranha solution. 
Samples were treated with oxygen plasma (TePla 100-E, 0.4 mbar, 150 W, 10 min) 
to remove the polymer matrix.
Transfer of nanopatterns to polyacrylamide gels. Nanostructured glass surfaces 
were activated with ultraviolet light for 30 min, incubated in 10 mM N,N′-bis-
(acryloyl)cystamine (Sigma-Aldrich) in ethanol in the dark for 1 hour, and washed 
thoroughly with pure ethanol. Next, nanostructured surfaces were dried with 
nitrogen. Polyacrylamide gels were prepared as described11. Briefly, glass-bottom 
dishes were incubated with a solution of acetic acid, 3-(trimethoxysilyl)propyl 
methacrylate (Sigma) and ethanol (1/1/14), and washed three times with 96% 
ethanol. A solution containing 0.5% ammonium persulphate, 0.2% tetramethy-
lethylenediamine (Sigma), and 2% fluorescent 200-nm red carboxylated nano-
beads (Invitrogen) was mixed with different concentrations of acrylamide and 
bis-acrylamide to make gels of different rigidities (see Extended Data Table 3). 
10 μ l of this solution were then placed in the centre of glass-bottom dishes and 
covered with 12-mm nanostructured surfaces. After 20 min of gel  polymerization, 
hydrogels were soaked in phosphate-buffered saline (PBS) and incubated in the 
oven for 72 hours at 37 °C, allowing them to swell. Hydrogels were then  stabilized 
at room temperature and the patterned glass surfaces were removed carefully 
from the hydrogel. Hydrogels with nanopatterned nanodots were gently washed 
with PBS and then incubated with 25 μ M cRGD-thiol (cyclo [Arg–Gly–Asp]–d-
Phe–Lys(2-aminohexanoic acid–mercaptopropionic acid), PCS-31062-PI, 
Peptides International) at room temperature for 4 hours. Afterwards, cRGD- 
conjugated nanopatterned hydrogels were washed five times (for at least 10 min 
each time) to remove unbound peptides before cell seeding. For GFOGER 
 experiments, after removing the glass surfaces, gels were incubated with 1 mM of 
the hetero- bifunctional linker 11-mercaptoundecanoyl N-hydroxysuccinimide 
ester (MU-NHS) (Prochimia) for 3 hours, then with 1 μ M of GFOGER peptide 
 overnight. GFOGER-conjugated nanopatterned hydrogels were washed five times 
(for at least 10 min each time) to remove unbound peptides before cell seeding.
Substrate characterization by scanning electron microscopy (SEM). 
Nanostuctured surfaces were sputtered with carbon (low-vacuum coater EM 
ACE200, Leica) and imaged by SEM (Leo1530, Zeiss) with an in-lens detector 
and 5 kV acceleration voltage at working distances between 9 mm and 11 mm. 
Polyacrylamide hydrogels with embedded gold nanodots were vitrified, mounted 
in a liquid-nitrogen-cooled stage, and transferred to a freeze-fracture system 
(EM BAF060, Leica). Samples were heated to − 90 °C, kept in vacuum for 45 min 
to sublimate the water at the interfaces, and coated with carbon. Samples were 
further transferred to the cryo-SEM (Ultra 55 FE-SEM, Zeiss) by an evacuated 
liquid- nitrogen-cooled shuttle (BAL-TECH VLC 100). Images were recorded at 
low-temperature conditions (T =  − 130±  5 °C) and low acceleration voltages of 
1–1.5 kV because of the low conductivity of the samples, with a working  distance 
of 3 mm. Resulting electron micrographs were analysed in ImageJ (National 
Institutes of Health) by measuring the distances between a gold nanoparticle and 
its k-nearest neighbours (k =  6 for ordered nanostructures; 4 <  k <  8 for disordered 
nanostructures) for at least 300 particles of two or more individual nanostructures 
per condition.
Cell culture and reagents. Human breast myoepithelial immortalized cell lines 
have been described previously11,34. We cultured them in Hams-F12 (Sigma, 
N4888) media supplemented with 10% foetal bovine serum (FBS), 1%  penicillin 
streptomycin, hydrocortisone (1 μ g ml−1), epidermal growth factor (EGF; 
10 ng ml−1) and insulin (5 μ g ml−1). Human umbilical vein endothelial cells 
(HUVECs) were purchased from Lonza (CC-2517) and cultured in endothe-
lial growth medium-2 (EGM-2; Lonza CC-4176). Mouse embryonic fibroblasts 
(MEFs) have been described35, and were cultured in Dulbecco’s modified eagle 
medium (DMEM; LifeTechnologies, 41965-039) media supplemented with 10% 
FBS and 1% penicillin streptomycin. Mammary epithelial cells (MCF 10A) were 
purchased from ATCC and cultured in DMEM-F12 (LifeTechnologies, 21331-
020) with 5% horse serum, 1% penicillin streptomycin, EGF (20 ng ml−1), hydro-
cortisone (0.5 μ g ml−1), cholera toxin (100 ng ml−1), and insulin (10 μ g ml−1). 
Myoepithelial cells were authenticated in their laboratory of origin through 

 expression of the proteins integrin β 4, P-cadherin, cytokeratin 17, and  desmoglein 
3. Other cell lines (used only to verify the generality of our findings) were not 
authenticated. For all experiments, cells were gently washed with PBS twice, 
trypsinized, and resuspended in media without FBS. After centrifugation, cells 
were seeded on hydrogels in media without FBS. To block α 5β 1 integrins, cells 
were incubated with an anti-α 5β 1 antibody (30 μ g ml−1, clone JBS5–MAB1969, 
Millipore) for 30 min before seeding. Cell attachment was evaluated 1 hour after 
seeding. For blebbistatin experiments, cells were treated with the indicated con-
centrations of blebbistatin (CalBiochem) for 30 min. For calyculin A experiments, 
cells were treated with the indicated concentration (Merck Millipore) for 30 min. 
All cells tested negative for mycoplasma contamination.
Traction force measurements. Traction force measurements were carried out 
as described10,11. Briefly, cells seeded on gels were placed on an inverted micro-
scope (Nikon Eclipse Ti). Single cells were tracked for 3 hours while we acquired 
phase-contrast images of the cells and fluorescence images of the embedded nano-
beads using a × 40 objective. Cells were then trypsinized, and an image of bead 
position in the relaxed state of the gel was acquired. By comparing bead positions 
with and without cells, a map of gel deformations caused by cells was first obtained 
using custom particle-imaging-velocimetry software. Then, after assuming that gel 
displacements were caused by forces exerted by cells in the cell–gel contact area, 
we calculated the corresponding map of cell forces using a previously described 
Fourier transform algorithm36. The average forces per unit area exerted by each 
cell were then calculated. Force measurements for each cell were taken once per 
hour during the measurement, and the average value for all time measurements 
was used.
Rearward-flow measurements. To measure the rearward flow of actin  filaments, 
we transfected cells with LifeAct-GFP using a jetPRIME transfection kit (Polyplus 
transfection) one day before measurements. Cells were then plated on gels of 
 varying rigidity, and imaged every second for 2 min with × 60 oil-immersion 
objective (numerical aperture (NA) 1.40) with spinning-disc confocal microscopy 
(Andor). For each cell, kymographs were obtained at the cell periphery, and actin 
speed was measured from the slope of actin features observed in the kymographs. 
In cells plated on 0.5 kPa gels, actin features were so diffuse that no reliable slopes 
could be measured in kymographs.
Immunostaining and adhesion quantification. For fluorescence staining of cell–
substrate adhesions, cells were fixed with 4% paraformaldehyde, permeabilized 
with 0.1% Triton X-100, and labelled first with primary antibody against either 
phosphorylated paxillin (Cell Signaling 2541S, 1/50 dilution) or YAP (clone 63.7 
produced in mice; Santa Cruz catalogue no. sc-101199, 1/200 dilution) for 1 hour 
at room temperature, and then with anti-rabbit or anti-mouse Alexa-conjugated 
secondary antibody (Invitrogen) for 1 hour at room temperature. Fluorescence 
images were then acquired with a × 60 oil-immersion objective (NA 1.40) using 
a Nikon Eclipse Ti microscope. To quantify adhesion lengths, we identified focal 
adhesions manually and measured their length. To provide an alternative quan-
tification unbiased by the identification of specific structures, we also quantified 
the average intensity of phosphorylated-paxillin staining in regions at the cell 
edge containing both adhesions and surrounding areas, as described11. Then, we  
subtracted the background intensity value calculated from neighbouring cell areas 
lacking adhesions. The measured trends as a function of both rigidity and ligand 
density were the same in both quantifications. The degree of nuclear localization of 
YAP was assessed by calculating the ratio of YAP fluorescence in the nuclear region 
to YAP fluorescence in the immediately adjacent cytoplasmic region. Nuclear and 
cytoplasmic regions were previously determined by co-staining the nucleus with 
Hoechst 33342.
Measurements of gel rigidity. The rigidity (Young’s modulus) of polyacrylamide 
gels was measured by atomic force microscopy as described37. Briefly, measure-
ments were made with a custom-built atomic force microscope attached to an 
inverted optical microscope (Nikon TE200). Silicon nitride pyramidal tips with an 
effective half-angle θ of 20° and a nominal spring constant of k =  0.01–0.03 N m−1 
were used (MLCT, Bruker). The actual spring constant was calibrated by  thermal 
tuning using the simple harmonic oscillator model38. The Young’s modulus was 
measured by recording ten force-displacement curves with a peak-to-peak ampli-
tude of 6 μ m and a frequency of 1 Hz. Three points near the gel centre were selected 
in each gel, separated 5 μ m from each other. For each rigidity, six or more gels 
produced in two batches were measured. To compute the Young’s modulus (E), 
we fitted the Hertz model equation for pyramidal tips to the force-displacement 
curves. The equation was fitted for an effective indentation of 1,000 nm for all 
rigidities except 150 kPa, where 500 nm was used.
STORM imaging and distance assessment. To perform direct STORM 
(dSTORM) imaging, we mounted immunostained cells on gels of different 
 rigidity on a 24 mm ×  24 mm glass coverslip using Vectashield mounting medium 
(H-1000). For image acquisitions, the samples were flipped and placed on the 
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microscope’s sample holder. This allowed the excitation light to pass through the 
optically matched layer of Vectashield and to be focused on the focal adhesions 
located at the interface between the cells and the gel substrate. F8811 spheres (Life 
Technology) on the gel surface allowed for the correction of mechanical drift 
 during acquisition, while the mounting medium allowed for the photoswitching of 
the fluorophores necessary to perform dSTORM. dSTORM images were acquired 
using a Nikon N-STORM 4.0 system configured for total internal reflection  
fluorescence (TIRF) imaging. Alexa647-labelled secondary antibodies were imaged 
by means of a 647-nm laser (160 mW) while F8811 spheres were imaged using 
a 488-nm laser (80 mW). No activation ultraviolet light was used. Fluorescence 
was collected using a Nikon × 100, 1.49 NA oil-immersion objective and passed 
through a quad-band pass dichroic filter (97335 Nikon). Images were acquired 
onto a 128 ×  128 pixel region (pixel size 0.16 μ m) of a Hamamatsu ORCA–Flash 
4.0 camera with an integration time of 5 ms. A total of 50,000 frames was acquired 
for the 647 channel. Every one hundred imaging frames, one image of the 488 
channel was acquired to perform drift correction. STORM images were analysed 
with the STORM module of the NIS element Nikon software, which generates 
a list of localizations by Gaussian fitting of blinking dyes in the acquired movie 
of conventional microscopic images. To avoid overcounting, the software counts 
blinkings detected in consecutive frames as single. For pattern analysis of focal 
adhesions, the lists of localizations corresponding to focal-adhesion regions (size 
about 2.5 μ m) were imported and converted in binary images with a pixel size of 
3 nm, using a custom Matlab script. Then, binary images were dilated, and clusters 
identified. A threshold radius was set to discard single blinks not belonging to 
the cluster. A first analysis of the patterns was then performed with a previously 
developed Matlab script39,40 to calculate the pair-correlation functions of cluster 
patterns up to distances of 900 nm from the identified clusters. Additionally, the 
centroid of each cluster was identified and the distance of the nearest neighbour 
was calculated with custom Matlab script.
Statistical analysis. Data reported throughout the manuscript are mean ±   s.e.m. 
Statistical analyses were done with two-tailed Student’s t-test when two cases were 
compared, and with analysis of variance (ANOVA) tests when more cases were 
analysed. If data did not meet normality criteria, equivalent non-parametric tests 
were used. No statistical methods were used to predetermine sample size.
Implementation of the molecular-clutch model. Base model. The present 
implementation of the molecular-clutch model is based on a model that has been 
described in detail11, which was in turn based on previous implementations22–24. 
Briefly, the model considers a given number of myosin molecules, nm, pulling 
on an actin fibre, which in the absence of load contracts at a rearward speed vu. 
The substrate is represented by a set of ligands nl (here, cRGD-functionalized 
gold  nanodots) connected to springs representing substrate elasticity. The actin 
fibre binds to ligands dynamically through molecular clutches, which  represent 
a  complex containing an adaptor protein and integrin. Those clutches have 
 characteristic on and off rates kont and koff. The off rate (in units of s−1) depends 
on force as a catch bond, which we modelled according to reported experimental 
values for the strength of fibronectin–α 5β 1 bonds41. kont (in units of μ m2 s−1) is 
the true on-rate for each ligand, which must be multiplied by the available density 
of integrins (dint) to provide an effective on rate kon with units of s−1. The model is 
implemented as a Monte Carlo stochastic simulation that starts with all clutches 
disengaged and actin flowing freely. As the simulation progresses and clutches 
engage, they pull on the substrate, loading force on the clutches and affecting koff. In 
addition, force exerted by the substrate on actin slows the myosin motors linearly, 
which are assumed to stall and stop completely at a force of nm ×  Fm, where Fm is 
the stall force of an individual motor. To model mechanosensitive adhesion growth 
(reinforcement), if individual clutches exceed a given force threshold, Fthreshold, 
before disengaging, integrins are recruited. This is implemented by increasing dint 
by a factor dadd. In previous work, we identified this mechanosensitive event as the 
unfolding of talin10. The simulation is run for 100 s with time steps of 2 ms, and 
run 20 times per condition to obtain average results.
Model expansion. To the model described previously and summarized above, we 
added two main features to model the effect of substrate spacing and distribution. 
First, we simply introduced a maximum value for dint (dint,max) to model the fact 
that integrin recruitment has a physical limit. To calculate a parameter that is pre-
dictive of adhesion size, in simulations we multiplied dint by the fraction of bound 
clutches. To compare this with experimental adhesion lengths, we scaled model 
predictions for cells on 100-nm substrates as a function of rigidity to fall between 
the maximum and minimum experimental values. All other conditions were scaled 
by using the same 100-nm reference to retain the relative differences predicted by 
the model. The second and most important new feature was an improvement of 
the elastic characterization of the system. In our previous models, the substrate 
was modelled simply as a set of ligands connected to each other with a rigid rod, 
which was in turn connected to an elastic spring. Whereas this effectively modelled 

 substrate rigidity, deformation in all ligands was always the same; it did not allow us 
to model the elastic coupling between ligands—that is, the fact that a force applied 
to a ligand will deform neighbouring ligands to a lesser extent as the distance 
increases. To introduce this, we modelled the substrate not as a single spring, but as 
a network of springs, where each ligand had a spring connecting it to the substrate 
(ksub) and one connecting it to neighbouring ligands (klink) (Fig. 2a). For each 
ligand, its force, Fi, and displacement from rest position, xi, were then calculated as:

= − − + −− +F k x k x x k x x( ) ( )i sub i link i i 1 link i 1 i

At each time step, bound ligands were displaced by the amount of actin movement 
during the step (providing a known xi), and unbound ligands were considered 
to be under zero load (providing a known Fi). This led to a system with nl  linear 
equations and nl unknowns, corresponding to the forces of bound ligands and the 
positions of unbound ligands. After resolving the system, the total force exerted 
by all ligands was calculated. The degree of mechanical coupling between ligands 
(modelled by klink) will depend on how forces are transmitted between nanobeads 
both through the cell cytoplasm and through the polyacrylamide gels. Those 
nanoscale parameters are essentially inaccessible experimentally and thus klink 
values were merely adjusted to fit the data. Importantly, however, this approach 
correctly reproduced the fact that local forces will induce decreasing deforma-
tions as distance increases. To take into account the fact that the overall rigidity 
of the system depends on both ksub and klink, we used these values to calculate an 
 effective network constant, knet, corresponding to the spring constant obtained 
when pulling on one ligand connected to the entire network. We calculated knet 
as an iterative process as: 

= + + =− − −k k k k i(( ) ( ) ) for 2i sub link
1

sub
1 1

= + + ≤ ≤ /−
−

− −k k k k i n(( ) ( ) ) for 3 2–1i sub link
1

i 1
1 1

l

= + + = /−
/ −

− −k k k k i n2(( ) ( ) ) for 2nnet sub link
1

2 1
1 1

ll

The factor 2 in the last expression corresponds to considering the ligands both to 
the right and to the left of the one being pulled. Although this calculation corre-
sponds to the ligand at the centre of the system, we note that, with the  parameters 
used, knet quickly converged and was largely independent of either nl or ligand 
 position within the system. This knet was then used to calculate an equivalent 
substrate Young’s modulus by assuming a characteristic adhesion radius, r0, 
as described11,42. The same characteristic radius was used to convert the one- 
dimensional model output of force into tractions (force per unit area).
Model parameters and prediction. All model parameters and their origins are 
described in Extended Data Table 1. The same base set of parameters was used to 
model all conditions, and the different conditions were modelled by modifying 
only the relevant parameters in the relevant direction. Specifically, the effect of 
increased ligand spacing was modelled by decreasing the number of clutches, nl, 
and the coupling between ligands, klink. More precisely, both ksub and klink scaled 
with rigidity, and to model ligand spacing we altered their ratio (klink/ksub). The 
effect of disorder was modelled by introducing a different value of klink to each 
clutch, rather than a constant value. Following the long-tailed distribution of  
distances observed in Extended Data Fig. 4, we chose the values of klink to be 
 randomly distributed according to a Poisson distribution, with a peak corresponding  
to the value used in the ordered simulations. Of note, using a Gaussian rather than 
a Poisson distribution led to the same relative trends. Regarding model predic-
tions, those concerning adhesion formation and the effect of ligand distribution 
are discussed in the main text. However, an interesting point to add is that of 
the two parameters modified in the simulations (nl and klink/ksub), nl is the one 
responsible for shifting the optimal rigidity for adhesion formation, confirming 
previous analyses22,23. By contrast, klink/ksub serves to modulate the height of the 
peak. Predictions regarding rigidity and force/actin flow have been discussed 
extensively10,11,24. Briefly, in the absence of adhesion reinforcement and recruit-
ment, the molecular-clutch model predicts a biphasic force–rigidity relationship, 
in which forces first increase and then decrease with rigidity. The introduction of 
force-dependent reinforcement triggers adhesion growth and force increase above 
a rigidity threshold, reverting the downward force trend predicted at high rigidities. 
Depending on the specific threshold, reinforcement can eliminate the high-rigidity 
downward trend completely if the threshold is low (leading to a monotonically 
increasing force–rigidity curve), or only partially. In this case, the force–rigidity 
curve first increases, then plateaus or even decreases slightly, and then increases 
again because of reinforcement. We see both cases here: in ordered configurations 
(Fig. 2), we see the plateau; in disordered configurations (Fig. 3), the threshold is 
shifted to lower rigidities and we see a monotonic curve.
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study, and the Matlab code used to generate the computational model, are available 
from the corresponding author on reasonable request.
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Extended Data Figure 1 | Nanopattern swelling on gels. a, Scanning 
electron micrograph of a quasi-hexagonal 100-nm ordered pattern on a 
glass surface (from one of two independent experiments). b, Scanning 
electron micrograph of a quasi-hexagonal 100-nm ordered pattern on a 
polyacrylamide gel. c, Corresponding histograms showing the distribution 
of distances between nanodots and their first-order neighbours on glass 

and polyacrylamide substrates of rigidity 30 kPa (300 particles; two 
independent experiments). d, Corresponding quantification of mean 
distance between nanodots on polyacrylamide gels as a function of rigidity 
(n =  300 particles per condition; two independent experiments). Scale bar, 
200 nm.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Letter reSeArCH

Extended Data Figure 2 | Cell binding to nanopatterned substrates is 
specific to α5β1 integrins, cRGD, and nanodots. a, Images showing 
breast myoepithelial cells plated on 30 kPa substrates with ligand spacing 
of 50 nm, under conditions that either allow integrin-mediated cell 
binding (cRGD +  nanodots; top left) or do not (the remaining three 

images). RGE is a peptide with low affinity for α 5β 1 integrin; abα 5β 1 is 
an antibody that blocks α 5β 1 integrin. b, Corresponding quantification 
of the percentage spread of cells (n =  30/30/30/22 fields of view; three 
independent experiments). Scale bar, 100 μ m; * * * , P <  0.001. Error bars, 
mean ±  s.e.m.
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Extended Data Figure 3 | Further characterization of cell response 
to rigidity and nanodot spacing. a, Quantification of the fluorescence 
intensity of staining for phosphorylated paxillin (phospho-paxillin) at the 
cell edge (two different regions per cell; n =  10/10/11, 10/10/11, 10/11/11, 
10/10/11, 10/10/11, 10/10/11, 10/10/11, 10/10/11 cells on 50/100/200-nm-
spaced substrates and increasing rigidity; two independent experiments). 
The effect of both ligand spacing and rigidity was significant (P <  0.05; 
two-way ANOVA). Rather than measuring focal adhesions, this 
complementary measurement integrates phospho-paxillin recruitment in 
both adhesions and surrounding areas. The same trends were observed in 
Fig. 1e. b, Cell-spreading area (n =  13/13/11, 11/16/11, 11/19/11, 16/13/11, 
13/16/11, 13/14/11, 13/13/11 cells on 50/100/200-nm-spaced substrates 

as rigidity increases; two independent experiments). Although nanodot 
spacing did affect cell spreading, we note that, on the 50-nm- and 100-nm-
spaced substrates, the rigidities inducing adhesion formation and collapse 
are not associated with changes in cell spreading. c, Examples of cells 
transfected with GFP− paxillin, seeded on 30 kPa and 150 kPa substrates, 
with nanodots spaced 50 nm and 100 nm apart. The right-hand images of 
each pair correspond to rectangles marked in red in the left-hand image. 
d, Corresponding quantification of focal-adhesion length (ten adhesions 
per cell; n =  11/11, 10/10 cells for 50/100-nm-spaced substrates as rigidity 
increases; two independent experiments) * * , P <  0.005; * * * , P <  0.001, 
two-way ANOVA. Scale bar, 20 μ m. Error bars, mean ±  s.e.m.
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Extended Data Figure 4 | Effect of rigidity and nanodot spacing 
on different cell types and ligands. a, Staining of phospho-paxillin-
containing adhesions in myoepithelial cells, seeded on polyacrylamide 
substrates of different rigidities or on glass, with either 50-nm- or 100-nm-
spaced nanodots coated with the collagen-mimicking GFOGER peptide. 
Right-hand images are magnifications of the red rectangular regions in 
the left-hand images. b, Corresponding quantification of focal-adhesion 
length (mean of at least three adhesions per cell for n =  15 cells per 

condition; two independent experiments). c–h, As for panels a and b, but 
for different cell types (HUVECs, MEFs or MCF 10As) seeded on cRGD-
coated nanodots. At least three focal adhesions were analysed per cell. For 
50/100-nm-spaced substrates and increasing rigidity, n =  16/16, 16/15, 
15/16, 15/15 cells (HUVECs), n =  15/15, 16/15, 15/15, 14/14 cells (MEFs), 
and n =  15/15, 15/15, 15/15, 10/10 cells (MCF 10As); two independent 
experiments. Scale bars, 20 μ m. Error bars, mean ±  s.e.m.
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Extended Data Figure 5 | Adhesion collapse is not associated with 
changes in nanodot spacing between paxillin clusters. a, STORM 
super-resolution images of phospho-paxillin stainings in cells seeded on 
100-nm-spaced patterns on 30 kPa or 150 kPa gels. Left, overview images 
of different focal adhesions; scale bar, 5 μ m. Right, magnified images; scale 
bar, 300 nm. White circles show examples of phospho-paxillin clusters. 
Two independent experiments. b, Pair-correlation functions (g(r)) of 

phospho-paxillin clusters as a function of distance in different adhesions 
(marked with different colours). In all cases, a first peak is observed at 
around 100 nm, indicating the periodicity of the cluster pattern.  
c, Histogram showing the distances between neighbouring phospho-
paxillin clusters (n =  409 and 197 clusters for 30 kPa and 150 kPa 
substrates respectively; two independent experiments). No significant 
differences were observed.
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Extended Data Figure 6 | Spatial distribution of ordered and disordered 
nanopatterns. a, b, Scanning electron micrographs of ordered and 
disordered nanopatterns on glass for average nanodot spacings of 50 nm (a)  
and 100 nm (b). Two independent experiments. c, d, Histograms showing 

the distribution of interparticle distances for ordered and disordered 
patterns with spacings of 50 nm (c) and 100 nm (d) (n =  300 particles  
for all the conditions measured in two independent experiments).  
Scale bar, 100 nm.
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extended Data table 1 | Model parameters

Where indicated, data are from refs 10, 24, 41, 43–45.
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extended Data table 2 | Preparation details on micellar nanolithography

In disordered structures, *  and † refer to micellar and polystyrene solutions, respectively.
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extended Data table 3 | Polyacrylamide gel rigidities measured by atomic force microscopy
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