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Abstract: The ability of cells to follow gradients of extracellular matrix stiffness –

durotaxis– has been implicated in development, fibrosis and cancer. Durotaxis is 

established as a single cell phenomenon but whether it can direct the motion of cell 

collectives is unknown. Here we found that multicellular clusters exhibited durotaxis even 

if isolated constituent cells did not. This emergent mode of directed collective cell 

migration applied to a variety of epithelial cell types, and required the action of myosin 

motors and the integrity of cell-cell junctions. By extending traction microscopy to 

extracellular matrices of arbitrary stiffness profiles we showed that collective durotaxis 

originated from supracellular transmission of contractile physical forces. To explain the 

observed phenomenology, we developed a generalized clutch model in which local stick-

slip dynamics of cell-matrix adhesions is integrated to the tissue level through cell-cell 

junctions. Collective durotaxis is far more efficient than single cell durotaxis; it thus 

emerges as a robust mechanism to direct cell migration during development, wound 

healing, and collective cancer cell invasion.  

 

One Sentence Summary: Mechanical cooperation between cells enables an emergent 

mode of collective movement 
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Main Text: 

The ability of living cells to migrate following environmental gradients underlies a broad 

range of phenomena in development, homeostasis, and disease (1, 2). The best understood 

mode of directed cell migration is chemotaxis, the well-established ability of cells to follow 

gradients of soluble chemical cues (1). Some cell types are also able to follow gradients in 

the stiffness of their extracellular matrix (ECM), a process known as durotaxis (3–10). 

Durotaxis has been implicated in development (11), fibrosis (12) and cancer (13), but its 

underlying mechanisms remain unclear.  

 

Most of our understanding of directed cell migration has been obtained in single isolated 

cells. However, fundamental processes during development, wound healing, tissue 

regeneration, and some forms of cancer cell invasion are driven by directed migration of 

cell groups (14–16). Cell-cell interactions within these groups provide cooperative 

mechanisms of cell guidance that are altogether inaccessible to single cells (14–20). Here 

we investigated whether cell groups undergo collective durotaxis, and the cooperative 

nature of underlying mechanisms.  

 

Using stencils of magnetic PDMS, we micropatterned rectangular clusters (500 µm width) 

of human mammary epithelial cells (MCF-10A) on fibronectin-coated polyacrylamide gel 

substrates exhibiting uniform stiffness or a stiffness gradient (51 ± 17 kPa/mm, Fig. S1) 

(21). Upon removal of the PDMS stencil, clusters migrating on uniform gels displayed 

symmetric expansion (Fig. 1A,C,E,G, Fig. S2, Movie S1), whereas clusters migrating on 

stiffness gradients displayed a robust asymmetry characterized by faster, more persistent 

expansion towards the stiff edge (Fig. 1B-D-F-H, Fig. S2, Movie S1). This result was also 
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observed in clusters of Madin-Darby canine kidney epithelial cells and 3D spheroids of 

human epidermoid carcinoma cells (A431) (Fig. S3).  

 

Asymmetric expansion is not attributable to cell proliferation because it was unaffected by 

inhibition of cell division and because the number of divisions in the cluster was 

independent of substrate stiffness (Fig. S4). Importantly, it is also not attributable to 

additive contribution of single cell durotaxis, because single MCF10A cells did not durotax 

in isolation (Fig. 2A-C,E, Movie S2). Taken together, these data establish an unanticipated 

mode of collective durotaxis driven by an emergent property of the cell cluster.  

 

Even if single MCF10A cells did not durotax in isolation, they exhibited faster randomly-

oriented velocity on stiffer gels (Fig. 2D) (13). In a close-packed system, this feature could 

explain collective durotaxis because volume exclusion would force cells to move 

persistently away from the cluster at a higher speed on the stiffer edge. To test the 

contribution of this mechanism, we perturbed cell-cell junctions independently of close 

packing by knocking down -catenin using siRNA. As control cells, isolated cells depleted 

of -catenin migrated faster on stiffer regions but did not durotax (Fig. S5A-D). Unlike 

control clusters, however, close-packed clusters depleted of -catenin expanded nearly 

symmetrically (Fig. 2F-I, Fig. S5E-M, Movie S3), thereby indicating that cell-cell 

adhesions are required for collective cell durotaxis. These findings rule out mechanisms 

solely based on local stiffness sensing and point to a long-range mechanism involving cell-

cell adhesion.  
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We next studied whether this long-range mechanism involves transmission of physical 

forces across the cluster. To this end, we implemented a generalized traction force 

microscopy (TFM) algorithm to map forces exerted by cells on substrates with arbitrary 

stiffness profiles (Supplementary text 1). Clusters migrating on uniform gels (Fig. 3A,C, 

Movie S4) and on gradient gels (Fig. 3B,D, Movie S5) exhibited similar traction force 

maps. Highest tractions were localized at the edges and pointed towards the midline of the 

cluster, whereas relatively lower tractions in the bulk showed no particular orientation. To 

average out fluctuations and retain systematic traction patterns we computed x-t 

kymographs of traction component Tx (Fig. 3I-J). Kymographs on uniform and gradient 

gels revealed two traction layers of similar magnitude and opposite sign at both edges of 

the clusters, and negligible average tractions in the bulk. Interestingly, soft edges had 

similar cell-substrate forces than stiff edges but smaller and denser cell-matrix adhesions, 

consistent with previous findings that force levels are not necessarily linked to a specific 

adhesion size (Fig. S5) (22). Unlike traction forces, substrate displacements on gradient 

gels were nearly one order of magnitude higher on the soft edge than on the stiff one (Fig. 

3E,F,K,L, Movies S4-5).  

 

To compute force transmission within the monolayer, we used Monolayer stress 

microscopy (MSM) and focused on the normal component of the stress tensor in the 

direction of expansion xx (23, 24), which we hereafter refer to as intercellular tension (Fig. 

3G-H, Movies S4-5). Kymographs showed that intercellular tension increased up to a 

plateau within the first few cells at the monolayer edges and then remained roughly 

constant in the monolayer bulk (Fig. 3M,N).  

 



-6- 
 

Together, our force measurements establish that the monolayer expands by generating 

contractile traction forces of equal magnitude at both edges, and that these forces are 

transmitted across the cluster. To explore how this physical scenario might lead to 

collective durotaxis we developed a model that integrates clutch-like cell-ECM dynamics at 

focal adhesions (22, 25–27), long-range force transmission through cell-cell junctions, and 

actin polymerization at monolayer edges (Fig. 4A,B, Supplementary text 2). For a 

monolayer attached to a substrate of uniform stiffness the model predicts symmetric 

expansion; actin polymerization exceeds acto-myosin contraction to the same extent on 

both edges. By contrast, on stiffness gradients the substrate deforms and opposes 

polymerization more on the soft edge, tilting monolayer expansion towards the stiff one 

(Fig. 4B).  

 

We next used the model to produce testable predictions. Firstly, the model predicts that 

durotaxis should decrease when reducing the difference in substrate deformation between 

the soft and stiff side. We confirmed this by reducing the slope of the stiffness gradient 

(Fig. 4C,D), seeding clusters on progressively stiffer regions of the gradient gels (Fig. 

4C,D), reducing cluster size (Fig. S7), inhibiting myosin contractility with blebbistatin (Fig. 

4E-H, Fig. S8), and reducing cell adhesion by decreasing fibronectin coating (Fig. S9). 

Notably, clusters placed one the softest region of the gradient, where the model predicts 

highest durotaxis, exhibited directed migration towards the stiff edge as a single unit rather 

than asymmetric expansion (Fig. S10). Secondly, impairing long-range force transmission 

should abrogate durotaxis. This prediction was confirmed by knocking down α-catenin 

(Fig. S11, Movie 6) and by laser-ablating clusters in the direction parallel to the midline 

(Fig. S12), which drastically reduced both intercellular force transmission and durotaxis. 
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Thirdly, the clutch mechanism implies that actin retrograde flow should be faster on the 

soft edge, and that the differences between edges in the speeds of actin flow and monolayer 

expansion should be of the same order. This was indeed verified (Fig. S5). Finally, the 

model predicts that in response to an extremely steep gradient, even single cells should 

generate sufficiently large differences in substrate deformation between their leading and 

trailing edges to enable durotaxis. As predicted, single MCF10A cells exhibited weak but 

significant durotaxis in response to a step gradient (433 kPa/mm, Fig. S13). Given the close 

agreement between model predictions and experiments, we conclude that local stiffness 

sensing at the cluster edges and long range force transmission through intercellular 

junctions are sufficient to explain the phenomenology of collective cell durotaxis.    

 

Recent experimental and theoretical research has emphasized that some collective systems 

are more effective at responding to environmental gradients than their isolated constituents 

(19, 20, 28). This emergent phenomenon, often alluded to as “collective intelligence”, has 

been observed in cell clusters during chemotaxis (19, 20), fish schools during phototaxis 

(28), and humans groups during online gaming (29). In the context of these phenomena, 

collective durotaxis is unique in that very same machinery that senses the attractant -the 

actomyosin cytoskeleton- is responsible for propulsion towards it. As such, collective 

durotaxis might be the most rudimentary and perhaps most primitive mechanism by which 

a collective living system responds to a gradient. Rudimentary or not, collective durotaxis 

is robust, general, and dramatically boosts single cell responses, providing a new 

mechanism to organize directed cell migration during development, wound healing and 

collective cancer cell invasion. 
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Figure legends: 

Fig. 1.  Cell clusters display durotaxis. (A) A representative cell cluster expanding on a 
soft uniform gel of 6.6 kPa. Gray transparent area indicates initial cluster position (t=0h) 
and phase contrast image shows the cluster at 10h. Gray lines indicate cluster edges at 10h. 
(B) Example of a cell cluster expanding on a gradient gel. Gel stiffness increases towards 
the right of the panel. Numbers at the bottom indicate Young's modulus values measured 
with AFM. (C-D) Individual cell trajectories corresponding to the experiments displayed in 
panels A and B, respectively. Color coding indicates mean cell speed for every track. (E–F) 
Distribution of the angle  between the instantaneous velocity vector and the x-axis (see 
inset) for the experiments displayed in panels A and B, respectively. (G-H) x-t kymographs 
of cell speed corresponding to the experiments displayed in panels A and B, respectively. 
Dashed lines indicate initial cluster position. Kymographs were computed by averaging the 
speed of individual trajectories in the x direction over the y coordinate for every time point 
(methods). 
 
 
Fig. 2. Collective durotaxis is an emergent phenomenon. (A) Phase contrast image of 
MCF-10A cells seeded at low density on a gradient gel. Gel stiffness increases towards the 
right of the image. Numbers at the top of the panel indicate Young's modulus values 
measured with AFM. (B) Trajectories of individual cells located in different regions of the 
gradient gel. For the two regions of the gel, trajectories are plotted with the same origin. 
Color coding indicates mean cell speed. Mean tactic index (C) and mean speed (D) of 
single cells located in different regions of the gradient gel (see methods). Horizontal gray 
bars indicate the stiffness range of each bin. Error bars are SD of n=9-41 cells. (E) Angular 
distributions of cell trajectories in different regions of the gradient gels. Example of a 
control cluster (F) and a cluster depleted of α-Cat (G) expanding on a gradient gel. Gray 
area indicates initial cluster position (t=0h) and phase contrast image shows the cluster at 
10h. (H–I) Angular distributions of cell trajectories for experiments shown in panels F and 
G, respectively. n=5 control and n=7 siRNA α-Cat treated cell clusters with similar 
stiffness conditions (control and stiffness offset was 47.2 ± 11.9 (mean ± SD) and 
39.5 ± 7.3, respectively). 
 
 
Fig. 3. Traction force microscopy on gradient gels shows long range intercellular force 

transmission within the clusters. (A-B) Phase contrast images of clusters migrating on a 
uniform gel (A) and on a gradient gel (B). (C-D) Maps of the traction component Tx for the 
clusters depicted in A-B. (E-F) Maps of the substrate displacement component ux for the 
clusters depicted in A-B. (G-H) Maps of the intercellular tension component xx for the 
clusters depicted in A-B. (I-J) Kymographs of the traction component Tx corresponding to 
the conditions indicated in A-B. (K-L) Kymographs of the substrate displacement 
component ux corresponding to the conditions indicated in A-B. (M-N) Kymographs of 
intercellular tension component xx corresponding to the conditions indicated in A-B. See 
Supplementary Fig. S14 for all other components of tractions, intercellular stress tensor, 
and substrate displacements. 
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Fig. 4. A generalized clutch model predicts collective durotaxis. (A) The expanding cell 
monolayer is modeled as a one-dimensional contractile continuum that exerts forces on its 
underlying deformable substrate through discrete focal adhesions and viscous friction. (B, 
top) Each focal adhesion is modeled as a clutch. Actomyosin-driven contraction of the 
monolayer causes substrate deformation and actin retrograde flow according to the 
binding/unbinding dynamics of focal adhesion proteins under force. Substrate deformation 
is represented as a deformed discrete spring for simplicity but the model is continuum (see 
Supplementary text 2). (B, bottom) To maintain force balance across the monolayer after 
each myosin-driven contraction step, the substrate is pulled by a larger amount on the soft 
side (d1) than on the stiff side (d2), thereby tilting overall expansion towards the stiff side 
(dCM = d1–d2). (C) Model predictions. Durotaxis (quantified by the cluster center of mass 
translation after 10h) represented as a function of the initial stiffness of the center of the 
cluster (i.e. stiffness offset). (D) Experimental data. Durotaxis (quantified by the cluster 
center of mass translation after 10h) represented as a function of the initial stiffness of the 
center of the cluster (i.e. stiffness offset).  For steep (red, 56 kPa/mm) and shallow (blue, 14 
kPa/mm) gradients, horizontal bars indicate the mean values of the soft and the stiff edge. 
For uniform stiffness gels (orange), horizontal bars represent the stiffness SD of the gels in 
the group. Error bars are SD of n=3-9 clusters. (E) Example of a control cell cluster 
expanding on a gradient gel. (F) Example of a blebbistatin treated cluster expanding on a 
gradient gel. (G-H) Angle distribution of cell trajectories for control experiments (G) and 
blebbistatin (H).   
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Materials and Methods 

 

Cell culture 
MCF10A cells were maintained in DMEM-F12 media (Life Technologies) supplemented 
with 5% horse serum, 100 U ml−1 penicillin, 100 μg ml−1 streptomycin, 20 ng ml−1 EGF, 
0.5 mg ml−1 hydrocortisone, 100 ng ml−1 cholera toxin and 10 μg ml−1 insulin. MCF10A 
cells expressing H2B-GFP as a nuclear marker was a kind gift from G. Charras (London 
Center for Nanotechnology, UK). MCF10A cells expressing H2B-RFP as a nuclear marker 
was a kind gift from G. Scita (IFOM-IEO Campus, Italy). MDCK strain II cells were 
cultured in DMEM media (Life Technologies) supplemented with 10% fetal bovine serum, 
100 U ml−1 penicillin and 100 μg ml−1 streptomycin. A431 cells were grown in DMEM 
media supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 ug/ml 
streptomycin. A431 cells were a kind gift from E. Sahai (Francis Crick Institute, UK).  
 
 
Fabrication of gradient and uniform polyacrylamide gels 
To generate polyacrylamide gels with a stiffness gradient, we adapted the slide–mask 
photopolymerization technique developed by Sunyer and co-workers (21). A 30 μl drop of 
an acrylamide mix (14% acrylamide, 0.94% bis-acrylamide, 0.75 mg ml−1 Irgacure, a 1:25 
dilution of a saturated solution of (−)riboflavin, 0.56% acrylic acid, and a 1:160 dilution of 
0.5 μm fluorescent beads, pH 8.0) was applied to a silanized (3-(trimethoxysilyl)propyl 
methacrylate)  glass bottom petri dish (P35-0-20, Mattek, USA). The solution was covered 
with a glass coverslip made hydrophobic by treatment with Repel Silane (General Electric, 
USA).  
 
Gradients were generated by initially covering the acrylamide mix solution with an opaque 
mask and then slowly sliding it at a controlled speed while irradiating with a UV bench 
lamp of 365 nm placed at a distance of 6 cm (UVP, USA). The mask was slid using a 
LabView-controlled (NI, USA) piston of an automatic syringe pump machine (Harvard 
Apparatus 22, USA). The clamps holding the glass bottom dish and the mask were 
designed with the opensouce software openScad and 3D printed with a Felix 3.0 printer 
(FelixRobotix, NL). To ensure complete polymerization, the mask was first slid at a speed 
of 500 μm s−1 for 4 s (uncovering an area for the initial nucleation in the polymerization 
reaction), and then at 30 μm s−1 for 240 s to produce the steep stiffness gradient gels. 
Shallow gradient gels were produced by sliding the mask at 60 μm s−1 for 185 s. After gel 
photopolymerization, the hydrophobic glass coverslip was removed and the gel was washed 
with PBS thoroughly to remove unreacted reagents. Every gel was measured with AFM 
after completing the experiment. 
 
Uniform stiffness polyacrylamide gels were fabricated with the same acrylamide mix 
solution used to produce stiffness gradients. Instead of polymerizing the solution with the 
slide–mask technique, we illuminate it homogeneously for a brief period time (from 1min 
15s to 1min 40s, at a distance of 1.5 cm from the lamp). This irradiation time ensured a 
partial polymerization of the solution with final gel rigidities ranging from 5 kPa to 70 kPa. 
We observed that small differences in the irradiation time (>5s) produced stiffness 
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differences of tens of kPa. Therefore, the stiffness of every uniform stiffness gel was 
measured with AFM after completing the experiment.  
 
Gel Functionalization 
To promote cell adhesion, fibronectin was covalently linked to the gradient and the uniform 
gels by crosslinking carboxyl to amine groups. Briefly, gels were immersed in a solution of 
EDC (0.2 M, (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride), 
Calbiochem) and NHS (0.1 M, N-hydroxysuccinimide, Sigma-Aldrich) in a MES buffer 
(0.1 M in milliQ water, pH 5.0, 2-(N-morpholino)-ethane sulfonic acid, Sigma-Aldrich) for 
20 min at room temperature. Subsequently, gels were rinsed with PBS and incubated with 
0.1 mg/ml of fibronectin for 1h at 37ºC.  Next, we washed the gels 3 times with PBS and 
we incubated them for 15 min with ethanolamine (0.32% in PBS, Sigma-Aldrich) to 
quench the crosslinking reaction.  After washing 3 more times with PBS, gels were stored 
at 4ºC before use.   
 
Fabrication of magnetic PDMS stencils 
Cells were confined to islands with magnetic PDMS. This technique consists in fabricating 
magnetically attachable stencils made of a mixture of PDMS and magnetite. A magnet 
underneath the sample secures the magnetic PDMS stencil on the wet polyacrylamide gel 
while preserving gel protein coating. Briefly, magnetic PDMS was made by mixing 
thoroughly base and crosslinker in a 10:1 proportion and then adding 20% (w/w) of 
magnetite (Fe3O4, INOXIA Ltd, UK). The mold to fabricate stencils with the magnetic 
PDMS was made by exposing UV curable nail polish (Sina, UV gel, China) assembled 
with a transparency mask and exposed to a well-collimated UV laser (488 nm, 
CrystalLaser, USA). Once poured into the mold, magnetic PDMS was cured at 65ºC 
overnight. Magnetic PDMS was stored in 70% ethanol after being released from the mold.  
 
Cell patterning on soft substrates 
Magnetic PDMS stencils were air-dried, cleaned with an ozone oven (Novascan Ozone 
Cleaner, USA) and passivated overnight with a sterile solution of 1% Pluronic and 1% BSA 
in PBS.  Before use, magnetic PDMS was washed three times with PBS and air-dried.  
Cells were confined to islands by placing the magnetic PDMS on top of a gradient or a 
uniform gel. To secure the magnetic PDMS stencil, we placed a neodymium magnet 
(Calamit, Italy) underneath the glass-bottom dish with the help of a magnet holder designed 
and 3D printed in our lab.  30,000 cells in 20 µl media were added to the hollow region 
defined by the magnetic PDMS stencil. After 1h, more media was added to prevent 
evaporation. 20h hours after seeding the cells, 2 ml of medium was added and the magnetic 
PDMS stencils were carefully removed with sterile tweezers before the beginning of the 
experiment. 
 
Fluorescent time-lapse imaging of cell migration 
Fluorescent time-lapse imaging was performed on an automated inverted microscope (Ti-E, 
Nikon, Japan) equipped with thermal, CO2 and humidity control, using MetaMorph 
(Universal Imaging) software. Time-lapse recording started approximately 1h after 
removing the magnetic PDMS stencil. The interval between image acquisitions was 10 min 
and a typical experiment lasted between 10 and 15h. During this time we imaged the cells 
(phase contrast), the fluorescent beads embedded in the gel, and the fluorescent cell nuclei. 
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To capture the full width of the expanding cell monolayer, two images were acquired at 
10× for every time point, approximately overlapping laterally by 20%. Finally, we 
trypsinized the gels and we obtained a final image of the relaxed position of the beads 
(reference image). 
 
Image analysis  
Fluorescent time-lapse images were accurately stitched with subpixel resolution using Fiji 
software plugin Pairwise Stitching. We then use a custom-made Matlab script to align and 
register all images with respect to the reference image. The leading edges of the expanding 
monolayer were automatically detected by applying a unimodal threshold  to the histogram 
of the phase contrast images. Gel displacements were computed using custom-made 
particle image velocimetry software on the fluorescent bead images. The interrogation 
window was 32 × 32 pixels with a window overlay of 0.5. The pixels of the resultant 
displacement map had an area of 108.16 µm2.  
 
Nuclei tracking 
Individual fluorescent nuclei movement was tracked by means of Fiji using the TrackMate 
plugin. Cell trajectories were imported in Matlab using the function developed by the Jean 
Yves Tinevez and analyzed with custom-made scripts.  
 
Quantification of speed and persistence of cell clusters 
Let ߬ be the total recording time of an experiment and ∆ݐ ൌ ௞ݐ െ  ௞ିଵ the time intervalݐ
between two consecutive images. Over the time period 	߬, a cell i within a cluster moves ࢘௜ ൌ ∑ ∆࢘௜,௞௞ ൌ ∑ ൫∆ݔ௜,௞ , ௜,௞൯௞ݕ∆ , being ∆ݔ௜,௞ and ∆ݕ௜,௞ the distance travelled between the 
time ݐ௞ and the time ݐ௞ାଵ. We define the speed along the x axis at time ݐ௞ as ݒ௫,௜ሺݐ௞ሻ ൌ∆ݔ௜,௞/∆ݐ. We define persistence at time ݐ௞ as ݌௜ ൌ ∑ ௜,௞௞௞ିହݔ∆ ∑ ห∆࢘࢑,࢏ห௞௞ିହൗ . After 
appropriate averaging of ݒ௫,௜ and ݌௜ over the cell population, both variables are represented 
as kymographs (see section Kymographs below). Note that speed and persistence as 
reported in kymographs are signed variables. 
 
For comparisons, speed and persistence were computed as unsigned variables (unlike 
kymographs). The average speed of cell i was computed as ݒ௜ ൌ ∑ ห∆ݎ௜,௞ห௞ ߬⁄ . The 
persistence of cell i was computed as ݌௜ ൌ  ௜,௘ is the Euclidean distanceܮ ௜,௖, whereܮ/௜,௘ܮ
travelled by the cell and ܮ௜,௖ is the contour length of its trajectory. 
 
To perform statistical comparisons between regions within clusters, cellular speed and 
persistence at the soft and stiff edge of the cluster (Fig. 1P-Q) were averaged by dividing 
the area of the cluster at t = 0h into 3 adjacent regions (left, center, right). Tracks originated 
within the left region were counted as soft edge tracks. Tracks originated within the right 
region were counted as stiff edge tracks.  
 
Tactic index of isolated cell tracks 
Tactic index (TI) of an isolated cell i was calculated using the equation (4):  
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∑௜ൌܫܶ ௜,௖ܮ௜,௞௞ݔ∆  

 
Kymographs 
For each pixel in the monolayer, we computed the distance to the closest leading edge. 
Next we computed the median values of velocities, persistence, tractions, monolayer 
stresses, and substrate displacements of all pixels located at a given distance from the 
leading edge. These median values were then represented on a unidimensional segment 
whose width was the mean width of the monolayer. This operation was repeated for each 
experimental time point. 
 
Stiffness gradient profile measured with Atomic Force Microscopy  
All gradient and uniform gels used in this study were mapped individually using an Atomic 
Force Microscope (AFM). Briefly, we used a custom-built AFM attached to an inverted 
optical microscope (Ti-Eclipse, Nikon) as described previously (30). Gels were indented 
with a V-shaped cantilever (Bruker) with a triangular tip. Given the wide stiffness range of 
the gels, we used a nominal spring constant of k = 0.03 N m−1 to ensure that for all 
measurements, cantilever deflection was within the linear detection range of the AFM. 
Cantilever spring constant was calibrated by a thermal fluctuation method. The relationship 
between the photodiode signal and cantilever deflection was computed from the slope of 
the force displacement curve obtained at a bare region of the coverslip (without gel 
sample). For each sample, we acquired 5 force–displacement (F–z) curves (where F = kd, d 
being the deflection and z being the piezotranslator position) by ramping the cantilever 
forward and backward at a constant speed (5 μm amplitude, 1 Hz and ~1 μm of 
indentation). Each experimental F–z curve was fitted to the four-sided pyramidal indenter 
model: ܨ ൌ ܧ tan2ߠଵ ଶ⁄ ሺ1 െ ଶሻߥ 	ଶߜ
where E is the Young’s modulus, ν is the Poisson’s ratio, θ is the semi-included angle of 
the pyramidal indenter, and δ is the indentation depth. The parameter ν is assumed to be 
0.5, and the indentation depth is calculated as δ = z – z0 – d, where z0 is the tip–gel contact 
point. E and z0 were estimated by least-squares fitting of this equation to the F–z curve 
recorded on each gel point. We measured Young’s modulus of the gel every 200 μm along 
the axis of maximum gel stiffness change. 

 

Perturbation of cell–cell adhesions 
Cell-cell adhesions were perturbed using the SMARTpool reagents to knock down α-
catenin (CTNNA1) as described in (24). siRNA transfection was performed by mixing 
Lipofectamine RNAiMAX with 100 picomoles of a pool of 3 siRNAs and 200,000 freshly 
trypsinized MCF10A cells (24). Cells were then seeded on 6-well plates. Five days after 
transfection, cells were trypsinized and seeded on stiffness gradient gels.  
 
Inhibitor reagents 
Blebbistatin (Sigma-Aldrich) was used at a concentration of 40 µM.  
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A431 spheroid assay 
Cell aggregates were obtained by seeding 5,000 A431 cells on a Ultra Low Attachment 96-
well round-bottomed plate (Corning, NY) in a total volume of 200μl of complete media. 
After 2 days of culture, 500μm diameter spheroids were seeded on the fibronectin-coated 
gradient gel overnight at 37ºC. Spheroid position within the cluster was achieved with 
magnetic PDMS stencils. 
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Supplementary Text 1 

 
 
Traction Force Microscopy (TFM) on substrates with non-uniform stiffness 
 

Epithelial cell monolayers analyzed in this study migrate on fibronectin-coated 
polyacrylamide gel substrates polymerized on top of glass coverslips. As a consequence of 
the forces exerted by the monolayers, the substrates deform elastically. The goal of TFM is 
to recover cell-substrate tractions from the measured substrate displacements (31). Several 
methods have been described to achieve this goal but they have thus far been applied to 
substrates of uniform stiffness or with sinusoidal perturbations on the substrate stiffness (9). 
Here we generalize TFM to substrates of arbitrary stiffness profiles. 
 
To that end, domain D={x=(x, y, z) | 0  x  Lx, 0  y  Ly, 0  z  H} denotes the 
hexahedral substrate region either occupied by the entire gel or analyzed by the microscope. 
Adherence of the gel substrate to the glass coverslip mathematically translates in a 
boundary condition on the displacement u(x) at the bottom bottom ={(x, y, z)∊D | z=0} as ࢛ሺ࢞ሻ|݉݋ݐݐ݋ܾ߁ ൌ ૙. Cell monolayer exerts a traction field t on the top surface top ={(x, y, 

z)∊D | z=H}. Gel domain D is assumed to satisfy the following boundary value problem: 
 

·	࣌ =0,  x  int(D)   (Cauchy equilibrium equation);                               (1) 
 

u=0,  x  bottom; ࣌n=t,  x  top;                                                                                              (2) ࣌n=0,  x  lateral; 
 

where ࣌ is the Cauchy stress tensor, n the external normal to D, and lateral ={(x, y, z) | x=0 
 x= Lx  y=0  y=Ly}. It is worth noticing that tractions on the lateral boundary lateral 
may not be exactly zero when the actual gel extends beyond D. This happens, for instance, 
when D corresponds to the imaging field of a microscope focused on a subdomain of the 
actual gel substrate. In such cases, the approximation error becomes smaller as D increases 
in size to cover the entire gel substrate. 
 
Constitutive law of the linear elastic gel substrate reads: 
 ࣌ =tr(ࢿ)2 + ࢾࢿ 
 
where ࢾ is the second order unit tensor, 0.5=ࢿ(u + uT) the strain tensor, and (,) the 
Lamé material parameters. These parameters are not necessarily constant. 
 
We discretize the domain D in nx, ny, nz intervals along the x, y, and z directions 
respectively. The corresponding mesh is made of nx ny nz identical hexahedra (finite 
elements), as shown in Fig. S15.  
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Standard finite element procedures allow us to approximate the solution of the boundary 
value problem in (1)-(2) as the solution of the system of equations 
 

Ktoputop + Kinuin=AMt                                                                                                                                           (3) 
 
where: utop is the set of nodal displacements at the top boundary top; uin is the set of 
displacements at all nodes of D except those belonging to top and bottom, that is D\(top 
bottom); and vector t contains cell tractions at the nodes in top. Matrices Ktop and Kin are 
standard stiffness matrices that couple all the degrees of freedom (dof) of the nodes not in 
bottom, with respectively the dof at top and D\(top bottom). They have dimensions 
[dim(uin)+dim(utop)]×dim(utop) and [dim(uin)+dim(utop)]×dim(uin), respectively. Matrix A is 
a permutation matrix with dimension [dim(uin)+dim(utop)]×dim(t), indicating the loaded 
nodes, and M is the mass matrix with unit density associated to top and of dimensions 
dim(t)×dim(t). Such quantities explicitly read: 
 

Kij=׬ ሺߣ஽ સ ௜ܰસ ࢀ࢐ܰ ൅ ሺસߤ સࢀܰ࢏ ௝ܰ۷ ൅ 	સ ௜ܰસ  ;ሻሻܸ݀ࢀ࢐ܰ
 

Aij=൜ ۷	, if	node	݅	 ൌ node	݆ ∈ ,	௧௢௣૙߁ otherwise																											 ; 
 

Mij=	۷ ׬ ሺ௰೟೚೛ݎ݌ ௜ܰሻݎ݌൫ ௝ܰ൯݀ܵ. 
 
where I is the identity matrix, Ni (x) is the shape function of node i and pr(Ni) is the 
projection (or trace) of Ni (x) on the boundary top.. Vector સ ௜ܰ is the gradient of shape 
function ௜ܰ with respect to the coordinates (x, y, z). 
 
The Traction Force Microscopy technique we implement here resorts to the solution of the 
inverse finite element problem to compute the traction field t from a set of displacements 
utop measured on top. This traction field t is obtained by searching a vector t that satisfies 
the discrete mechanical equilibrium equation (3) in a least-squares sense. This is 
mathematically equivalent to solving the minimization problem, 
౟౤ܝ,ܜܖܑܕ  	||۹୲୭୮ܝ୲୭୮ ൅ ۹୧୬ܝ୧୬ െ  ૛,                                                                     (4)||ܜۻۯ

 
The traction t and displacement uin that optimally satisfy equation (4) can be computed by 
solving the system of equations: 
 ۹୘۹൜ܝܜۻ୧୬ൠ ൌ ۹୘۹୲୭୮ܝ୲୭୮                                                                                                                                (5) 

  
where K=[A –Kin]. It is worth noticing that equation (4) does not resort to any 
regularization term such as p||t||2, with p a penalty parameter to be determined. This is due 
to the uniqueness of the solution of equation (5), which is guaranteed whenever dim(t) 
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dim(utop) – as it is the case in our examples. The system of equations in (5) may be solved 
through the staggered procedure (32): 
 ۹୧୬୘ ୧୬ܝܖ۹ܑ ൌ ۹୧୬୘ ۹୲୭୮ܝ୲୭୮	ܜ ൌ ୲୭୮ܝ୘൫۹୲୭୮ۯଵିۻ ൅ ۹୧୬ܝ୧୬൯                                              (6) 

 

where ۹୧୬ ൌ ሾ۷ െ  ୘ሿ۹୧୬. The advantage of this procedure is that the matrix of theۯۯ
system of equations in (6), Matrix ۹୧୬܂  is well–conditioned as far as the direct finite ,ܖ۹ܑ
element equations in (3) are also well-conditioned. These may be not the case if the aspect 
ratio of the elements or the differences in the material properties is too large. Conditioning 
did not affect the accuracy of the results in our tests. 
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Supplementary Text 2 

Generalized Clutch Model description 
 
Recent research has successfully explained the dynamics of cell-matrix interactions through 
the so-called clutch models (22, 25, 27). These models have been particularly successful at 
explaining how the protrusive edge of single cells is able to sense substrate stiffness (22, 
25, 27). It was unclear, however, how clutch models can be expanded to single cells or 
monolayers with a leading and a trailing edge or, more generally, to cell clusters. Here we 
developed such generalized model. We started with a model considering only local clutch 
dynamics, which we implemented and detailed in a previous publication (27).  Then, we 
built upon that work to implement a general model that includes long-range force 
transmission, actin polymerization and cell-substrate friction.  
 
The model is composed by the cell monolayer, the ECM, and adaptor proteins that bind 
them. It considers cell monolayers as 1D truss elements composed of three parts (Fig. 
S16A). The first part is a central contractile rod where myosin molecular motors apply 
forces that contract actin filaments. The second part consists of two adhesive zones flanking 
the contractile part, which bind to the ECM via discrete particles called adhesion complexes 
(ACs). Those represent the different adaptor proteins (such as talin, vinculin, paxillin, and 
integrins) that bind actin to the ECM (33). Finally, there is a protrusive part at each 
monolayer edge, where actin monomers polymerize. This approach thus simplifies the 
system by considering only the spatial direction along the stiffness gradient, and by 
assuming that force is transmitted fully through cell-cell contacts at the monolayer bulk, 
and to the ECM only at monolayer edges. These simplifications are in line with 
experimental design, and with the observation that forces are on average transmitted to the 
substrate only at monolayer edges (Fig. 3I-J). We next summarize the different elements of 
the model and we discuss the numerical implementation of the simulations.    

Cell monolayer 
 
The central contractile part of the monolayer was modelled as a long truss element with 
length Lcontractile and section Acontractile on which myosin exerts a constant contractile force 
Fm, pulling on the adhesive and protrusive parts. The elastic modulus of the contractile part 
(Econtractile(t)) is arbitrarily set so that when myosin contracts the truss, the known inverse 
relationship between force and actin retrograde speed is reproduced. To this end, 
Econtractile(t) is set at each time step so that contraction produced by Fm results in the 
maximum contraction speed (vcontraction,max) when divided by the duration of each time step 
of the model: ܧ௖௢௡௧௥௔௖௧௜௟௘	ሺݐሻ ൌ ி೘	∙௅೎೚೙೟ೝೌ೎೟೔೗೐ሺ௧ሻ௩೎೚೙೟ೝೌ೎೟೔೚೙,೘ೌೣ∙୼௧∙஺೎೚೙೟ೝೌ೎೟೔೗೐     (7) 

 
Then, actual contraction speed at each time step is determined by the force balance between 
the myosin pulling force Fm and the opposing force exerted by the substrate through the 
clutches, ܨ஺஼: 
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ሻݐ௖௢௡௧௥௔௖௧௜௢௡ሺݒ ൌ ሺி೘షிಲ಴ሺ௧ሻሻ	∙௅೎೚೙೟ೝೌ೎೟೔೗೐ሺ௧ሻா೎೚೙೟ೝೌ೎೟೔೗೐	ሺ௧ሻ∙஺೎೐೗೗∙୼௧      (8) 

 
 
Hence, if there are no ACs connected to the substrate, transmitted force is zero (ܨ஺஼ ൌ 0), 
and retrograde actin flow speed vcontraction is maximum and equal to vcontraction,max. As ACs 
connect the cell to the ECM, transmitted force increases and opposes contraction, stalling 
myosin and actin movement when it reaches Fm. The adhesive part is composed of a set of 
actin monomers, homogeneously separated between them (dact). We arbitrarily assign a 
very high elastic modulus to this part (Eadhesive) to avoid deformation, and its initial length 
depends on the initial number of actin monomers, nam. The polymerization part is located at 
the cell edge and grows at a fixed velocity (vgrowth). The adhesive part is the only one where 
we explicitly model actin monomers. In each time step, those move rearward with speed 
vcontraction, and allow dynamic binding and unbinding of one AC at a time. To model 
retrograde actin flow across the different parts, every time the polymerization part grows by 
dact  one monomer is transferred to the adhesive part, shrinking the polymerization part to 
its original length. Analogously, when the contractile part shrinks by 2 dact (one monomer at 
each side), a monomer is removed from the two adhesive parts and transferred to the 
contractile part, which grows back to its original length.    
 
Therefore, we note that Econtractile and Eadhesive merely serve to reproduce a contractile, stiff 
actin filament and are not meant to represent actual values of cell stiffness. 
 
Substrate 
 
The substrate is simulated as a set of truss elements with total length Lsub, and a section 
Asub. Note that Asub does not match the gel section in experiments since displacements 
observed in experiments occur not through the entire gel substrate depth but only near the 
surface. The substrate contains a set of ligand points, which serve as anchoring points for 
the ACs and are separated a fixed distance, dlig. To model the different stiffness gradient 
conditions, the stiffness of each truss element Esub (between ligands) is different depending 
on its spatial location.  
 
 
Adhesion complexes (ACs) 
 
ACs are modeled as non-symmetric bars in which one end binds to the actin monomers and 
the other one to the ligands. ACs can thus be completely free and moving according to 
Brownian dynamics, bound only at one edge, or bound at both edges. Force transmission 
between cell and substrate only occurs in the latter case. Brownian dynamics of free ACs 
are governed by the Langevin equation (34), in which inertial effects can be neglected. If 
we consider the i-th AC, 

 ௗ࢘࢏ௗ௧ ൌ ଵక೔  ௜஻        (9)ࡲ	
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where ࢘௜ corresponds to the current position of the AC, ߦ௜	is the drag coefficient, and ࡲ௜஻ is 
a stochastic force. In order to satisfy the fluctuation-dissipation theorem, the stochastic 
force, ࡲ௜஻ is chosen from a random distribution verifying the following expectation values: 
〈ሻݐ௝஻ሺࡲሻݐ௜஻ሺࡲ〉  ൌ ଶ௞ಳ்క೔࢐࢏ࢾ௱௧  (10)         ࢾ

〈ሻݐ௜஻ሺࡲ〉  ൌ 0, 
 
where ݇஻ is the Boltzmann constant, T the absolute temperature, ߜ௜௝ is the Kronecker delta, ࢾ the second order unit tensor and ∆ݐ	the time increment considered in the simulation. We 
considered for simplicity that the geometry of the AC corresponds to a sphere with drag 
coefficient ߦ஺஼ ൌ  ஺஼ being the radius of the sphere and  the viscosity ofݎ ஺஼, withݎߟߨ6
the medium (35). 
 

Binding and unbinding of ACs from actin and the substrate were modelled through binding 
rates kbind and unbinding rates ݇௨௕௖௕ . Binding rates were modelled according to the Bell 
equation as a function of the distance between them:  
 ݇௕௜௡ௗ ൌ ݇௕௜௡ௗ଴ expሺെߣ௕௜௡ௗ ⋅ ݀௕ሻ,      (11) 
 
where ߣ௕௜௡ௗ is the mechanical compliance for creating the bond, ݇௕௜௡ௗ଴  is the zero-distance 
binding coefficient and ݀௕ is the distance between the adhesion complex and the closest 
substrate ligand or actin binding site.  
 
Unbinding was modelled as a catch/slip bond law as has been measured in different 
integrins (35, 36): 
 ݇௨௕௖௕ ൌ expሺ∅௖ െ ∅ሻ ൅ expሺ∅ െ ∅௦ሻ      (12) 
 
with ∅ ൌ  where ∅௖, ∅௦ are the parameters of the catch and slip bond regimes ,∗ܨ/௕ܨ
respectively, ܨ∗ is used to normalize the force and ܨ௕	is the modulus of the current force for 
the specific adhesion complex (modulus of the local force transmitted from the cell to the 
substrate). 
 
Model implementation 
 
Computational simulations were implemented numerically using the Finite Element 
Method (FEM), under the assumption of small deformations and assuming that all 
mechanical components present a linear elastic behavior. Nevertheless, a dissipative 
analysis was required due to the consideration of friction between the cell monolayer and 
the surrounding medium. All equations are implemented in a C++ code developed by the 
authors. Simulations begin with all ACs unbound and free, and the monolayer expanding 
symmetrically at both edges because the speed of actin polymerization dominates over 
contraction.  
  


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For each time increment, the following algorithm is computed after initialization:  
 

1. Solve Langevin equation to calculate AC locations. 
2. Check binding events: If ACs are close to substrate ligands or actin monomers, 

evaluate stochastically whether ACs bind to one of them or both. 
3. Compute the displacement field in the substrate and the cell body, due to cell 

contraction and polymerization. 
4. Check unbinding events: from the displacement field we calculate AC forces to 

determine whether they unbind according to their unbinding probability. 
  
The displacements d at cell monolayer and substrate were calculated through the Finite 
Element method, considering both elastic forces and a friction coefficient between the cell 
monolayer and the surrounding medium: 
ሶࢊ࡯  ൅ ࢊࡷ ൌ  (13)         ࡲ
 
where C is the viscous damping matrix only associated to the cell monolayer (adhesive and 
protrusive parts), K is the global stiffness matrix and F is the external global force vector. 
All the components of this external global force vector are zero, except the components 
corresponding to the degrees of freedom where myosin is exerting the force Fm. 
 
The global stiffness matrix K is built from the assembly of the local stiffness matrix at each 
element i: 

࢏ࡷ  ൌ ቌ ா೔஺೔௅೔ െ ா೔஺೔௅೔െ ா೔஺೔௅೔ ா೔஺೔௅೔ ቍ             (14) 

 
 

where ܧ௜ is the modulus of elasticity of the element (belonging either to the cell adhesive 
part, the substrate or the adhesion complex), and ܣ௜ and ܮ௜ are its area and length, 
respectively.  
 
A particular convenient form of the viscous damping matrix associated to the degrees of 
freedom of the cell monolayer (in the adhesive/protrusive parts) is the Rayleigh damping 
matrix: 
࢏࡯  ൌ ςఘ࢏ࡹ ൌ ଵଶ ௜ܮ߫	 ቀ1 00 1ቁ       (15) 

            

  
 



-27- 
 

where ߫ is the friction coefficient associated to the surrounding medium1, ߩ is the density of 
the cell monolayer and M is the diagonal mass matrix associated to the cell monolayer. 
 
To solve the mechanical problem, we use a backward Euler method: 
୬ାଵ࢜࡯  ൅ࢊࡷ୬ାଵ ൌ  ୬ାଵ       (16)ࡲ
 ࢜୬ାଵ ൌ ౤∆୲ࢊ౤శభିࢊ         (17) 

 
where ࢊ௡ and ࡲ௡ାଵ are the approximations of d(tn) and F(tn+1) respectively. In particular, 
we have implemented the d-form: 
 ଵ∆୲ ሺ࡯ ൅ ∆t	ࡷሻࢊ୬ାଵ ൌ ୬ାଵࡲ ൅ ଵ∆୲ࢊ࡯୬     (18) 

 

Modelling results and different experimental conditions 

 
Once the model was implemented, it systematically led to monolayers expanding with time 
faster on the stiff than on the sot edge, leading to a progressive displacement of the center 
of mass to the stiff side of the gradient (Fig. S16B). To simulate the different experimental 
conditions, we use the model parameters indicated in Tables S1 and S2. The only parameter 
tuned for the different conditions is the elasticity modulus of the substrate, in order to 
reproduce the corresponding stiffness gradient and the initial monolayer stiffness offset. 
Additionally, simulations with different ligand densities and monolayer widths were also 
carried out to model experiments analyzing the effect of fibronectin coating and pattern 
width, respectively. 
 
To model the effect of α-catenin depletion, monolayers were not modelled as a single 
element containing one contractile region flanked by two adhesive and protrusive zones, 
but as several of those elements (representing individual cells) linked together. To prevent 
cells from stepping on each other, cell-cell interactions were simulated by means of springs 
joining the edges of actin filaments of two cells. In those conditions, cell-ECM adhesions 
and force transmission were now enabled across the monolayer and not only at the edges 
(Fig. S16C). Paralleling experiments, introducing seven or more elements instead of only 
one led to cell-ECM force transmission across the entire monolayer, and not only at the 
edges (Fig. S16D-E). The resulting loss of long range intercellular force transmission 
drastically reduced durotaxis in response to the same rigidity gradient (Fig. S16F).  
 
Table S1 Physical model parameters 
 

  
Parameter  Symbol  Value 
Boltzman	energy	 ݇஻ ܶ	 4,142∙10‐21	(J)		
                                                 
1 This friction coefficient is fixed to be kg/nm.s to assure adequate units of Ci as kg/s. 
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(34)Myosin	force	 	௠ܨ 800	(pN)	(22,	26)		Unloaded	contraction	velocity	 ௖௢௡௧௥௔௖௧௜௢௡ݒ 80 ሺ݊݉/ݏሻ (22,	
26)	

AC	stiffness	 ஺஼ܭ ൌ ஺஼ܮ஺஼ܣ஺஼ܧ 		 15	pN/nm	
Force	to	normalize	parameters	in	
catch	bond	law	

	∗ܨ 3	ሺpN) (37)
Nondimensionalized	force	of	catch	
curve	in	catch	bond	law	

∅௖ 	 0.6025	(37)		
Nondimensionalized	force	of	slip	
curve	in	catch	bond	law	

∅௦	 10.2112	(37)	
Actin	polymerization	velocity	 ௚௥௢௪௧௛ݒ 12	(nm/s)	(38)	
Mechanical	compliance	of	the	
AC	for	creating	the	bond	

	௕௜௡ௗߣ 0.1	(nNିଵ)	(22)	
Zero‐force	binding	coefficient	 ݇௕௜௡ௗ଴ 	 	(22)	(ଵିݏ)	100
Medium	viscosity	for	cell‐
susbtrate	dispalcements	

ς 1.16 ∙ 10ଷ	(Pa.s)	(39)	
Medium	viscosity	for	the	AC	
arm	

η
	

8.599 ∙ 10ିସ(Pa⋅s)	(34)	
 
Model parameters are within the range of values previously measured and used in former 
models in the literature (see references in table). Myosin forces and myosin contraction 
speeds are of the order of our previous measurements (speeds) and model parameters 
(forces) (22, 26). The stiffness of the AC is of the order of reported values for integrin-actin 
linkers (40). The binding coefficients used (ߣ௕௜௡ௗ, 	݇௕௜௡ௗ଴ ሻ	are also of the order of 
previously measured fibronectin-integrin binding rates when evaluated at the typical 
distances enabling binding (101-102 nm) (22). Catch bond parameters are of the order of 
previously reported values for α5β1 (37). Actin polymerization velocities are of the order of 
measured actin flows upon myosin inhibition, which are driven by actin polymerization 
(38). The medium viscosity for cell-substrate displacements is of the order of estimated 
cytoskeletal viscosities  (39). To model AC diffusion, we employed typical viscosities of 
aqueous media as previously done (34).   

 
Table S2 Technical model parameters 
 

Simulation Parameter  Symbol  Value 
Cell	contractile	part	elastic	
modulus	

	௖௢௡௧௥௔௖௧௜௟௘ܧ 3.05∙106(Pa)	
Cell	adhesive	part	elastic	modulus	 ௔ௗ௛௘௦௜௩௘ܧ 	 5⋅107	(Pa)	
Cell	adhesive	part	length	 ௔ௗ௛௘௦௜௩௘ܮ 	 6⋅103	(nm)	
Monolayer	length	 ௠௢௡௢௟௔௬௘௥ܮ 5⋅105	(nm)	
Cell	area	 	௖௘௟௟ܣ 8⋅105	(݊݉ଶ)	
Distance	between	actin	monomers	 ݀௔௠	 25	(nm)	
Substrate	length	 Lsub	 2.5 ∙ 10଺ ሺnmሻ	
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Substrate	area	 Asub 2.2 ∙ 10଻ ሺnmଶሻ	
Distance	between	ligands	 dlig	 100	nm	
Simulation	step	time Δt 0.03	s
Total	time	of	the	simulation	 T	 360	s	

  
Parameters above were chosen simply to reflect the length and time scales involved in 
experimental conditions. We note that Econtractile and Eadhesive do not reflect actual cell 
parameters but serve merely to model a rigid actin filament (Eadhesive) and to reproduce the 
experimental inverse force/speed relationship of actin flow (see cell monolayer section 
above).  

 
Model limitations and critique 

 
This model was built to test the hypothesis that durotaxis can be driven by the observed 
long-range force balance, simply by generating different deformations on soft versus stiff 
regions of the substrate. Model results confirm this hypothesis, which we further verified 
experimentally by regulating monolayer width, myosin activity, or fibronectin coating to 
perturb differential substrate deformation. The model was implemented in a reduced, 
simplified one-dimensional setting precisely to test the generality of our hypothesis. 
However, we note that this simplicity precludes the model from predicting some of the 
observed behavior. Due to its one-dimensional nature the model does not consider 
individual cells, or their spatial distribution of adhesion complexes. Thus, the model does 
not predict how substrate stiffness regulates cell density, or the formation, maturation, and 
distribution of cell-matrix adhesions within cells. Those parameters were indeed affected by 
stiffness, since stiffer regions had reduced cell density (Fig. X) and larger cell-matrix 
adhesions (Fig. X), which is consistent with previous work (REF Elosegui Artola 2014, 
2016). Whereas it is clear that those parameters may influence cell migration, we note that 
in terms of durotaxis they act upstream of force transmission, determining whether it can be 
established or not. Once established (as we measured), durotaxis emerges naturally 
irrespective of the specific means of cell-substrate force transmission. Further, we note that 
both cell spreading and size are local properties also regulated by stiffness in single cells, 
which nevertheless do not durotax except in extremely steep gradients.   
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Supplementary Text 3 

 

Supplementary discussion 
 

The stiffness of living tissues varies several orders of magnitude across the animal body (3–
13). Brain, bone marrow, and embryonic tissues are the softest tissues reported thus far 
(0.2-0.6 kPa) while bone and cartilage are the stiffest ones (25-100 kPa). Within this broad 
spectrum, liver, kidney, fat and lung are considered relatively soft (1-6 kPa), while heart 
and muscle are relatively stiff (12-20 kPa). Tissue stiffness is severely affected in diseases 
associated with synthesis and remodeling of the ECM. For example, the stiffness of the 
lung parenchyma of normal mice was reported to be ~0.5 kPa, whereas that of fibrotic 
tissue of bleomycin-treated lungs was ~3 kPa with peaks >15kPa (12). The stiffness of 
infarct scar was found to be 30-70 kPa, markedly stiffer than heart muscle (5, 9). In cancer, 
tumors have been extensively shown to be stiffer than their surrounding tissue (generally 1-
10 kPa) and stiffness is highest at invasive fronts (41).  
 
The broad heterogeneity of stiffness within and between tissues naturally leads to stiffness 
gradients (3–13).  While a systematic characterization of these gradients is still lacking, 
Engler and co-workers proposed that they could be generally classified as physiological (1 
kPa/mm), pathological (10 kPa-40/mm kPa/mm), and interfaces (>100 kPa/mm) (9). Here 
we analyzed collective epithelial durotaxis in the presence of shallow gradients (14 
kPa/mm) and steep gradients (51 kPa/mm). According to the data discussed above, 
gradients of this order of magnitude are relevant in processes involving collective cell 
migration such as reepithelialization in wound healing and collective cancer invasion.  
 
Even if the gradients analyzed in our study were relatively steep, they were insufficient to 
enable durotaxis of epithelial cells in isolation. Only in the presence of extremely steep 
gradients (433 kPa/mm), MCF10A cells exhibited single cell durotaxis with a directed 
velocity of 0.066 m/min (x component of the Euclidean velocity). This value is smaller 
than that obtained for single MSCs on similar gradients (~0.3 m/min, 275 kPa/mm) and 
single microglial cells on much shallower gradients (~1 m/min, 8 kPa/mm). Importantly, 
the velocity of single MCF10A cells on extreme gradients is also smaller than the velocity 
at which the center of mass of MCF10A clusters advances on shallow (~0.071 m/min, 
14.3 kPa/mm) and steep gradients (~0.14 m/min, 51 kPa/mm). Thus MCF10A cells 
undergo collective durotaxis faster than single cells on much steeper gradients, and they do 
so with a speed of the same order of magnitude than single MSCs.  
 
All our experiments were conducted on polyacrylamide gels coated with fibronectin. These 
hydrogels gels have been shown to exhibit a linear stress/strain relationship up to ~100% 
strain (42). By contrast, most physiological ECM gels are highly non-linear (42). This is the 
case, for example, of collagen and fibrin, which show pronounced strain-stiffening above 
10-20% strain. Given that durotaxis is ultimately driven by differences in matrix 
displacements, strain-stiffening will surely affect durotaxis efficiency in physiological 
ECMs. This effect should be particularly critical on soft ECMs, where displacements and 
strains will be larger, and cell forces will push hydrogels towards their non-linear regime. 
Our study raises the question as of whether physiological non-linearities will discourage 
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durotaxis (by increasing the stiffness offset) or favor it (by increasing gradient steepness). 
We also note that, in general, biological processes can be influenced by the porosity of the 
ECM. However, the close agreement between model predictions and experimental data 
supports that durotaxis originates from a stiffness gradient rather from a porosity gradient 
(43). 
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Supplementary Figure S1 

 

 

 

 

Figure S1. (A) To produce stiffness gradient gels, we irradiate an acrylamide/bis-
acrylamide solution containing irgacure. Initially, the sample is protected by an opaque 
mask. An irradiation gradient is obtained by moving the mask (in the direction of the 
arrow) while illuminating the solution with a non-collimated UV lamp (365 nm). (B) Gel 
stiffness profile measured with AFM. The origin of the distance indicates the softer edge of 
the gel. Error bars represent SD of n = 5-10 gels. (C) Average fluorescence intensity profile 
of fibronectin along gradient gels (green). Spatial variation of gel elasticity (red). Error bars 
represent SD of n = 6 gels. (D) To micropattern a cell cluster, a magnetic PDMS stencil 
with a rectangular opening is placed on top of a polyacrylamide gel (step 1). A magnet 
below the bottom coverslip is used to attract the magnetic PDMS and seal the stencil on the 
wet polyacrylamide gel. After overnight incubation, the magnetic PDMS is released (step 
2) and the expansion of the resulting micropatterned cluster is monitored by time lapse 
microscopy (step 3). (E) Scheme of the experiment at the onset of cell migration. 
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Supplementary Figure S2 

 

 

 

Figure S2. (A-B) Kymographs of cell persistence corresponding to the experiment 
displayed in Fig. 1A and Fig. 1B, respectively. Dashed lines indicate initial cluster position. 
Cellular speed (C) and persistence (D) at the soft and stiff edges averaged over experiment 
repeats (see methods). For comparison, persistence is plotted unsigned. (E-F) Speed and 
persistence of cells at the soft and stiff edges as a function of time. In C-F error bars are SD 
of n=6 soft uniform gels (9.4 ± 4.1 kPa, mean ± SD), n=6 stiff uniform gels (34 ± 20.9 kPa) 
and n=9 stiffness gradient gels (stiffness offset 25.9 ± 6 kPa). 
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Supplementary Figure S3 

 

 

 

 

Figure S3. Collective durotaxis in clusters of MDCK cells and spheroids of A431 cells. A 
cluster of MDCK cells (A) and a spheroid of A431 cells (B) migrating on a gradient gel. 
Gel stiffness increases towards the right of the panel. Yellow areas indicate the initial 
cluster/spheroid position (t=0h) and phase contrast images show the clusters at 21h and 
14h, respectively. (C-D) Angle distribution at every time step (10 min) for MDCK clusters 
and A431 spheroids, respectively. 
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Supplementary Figure S4 
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Figure S4. (A) Cell proliferation in clusters after 10h for different rigidity conditions (mean 
± SD of n=3-9 clusters). (B) Number of cells after 10h of expansion in control clusters and 
in clusters in which cell division was inhibited with thymidine. (C) Translation of the center 
of mass of control clusters and of clusters in which cell division was inhibited with 
thymidine. These data show that collective durotaxis is not attributable to cell division. (D) 
Average cell area as a function of the x position in the cluster at the onset of experiments 
and after 10h of expansion. These experiments show that initial cell density was insensitive 
to local substrate stiffness. With time, faster cells increased their area as a direct 
consequence of continuity of the monolayer. (E) Spreading area of isolated control cells 
and isolated cells depleted of α-catenin. In both cases, cells showed higher spreading on 
stiff gels than on soft ones, yet only control cells exhibited collective durotaxis. These 
results indicate that local adaptation of cell area to substrate stiffness does not mediate 
collective durotaxis. (F) Cell division was more oriented with the x-axis on the stiff area of 
the cluster than on the soft one. Inhibition of cell division did not affect durotaxis, however 
(see C), thus showing that differences in oriented cell division are not the cause of 
collective durotaxis. 
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Supplementary Figure S5 

 

 

Figure S5. (A) Quantification of focal adhesion length (paxilin) measured on the soft and 
stiff edges of gradient gels (n=22 and 21 cells on the soft and stiff edge, respectively, 
measured on 2 different gradient gels). Significant differences were observed between the 
soft and the stiff edge (*** P<0.001, student’s t-test). (B) Representative paxilin images on 
the soft and stiff edge of a gradient gel. Scale bar is 20 μm in the main images and insets 
are 10.6 × 5.3 μm. (C) Quantification of actin rearward flow speeds for cells on the soft and 
the stiff edge of gradient gels (n=43 and 40 cells on the soft and stiff edge, respectively, 
measured on 4 different gradient gels). Significant differences were observed between the 
soft and the stiff edge (*** P<0.001, student’s t-test). (D) Representative MCF10-A 
LifeAct-GFP images on the soft and the stiff edge of a gradient gel. Insets are kymographs 
showing the movement of actin along the discontinuous lines marked in withe. Scale bar is 
20 μm in the main images and 10 s / 3 μm (x/y axes) in the kymographs. Error bars, SD.
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Supplementary Figure S6 

 

 

Figure S6. Inhibition of cell-cell junctions impairs collective durotaxis. (A-B) Mean tactic 
index (A) and mean speed (B) in different regions of the gradient gel for siRNA control and 
αCat depleted single cells. Error bars are SD of n=6-25 cells. (C-D) Angular distributions 
of the trajectories of α-Cat depleted cells in different regions of the gradient gels. (E–F) 10h 
individual cell tracks for the experiments shown in Fig. 2F and 2G, respectively. All tracks 
are plotted with a common origin. Color coding indicates the mean track speed. Speed (G–
H) and persistence (I–J) kymographs for experiments shown in Fig. 2F and 2G, 
respectively. Color coding of speed kymographs is the same as in panel E. (K) Durotaxis 
(quantified by the cluster center of mass translation after 10h) of control and α-Cat depleted 
clusters. Mean cluster speed (L) and mean cluster persistence (M) averaged over 
experimental repeats for control siRNA cell clusters and cell clusters depleted of α-Cat (see 
methods). For comparison, persistence is plotted unsigned. For panels K–M, error bars are 
SD of n=5 control and n=7 siRNA α-Cat treated cell clusters with similar stiffness 
conditions (control and stiffness offset was 47.2 ± 11.9 (mean ± SD) and 39.5 ± 7.3, 
respectively). 
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Supplementary Figure S7 
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Figure S7. Collective durotaxis increases with cluster size. (A) A 200 m representative 
cell cluster expanding on a gradient gel.  Gray transparent area indicates initial cluster 
position (t=0h) and phase contrast image shows the cluster at 10h. Gray lines indicate 
cluster edges at 10h. (C) Durotaxis (quantified by the cluster center of mass translation after 
10h) represented as a function of the initial stiffness of the center of the cluster (i.e. 
stiffness offset) for 500 m (red) and 200 m (green) clusters. Horizontal bars indicate the 
mean values of the soft and the stiff edge. n=3-4 clusters. (D) The model captures the 
results shown in (C). 
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Supplementary Figure S8 

 

 

 

Figure S8. Inhibition of cell contractility impairs collective durotaxis. (A–B) 10h 
individual cell tracks for experiments shown in Fig. 4E and Fig. 4F, respectively. For 
clarity, tracks are plotted with a common origin. Speed (C–D) and persistence (E–F) 
kymographs for experiments shown in Fig. 4E and 4F, respectively. Mean speed (G) and 
mean persistence (H) obtained after averaging over experimental repeats for control and 
blebbistatin treated clusters. (I) Durotaxis (quantified as cluster center of mass translation 
after 10h) of control and blebbistatin treated clusters. For panels G-I, error bars are SD of 
n=4 control and n=3 blebbistain treated cell clusters with similar stiffness conditions 
(control and stiffness offset was 26.4 ± 5.5 (mean ± SD) and 25.7 ± 6.7, respectively). 
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Supplementary Figure S9 

 

 

 

Figure S9. Collective durotaxis tends to increase with ECM density. (A) Durotaxis 
(quantified as cluster center of mass translation after 10h) of 500 m clusters expanding on 
gels coated with three different densities of fibronectin. For each experiment, fibronectin 
density was measured using immunofluoresence. (B) The model predicts an increase in 
collective durotaxis with increasing ligand density. 
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Supplementary Figure S10 

 

 

 

Figure S10. Clusters seeded on gradients with low stiffness offset displayed directed 
migration as a single unit rather than asymmetric expansion. (A) A representative cluster at 
t=0 min (yellow contour) and t=980 min (white contour and phase contrast image) seeded 
on the softest region of a gradient gel. (B) Kymograph of phase contrast images. See also 
Movie SXXX. 
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Supplementary Figure S11 

 

Figure S11. Mechanics of α-cat depleted clusters migrating on a gradient gel. (A) Phase 
contrast image. (B) Map of the traction component Tx for the cluster depicted in A. (C) Map 
of the substrate displacement component ux for the cluster depicted in A. (D) Map of the 
intercellular tension component xx for the cluster depicted in A. (E) Kymograph of the 
traction component Tx corresponding to the conditions indicated in A. (F) Kymograph of 
the substrate displacement component ux corresponding to the conditions indicated in A. 
(G) Kymograph of intercellular tension component xx corresponding to the conditions 
indicated in A-C. See Supplementary Fig. S14 for all other components of tractions, 
intercellular stress tensor, and substrate displacements. 
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Supplementary Figure S12 

 

 

 

Figure S12. Longitudinal severing of the monolayer impairs collective durotaxis. (A-B) An 
expanding cluster before (A) and one hour after ablating the monolayer with two laser cuts 
parallel to the monolayer midline (B, white arrows, see Movie XXXXX). (C-D) Angular 
distributions of cell trajectories before (C) and after (D) ablation (see methods). These 
results further support that long range force transmission enables collective durotaxis. 
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Supplementary Figure S13 

 

 

 

Figure S13. Single isolated MCF10A cells show weak but significant durotaxis on extreme 
stiffness gradients. (A) AFM characterization of steep (56 kPa/mm) and step (433 kPa/mm) 
gradients. (B) Contrary to the case of cells migrating in isolation on steep gradients, cells 
migrating on step gels showed weak but significant durotaxis. (C) Angular distribution of 
single cell trajectories on steep and step gradients. Note that the net velocity produced by 
single cell durotaxis on step gradients is lower than that produced by collective durotaxis on 
steep and shallow gradients (see Supplementary discussion). Single cell durotaxis on 
extreme gradients is well captured by the clutch model described in Supplementary text 2. 
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Supplementary Figure S14 
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Figure S14.  (A-C) Maps of the traction component Ty for the clusters depicted in Fig. 3 
and Fig. S11. (D-F) Maps of the substrate displacement component uy. (G-I) Maps of the 
component yy of the 2D intercellular stress tensor. (J-L) Maps of the component xy of the 
2D intercellular stress tensor. (M-O) Kymographs of the traction component Ty. (P-R) 
Kymographs of the substrate displacement component uy.  (S-U) Kymographs of the 2D 
intercellular stress tensor component yy.  (X-Z) Kymographs of the 2D intercellular stress 
tensor component xy. 
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Supplementary Figure S15 

 

 

 

 
 
 
 
 

Figure S15. Example of discretization of the gel domain D in equal hexahedra using nx =7, 
ny =5, and nz =2.  
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Supplementary Figure S16 

 
 
Figure S16. Scheme of the mechanical model. (A) The Monolayer part (upper horizontal 
bar) is connected to the substrate (lower black bar) by the adhesion complexes (ACs, red 
bars). The cell monolayer consists of a contractile part, an adhesive part and a 
polymerization part. The contractile part contracts and pulls on the rest of the monolayer 
with a force  Fm. In the adhesive part the cell adheres to the substrate through ACs. This 
transmits contractile force, generating a force FAC to the substrate. The polymerization part 
enables the monolayer to expand. (B) Example of a simulation run (steep stiffness gradient, 
offset 14 kPa), showing the position of the leading and trailing edges and the center of mass 
as a function of time. (C) Scheme corresponding to the model of a monolayer composed by 
several cells. Single cells are connected by cell-cell junction (orange bars).  The substrate 
(lower black bar) is bound to the cells by the adhesion complexes (ACs, red bars). 
Contractile forces generated by the cells are transmitted through ACs to the substrate 
causing its deformation. (D) Model prediction of traction force distribution over a gradient 
gel generated by a single cell monolayer. The x axis indicates the position of the monolayer 
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along the substrate. The initial stiffness offset was 14kPa. (E) Model prediction of traction 
force distribution over a gradient gel generated by a monolayer of the same size and 
adhered to the same gradient gel as in D, but composed of n = 7 cells. The x axis indicates 
the position of the monolayer along the substrate. The initial stiffness offset was 14kPa. (F) 
Translation of the center of mass after 10 h of monolayers composed by either 1 or 7 cells. 
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