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Accelerated epithelial layer healing induced by tactile
anisotropy in surface topography
Francesca Michela Pramotton1,2, Lucien Cousin3, Tamal Roy4, Costanza Giampietro1,2,
Marco Cecchini5, Cecilia Masciullo5, Aldo Ferrari2,4*, Dimos Poulikakos4

Mammalian cells respond to tactile cues from topographic elements presented by the substrate. Among these,
anisotropic features distributed in an ordered manner give directionality. In the extracellular matrix, this order-
ing is embedded in a noisy environment altering the contact guidance effect. To date, it is unclear how cells
respond to topographical signals in a noisy environment. Here, using rationally designed substrates, we
report morphotaxis, a guidance mechanism enabling fibroblasts and epithelial cells to move along gradients
of topographic order distortion. Isolated cells and cell ensembles performmorphotaxis in response to gradients
of different strength and directionality, with mature epithelia integrating variations of topographic order over
hundreds of micrometers. The level of topographic order controls cell cycle progression, locally delaying or pro-
moting cell proliferation. In mature epithelia, the combination of morphotaxis and noise-dependent distributed
proliferation provides a strategy to enhance wound healing as confirmed by a mathematical model capturing
key elements of the process.
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INTRODUCTION
Mammalian cells share the ability to sense, integrate, and respond to
patterns of biochemical and physical stimuli presented by the extra-
cellular matrix (ECM) (1). The fine control of complex cellular re-
sponses, from directional migration to collective tissue morphism
(2), is enabled by spatial variations in the intensity of local
signals, mapped by cells with tunable resolution over a wide range
of length scales, from micrometers to tens of millimeters (3). Mes-
enchymal cells, including fibroblasts and epithelial cells, interact
with the surrounding environment by means of integrin-mediated
adhesions (4) and retrieve directional guidance from microscopic
gradients of adhesion point density (4), concentration of haptotac-
tic molecules (haptotaxis), variations of substrate stiffness (duro-
taxis) (5), and density of topographical features (topotaxis) (6).
Asymmetric signal distribution is transduced into polarized adhe-
sion reinforcement and actomyosin contractility, which instruct cel-
lular migration along the direction and orientation of the guiding
stimulus (4). Similarly, the size (7), geometry (8), orientation, and
density (9) of topographic features encode an independent signal
guiding the maturation of focal adhesions (FAs) (8), membrane
spreading (10), and cell migration (11). Anisotropic matrix compo-
nents, such as linear fibers and elongated pores, dictate a likewise
orientation of the cell cytoskeleton and resulting tractions, yielding
directional movement of cells (12).
The response of mammalian cells to topographic order, general-

ly referred to as contact guidance, can be decoupled in vitro using
substrates featuring periodic arrays of ridges and grooves or three-
dimensional (3D) patterns of topographic elements (13). Planar

gratings represent a reference anisotropic signal, which strongly
directs migration and polarization (14). This structural remodeling
results from the physical interaction between the topographic fea-
tures and the basal FAs (4, 8, 15). In wound healing, the use of an-
isotropic geometries results in higher migration speed and
directionality (14). In these settings, the mechanical signals are
propagated via cell-to-cell junctions from the leader cells, localized
at the wound edge, to the followers in the bulk, enhancing mono-
layer coordination at the mesoscale (14, 16). These emerging collec-
tive behaviors (17–19) enable the functional rearrangement of
epithelial tissues during organ development and their regeneration
in response to wounding (20–22).
Topographic order and anisotropy are frequently observed in the

ECM of organs and tissues. In vivo, however, ordered arrays of to-
pographical elements are embedded in a noisy environment, gener-
ated by the presence of cellular debris, protein aggregates, and
randomly arranged matrix fibers (23).
The concept of topographic noise was introduced by the group

of Dalby and Oreffo, with a series of pioneering papers (24, 25)
demonstrating how FAs assembly or disassembly is controlled by
perfectly ordered or partially disordered nanoscale topographic el-
ements. In this manner, adhesion modulation by the surface geom-
etry instructs the differentiation of mesenchymal stem cells (MSCs).
Beyond the result that a specific, rationally developed topography
can be used to either differentiate MSCs (24) or preserve them in
their uncommitted state (25), these works have established the po-
tential of surface geometry in harnessing complex cellular respons-
es. Along this line of experimental evidence, recent works have
shown the possibility to reprogram adult cells through the interac-
tion with gratings, obtained via the lateral compression of the cell
nucleus (26). However, the mechanism by which topographic order
is read by cells in a noisy environment, such as the ECM, remains to
be explored.
In this study, we apply a reductionist model of contact guidance

by anisotropic topography, which leverages on a mathematical def-
inition of stochastic noise, to fabricate surface geometries featuring
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controlled levels of anisotropy. This definition of topographic noise
is used to draw a parallelism with what is observed in the ECM
in vivo.
On the basis of this model, we introduce engineered substrates

featuring anisotropic topographies disturbed by spatial patterns of
noise distributed over millimeter distances, yielding gradients with
controlled levels of strength and directionality. Using this unique
approach, we demonstrate the unexpected tendency of fibroblasts
and epithelial cells to establish directional migration along direc-
tions of decreasing or increasing topographic noise, a phenomenon
distinct from contact guidance, which we name morphotaxis.
While isolated cells only read steep gradients of noise, collective

epithelia integrate variations over large millimeter scales, yielding
emerging tissue responses, which can guide the healing of large
wounds. Together with morphotaxis, the level of topographic
noise locally instructs cell proliferation, generating regions of
highly proliferating cells, which maintain a sufficient cell density
to sustain migration while ensuring confluence. Epithelial collect-
ives can integrate these two signals, to tactically distribute migration
and proliferation in the monolayer, yielding improved regenerative
efficiency over large distances.

RESULTS
A reductionist model of ECM topographic order and
distortion defines gradients of geometrical anisotropy
The ordering and anisotropy of topographic features embedded in
the ECM can be appreciated from representative scanning electron
microscopy (SEM) images of the human dermis (Fig. 1A). Here,
matrix fibers displayed various degrees of alignment along a prefer-
ential direction. The intrinsic levels of topographic noise and order-
ing were described through fast Fourier transform (FFT) and radial
projection analyses (Fig. 1B and fig. S1, A and B) (27). The resulting
complementary indexes of topographic ordering (ITO%) and noise
(ITN% = 100 − ITO%) assume values ranging from 0 to 100%. Specif-
ically, ITN% values of 0% indicate perfect topographic ordering (cor-
responding to a parallel array of anisotropic topographic features),
while values of 100% indicate a fully random geometry. This anal-
ysis confirmed that different regions of the human dermis displayed
large ordering variability, within ITN% ranging from 10 to 80%.
The same values were matched by topographically modified sur-

faces featuring micrometer-sized geometries. We designed a series
of fibronectin-coated polydimethylsiloxane (PDMS) substrates to
reproduce topographic noise (Fig. 1C). Gratings with ridge and
groove width of 1 μm and groove depth of 1 μm (28) were
adopted as a reference for fully ordered topography (i.e., ITN% = 0%).
These geometries reflect the typical size and anisotropy of matrix
fibers and maximize directional migration of epithelial cells (14)
and fibroblasts (28). In our reductionist model, we adopted
perfect gratings as representation of fully anisotropic topography
(ITN% = 0%). The groove and ridge width and the groove depth
were chosen to maximize contact guidance (cell and migration
alignment to the direction of the gratings), as previously demon-
strated by extensive characterization (8, 10, 28, 29). In the genera-
tion of anisotropic substrates featuring a specific level of noise (ITN%
from 10 to 100%), the groove design was segmented into a contin-
uous line of empty cubic voxels of 1-μm side length. The filling of
one of these voxels generated a bridge between two adjacent ridges.
Therefore, the filled groove voxel represents a unit of noise

distorting the guidance of gratings. In this theoretical framework,
the overall noise level is identified by the density of noise elements,
which is expressed as the percentage of filled cubic voxels (i.e.,
the ITN%).
In total, 11 regions were created with ITN% ranging from 0% (per-

fectly anisotropic gratings) to 100% (a flat substrate) with a 10% step
increase (Fig. 1D) (30). Juxtaposing regions with different noise
levels, spatial gradients of topographic noise were obtained present-
ing a stepwise ITN% increase from 0 to 100% (positive topographic
noise gradients, +ΔITN%) or decrease from 100 to 0% (negative to-
pographic noise gradients, −ΔITN%). The gradient strength, defined
as ΔITN%

ΔL , was modulated controlling the width of the individual
regions (table S1). Individual regions with width = 50 μm yielded
steep gradients (substrate A), while individual regions with
width = 500 μm generated low gradients (substrate B; fig. S1C).
Epithelial cells and fibroblasts were able to adhere and spread on

modified substrates featuring various assemblies of topographic
noise (Fig. 1E). We used Madin-Darby canine kidney (MDCK)
cells and primary human dermal fibroblasts (HDFs) (31) because
they represent well-established models for epithelial tissue differen-
tiation and human skin healing (32–35), respectively. MDCK cells
expressing the enhanced green fluorescent protein (EGFP)–labeled
H2B histones, which localize to the nucleus (MDCK EGFP) (36),
were used to track cell migration and division. MDCK cells stably
expressing the Fucci two-color cell cycle reporting system (MDCK
FUCCI) (37), which is characterized by the nuclear expression of
hCdt1-mCherry during the G1 phase (red fluorescent channel)
and hGemAzami Green during the S-G2-M phases (green fluores-
cent channel), were instead adopted to assess the duration of indi-
vidual cell cycle phases.

Topographic noise modulates cell cycle duration
To evaluate the effect of geometrical ordering on cell proliferation,
MDCK EGFP and HDF cells were seeded at low density (10,000
cells/cm2) on substrates featuring variable topographic noise with
ITN% values ranging from 0 to 100% (Fig. 2 and fig. S2). The cell
cycle duration was directly measured from live cell experiments,
which monitored the occurrence and spatial orientation of cell di-
vision events. Epithelial cells displayed a bimodal proliferative
activity (Fig. 2A). On regions presenting high levels of ordering
(ITN% < 30%), cells divided slowly, with an average doubling time
of 24 ± 2 hours. This value sharply dropped to 15 ± 2.5 hours in
regions of higher noise (ITN% > 40%), accounting for a 38% increase
in the proliferation rate (Fig. 2B). Similar variations were measured
in HDF (fig. S2, A and B). For both MDCK EGFP cells and HDF, a
direct correlation was found between the reduced proliferation rate
and the increase in the duration of the cell cycle on substrates fea-
turing low levels of topographic noise (ITN% < 30%) (fig. S2, C and
D). In these regions, cell abscission was polarized with a strong
angular alignment to the direction of the gratings, as described by
the nematic order parameter (NOP; Fig. 2, C and D, and fig. S2, E
and F). Specifically, NOP describes the orientational order of a
system and assumes values between −1 and 1. In a completely iso-
tropic system, with no preferential direction or orientation,
NOP = 0. On the other hand, in an anisotropic system, with a pref-
erential orientation or directionality, |NOP| > 0. A value of 1 iden-
tifies perfect ordering of the system along the direction of the
external stimulus, and a value of −1 identifies perfect ordering of
the system perpendicular to the direction of the external stimulus.
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In our case, the ridges play the role of the external stimulus that is
quantified by ITN%. This geometrical bias was gradually lost with
increasing ITN% values. At ITN% > 70%, cell abscission was randomly
oriented. A similar result was obtained using HDF cells. In this cell
type, abscission alignment fully waned at ITN% > 50%. Representa-
tive examples are provided in fig. S2 (G and H).
We examined what parts of the cell cycle were modulated by the

level of topographic ordering. MDCK FUCCI cells were used to
measure the average duration of individual cell cycle phases (38)
as a function of the local ITN% value (Fig. 2E). No significant differ-
ences were measured in the average span of the M and S phases. On
the other hand, for cells interacting with regions of low noise
(ITN% < 30%), the G2 phase, occurring immediately before cell di-
vision, and the G1 phase were 40 and 30% longer, respectively. A
large number of cells lagging in the G2 phase (Fig. 2F and fig.
S2I) were found on regions of low noise (ITN% ≤ 10%).

Several molecular pathways link the function and maturity of
FAs established with the substrate to the progression of the cell
cycle (Fig. 2G and fig. S3). FA-mediated signals retrieved by cells
from the local substrate constitute an environmental checkpoint,
which times the transition through different cell cycle phases. The
modulation of distinct signaling pathways includes the activity of
extracellular signal–regulated kinase (ERK) (39), the ribosomal S6
kinase (S6K) (40), p38 (41), and AKT (42).
On substrates featuring a low level of topographic noise,

ITN% < 30%, FAs were restricted to the top of the ridges and strongly
aligned to them [fig. S3, A to C and F, and (43)]. In the same regions,
the geometrical confinement enhanced the adhesion maturation,
yielding substantially longer FAs (fig. S3, D and G). On the other
hand, no significant effect was measured on the total number of
FAs established by individual cells (fig. S3, E and H). Overall, a
larger fraction of phosphorylated paxillin was recruited at the

Fig. 1. Biomimetic substrates with controlled topographic noise. (A) ECM fiber organization in different regions of the human dermis (left, SEM images). The ECM
anisotropy is reproduced by rationally designed substrates featuring different levels of topographic noise (right, SEM images). Scale bar, 10 μm. (B) Fast Fourier transform
(FFT) analysis of the fiber arrangement (red) and corresponding substrates rendering similar degree of topographic noise (blue). (C) Identification of the two topograph-
ical subunits, groove and ridge from the perfectly anisotropic substrate, and insertion of groove defects yielding controllable noise levels. (D) Schematic of the exper-
imental substrates presenting a spatial gradient of topographic noise, from 0% (perfectly anisotropic) to 100% (flat). (E) SEM images of epithelial cells (MDCK) interacting
with different regions of topographic noise. Scale bar, 20 μm.
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adhesion sites, indicating stronger mechanical activity of the FAs on
low level of topographic noise [fig. S3, I and J, and (10)]. The cor-
responding biochemical analysis of the epithelial cell signals con-
trolling proliferation revealed that the phosphorylation of S6K
and p38, activator and inhibitor of the G2-to-M transition (Fig. 2,
H and I), respectively, was modulated on substrates featuring ITN%
levels ranging from 0 to 50%. A reduction in the phosphorylation of

p38 and a concomitant increase in that of S6K are consistent with
the change in the G2-to-M kinetics. Moreover, a reduction of ERK
phosphorylation in regions of noise 20% ≤ ITN% ≤ 40% was in ac-
cordance with the shortening of the G1 phase. Although with differ-
ent patterns, a similar regulation occurred also in HDF cells (fig. S2,
K to M).

Fig. 2. Topographic noise controls
cell proliferation via cell signaling.
(A) Duration of the cell cycle in iso-
lated MDCK EGFP cells adhering to
experimental substrates with
different levels of topographic noise.
*P < 0.05 by Mann-Whitney test.
n = number of independent experi-
ments, n′ = number of analyzed
cells. Error bars correspond to the
measured standard deviation of the
mean. (B) Normalized proliferation
rate of isolated MDCK EGFP cells
adhering to substrates featuring
different levels of topographic noise.
Values are normalized to the
ITN% = 0% region. *P < 0.05; ns, not
significant by Mann-Whitney test.
n = number of independent experi-
ments, n′ = number of analyzed field
of views. Error bars correspond to
the measured standard error of the
mean. (C) Cartoon introducing the
NOP. (D) NOP depicting the cell ab-
scission alignment in isolated MDCK
EGFP cells. The corresponding stan-
dard deviation (SD) is reported in
the graph’s inset. n = number of
independent experiments,
n′ = number of analyzed cells. (E)
Average duration of individual cell
cycle phases in isolatedMDCK FUCCI
cells adhering to experimental sub-
strates with increasing topographic
noise and (F) representative fluores-
cent images of MDCK FUCCI cell
cycle reported on regions with
various noise level. Scale bar, 50 μm.
n = number of independent experi-
ments, n′ = number of analyzed field
of views. Error bars correspond to
the measured standard error of the
mean. (G) Cartoon summarizing the
molecular routes linking integrin
adhesions to the control of cell cycle
progression. (H) Western blot analy-
sis of cell cycle regulator proteins
and signaling targets with (I) relative
quantification. *P < 0.05 and
**P < 0.01, by Mann-Whitney test
and two-sample t test. n = number
of independent experiments. Error
bars correspond to the measured
standard deviation of the mean.
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Together, these results demonstrate that high levels of topo-
graphic ordering extend the duration of the cell cycle by signifi-
cantly reducing the proliferation rate of epithelial cells. This effect
results from a delay in the progression from the G2 to M phase and
from the G1 to S phase, which is consistent with a modulation of the
related cellular pathways. In addition, topographic ordering effi-
ciently reinforces the FA maturation and alignment and orients
cell abscission along the main direction of the gratings in both
MDCK cells and HDF, further supporting a direct effect of topo-
graphic ordering on cell proliferation.

Topographic noise distorts the contact guidance effect of
ordered geometries
To evaluate the effect of noise on contact guidance induced by an-
isotropic topographies, the alignment of individual cell migration
patterns was analyzed. Isolated MDCK EGFP and HDF cells were
monitored on substrates featuring low ITN% gradients of noise (sub-
strate A; table S1 and fig. S4). As expected, a strong alignment of
migration along the gratings was evident at ITN% = 0% (17° ± 1.2°
and 10.50° ± 0.6 for HDF andMDCKEGFP, respectively; fig. S4 and
movies S1 to S6). The lateral constraint of motion was gradually lost
with increasing noise, as migration alignment halved at ITN% = 40%
(32° ± 4.6° and 38.2° ± 1.6 for HDF andMDCK EGFP, respectively).
Cell velocity was similarly analyzed as a function of increasing

ITN% on low ITN% gradients of noise (substrate B; table S1). Specif-
ically, the effect of topographic noise was revealed as the gradual
erosion of geometric anisotropy led to the diminishment of
contact guidance. On cell migration, this effect was measured by
the increase of the migration component along the direction or-
thogonal to the gratings (the y direction in Fig. 3, A and B) and
the corresponding decrease of migration component along the grat-
ing’s direction (the x direction in Fig. 3, A and B). The two velocity
components (Vx and Vy) became equal in conditions where contact
guidance is fully lost.
For MDCK EGFP cells, the velocity magnitude (Mv, defined as a

scalar value obtained from the square root of the sum of its two vec-
torial components, Vx and Vy raised to the second power) was
higher on regions of low topographic noise (18.9 ± 2.5 μm/hour
at ITN% = 0%) and decreased progressively reaching a plateau at
ITN% ≥ 40% (11 μm/hour; Fig. 3A). Similarly, Vx was elevated at
ITN% < 30% (17.6 ± 2.7 μm/hour on 0%) and decreased thereafter.
Vy followed an opposite trend and increased with the level of topo-
graphic noise. At ITN% ≥ 60%, Vx and Vy were equivalent (7
μm/hour).
On the other hand, for HDF cells, the value of Mv remained

constant across all the regions of noise (~14 μm/hour; Fig. 3B).
Contact guidance was evident at ITN% < 50%, where Vx was
notably higher than Vy (~13 μm/hour). Vx and Vy became equiva-
lent at ITN% ≥ 50% (7.5 μm/hour) and remained constant in regions
of higher topographic noise.
Overall, these results indicate that contact guidance was not im-

paired until significant levels of noise (ITN% ≥ 50%) were reached.
Isolated cells were able to react to tactile signals and change migra-
tion velocity and alignment. Fibroblasts showed a lower ability to
detect and respond to directional topographic signals embedded
in a noisy environment.

Noise gradients guide the orientation of single-cell
migration
We next investigated whether noise gradients affected the direction
of individual cell migration. For these experiments, isolated cells
were seeded on substrates featuring steep ITN% gradients of noise
(substrate A; table S1 and movies S7 and S8), where individual
cells interacted with two or three ITN% regions simultaneously.
Therefore, along their travel path, cells sensed a gradual noise in-
crease or decrease (the ΔITN%) of 10 to 20%. In these conditions,
cell velocity was similar to the results on low ITN% gradients of
noise (fig. S5, A and B). However, the higher velocity and/or persis-
tence of migration (44) along the direction of increasing (+ΔITN%)
or decreasing (−ΔITN%) topographic noise indicates a response to
the tactile stimulus.
First, the two components of migration velocity toward higher

(Vx+ in the +ΔITN% direction) or lower (Vx− in the −ΔITN% direc-
tion) ITN% regions were measured. No significant differences were
detected on all analyzed ITN% noise regions and cell types (fig. S5, C
and D). Second, the cell migration persistence was quantified by
measuring the fraction of time devoted at migrating in a specific di-
rection (+ΔITN% or −ΔITN%; Fig. 3, C to F). The migratory paths of
MDCK EGFP cells moving toward regions of increasing topograph-
ical noise (+ΔITN%) lasted on average 20% longer than thosemoving
in the opposite direction (−ΔITN%; Fig. 3, C and D). A similar asym-
metry was measured in HDF cells (Fig. 3, E and F) with a 20% in-
crease of the migration persistence toward higher topographic noise
(+ΔITN%). This behavior did not depend on the local ITN% values.
The migration of isolated cells on perfect gratings (ITN% = 0%)

was characterized by frequent inversions of direction (from +ΔITN%
to +ΔITN% and vice versa; fig. S5, E and F). The increase in migra-
tion persistence toward regions of higher topographic noise,
induced by the steep ITN% gradients, implied an overall reduction
in the frequency of such switches, leading to a net displacement
toward higher ITN%. As expected, a decrease in the frequency of in-
version events was measured for both MDCK EGFP and HDF,
reaching a plateau at ITN% > 50 to 60%.
On the basis of these results, we define the natural tendency of

epithelial cells and fibroblasts to move toward regions of the sub-
strate featuring lower geometric ordering (i.e., higher topographic
noise), as morphotaxis. Unlike topotaxis, which relies solely on
the topological density (6), and contact guidance, which depends
on the local levels of topographic anisotropy (Fig. 3, A and B), mor-
photaxis is defined by the increased persistence of directional mi-
gration toward increasing topographic noise. Morphotaxis is
instructed by the direction and strength of the topographic noise
gradient. It was not detected when isolated cells were seeded on sub-
strates featuring a low ITN% gradient (substrate B; table S1), confirm-
ing that the process requires the physical interaction of cells with
two or more regions featuring different levels of topographic
order distortion.

Morphotaxis contributes to the collective response of cell
monolayers
The effect of topographic noise on cell collectives was investigated
by seeding MDCK EGFP and HDF cells at high density on sub-
strates presenting a low ITN% gradient of noise (substrate B; table
S1 and Fig. 4). In this configuration, custom-designed magnetic
stencils (fig. S6) were used to locally seed the monolayer. Release
of the stencil confinement generated migratory edges moving
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along the direction of increasing (+ΔITN%) or decreasing (−ΔITN%)
topographic noise.
The spatial correlation of cell migration (45), described by the

correlation length (CL) in the monolayer, defines collective cell
movement. High values of CL are typically observed in mature ep-
ithelia featuring strong cell-to-cell junctions (14); on the other

hand, fibroblasts did not establish strong lateral contacts and there-
fore showed only short-range correlation. Cell image velocimetry
(CIV) was used to analyze time lapses of monolayer cell migration
(16) along the ITN% gradients (fig. S7). CLs aligned (CLx) or orthog-
onal (CLy) to the noise gradient direction were measured (Fig. 4, A
and B). In both cell types, CLy was low (~75 μm, corresponding to

Fig. 3. Topographic noise controls directional migration andmodulates contact guidance. (A and B) Velocity of directional migration in isolated MDCK cells or HDF
adhering to experimental substrates presenting a low gradient of topographic noise (substrate B; table S1). (C and D) Migration persistence and total residence time for
isolated MDCK cells in the direction of increasing (t at Vx+) or decreasing topographic noise (t at Vx−) or without migration (t at Vx0). (E and F) Migration persistence and
total residence time for isolated HDF on individual regions of topographic noise. n = number of independent experiments, n′ = number of analyzed cells. Error bars
correspond to the measured standard error of the mean. *P < 0.05 and **P < 0.01; ns, not significant, by Mann-Whitney test and two-sample t test.
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Fig. 4. Analysis of collective migration. (A and B) CL in the direction parallel to the topographic noise gradient (CLx) or orthogonal to it (CLy) for MDCK EGFP or HDF
collectives. Error bars correspond to the measured standard deviation of the mean. (C) Velocity of the front edge for MDCK EGFP cells and HDF collectives on substrates
featuring different levels of topographic noise. Error bars correspond to the measured standard error of the mean. (D) ΔMv/ΔITN% of the front edge migrating along the
direction of increasing (+ΔITN%) or decreasing (−ΔITN%) topographic noise in the representative 0% ≤ ITN% ≤ 40% interval. Experiments performed on substrate B (table
S1). Error bars correspond to the measured standard deviation of the mean. (E) Average number of leader cells as a function of the local level of topographic noise.
*P < 0.05, **P < 0.01, and ***P < 0.001; ns, not significant, by two-sample t test and Mann-Whitney test. (F to H) Representative inverted fluorescent images of migratory
edge depicting the evolution of thewound edge profile, for MDCK EGFP cells seeded on ITN% = 100, 0, or 50% regions. Scale bar, 200 μm. (I toK) Evolution of themigration
velocity for cells at the front edge on the ITN% = 100, 0, or 50% regions. Results showing one representative experiment of n ≥ 3 and n′ ≥ 2. Error bars correspond to the
measured standard deviation of the mean. n = number of independent experiments, n′ = number of analyzed fields of view.
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three to four MDCK EGFP cells and to one to two HDF cells, re-
spectively) across the entire substrate. On the other hand, epithelial
cells (Fig. 4A), but not fibroblasts (Fig. 4B), displayed high CLx on
regions of low ITN% gradients (substrate B; table S1). At ITN% > 40%,
CLx drastically decreased to values comparable to CLy. These results
are visually rendered in fig. S7, showing large clusters of epithelial
cells moving coherently as compared to the scattered and individual
movements of fibroblast monolayers.
Next, the advancement of the monolayer edge was tracked over

time, resolving its velocity along the direction of increasing
(+ΔITN%) or decreasing (−ΔITN%) topographic noise (Fig. 4C and
movies S9 to S10).Mv was higher, in both directions, on low-noise
regions (ITN% < 30%) for both cell types. At higher levels of noise
(ITN% > 40%), the monolayer edge velocity was reduced to a
minimum (13 ± 0.4 μm/hour and 11.6 ± 0.6 μm/hour for MDCK
EGFP and HDF cells, respectively), which was measured at ITN%-
= 100%. These results imply that moving along the direction of in-
creasing (+ΔITN%) or decreasing (−ΔITN%) topographic noise, the
front edge either decelerates or accelerates, respectively, when inter-
cepting a threshold region set at 30% > ITN% > 40%. The absolute
values of ΔMv/ΔITN% were substantially higher along the −ΔITN%
direction (20 and 9% for MDCK EGFP and HDF cells, respectively)
than in the opposite one (+ΔITN%). Therefore, a morphotactic effect,
dependent on the noise gradient directionality, was measured as an
increased acceleration toward regions of lower topographic
noise (Fig. 4D).
The expansion of epithelial monolayers into an open space is

propelled by the formation of leader cells at the cell boundary,
which generates migrating fingers along the free-edge perimeter
(22). The number and density of leader cells depends on the cell
boundary shape and the local substrate properties, ultimately con-
trolling the velocity of monolayer advancement. The formation of
leader cells by MDCK EGFP sheets was therefore measured as a
function of the local ITN% (Fig. 4E and fig. S8A). More leader
cells emerged on regions of low noise (ITN% < 20%; average distance
between two consecutive leader cells of 182 ± 60 μm). At higher
ITN% values, the average distance between neighboring leader cells
was notably higher, 266 ± 61 μm [ITN% > 20%; (22)].
When crossing the boundary between regions of high and low

ITN% noise (substrate C; table S1), highly migratory MDCK EGFP
cells formed a dynamic cluster at the advancing edge (with highMv
and highVx) that extended for ~500 μm in the monolayer (fig. S8B).
These data further demonstrate that spatial variations of topograph-
ic noise accelerate the free-edge advancement of confluent mono-
layers toward regions of higher ordering.
The collective morphotactic effect has a strong impact on epithe-

lial ensembles, supporting the emergence of multiple leader cells
along the monolayer edge that enable coordinated directional
movements involving multiple rows of follower cells. In addition,
epithelial collectives showed increased migration coherence on
several noise regions as compared to fibroblasts, suggesting an im-
portant contribution of epithelial cell-to-cell junctions.

The collective response to topographic noise gradients
requires mature cell-to-cell junctions
To evaluate the contribution of the cell-to-cell junctions in the mi-
gratory response of epithelial collectives to substrates featuring dif-
ferent ITN%, mature MDCK EGFP monolayers were treated with

DECMA-1, a blocking antibody that inhibits E-cadherin function
and reversibly disassembles lateral contacts (46).
First, the efficiency of the DECMA-1 inhibitor treatment was as-

sessed through the quantitative analysis of its effect on the mono-
layer connectivity, evaluated by immunostaining of E-cadherin.
Specifically, the connectivity index (CI) was measured in the
treated and nontreated samples (47). CI values measured in
control, mature MDCK EGFP monolayers were ~1, indicating
optimal connectivity. Consistently, CI values measured in MDCK
EGFP monolayers upon treatment with DECMA-1 were reduced
to 0.4 (fig. S9, A and B), indicating the largely compromised integ-
rity of the cell-to-cell junctions.
DECMA-1 treatment induced a macroscopic change in the mor-

phology of the advancing cell front. At high levels of topographic
noise (ITN% = 70% and ITN% = 100%), the migratory fingers at the
cell edge were progressively retracted, leading to the formation of a
straight boundary (Fig. 4F and fig. S9, C and E). With unperturbed
cell-to-cell junctions, epithelial collectives were instead highly per-
sistent. As the effect of the blocking antibody tapered off after
10 hours due to E-cadherin turnover at the cell-cell contacts (48),
the front morphology reorganized and the typical finger-like
profile reappeared. The effect of E-cadherin clustering inhibition
on substrates featuring high topographic ordering (ITN% = 0 and
30%) was markedly different (Fig. 4G and fig. S9, F to H). Here,
DECMA-1–treated monolayers increased the free-edge perimeter,
as compared to the untreated control, through the protrusion of
deep migratory fingers (49). An intermediate behavior was seen at
ITN% = 50% (Fig. 4H and fig. S9I).
The velocity of the advancing monolayer (Vx; Fig. 4, I to K, and

fig. S9, J and K) was next measured. At high noise levels (ITN% = 70
and 100%; Fig. 4, I and K), treatment with DECMA-1 considerably
hampered the monolayer advancement as compared to the control
(~35% reduction). The movement gradually accelerated after
5 hours, reaching values comparable to untreated control. This
result is consistent with the concomitant disappearance of migrat-
ing fingers (Fig. 4F) on substrates featuring high levels of noise.
DECMA-1 treatments did not cause epithelial velocity variations
when monolayers migrated on regions of low noise (ITN% = 10
and 30%; Fig. 4K). In this configuration, the persistence of migrat-
ing fingers sustained the advancement at pace comparable to
the control.
Overall, these results demonstrate that epithelial adherens junc-

tions (AJs) support collective directional migration on substrates
featuring high topographic noise. On the other hand, highly
ordered topography ensures a strong contact guidance signal, com-
pensating the loss of cell-to-cell junctions and ensuring efficient ad-
vancement of the free edge.

Morphotaxis and distributed cell proliferation contribute
to epithelial tissue advancement
The healing of large wounds is accomplished by epithelial monolay-
ers through the execution of two alternative cellular activities. As an
immediate response to the contact with a wound, the free edge ini-
tiates directional migration, involving leader cells and multiple
layers of followers [Fig. 4 and (22)]. This coordinated movement
results in the monolayer extension, which is instrumental to
rapidly cover the bare substrate, however at the cost of locally reduc-
ing the cell density. Replenishment is obtained through prolifera-
tion, requiring a temporary halt in the movement of the dividing
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cells, which do not contribute to migration until abscission is com-
pleted (50). The spatial and temporal alternation of migration and
proliferation is essential for the efficient reestablishment of a con-
fluent and mature epithelium. Consistently, when cell division was
artificially blocked with the drug mitomycin (51), the migration ve-
locity (Mv) of MDCK EGFP monolayers was significantly reduced
(from 31.6 ± 5.5 μm/hour to 18.3 ± 3.8 μm/hour), resulting in im-
paired population of the open space (fig. S10).
The topographic ordering of the local substrate (i.e., the ITN%)

influences both the proliferation (Fig. 2) and the migration (Figs.
3 and 4) of epithelial cells, suggesting a role in the control of
wound healing efficiency. To test this hypothesis, cell proliferation
was monitored in advancing epithelial monolayers on substrates
presenting high or low ITN% values (Fig. 5). On substrates featuring
high topographic ordering, cell proliferation rate was homoge-
neously distributed along the entire monolayer, with no detectable
variations as a function of the distance from the edge. At the same
time, a gradual decrease of the cell density emerged in the advancing
cell layer, extending deeply toward the inner regions for 1 mm
(ITN% = 0%; Fig. 5A).
A different picture was obtained upon healing of wounds in the

absence of topographical guidance (i.e., on substrates featuring high
noise, ITN% = 100%; Fig. 5B). A 10-fold increase in the cell division
rate was measured at the front edge, which gradually decreased over
the length of 1000 μm toward the inner regions. The monolayer dis-
played a limited density decrease in correspondence to the advanc-
ing edge. Here, a 30% reduction of cell density was measured in the
first 300 μm from the edge.
To decouple the two contributions to wound healing, we devel-

oped a model capturing the evolution of epithelia moving on sub-
strates with defined spatial distribution of ITN% (a full description of
the model is available in the Supplementary Materials). The exper-
imental inputs included the initial cell density, the average cell size,
and the migration velocity and directionality. The model treated the
cells as soft spheres with a constant radius. Each sphere’s motion
was determined by the balance of forces, which included the cell’s
own motility force, repulsive, and attractive interactions with other
cells, and the viscous drag of the surrounding medium. The motility
force of each cell was varied by considering the presence of neigh-
boring cells.
In addition, cell proliferation was modeled with a rate dependent

on cell type and local environment. Two types of cells were imple-
mented: “Leader” cells had a high maximal motility force, had a low
proliferation rate, and were tuning their motility force to cover
empty spaces; “follower” cells had a low maximal motility force,
had a high proliferation rate, and were tuning their motility force
to follow other cells. The simulations closely captured the distribu-
tion of proliferation and cell density in the advancing monolayers
on high or low ITN% (Fig. 5, C to F).
To better decouple the effect of morphotaxis (Fig. 4) from that of

distributed proliferation (Fig. 2) on wound healing in epithelial
monolayers, we run in silico experiments in the frame of the vali-
datedmodel. A net advantage was demonstrated for monolayers ad-
vancing along the negative direction of a topographic noise gradient
(table S2 and Fig. 5G). The increased performance was dependent
on the gradient strength, confirming that morphotaxis represents a
collective response to the spatial distribution of topographic regions
featuring different levels of order distortion (Fig. 4).

In these settings, we could arbitrarily switch on and off the two
components of the cellular response to the spatial ITN% pattern: the
distributed proliferation, with increased cell division rates in regions
of high topographic noise (Fig. 5H), and the wound edge accelera-
tion upon movement toward regions of lower topographic
noise (Fig. 5I).
The results showed that, when imposing homogeneous prolifer-

ation, the performance of wound healing was greatly diminished,
losing most of the advantage bestowed by the spatial noise pattern-
ing (Fig. 5H). On the other hand, when a constant velocity was set
on all subsequent regions of noise, the healing performance reduc-
tion was more contained (Fig. 5I) This indicates that morphotaxis
and distributed proliferation contribute to support wound healing
in epithelial monolayers. In addition, they suggest that the effect of
distributed proliferation may be relatively more relevant.

DISCUSSION
The spatial architecture of the ECM can vary greatly over space and
time within the same tissue. The human skin is an example of dy-
namically evolving living material, locally subject to cyclic mechan-
ical strain (52), traumatic events of wounding, healing, and
regeneration. For instance, matrix fibers align along the tangential
direction of longitudinal wounds following the strain distribution
(53). Developing epithelial structures, like 3D acini or cysts,
induce fiber bundling and ordering (54) as a result of collective ro-
tation. Similarly, cancerous clusters apply tractions to the surround-
ing matrix threads as they form aligned beams and channels (55). In
all these cases, the generation of topographic order and anisotropy
supports the emergence of contact guidance, providing directional-
ity to the migration of individual cells and cell collectives via inter-
action with the FAs (13, 53). In addition, it implies the existence of
transitional regions in which the degree of topographic order varies
gradually, yielding spatial gradients of increasing or decreasing
contact guidance (Fig. 1).
Topographically engineered substrate surfaces provide minimal-

istic representations of the ECM topography and elegantly decouple
the effect of contact guidance on cell adhesion and migration (56).
Here, they were used to reproduce variations of topographic order-
ing over different length scales (Fig. 1). Individual cells interacting
with two or more areas of the substrate featuring different levels of
topographic order were exposed to a modulation of the guidance
signal at their opposite extremities (Fig. 3). In both epithelial cells
and fibroblasts, this unbalance led to a net translocation as a result
of the increased persistence of migration paths advancing toward
regions of higher disorder (Fig. 3). The polarized cellular move-
ment, sustained by the local variations of contact guidance distor-
tion, was termed morphotaxis.
In mature epithelial collectives, contact guidance increased the

spatial correlation of cellular movements (57). In doing so, it pro-
moted the advancement of free edges to cover an open space
(Fig. 4). The effect propagated to the millimeter scale in mature ep-
ithelia but was negligible in confluent monolayers of fibroblasts, or
when cell-to-cell junctions are artificially dismantled (Fig. 4). The
establishment of AJs in epithelial monolayers additionally enabled a
coordinated response to gradients of topographic noise deployed
over several hundreds of micrometers. In this context, the spatial
modulation of contact guidance, from the front cells to the mono-
layer bulk, established collective morphotaxis. The emerging
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Fig. 5. Collective migration and proliferation and numerical model. (A and B) Representative inverted fluorescent images of migratory edge, and distribution of cell
density and proliferation, as a function of the distance from the monolayer edge, in MDCK EGFP collectives advancing on substates featuring ITN% = 0% or ITN% = 100%. (C
to F) Comparison between experimental and simulated measurements of cell density and proliferation distribution for MDCK EGFP cells advancing on substrates fea-
turing ITN% = 0% or ITN% = 100%. (G) Relative performance of simulated (in silico) epithelial wound healing on substrates featuring gradients of topographic noise with
increasing strength (table S2). The histograms report the average relative advantage for monolayers advancing along the negative versus positive direction of the gra-
dient. (H and I) Individual contribution of morphotaxis (H) or distributed proliferation (I) decoupled in simulated epithelial wound healing experiments (in silico) on
substrates featuring gradients of topographic noise with increasing strength (table S2). Results are obtained imposing a homogeneous proliferation rate (H) or a homo-
geneous velocity distribution (I). Error bars correspond to the measured standard deviation of the mean. n = number of independent experiments.
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response induced a faster directional movement of the cells at the
free edge in the direction of decreasing topographical noise.
Notably, in the case of epithelial cell ensembles, morphotaxis pro-
moted migration toward regions of lower disorder, thus in the op-
posite direction than for individual cells.
The dichotomy between the response of individual cells and cell

clusters to an identical migratory gradient or signal has several par-
allelisms. Endothelial cells migrate when exposed to unidirectional
flow (58). However, while individual cells move along the flow di-
rection, the establishment of cell-to-cell junctions enables a collec-
tive counterflow movement typical of mature endothelia (59).
Isolated cancer seeds move against the increasing signal concentra-
tion, while multicellular masses migrate along the opposite direc-
tion (60).
In the case of morphotaxis, the origin of the antinomy between

disconnected and connected epithelial cells was due to the social
interaction established in the latter case. Differently for isolated in-
dividual cells, which were free to move in all directions (Fig. 3), the
migration polarization of a confluent epitheliumwas dictated by the
global tissue response to the presence of a discontinuity in the
monolayer. When exposed to a longitudinal wound, the front of
leader cells migrated toward the open space relaying the signal to
the inner followers (Fig. 4). A gradual increase of topographic
order, added to this innate response, results in confining the cell
movement in the direction of healing and thus accelerating the
free-edge advancement.
The interaction between topographic features and cell signaling

goes beyond the reshaping of the structural and mechanical cellular
components necessary for migration (26). Defined levels of topo-
graphic noise control the differentiation state of MSCs (24, 61)
and the progression of cancer (62). Not surprisingly, topographic
ordering impinged on the proliferation rates of epithelial cells and
fibroblasts (Fig. 2) through a direct modulation of the checkpoint
controlling the access to mitosis. Reading this result in the
context of morphotaxis, the efficiency of healing in mature epithelia
must be considered.
Full tissue regeneration requires substrate coverage, initially ob-

tained by directional collective migration, and the later reestablish-
ment of full confluence through proliferation (63). Typically,
proliferation in the advancing monolayer is promoted by the local
decrease in cell density, which is more prominent at the extending
front (Fig. 5). However, proliferating cells do not contribute to mi-
gration (64), and it is reasonable to assume that the balance and dis-
tribution of the two processes strongly influence the overall healing
efficiency. The tactical distribution of topographic ordering, yield-
ing gradients of contact guidance and an overlapping signal that
locally hinders proliferation, may therefore be sufficient to correctly
delineate the two processes contributing to wound healing and thus
strongly promote tissue regeneration. The proposed model, captur-
ing the key parameters of morphotaxis and distributed proliferation
on topographic noise gradients (Fig. 5), supports the hypothesis that
the spatial distribution of a topographic noise gradient can increase
the healing efficiency of epithelial collectives, through the synergic
contribution of collective morphotaxis and distributed control of
cell division.

MATERIALS AND METHODS
Cell culture and treatments
MDCK EGFP cells (65) and HDF cells (66) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM)–High Glucose medium
(Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich), penicillin-streptomycin (100 U ml−1; LifeScience),
and 2 mM L-glutamine (LifeScience) and were maintained at 37°C
and 5% CO2. MDCK FUCCI cells (37) were cultured in
DMEM–High Glucose medium (Sigma-Aldrich) supplemented
with 10% FBS (Sigma-Aldrich) and penicillin-streptomycin (100
U ml−1; LifeScience) and were maintained at 37°C and 5% CO2.
In the monolayer experiments, a total of 8 × 104 cells/cm2 were
seeded on coated substrates made of PDMS (Dow Corning, USA).
In the single-cell experiments, a total of 104 cells/cm2 were seeded
on the coated substrates.

Substrate fabrication
Noisy geometries were generated by a custom MATLAB program
and transferred on silicon molds using photolithography, as previ-
ously reported (29). All the noisy patterns were designed starting
from an “unperturbed” microstructured surface with groove depth
and width of 1 μm and duty cycle of 2 μm. The groove width is
among the key geometrical elements affecting the performance of
perfect gratings in inducing contact guidance. Other parameters
that can be independently varied are the groove depth and the
ridge width. We selected a grating geometry that optimizes
contact guidance. The rationale for this choice was to maximize
the dynamic ratio of our contact guidance measurements, which
is the difference in cell and migration alignment between noisy sub-
strates (ITN% = 100%) and ordered ones (ITN% = 0%). This is indi-
viduated by gratings featuring groove width and depth of 1 μm and
ridge width of 1 μm (10, 14).
Specifically, to obtain the desired effect, the groove shall be suf-

ficiently wide to impede the extension of FAs bridging two adjacent
ridges. Only in this condition, the effect of ridge anisotropy can be
imposed to the cells. The maximal distance between two points of
integrin adhesion that can be bridged into a single FA complex is set
at 0.5 μm, as very elegantly demonstrated by the group of J. Spatz
(67). Gratings featuring grooves narrower than 0.5 μm would there-
fore allow the formation of FAs in the direction orthogonal to the
gratings, thus diminishing contact guidance (10). On the other
hand, when the groove width is sufficient to confine FAs to the
ridge top, this value intrinsically defines the spacing between FAs
formed at the leading edge of migrating cells. On the basis of all
these considerations, the groove width of 1 μm was selected for
our experiments.
For similar reasons, the groove depth shall extend beyond the

threshold of cell membrane penetration into the groove space.
This is necessary to avoid contact with the bottom of the groove
and restrict the formation of FAs to the ridge top. We have previ-
ously demonstrated that for 1-μm-wide grooves, this value is 0.8 μm.
Deeper grooves perfectly separate adjacent ridges. Adhering cells
form membrane arcs over these spaces, which are devoid of adhe-
sions (8).
A controlled density of randomly distributed modifications was

then intercalated in the ideal layout as previously described (30). As
previously reported (14), substrates were cleaned and their hydro-
philicity was increased with oxygen plasma treatment (80 W for 60
s, 1 ± 0.2 mbar). The substrates were finally coated with fibronectin
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(15 μg/ml; Sigma-Aldrich) and mounted at the bottom of hol-
lowed wells.

Magnetic stencil fabrication
Following procedures previously described in (14), Autodesk In-
ventor Professional was used to design the molds for the fabrication
of the magnetic stencils. The Object 500 Connex 3 3D printer was
used to print the molds made of VeroWhite Plus material. Magnet-
ic stencils were made of a PDMS (Dow Corning, USA)–magnetite
solution prepared by mixing PDMS at 1:10 ratio and magnetite at
40% (w/v). The PDMS-magnetite solution was poured into the
molds upon degassing in a vacuum chamber. After the pouring,
the solution was degassed a second time and finally cured for 2
hours at 80°C. The resulting magnetic stencils (MAts) were separat-
ed from the mold after the curing process. Before the experiments,
MAts were routinely cleaned in 70% ethanol for 10 min and air-
dried. The MAts were passivated in a solution of 4% Pluronic F-
127 (Sigma-Aldrich) in deionized water for 2 hours, and the final
coated MAts were then washed several times with phosphate-buff-
ered saline (PBS) and immediately used.

Magnetic attachment and cell patterning on glass
substrates for wound healing experiments
Following procedures previously described in (14), N42 grade
magnets (Supermagnete) were placed at the external side of the
glass substrates previously glued on the drilled bottoms of a six-
well plate. MAts were then carefully placed upon the micropat-
terned PDMS substrates already glued on the glass substrates.
Cells were seeded with a pipette in the space delimited by the
MAt and allowed to establish initial adhesion for 1 hour. After 1
hour, the sample was fully covered with fresh medium.
Cells were incubated for 3 hours (MDCK) or 5 hours (HDF) to

reach full adhesion to the substrate. To start wound healing exper-
iments, magnets were carefully removed from underneath the glass
substrates, allowing MAts to detach and float in the cell culture
medium. Cells were rinsed twicewith freshmedium before imaging.

Fixation of cells for SEM
As previously reported in (14), samples were washed three times
with PBS and incubated for 1 hour with 2.5% glutaraldehyde in
0.15 M sodium cacodylate (pH 7.2) at room temperature (RT).
The samples were then washed three times with 0.15 M sodium ca-
codylate (pH 7.2) and progressively dehydrated in 50, 70, and 100%
ethanol. The specimens were stored in 100% ethanol at 4°C, until
the critical point dryer procedure (Automegasamdri 915 B, Tousi-
mis). Last, the specimens were sputter-coated with gold/palladium
using a BAL-TEC SCD-050 sputter coater and stored at RT until
they were imaged with a Zeiss ULTRA 55 SEM.

Fixation of human skin tissues for SEM imaging
Skin samples were incubated overnight in 5 ml of diluted dispase
(2.5 ml of dispase: 50 U/ml, Corning; 2.5 ml of Dulbecco’s PBS
(DPBS); and 500 μl of gentamicin), after which dermis and epider-
mis were mechanically separated. The fixation procedure was per-
formed as previously described (14). In detail, dermis samples were
washed three times with PBS and incubated for 1 hour with 2.5%
glutaraldehyde in 0.15 M sodium cacodylate (pH 7.2) at RT. The
samples were then washed three times with 0.15 M sodium cacody-
late (pH 7.2) and progressively dehydrated in 50, 70, and 100%
ethanol. The specimens were stored in 100% ethanol at 4°C, until

the critical point dryer procedure (Automegasamdri 915 B, Tousi-
mis). Last, the specimens were sputter-coated with gold/palladium
using a BAL-TEC SCD-050 sputter coater and stored at RT until
they were imaged with a Zeiss ULTRA 55 SEM.

Antibodies and drugs
The following primary antibodies were used: monoclonal antibody
DECMA-1 (U3254, Sigma-Aldrich), rabbit polyclonal anti–
phospho-paxillin [Immunofluorescence (IF): 1:200; 2541S, Cell
Signaling Technology], rabbit polyclonal anti-paxillin (IF: 1:200;
2542S, Cell Signaling Technology), p44/42 mitogen-activated
protein kinase (MAPK) (ERK1/2) antibody [Western blot (WB):
1:1000; 9102, Cell Signaling Technology], phospho-p44/42
MAPK (ERK1/2) antibody (WB: 1:1000; 9101, Cell Signaling Tech-
nology), S6 ribosomal protein (Ser235/236) antibody (WB: 1:1000;
2317, Cell Signaling Technology), and phospho-S6 ribosomal
protein (Ser235/236) antibody (WB: 1:1000; 2211, Cell Signaling
Technology).
Secondary antibodies were chicken anti-rabbit Alexa Fluor 647

(1:400; Thermo Fisher Scientific, A-21443), donkey anti-mouse
Alexa Fluor 555 (1:400; Thermo Fisher Scientific, A-32773), anti-
rabbit immunoglobulin G (IgG) horseradish peroxidase (HRP)–
linked (1:2000; Cell Signaling Technology, 7074), and anti-mouse
IgG HRP-linked (1:2000; Cell Signaling Technology, 7076). 4′,6-Di-
amidino-2-phenylindole (DAPI) was added at 1 μg/ml during a
washing step. Mitomycin drug (Sigma-Aldrich, M4287) was used
at 25 μg/ml.

Western blotting
Following a protocol previously reported in (68), cells lysates were
obtained with modified Laemmli sample buffer [2% SDS, 20% glyc-
erol, and 125 mM tris-HCl (pH 6.8)]. Gels were loaded with the
same amount of proteins, subsequently separated by SDS–poly-
acrylamide gel electrophoresis, and finally transferred to a nitrocel-
lulose membrane (Protran, Whatman). After incubation with
primary and HRP-linked secondary antibodies, the targeted bind-
ings were detected with chemiluminescence system (GE
HealthCare).

Immunofluorescence
As previously reported (68), cells were fixed for 10 min with 4%
paraformaldehyde at RT or with ice-cold methanol at 4°C. Perme-
abilization was performed with 0.5% Triton X-100 in PBS for 5 min.
Cells were blocked for 1 hour at RT in 5% (w/v) bovine serum
albumin (Sigma-Aldrich, USA). The samples were incubated with
primary antibodies (see the “Antibodies and drugs” section) over-
night at 4°C, and then samples were rinsed three times for 5 min
with PBS. Secondary antibody was added for 1 hour at RT. Last,
the samples were washed three times for 5 min with PBS.

Image acquisition
Following procedures described in (14), live imaging of the migra-
tion and proliferation processes was performed using an automated
Nikon-Ti spinning disk confocal microscope (Nikon, Japan)
equipped with an Andor DU-888 camera (Oxford Instruments,
UK) and a pE-100 light-emitting diode (LED) illumination
system (CoolLED Ltd., Andover, UK) using a 20× or 10× objective
(Plan Fluor, Nikon, Japan). An incubated chamber was used to
maintain temperature and CO2 at 37°C and 5%, respectively (Life
Imaging Services, Switzerland). Time-lapse recording was started
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approximately 1 hour after removing the MAts. The interval
between image acquisition was 20 min to 1 hour, and a typical ex-
periment lasted around between 24 to 48 hours. At the end of the
experiments, the resulting time lapses for each set position were
converted into individual 16-bit images for analysis. Fluorescent
z-stacks of the signals emitted by the phospho-paxillin and paxillin
at FAs were collected using a Nikon-Ti spinning disk confocal mi-
croscope (Nikon, Japan) equipped with an Andor DU-888 camera
(Oxford Instruments, UK) and selecting the optical filters based on
the respective emission.

E-cadherin inhibition on collectives
Epithelial monolayers of MDCK cells were treated with DECMA-1
(20 μg/ml), and the advancement of the monolayer was monitored
and acquired under the microscope for 15 hours.

Image analysis
Wound healing velocity
To correct shifts upon acquisition, image stacks were registered
using the “MultiStackReg” tool on ImageJ. To calculate the velocity
of wound closure, the “freehand line” tool of ImageJ was used to
measure the edge displacement between the different time
frames (14).
Cell image velocimetry
Following a protocol previously described (14, 16), the CIV toolbox
was used for the analysis of the wound healing experiments. The
velocity fields provided by the CIV analysis were used to quantify
the mean cell layer speed (mean velocity magnitude), the directed
migration (mean velocity projection in the axis aligned perpendic-
ular to the initial wound orientation), and the angular velocity dis-
tribution, a measure for the effective migration contribution along
32 equally spaced angular sectors (i.e., with angular bin size of 360°/
32). Overlays of phase-contrast images and colored migration direc-
tion were exported from the software. The colors indicated different
directions of migration. Regions with uniform color indicates a ho-
mogeneous migration direction and thus high coherence
between cells.
CL measurements
Following a protocol previously described (14), the CIV analysis was
performed to obtain the u and v velocity fields corresponding to the
direction x (parallel to the wound) and y (perpendicular to the
wound edge). To avoid drift-related bias in the analysis, the mean
velocity ‹u› and ‹v› were subtracted from the velocity fields u and v:
u* = u − ‹u› and v* = v − ‹v›. The CL was calculated to estimate the
radius over which cell movements are correlated. The calculation
was performed for the x and y components separately. The velocity
spatial correlation function is the following: Cvv(r,t) = ‹u*(r0,t) ⋅
u*(r0 + r,t)›/[‹u*(r0,t)2›‹u*(r0 + r,t)2›]1/2, where r is the vector of co-
ordinates (x,y) (69, 70). The velocity spatial correlation function was
fitted with a decreasing exponential function f (r) = e−(r/CL) to
extract the velocity CL.
Perimeter analysis
The “freehand line” and “measurement” tools of ImageJ were used
to measure thewound edge profile as previously described (14). The
perimeter ratio was defined as the ratio between the measured edge
length P and the fixed length L, corresponding to a straight line en-
compassing the entire field of view under analysis in the direction
orthogonal to the gratings. In the experimental settings adopted to
capture the time lapses of wound healing, this length was typically of

1000 μm. On the basis of this definition, Pr = P/L ranges between 1
(the wound edge is perfectly straight and orthogonal to the gratings)
and above. Any value higher than 1 indicates that themeasured edge
is longer, therefore featuring a certain degree of convolution.
Kymographs
The kymographs of the wound healing experiments were obtained
following the protocol previously described in (14). In detail, CIV
analysis was used to analyze over 32 hours a fixed field of view of the
wound healing experiment of 50 μm × 500 μm of size. The u and v
velocity fields obtained from the CIV analysis were used to calculate
the magnitude of the velocity field (Mv) on MATLAB: Mv = [u(x,
y)2 + v(x,y)2]1/2. The Mv field values along the 50-μm dimension
were averaged together to get a vector of values per time frame
over the 500-μm dimension. The final kymograph shows the evolu-
tion of Mv over time.
Angular orientation analysis
The orientation of the migration of cells was performed using the
cell tracking software Imaris (Bitplane Scientific Software, Switzer-
land). In particular, time-lapse videos were uploaded into Imaris
and the position of the cells was tracked over time to extract a dis-
placement vector of each cell under analysis. The average alignment
between the displacement vector and the direction of the gratings
was then calculated to obtain the angular orientation. This analysis
was performed for each region of topographic noise. The extent of
contact guidance by anisotropic geometries was measured by the
average individual cell alignment to the main topographic direction
(where 0° indicates perfect alignment, 90° indicates alignment to the
orthogonal direction, and 45° indicates random alignment) and/or
the corresponding alignment of cell migration. The same definition
is applicable to isolated cells and to cell collectives in epithelial
monolayers (10, 14).
Single-cell velocity, directional migration, and change
direction analysis
As reported in (68), the software Imaris (Bitplane Scientific Soft-
ware, Switzerland) was used to performed the tracking measure-
ments of the cells migratings on the substrates. Time-lapse videos
were uploaded in the software, and the velocity of the cells was ob-
tained by tracking the migration of individual cells between the dif-
ferent time frames taking into consideration the different
noise regions.
Directional migration induced by contact guidance was quanti-

fied as follows

CG; ¼ Vx�t at Vx=Vy�t at Vy

where CG≡ indicates guided migration, which is aligned to the un-
derlying topography (corresponding to the x axis in the video). Vx
and Vy are the absolute terms of the velocity components along the
two orientations (horizontal and vertical in the images, respective-
ly). t at Vx and t at Vy are the corresponding persistence times (du-
ration of uninterrupted movement along one orientation).
With this, values of CG≡ above 1 indicate a net movement

aligned with the gratings (the x direction), whereas values below 1
indicate directional migration in the orthogonal direction (the y di-
rection). Values close to 1 indicate that the movements along the
two directions are of equivalent extent; therefore, no contact guid-
ance is measured.
This definition is substantially different to that of morphotaxis.

Starting from the same experimental approach and measures, we
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only refer to the x component of movement (along which a gradient
of topographical noise ITN% is presented to the cells) and evaluate
the extent of movement toward the direction of increasing or de-
creasing noise. This is formalized as follows

MTx ¼ ðVxþ�txþÞ=ðVx� �tx� Þ . 1

whereMTx is the morphotaxis.Vx+ is the velocity component along
the direction of increasing ITN%. Vx− is the velocity component
along the direction of decreasing ITN%. tx+ and tx− are the corre-
sponding persistence times. Values of MTx above 1 indicate a net
displacement along the positive direction of the ITN% gradient
(+ΔITN%), values below 1 indicate a net displacement along the op-
posite direction (−ΔITN%), and a value of 1 indicates no net
displacement.
Therefore, morphotaxis purely depends on the noise gradient

strength and directionality. It does not depend on the local ITN%
value and is not limited to a specific range of topographic noise
values. In this, it is substantially separated from contact guidance.
The rate of direction change was calculated (for each cell and as a

function of the local ITN% level) counting the number of shifts in
sign of the components of the velocity parallel to the direction of
the gratings (Vx+ to Vx− or the opposite). This number was then
divided by the elapsed time (30 hours). The direction change rate
(number of events per hour) was finally normalized with respect to
value measured on perfect gratings (i.e., on the 0% noise region) set
as 1 as reference. In this representation, values lower than 1 indicate
reduced frequency of inversion (normalized change of direction).
Angle of division analysis
The orientation of cell mitosis was performed using ImageJ. Time-
lapse videos were uploaded into the software and rotated to have the
topography oriented vertically. With the “Straight” tool, the two
nuclei of the divided cell were connected and the angle between
the line and the gratings (θ) was shown in the “Results” tab. NOP
was calculated in the following way: NOP = 2 × cos2(θ) − 1. In a
completely isotropic system, with no preferential direction or orien-
tation, NOP = 0. On the other hand, in an anisotropic system, with a
preferential orientation or directionality, |NOP| > 0. For a perfect
ordering of the system, NOP = ±1, where +1 represents a perfect
alignment in the direction of the ridges and −1 represents a
perfect alignment perpendicular to the ridges.
Total and fraction residence time analysis
Trackingmeasurements were performed using Imaris (Bitplane Sci-
entific Software, Switzerland). Time-lapse videos were uploaded
into Imaris, and the velocity Vx values of the cells were obtained
by tracking the migration of individual cells over time taking into
consideration the different noise regions. The average residence was
obtained counting the amount of hours the cells were migrating or
stalling on every region of noise. The fraction of residence time
analysis was obtained looking at the fraction of time the cells were
spending migrating on a specific region of noise toward the higher
noise regions (t atVx+) or toward the lower noise region (t atVx−) or
not migrating at all (t at Vx0).
Leader cell analysis
The number of leader cells at the wound edge for every region of
noise was evaluated calculating the average amount of cells at the
edge, which were identified by their distinctive morphology, as re-
ported in a previous publication (22). Briefly, the leader cells were
located at the tip of migrating finger and displayed an enlarged

lamellipodium at the front edge extending in the open space. The
relative average distance was obtained dividing the length of the
field of view by the number of counted leader cells.
Proliferation analysis and cell cycle phase length analysis
The proliferation analysis was performed using the cell tracking
software Imaris (Bitplane Scientific Software, Switzerland). Time-
lapse videos were uploaded into Imaris, and the amount of division
happening in every region of noise was extracted. The values were
then normalized with respect to the 0% noise region. The cell cycle
phase length for MDCK FUCCI cells was also performed using the
cell tracking software Imaris (Bitplane Scientific Software, Switzer-
land). In this case, time-lapse videos were uploaded into Imaris
comprising all different colored channels associated to the different
cell cycle phases. Every single colored channel was analyzed, and the
average phase length was obtained for every region of noise. The
analysis of the percentage of cells per cell cycle phase was performed
by counting the number of cells per field of view in each cell cycle
phase and normalizing the calculated values by the total number of
cells in the field of view.
Colocalization analysis
The colocalization analysis between paxillin and phospho-paxillin
protein was performed using the cell tracking software Imaris (Bit-
plane Scientific Software, Switzerland). The immunofluorescence
images were uploaded into Imaris, and the Pearson’s coefficient,
an indicator of colocalization, was computed.
CI DECMA-1 analysis
As previously reported (47), CI was calculated from the average
skewness of E-cadherin signal profile along four directions (i.e.,
+x, −x, +y, and −y). CI values close to 1 indicate a monolayer
with preserved cell-to-cell junctions, while values close to zero in-
dicate a diffuse signal in the cytoplasm.

Statistical analysis
To test the normality of the data, the Shapiro-Wilk test was used
with a significance level of 0.05. Two-sample t test was conducted
for normally distributed data, while Mann-Whitney test was used
for nonnormally distributed data. All box plots extend from the
25th to the 75th percentiles, and the line and square in the boxes
represent the median and the mean, respectively. Whiskers repre-
sent the standard deviation of the mean. n reports the number of
independent experiments, while n′ reports the number of total
fields of view of the total number of cells analyzed.

Numerical simulation
The numerical simulation was performed on the basis of a particle-
based model for cell-cell and cell-substrate interactions (19). Cell
motility was incorporated according to the model described in
(71). Cells were modeled as circles with uniform and constant diam-
eter, with pairwise interactions, and described by a set of parame-
ters. These parameters are updated during the course of the
simulation to account for the current position of the cell on the sub-
strate and its local environment. Cells were allowed to move on a
500-μm-wide and 1000-μm window and were initially “seeded”
on a 500-μm-wide and 400- to 450-μm-long surface, with the
same initial density obtained from the experiments. A repulsive
force was set at the rear end of the window to ensure that no cell
was migrating in the backward direction. To remove the influence
of the side walls, periodic boundary conditions were implemented
in the lower and upper ends of the substrate. Therefore, a cell
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moving upward to the upper bound of the window would “reap-
pear” on the lower bound. This behavior was also implemented
for all interactions, including cell-cell interactions. Cells were con-
sidered round, with a radius R0 = 10 μm. The cell shape was consid-
ered fixed, not subjected to any deformations, even when in contact
with other cells. Each cell experienced three forces: (i) motility force,
(ii) interaction force (attractive or repulsive) from other cells, and
(iii) viscous force from the substrate. The velocity of cell i at each
time step was determined from the equilibrium of the forces as

Vx ¼
1
ηx

Fmot;i þ
X

j=i
Fcell j!cell i

 !

:x̂

Vy ¼
1
ηy

Fmot;i þ
X

j=i
Fcell j!cell i

 !

:ŷ

Fcell j→cell i describes the pairwise interaction between neighboring
cells. The interaction force is repulsive when the centers of the two
cells are closer than a threshold value. It is then attractive until a
threshold distance, and becomes zero above this distance. Fmot,i is
the force that a cell applies on the substrate to move. It tends to align
along the velocity of the cell. x̂ is the unit vector in the x direction,
and ŷ is the unit vector in the y direction. Last, ηx and ηy are the cell-
substrate viscosity coefficients in the x and y directions, respectively,
as explained in Supplementary Text.

Supplementary Materials
This PDF file includes:
Figs. S1 to S13
Tables S1 to S3
Supplementary Text
Legends for movies S1 to S10
References

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S10

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
1. V. Vogel, Unraveling the mechanobiology of extracellular matrix. Annu. Rev. Physiol. 80,

353–387 (2018).
2. M. Hagiwara, H. Maruyama, M. Akiyama, I. Koh, F. Arai, Weakening of resistance force by

cell-ECM interactions regulate cell migration directionality and pattern formation.
Commun. Biol. 4, 808 (2021).

3. M. Werner, N. A. Kurniawan, C. V. C. Bouten, Cellular geometry sensing at different length
scales and its implications for scaffold design. Materials (Basel) 13, 963 (2020).

4. B. Geiger, J. P. Spatz, A. D. Bershadsky, Environmental sensing through focal adhesions.
Nat. Rev. Mol. Cell Biol. 10, 21–33 (2009).

5. R. Sunyer, V. Conte, J. Escribano, A. Elosegui-Artola, A. Labernadie, L. Valon, D. Navajas,
J. M. Garcia-Aznar, J. J. Munoz, P. Roca-Cusachs, X. Trepat, Collective cell durotaxis emerges
from long-range intercellular force transmission. Science 353, 1157–1161 (2016).

6. J. Park, D. H. Kim, A. Levchenko, Topotaxis: A new mechanism of directed cell migration in
topographic ECM gradients. Biophys. J. 114, 1257–1263 (2018).

7. A. Ferrari, M. Cecchini, M. Serresi, P. Faraci, D. Pisignano, F. Beltram, Neuronal polarity se-
lection by topography-induced focal adhesion control. Biomaterials 31,
4682–4694 (2010).

8. A. Ferrari, M. Cecchini, A. Dhawan, S. Micera, I. Tonazzini, R. Stabile, D. Pisignano, F. Beltram,
Nanotopographic control of neuronal polarity. Nano Lett. 11, 505–511 (2011).

9. J. Kim, H. N. Kim, K. T. Lim, Y. Kim, H. Seonwoo, S. H. Park, H. J. Lim, D. H. Kim, K. Y. Suh,
P. H. Choung, Y. H. Choung, J. H. Chung, Designing nanotopographical density of extra-
cellular matrix for controlled morphology and function of humanmesenchymal stem cells.
Sci. Rep. 3, 3552 (2013).

10. D. Franco, M. Klingauf, M. Bednarzik, M. Cecchini, V. Kurtcuoglu, J. Gobrecht, D. Poulikakos,
A. Ferrari, Control of initial endothelial spreading by topographic activation of focal ad-
hesion kinase. Soft Matter 7, 7313–7324 (2011).

11. E. Farge, Mechanotransduction in development. Curr. Top. Dev. Biol. 95, 243–265 (2011).
12. M. Akhmanova, E. Osidak, S. Domogatsky, S. Rodin, A. Domogatskaya, Physical, spatial, and

molecular aspects of extracellular matrix of in vivo niches and artificial scaffolds relevant to
stem cells research. Stem Cells Int. 2015, 1–35 (2015).

13. C. Leclech, C. Villard, Cellular and subcellular contact guidance on microfabricated sub-
strates. Front. Bioeng. Biotechnol. 8, 551505 (2020).

14. F. M. Pramotton, F. Robotti, C. Giampietro, T. Lendenmann, D. Poulikakos, A. Ferrari, Op-
timized topological and topographical expansion of epithelia. ACS Biomater Sci. Eng. 5,
3922–3934 (2019).

15. I. Tonazzini, S. Meucci, P. Faraci, F. Beltram, M. Cecchini, Neuronal differentiation on an-
isotropic substrates and the influence of nanotopographical noise on neurite contact
guidance. Biomaterials 34, 6027–6036 (2013).

16. F. Milde, D. Franco, A. Ferrari, V. Kurtcuoglu, D. Poulikakos, P. Koumoutsakos, Cell image
velocimetry (CIV): Boosting the automated quantification of cell migration in wound
healing assays. Integr. Biol. (Camb.) 4, 1437–1447 (2012).

17. J. A. Park, J. H. Kim, D. Bi, J. A. Mitchel, N. T. Qazvini, K. Tantisira, C. Y. Park, M. McGill,
S. H. Kim, B. Gweon, J. Notbohm, R. Steward Jr., S. Burger, S. H. Randell, A. T. Kho,
D. T. Tambe, C. Hardin, S. A. Shore, E. Israel, D. A. Weitz, D. J. Tschumperlin, E. P. Henske,
S. T. Weiss, M. L. Manning, J. P. Butler, J. M. Drazen, J. J. Fredberg, Unjamming and cell shape
in the asthmatic airway epithelium. Nat. Mater. 14, 1040–1048 (2015).

18. X. Serra-Picamal, V. Conte, R. Vincent, E. Anon, D. T. Tambe, E. Bazellieres, J. P. Butler,
J. J. Fredberg, X. Trepat, Mechanical waves during tissue expansion. Nat. Phys. 8,
628–634 (2012).

19. X. Trepat, J. J. Fredberg, Plithotaxis and emergent dynamics in collective cellular migration.
Trends Cell Biol. 21, 638–646 (2011).

20. P. Friedl, D. Gilmour, Collective cell migration in morphogenesis, regeneration and cancer.
Nat. Rev. Mol. Cell Biol. 10, 445–457 (2009).

21. X. Trepat, M. R. Wasserman, T. E. Angelini, E. Millet, D. A. Weitz, J. P. Butler, J. J. Fredberg,
Physical forces during collective cell migration. Nat. Phys. 5, 426–430 (2009).

22. M. Vishwakarma, J. Di Russo, D. Probst, U. S. Schwarz, T. Das, J. P. Spatz, Mechanical in-
teractions among followers determine the emergence of leaders in migrating epithelial
cell collectives. Nat. Commun. 9, 3469 (2018).

23. M. A. Talukder, C. R. Menyuk, Y. Kostov, Distinguishing between whole cells and cell debris
using surface plasmon coupled emission. Biomed. Opt. Express 9, 1977–1991 (2018).

24. M. J. Dalby, N. Gadegaard, R. Tare, A. Andar, M. O. Riehle, P. Herzyk, C. D. Wilkinson,
R. O. Oreffo, The control of human mesenchymal cell differentiation using nanoscale
symmetry and disorder. Nat. Mater. 6, 997–1003 (2007).

25. R. J. McMurray, N. Gadegaard, P. M. Tsimbouri, K. V. Burgess, L. E. McNamara, R. Tare,
K. Murawski, E. Kingham, R. O. Oreffo, M. J. Dalby, Nanoscale surfaces for the long-term
maintenance of mesenchymal stem cell phenotype and multipotency. Nat. Mater. 10,
637–644 (2011).

26. T. L. Downing, J. Soto, C. Morez, T. Houssin, A. Fritz, F. Yuan, J. Chu, S. Patel, D. V. Schaffer,
S. Li, Biophysical regulation of epigenetic state and cell reprogramming. Nat. Mater. 12,
1154–1162 (2013).

27. E. C. Rentchler, K. L. Gant, R. Drapkin, M. Patankar, P. J. Campagnola, Imaging collagen
alterations in STICs and high grade ovarian cancers in the fallopian tubes by second har-
monic generation microscopy. Cancers (Basel) 11, 1805 (2019).

28. A. Marmaras, T. Lendenmann, G. Civenni, D. Franco, D. Poulikakos, V. Kurtcuoglu, A. Ferrari,
Topography-mediated apical guidance in epidermal wound healing. Soft Matter 8,
6922–6930 (2012).

29. D. Franco, F. Milde, M. Klingauf, F. Orsenigo, E. Dejana, D. Poulikakos, M. Cecchini,
P. Koumoutsakos, A. Ferrari, V. Kurtcuoglu, Accelerated endothelial wound healing on
microstructured substrates under flow. Biomaterials 34, 1488–1497 (2013).

30. S. Meucci, I. Tonazzini, F. Beltram, M. Cecchini, Biocompatible noisy nanotopographies
with specific directionality for controlled anisotropic cell cultures. Soft Matter 8,
1109–1119 (2012).

31. F. Robotti, S. Bottan, F. Fraschetti, A. Mallone, G. Pellegrini, N. Lindenblatt, C. Starck, V. Falk,
D. Poulikakos, A. Ferrari, A micron-scale surface topography design reducing cell adhesion
to implanted materials. Sci. Rep. 8, 10887 (2018).

32. J. D. Dukes, P. Whitley, A. D. Chalmers, The MDCK variety pack: Choosing the right strain.
BMC Cell Biol. 12, 43 (2011).

Pramotton et al., Sci. Adv. 9, eadd1581 (2023) 7 April 2023 15 of 16

SC I ENCE ADVANCES | R E S EARCH ART I C L E

https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.add1581


33. U. Kersting, A. Schwab, M. Treidtel, W. Pfaller, G. Gstraunthaler, W. Steigner, H. Oberleithner,
Differentiation of Madin-Darby canine kidney cells depends on cell culture conditions. Cell.
Physiol. Biochem. 3, 42–55 (1993).

34. I. Colombo, E. Sangiovanni, R. Maggio, C. Mattozzi, S. Zava, Y. Corbett, M. Fumagalli,
C. Carlino, P. A. Corsetto, D. Scaccabarozzi, S. Calvieri, A. Gismondi, D. Taramelli, M. Dell'Agli,
HaCaT cells as a reliable in vitro differentiation model to dissect the inflammatory/repair
response of human keratinocytes. Mediators Inflamm. 2017, 1–12 (2017).

35. V. M. Schoop, N. Mirancea, N. E. Fusenig, Epidermal organization and differentiation of
HaCaT keratinocytes in organotypic coculture with human dermal fibroblasts. J. Invest.
Dermatol. 112, 343–353 (1999).

36. A. P. Singh, S. Aijaz, Generation of a MDCK cell line with constitutive expression of the
Enteropathogenic E. coli effector protein Map as an in vitro model of pathogenesis. Bio-
engineered 6, 335–341 (2015).

37. S. J. Streichan, C. R. Hoerner, T. Schneidt, D. Holzer, L. Hufnagel, Spatial constraints control
cell proliferation in tissues. Proc. Natl. Acad. Sci. U.S.A. 111, 5586–5591 (2014).

38. M. Uroz, S. Wistorf, X. Serra-Picamal, V. Conte, M. Sales-Pardo, P. Roca-Cusachs, R. Guimera,
X. Trepat, Regulation of cell cycle progression by cell-cell and cell-matrix forces. Nat. Cell
Biol. 20, 646–654 (2018).

39. J. C. Chambard, R. Lefloch, J. Pouyssegur, P. Lenormand, ERK implication in cell cycle
regulation. Biochim. Biophys. Acta 1773, 1299–1310 (2007).

40. R. K. Malik, J. T. Parsons, Integrin-dependent activation of the p70 ribosomal S6 kinase
signaling pathway. J. Biol. Chem. 271, 29785–29791 (1996).

41. T. M. Thornton, M. Rincon, Non-classical p38 map kinase functions: Cell cycle checkpoints
and survival. Int. J. Biol. Sci. 5, 44–51 (2009).

42. N. Xu, Y. Lao, Y. Zhang, D. A. Gillespie, Akt: A double-edged sword in cell proliferation and
genome stability. J. Oncol. 2012, 951724 (2012).

43. M. Panagiotakopoulou, T. Lendenmann, F. M. Pramotton, C. Giampietro, G. Stefopoulos,
D. Poulikakos, A. Ferrari, Cell cycle-dependent force transmission in cancer cells. Mol. Biol.
Cell 29, 2528–2539 (2018).

44. P. Maiuri, J. F. Rupprecht, S. Wieser, V. Ruprecht, O. Benichou, N. Carpi, M. Coppey, S. De
Beco, N. Gov, C. P. Heisenberg, C. L. Crespo, F. Lautenschlaeger, M. Le Berre, A. M. Lennon-
Dumenil, M. Raab, H. R. Thiam, M. Piel, M. Sixt, R. Voituriez, Actin flows mediate a universal
coupling between cell speed and cell persistence. Cell 161, 374–386 (2015).

45. T. E. Angelini, E. Hannezo, X. Trepat, M. Marquez, J. J. Fredberg, D. A. Weitz, Glass-like
dynamics of collective cell migration. Proc. Natl. Acad. Sci. U.S.A. 108, 4714–4719 (2011).

46. S. M. Brouxhon, S. Kyrkanides, X. Teng, V. Raja, M. K. O'Banion, R. Clarke, S. Byers,
A. Silberfeld, C. Tornos, L. Ma, Monoclonal antibody against the ectodomain of E-cadherin
(DECMA-1) suppresses breast carcinogenesis: Involvement of the HER/PI3K/Akt/mTOR and
IAP pathways. Clin. Cancer Res. 19, 3234–3246 (2013).

47. F. Robotti, D. Franco, L. Banninger, J. Wyler, C. T. Starck, V. Falk, D. Poulikakos, A. Ferrari, The
influence of surface micro-structure on endothelialization under supraphysiological wall
shear stress. Biomaterials 35, 8479–8486 (2014).

48. S. de Beco, J. B. Perney, S. Coscoy, F. Amblard, Mechanosensitive adaptation of E-cadherin
turnover across adherens junctions. PLOS ONE 10, e0128281 (2015).

49. C. Fedele, E. Mantyla, B. Belardi, T. Hamkins-Indik, S. Cavalli, P. A. Netti, D. A. Fletcher,
S. Nymark, A. Priimagi, T. O. Ihalainen, Azobenzene-based sinusoidal surface topography
drives focal adhesion confinement and guides collective migration of epithelial cells. Sci.
Rep. 10, 15329 (2020).

50. M. Boehm, E. G. Nabel, Cell cycle and cell migration: New pieces to the puzzle. Circulation
103, 2879–2881 (2001).

51. S. G. Kang, H. Chung, Y. D. Yoo, J. G. Lee, Y. I. Choi, Y. S. Yu, Mechanism of growth inhibitory
effect of mitomycin-C on cultured human retinal pigment epithelial cells: Apoptosis and
cell cycle arrest. Curr. Eye Res. 22, 174–181 (2001).

52. H. Joodaki, M. B. Panzer, Skin mechanical properties and modeling: A review. Proc. Inst.
Mech. Eng. H 232, 323–343 (2018).

53. S. Goren, Y. Koren, X. Xu, A. Lesman, Elastic anisotropy governs the range of cell-induced
displacements. Biophys. J. 118, 1152–1164 (2020).

54. A. Marmaras, U. Berge, A. Ferrari, V. Kurtcuoglu, D. Poulikakos, R. Kroschewski, A mathe-
matical method for the 3D analysis of rotating deformable systems applied on lumen-
forming MDCK cell aggregates. Cytoskeleton (Hoboken) 67, 224–240 (2010).

55. C. Y. Su, A. Burchett, M. Dunworth, J. S. Choi, A. J. Ewald, E. H. Ahn, D. H. Kim, Engineering a
3D collective cancer invasion model with control over collagen fiber alignment. Biomate-
rials 275, 120922 (2021).

56. G. R. Ramirez-San Juan, P. W. Oakes, M. L. Gardel, Contact guidance requires spatial control
of leading-edge protrusion. Mol. Biol. Cell 28, 1043–1053 (2017).

57. C. Malinverno, S. Corallino, F. Giavazzi, M. Bergert, Q. Li, M. Leoni, A. Disanza, E. Frittoli,
A. Oldani, E. Martini, T. Lendenmann, G. Deflorian, G. V. Beznoussenko, D. Poulikakos,
O. K. Haur, M. Uroz, X. Trepat, D. Parazzoli, P. Maiuri, W. Yu, A. Ferrari, R. Cerbino, G. Scita,
Endocytic reawakening of motility in jammed epithelia. Nat. Mater. 16, 587–596 (2017).

58. A. C. Vion, T. Perovic, C. Petit, I. Hollfinger, E. Bartels-Klein, E. Frampton, E. Gordon,
L. Claesson-Welsh, H. Gerhardt, Endothelial cell orientation and polarity are controlled by
shear stress and VEGF through distinct signaling pathways. Front. Physiol. 11,
623769 (2020).

59. E. Potthoff, D. Franco, V. D'Alessandro, C. Starck, V. Falk, T. Zambelli, J. A. Vorholt,
D. Poulikakos, A. Ferrari, Toward a rational design of surface textures promoting endo-
thelialization. Nano Lett. 14, 1069–1079 (2014).

60. G. Malet-Engra, W. Yu, A. Oldani, J. Rey-Barroso, N. S. Gov, G. Scita, L. Dupre, Collective cell
motility promotes chemotactic prowess and resistance to chemorepulsion. Curr. Biol. 25,
242–250 (2015).

61. M. J. Dalby, Topographically induced direct cell mechanotransduction.Med. Eng. Phys. 27,
730–742 (2005).

62. R. Baghban, L. Roshangar, R. Jahanban-Esfahlan, K. Seidi, A. Ebrahimi-Kalan, M. Jaymand,
S. Kolahian, T. Javaheri, P. Zare, Tumor microenvironment complexity and therapeutic
implications at a glance. Cell Commun. Signal 18, 59 (2020).

63. M. George, F. Bullo, O. Campas, Connecting individual to collective cell migration. Sci. Rep.
7, 9720 (2017).

64. J. M. Zahm, H. Kaplan, A. L. Herard, F. Doriot, D. Pierrot, P. Somelette, E. Puchelle, Cell
migration and proliferation during the in vitro wound repair of the respiratory epithelium.
Cell Motil. Cytoskel. 37, 33–43 (1997).

65. D. A. Zacharias, J. D. Violin, A. C. Newton, R. Y. Tsien, Partitioning of lipid-modified mo-
nomeric GFPs into membrane microdomains of live cells. Science 296, 913–916 (2002).

66. S. Werner, T. Krieg, H. Smola, Keratinocyte-fibroblast interactions in wound healing.
J. Invest. Dermatol. 127, 998–1008 (2007).

67. M. Arnold, M. Schwieder, J. Blummel, E. A. Cavalcanti-Adam, M. Lopez-Garcia, H. Kessler,
B. Geiger, J. P. Spatz, Cell interactions with hierarchically structured nano-patterned ad-
hesive surfaces. Soft Matter 5, 72–77 (2009).

68. S. Lohmann, C. Giampietro, F. M. Pramotton, D. Al-Nuaimi, A. Poli, P. Maiuri, D. Poulikakos,
A. Ferrari, The role of tricellulin in epithelial jamming and unjamming via segmentation of
tricellular junctions. Adv. Sci. (Weinh.) 7, 2001213 (2020).

69. L. Petitjean, M. Reffay, E. Grasland-Mongrain, M. Poujade, B. Ladoux, A. Buguin, P. Silberzan,
Velocity fields in a collectively migrating epithelium. Biophys. J. 98, 1790–1800 (2010).

70. S. Garcia, E. Hannezo, J. Elgeti, J. F. Joanny, P. Silberzan, N. S. Gov, Physics of active jamming
during collective cellular motion in a monolayer. Proc. Natl. Acad. Sci. U.S.A. 112,
15314–15319 (2015).

71. M. Basan, J. Elgeti, E. Hannezo, W. J. Rappel, H. Levine, Alignment of cellular motility forces
with tissue flow as a mechanism for efficient wound healing. Proc. Natl. Acad. Sci. U.S.A.
110, 2452–2459 (2013).

72. Y. Yang, K. Wang, X. Gu, K. W. Leong, Biophysical regulation of cell behavior-cross talk
between substrate stiffness and nanotopography. Engineering (Beijing) 3, 36–54 (2017).

73. I. B. Bischofs, U. S. Schwarz, Cell organization in soft media due to active mechanosensing.
Proc. Natl. Acad. Sci. U.S.A. 100, 9274–9279 (2003).

74. K. Aoki, Y. Kumagai, A. Sakurai, N. Komatsu, Y. Fujita, C. Shionyu, M.Matsuda, Stochastic ERK
activation induced by noise and cell-to-cell propagation regulates cell density-dependent
proliferation. Mol. Cell 52, 529–540 (2013).

75. A. Haeger, K. Wolf, M.M. Zegers, P. Friedl, Collective cell migration: Guidance principles and
hierarchies. Trends Cell Biol. 25, 556–566 (2015).

76. M. Poujade, E. Grasland-Mongrain, A. Hertzog, J. Jouanneau, P. Chavrier, B. Ladoux,
A. Buguin, P. Silberzan, Collective migration of an epithelial monolayer in response to a
model wound. Proc. Natl. Acad. Sci. U.S.A. 104, 15988–15993 (2007).

Acknowledgments: We thank the BRNC—Binnig and Rohrer Nanotechnology Center of ETH
Zurich for the assistance in the silicon wafer preparation and G. Restivo (University of Zurich),
H. Junker (ETH Zurich), and SKINTEGRITY.CH research initiative for providing the human skin
tissue samples. Funding: F.M.P. was supported by funding from ETH grant ETH-07 17-1
Namaste, and C.G. was supported by Swiss National Science Foundation grant SNF
205321_188828. Author contributions: Conceptualization: F.M.P., A.F., M.C., and C.G.
Methodology: F.M.P., C.M., C.G., T.R., and L.C. Investigation: F.M.P., C.M., and C.G. Visualization:
F.M.P. and C.G. Supervision: A.F., C.G., M.C., and D.P. Writing: F.M.P., A.F., T.R., and C.G.
Competing interests: The authors declare that they have no competing interests. Data and
materials availability: All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials.

Submitted 2 June 2022
Accepted 3 March 2023
Published 7 April 2023
10.1126/sciadv.add1581

Pramotton et al., Sci. Adv. 9, eadd1581 (2023) 7 April 2023 16 of 16

SC I ENCE ADVANCES | R E S EARCH ART I C L E


	INTRODUCTION
	RESULTS
	A reductionist model of ECM topographic order and distortion defines gradients of geometrical anisotropy
	Topographic noise modulates cell cycle duration
	Topographic noise distorts the contact guidance effect of ordered geometries
	Noise gradients guide the orientation of single-cell migration
	Morphotaxis contributes to the collective response of cell monolayers
	The collective response to topographic noise gradients requires mature cell-to-cell junctions
	Morphotaxis and distributed cell proliferation contribute to epithelial tissue advancement

	DISCUSSION
	MATERIALS AND METHODS
	Cell culture and treatments
	Substrate fabrication
	Magnetic stencil fabrication
	Magnetic attachment and cell patterning on glass substrates for wound healing experiments
	Fixation of cells for SEM
	Fixation of human skin tissues for SEM imaging
	Antibodies and drugs
	Western blotting
	Immunofluorescence
	Image acquisition
	E-cadherin inhibition on collectives
	Image analysis
	Wound healing velocity
	Cell image velocimetry
	CL measurements
	Perimeter analysis
	Kymographs
	Angular orientation analysis
	Single-cell velocity, directional migration, and change direction analysis
	Angle of division analysis
	Total and fraction residence time analysis
	Leader cell analysis
	Proliferation analysis and cell cycle phase length analysis
	Colocalization analysis
	CI DECMA-1 analysis

	Statistical analysis
	Numerical simulation

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this &break /;manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

