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Cells often migrate on curved surfaces inside the body, such as curved tissues, blood
vessels, or highly curved protrusions of other cells. Recent in vitro experiments provide
clear evidence that motile cells are affected by the curvature of the substrate on which
they migrate, preferring certain curvatures to others, termed “curvotaxis.” The origin
and underlying mechanism that gives rise to this curvature sensitivity are not well
understood. Here, we employ a “minimal cell” model which is composed of a vesicle
that contains curved membrane protein complexes, that exert protrusive forces on
the membrane (representing the pressure due to actin polymerization). This minimal-
cell model gives rise to spontaneous emergence of a motile phenotype, driven by a
lamellipodia-like leading edge. By systematically screening the behavior of this model
on different types of curved substrates (sinusoidal, cylinder, and tube), we show that
minimal ingredients and energy terms capture the experimental data. The model
recovers the observed migration on the sinusoidal substrate, where cells move along
the grooves (minima), while avoiding motion along the ridges. In addition, the model
predicts the tendency of cells to migrate circumferentially on convex substrates and
axially on concave ones. Both of these predictions are verified experimentally, on several
cell types. Altogether, our results identify the minimization of membrane-substrate
adhesion energy and binding energy between the membrane protein complexes as key
players of curvotaxis in cell migration.

curvotaxis | cell migration | curved surfaces | membrane proteins

Cell migration is an important biological process that plays a central role in immune
response, wound healing, tissue homeostasis, etc (1, 2). While the environment of a
cell in vivo is geometrically complex, most of the studies focus on cell spreading and
migration on flat substrates (3–5). Previous studies on two-dimensional (2D) patterned
flat surfaces have shown that cells adapt their shape and their internal cytoskeleton
to these 2D geometries (6–8). However, eukaryote cells, adhering and migrating on a
solid substrate, are observed to also interact with the topography of the substrate and
modify their motility (9–11). The alignment and the direction of migration of isolated
cells, in response to the topography, crucially depends upon the cell type. For example,
fibroblasts are found to align axially on the surface of a cylinder, while epithelial cells align
circumferentially (12–14). In another experiment (10), the migration of T-lymphocytes
was studied on a surface with sinusoidal (wavy) height undulations. The cells were found
to move axially in the grooves (minima) of the surface topography, avoiding migration
on the ridges (maxima). In ref. 11, the dynamics of several cell types was studied on a
2D sinusoidal surface. Adherent fibroblast cells, dominated by stress fibers and weakly
motile, were found to settle in the concave grooves or adhere aligned to the undulation
axis (both on grooves and ridges) (15, 16). In many adherent cells, the alignment is found
to be determined by the competition between the bending energy of the stress fibers, of
the nucleus and the contractile forces (17–19).

At the level of cell collectives, both alignment and cell migration within the confluent
tissue are found to be affected by the substrate curvature, experimentally (20–25) and in
theoretical analysis (26).

Despite these studies, the underlying mechanisms that determine the response of
migrating cells to the substrate curvature are still not well understood, even at the level
of single migrating cells. A few theoretical studies addressed the curvature response
of an isolated motile cell. One model contains a detailed description of the cellular
mechanics, and is based on the assumption of a central role for the nuclear dynamics in
controlling the cell migration on the curved surface (27). A similar approach of modeling
cell migration as arising from coupling the nucleus to random peripheral protrusions
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(28), produced migration patterns that were in qualitative
agreement with observations (10), i.e., resulting in cells migrating
preferentially along the grooves. Another model provides a
simpler and more general description in terms of an active-
fluid (29), but its predictions were not systematically compared
to experiments. A similar model was proposed to describe
amoeba cells moving along ridges, guided by a reaction–diffusion
mechanism adapted from macropinocytic cup formation (30).
Dynamic changes in substrate curvature were also shown to guide
cell migration over long distances (31).

For cell migration that is driven by the lamellipodia protrusion,
understanding the migration on curved substrates requires an
understanding of the mechanisms that drive the formation of
the lamellipodia. Recently we have proposed a theoretical model
where the lamellipodia forms as a self-organization of curved
actin nucleators, coupled with adhesion to the substrate (32, 33).
We showed that due to the spontaneous curvature of the actin
nucleators, they aggregate at the cell-substrate contact line, and
induce an outward normal force, which represents the protrusive
force due to actin polymerization. Curvature-sensitive membrane
complexes that contain actin nucleation factors (34–37) have
been found in experimental observations at the leading edge of
cellular protrusions (38–41). This model can give rise to the
spontaneous formation of a lamellipodia-like protrusion, with a
stable and asymmetric leading edge, that drives the migration of
the simulated membrane vesicle (Fig. 1A). We found these motile
vesicles to be highly persistent on a flat surface, maintaining
robustly their direction of migration (33), resembling persistently
motile cell fragments (42).

Here, we use the spontaneously migrating vesicle that arises
in our model (Fig. 1), as a minimal model of a migrating cell,
to explore its behavior and motility on a wide range of curved

A

B C

Fig. 1. Schematic representation of our model. (A) The vesicle is formed by a
closed triangulated surface, havingN vertices connected to its neighbors with
bonds. These bonds can change their length such that they are never below
lmin, or above lmax = 1.7lmin. The red dots on the surface of the vesicle
represent the curved membrane protein complexes with positive intrinsic
curvature (convex), while the blue part represents bare membrane. A zoomed
version of a small section of the vesicle surface is shown in the Inset. We show
here two possible initial conditions: (Left) The vesicle starts with a spherical-
like shape, adheres, spreads, and migrates on the curved surfaces. (Right)
We generate a motile (crescent shaped) vesicle on a flat substrate and then
deform the surface and let the vesicle evolve to conform to the deformed
(curved) shape, and then allow it to migrate. (B) Vertex movement: The vertex
i′ is moved to i. (C) Bond flip: The bond i − k is flipped to bond j − l.

surfaces. Indeed, we explore surfaces with smooth sinusoidal
shape undulations, as well as fibers (outside of cylindrical
surfaces) and tubes (inside of cylinders). We do not explore
here topographies with sharp edges and barriers or on length-
scales much smaller than the cellular length-scale such as these
experimental studies (43–45), as these will require a much finer
mesh for the vesicle surface triangulation and are consequently
computationally costly. In addition, sharp edges will increase the
chance of our motile vesicle losing its polarity (defined as the net
magnitude of the active force exerted on the vesicle surface) (33).

Despite the simplicity of our model, the migration patterns
of our motile vesicle on the curved surfaces correspond closely
to published, as well as recent experimental observations that we
present here, of cell migration over curved surfaces. The model
vesicle is found to move perpendicular to a sinusoidal topography
of short length-scale, while it tends to migrate circumferentially
around fibers (and pillars). These qualitative features of the
calculated migration patterns of the motile vesicle, are verified by
comparing to the migration patterns of several motile cell types.
Our minimal model for cell migration suggests that some aspects
of curvotaxis, of cells that migrate using lamellipodia protrusions,
can be universally explained using physical principles.

1. Theoretical Model
The migrating cell is represented in our theoretical model using a
three-dimensional membrane vesicle. The vesicle is described by
a closed triangulated surface havingN vertices, connected to their
neighbors with bonds, and forming a dynamically triangulated,
self-avoiding network, with the topology of a sphere (32, 33, 46–
50) (Fig. 1). The nodes that compose the vesicle surface can
either represent the bare membrane (blue in Fig. 1), or represent
membrane protein complexes with convex spontaneous curvature
(37), that diffuse on the membrane surface, having nearest-
neighbor attractive interaction with each other (red in Fig. 1).
Convex protein or membrane curvature stands for a node that is
locally protruding outward, with respect to the vesicle interior.

We consider that each curved protein complex recruits actin
polymerization, which gives rise to a local protrusive force that
pushed the membrane. This is represented in our model as an
active force (F ) exerted at the site of the curved protein on
the membrane, in the direction of the local outward normal to
the vesicle surface. The simplifying assumption is that the actin
polymerization that occurs near the membrane can be treated as
a local force exerted directly at the site of the curved protein
complex which includes actin nucleation factors such as the
WAVE complex (51–53).

The vesicle energy has therefore the following contributions:
The continuum version of the bending energy is given by

Wb =
�
2

∫
A
(H −H0)2dA, [1]

where � is the bending rigidity, H is the mean local curvature
of the membrane surface, H0 is the local spontaneous curvature,
and the integral is over the entire surface. The vesicle contains
curvature-sensitive protein complexes, that occupy vertices with
an overall density � = Nc/N , where Nc is the number of
such protein nodes that are initially randomly distributed over
the vesicle surface, and their total number is kept constant
throughout the simulation, and N is the total number of vertices
on the vesicle. These protein nodes have a positive (convex)
spontaneous curvature (H0 > 0), while the bare membrane
nodes have zero spontaneous curvature. In our simulations we
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use a discrete version of the bending energy (54, 55) (SI Appendix,
section S1).

The direct binding energy between the protein complexes on
nearest-neighbor nodes is given by

Wd = −w
∑
i<j

H(r0 − rij), [2]

where, H is the Heaviside step function, rij = |−→rj − −→ri | is
the distance between proteins, −→ri ,−→rj are the position vectors
for i, j − th proteins, and r0 is the range of attraction, w is the
strength of attraction. The range of attraction is chosen such that
only the proteins that are in neighboring vertices can bind to each
other.

These curved protein complexes also recruit actin filaments
that polymerize at the location of these proteins. We assume that
the direction of these forces is normally outward of the local
surface containing the proteins. The active energy is given by

ΔWF = −F n̂i ·
−→Δri, [3]

where, F is the magnitude of the active force, representing the
protrusive force due to actin polymerization (33, 48) that is
acting in the direction of outward normal vector of the local
membrane surface (along n̂i) and

−→
Δri is the displacement vector

of the protein complex. The “active” forces in our simulations are
implemented as external forces that act on the specific nodes of the
system that contain the curved membrane proteins (with positive
spontaneous curvature, red nodes in Fig. 1). This is done by
giving a negative energy contribution when the points on which
these forces act move in the direction of the force. These forces
are “active” since they give an effective energy (work) term that
is unbounded from below and thereby drive the system out of
equilibrium. By exerting a force directed at the outward normal
we naturally describe Arp2/3-driven branching polymerization
of actin, which is rather isotropic and acts as a local pressure on
the membrane.

Finally, the adhesion energy due to the interaction between
the vesicle and the extracellular substrate is given by

WA = −
∑
i′

Ead , [4]

where Ead is the adhesion energy per node, and the sum runs
over all the vertices that are adhered to the substrate (32, 33,
56). By “adhered vertices,” we mean all such vertices, whose
perpendicular distance from the adhesive surface is less than a
threshold, which we chose to be equal to the length lmin, which
is the unit of length in our model, and defines a minimal length
allowed for a bond. Thus, the total energy of the system is given by

W = Wb + Wd + WF + WA. [5]

We update the vesicle with mainly two moves, 1) vertex
displacement and 2) bond flip. In a vertex displacement, a vertex
is randomly chosen and moved by a random length and direction,
with the maximum possible distance restricted by 0.15 lmin (Fig.
1B). This movement provides shape fluctuations to the vesicle.
In the bond flip move, a single bond is chosen, which is a
common side of two neighboring triangles, and this bond is cut
and reestablished between the other two unconnected vertices
(Fig. 1C ) (32, 33, 56). The bond flip is responsible for the
lateral fluidity of the system that allows the vertices to diffuse

through the membrane surface. Since our protein complexes
are attached to a particular vertex, it also diffuses along with
the vertex in the bond flip movement. The maximum bond
length is restricted to lmax = 1.7 lmin in order to maintain self-
avoidance of triangulated network. We update the system using
the Metropolis algorithm, where any movement that increases
the energy of the system (Eq. 5) by an amount ΔW occurs with
rate exp(−ΔW /kBT ), otherwise it occurs with rate unity.

We chose the physical parameters of the model to be in the
regime where we get a robust motile vesicle shape (as shown in
Fig. 1A), which constrains the values ofF ,Ead and � (SI Appendix,
section S3 and Fig. S2). Specifically, we emphasize that we do not
tailor our model parameters to fit specific experiments, but only
maintain the model in the regime of motile vesicle shape. We then
utilize this motile vesicle to explore qualitatively its behavior on
different curved surfaces and compare these qualitative behaviors
with the experiments.

2. Results
When simulating the migration of our motile vesicle (Fig. 1) on
curved surfaces, we have to note that our motile vesicle can easily
lose its polarization and motility if it encounters large amplitude
and sharp height undulations or barriers (33). This “fragility”
of the motile phenotype in our model constrains us to explore
surfaces with small gradients of height undulations, such that
our vesicle does not lose its polarization and motility. Our vesicle
loses its motility when its leading edge protein cluster (Fig. 1)
breaks up into two or more parts, which happens when the
vesicle collides with an obstacle of large height gradient, or can
occur spontaneously due to noise (33). In our model this event is
irreversible, while in real cells there are internal mechanisms that
allow cells to recover their polarized shape and resume motility
(57–59).

We therefore explore below the migration of our motile
minimal-cell system on smooth surfaces where the curvature
changes gradually on the length-scale of the vesicle surface trian-
gulation. The shape of the sinusoidal substrate in the simulation
is of the form: z = zm sin(2�y/ym), such that the sinusoidal
variations are along the y-direction and the curvature remains
constant along the x-direction. We use several combinations of
zm and ym in our simulations: 1) zm = 10 lmin; ym = 120 lmin,
2) zm = 2 lmin; ym = 30 lmin, and 3) zm = 1 lmin; ym = 15 lmin,
to capture experimental observations that were performed using
different ratio of the cell size and the wavelength of the sinusoidal
pattern (SI Appendix, Fig. S3). By keeping the ratio zm/ym � 1,
we remain in the regime of small undulations, which maintains
the motility of our simulated vesicle. Similarly for the migration
on fibers and inside tubes, we keep their radius large compare
with the triangulation length-scale.

In the simulations with sinusoidal surface, we start with a
motile vesicle, that we formed on a flat substrate, in which all the
proteins are in a single cluster and exert a net force in the direction
of migration. We then deform the substrate into a curved shape
and allow the vesicle to evolve so that it matches the curved
substrate to which it is adhered (see SI Appendix, section S5 and
Fig. S4 and Movie S1 for more details). This allows us to control
the initial direction of motion of the vesicle. Alternatively, we
can start from a spherical-like vesicle and let it spread over the
curved surface. During this spreading the system often breaks
the symmetry spontaneously by self-organizing all the proteins
in a single cluster that forms the leading edge, thereby forming a
motile shape. However, in this case, we do not have any control
over the initial direction of migration.

PNAS 2024 Vol. 121 No. 12 e2306818121 https://doi.org/10.1073/pnas.2306818121 3 of 12

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 N
ir

 G
ov

 o
n 

M
ar

ch
 1

5,
 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

82
.8

.1
35

.5
6.

https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials


A. Cellular Migration on Sinusoidal Surfaces: Large Wave-
length. We start by studying the vesicle migration on a sinusoidal
substrate where the sinusoidal wavelength is larger than the
diameter of the adhered cell, and the vesicle can migrate while it
is roughly in a region with only one type of substrate curvature
over its entire contact surface with the substrate: The groove/ridge
width ym/2 is about twice larger than the cell diameter 2Rvesicle.
In Fig. 2 i and ii we show the configurations and trajectories
of a motile vesicle that was placed initially either on the Bottom
(Fig. 2A) or Top (Fig. 2B) of the sinusoidal surface undulation.
The vesicle is initially aligned parallel to the surface undulations
(along the x-axis).

When we use a vesicle of small size (Fig. 2 A and B), we find
simple dynamics on the sinusoidal surface: When initiated inside
the groove, it maintains its aligned direction of motion (Fig. 2A
and Movie S2). When initiated on the ridge, the vesicle quickly
reorients to almost perpendicular direction of motion, slides to
the nearby groove, where it resumes its aligned migration (Fig.
2B and Movie S3).

A larger vesicle (surface area five times larger) on the same
sinusoidal substrates exhibits more complex dynamics (Fig. 2
C and D; Movies S4 and S5). This is due to the vesicle now
extending over a larger surface and simultaneously spanning more
of the two signs of the substrate curvatures. For example, when

A

E F G H I

B C D

Fig. 2. Motile vesicle moving on a sinusoidal substrate with ym/Rvesicle � 1. We use zm = 10 lmin; ym = 120 lmin for sinusoidal substrate. (A) A small vesicle
starting from the minimum of the sinusoidal substrate continues to migrate along its initial direction of migration. (B) Small vesicle starting from the maximum
of the sinusoidal substrate shifts to the minimum of the substrate. (C) Large vesicle starting from the minimum of a sinusoidal substrate (with F = 2.0 kBT/lmin),
crosses the maximum and reaches the next minimum. (D) Large vesicle starting from the maximum of a sinusoidal substrate (with F = 1.0 kBT/lmin) initially
tends to migrate along the positive Y -axis, then changes its direction of migration toward the negative Y -axis, and finally reaches the minimum. Panel (i) shows
the snapshots (with red arrows showing the direction of migration), panel (ii) shows the trajectories, panel (iii) shows the adhesion energy with time and panel
(iv) shows the bending energy with time. (E) We define migration angle (�) as the angle between the direction of migration of the vesicle (toward the net active
force F ) and the axis of the sinusoidal substrate (x-axis). (F ) The distribution of angle at which the vesicle crosses the maxima, generated from simulation.
Here we only use the data for large vesicle, as small vesicle in this case does not cross the ridges. (G) The distribution of angle at which the vesicle crosses the
maxima, generated from the experimental trajectories of ref. 10. We used 40 tracks of individual cells from two replicates to generate this distribution. The
statistical significance test gives P < 10−9, where P is the probability that the data comes from a uniform random distribution. (H) The accumulated positions
of center-of-mass of Dictyostelium discoideum cells over time. (I) The cumulative distribution of D.d. cell’s position in a full period (�) of the pattern. For (H)
and (I), we use 105 cells, from five different replicates. Statistical significance test gives a P value less than 10−11. For the statistical significance test, we use
one-sample Kolmogorov–Smirnov test implemented in the Matlab function “kstest.” For small vesicle (A and B), we use N = 607, Ead = 3.0 kBT , F = 4.0 kBT/lmin
and � = 4.9%. For large vesicle (C and D), we use N = 3127, Ead = 2.0 kBT , and � = 2.4%.
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started in the groove (Fig. 2 C, i, ii), it is affected by the nearby
ridge, which causes a reorientation similar to that observed in
Fig. 2 B, i, ii. Occasionally, the larger vesicles remain aligned
in the groove ( SI Appendix, Fig. S5A), but its leading edge
aggregate often breaks up, sometimes leading to a loss of the
motile phenotype. When the larger vesicle is initiated on the
ridges it reorients toward the nearby groove, but due to spanning
both sides of the ridge, the vesicle can change its direction during
this process (Fig. 2 D, i, ii). More examples of these dynamics
are shown in SI Appendix, section S6 and Fig. S5 (Movies S6
and S7).

In order to understand this behavior, we plot the adhesion
(WA, Eq. 4) and bending energies (Wb, Eq. 1) of the vesicle as
it is moving between the ridge and groove regions (Fig. 2 A–D
iii, iv). We note that both the adhesion and bending energies are
roughly constant when the vesicle migrates in the groove. When
the vesicle shifts from the ridge to the groove, both the adhesion
and bending energies decreases, driving the preference for the
vesicle to remain inside the groove. This is easy to understand,
as the vesicle can adhere more snugly when “filling” the concave
groove, with lower bending energy at the vesicle rim, compared
to being more curved on the ridge region. On the other hand,
the curved nucleators form stronger bonds between themselves
(Wd , Eq. 2), and therefore a more robust leading edge cluster,
when on the ridge (SI Appendix, Fig. S6). However, the changes
in this energy term are small compared to the changes in the
bending and adhesion energy. These observations explain why
energetically it is overall more favorable for the vesicle to reside
in the grooves, while the more cohesive leading edge cluster gives
rise to faster motility when the vesicle crosses the ridges. Note
that the cell-substrate adhesion energy was previously identified
as the driving mechanism for the tendency of cells to accumulate
in concave grooves and pits (27).

Our theoretical results shown in Fig. 2 A–D, i, ii are similar
to the experimental observations of T lymphocytes migrating
on sinusoidal surfaces (10). In these experiments, it was found
that cells mostly migrate inside, and aligned with the grooves,
while occasionally crossing the ridges rapidly and at large angles.
The simulations indicate that the vesicle tends to cross the ridges
at large angles (Fig. 2F ), as observed in experiments (10) (Fig.
2G). A similar behavior was observed in migrating Dictyostelium
discoideum cells on a sinusoidal substrate, as shown in Fig. 2H
(60). The positions of the center-of-mass of the cells over time
show that this cell type also tends to stay within the grooves, and
avoids the ridges (Fig. 2I ). Finally, the tendency that we find
for the motile vesicle to realign such that it climbs up ridges at
large angles, naturally explains the observed trajectories of T-cells
climbing up ramp-like structures (61).

B. Cellular Migration on Sinusoidal Surfaces: Small Wave-
length. Next, we consider the case where the vesicle radius and the
wavelength of the sinusoidal undulations are of the same order,
so that a vesicle spans both the ridge and the nearby groove(s).
Here, we use sinusoidal variations of two types: zm = 1; ym = 15
and zm = 2; ym = 30 keeping the ratio of zm/ym fixed.

We find that when we start with a vesicle that is parallel to
the sinusoidal pattern, the vesicle either settles at an acute angle
with the axis of the sinusoidal pattern (Fig. 3A and Movie S8), or
settles to migrate in the orthogonal direction (Fig. 3B and Movie
S9). The speed of the vesicle shows clear oscillatory behavior (Fig.
3 A and B, iii). When the vesicle travels from ridge to groove, it
moves toward lower energies and thereby moves faster, while in
the opposite case, it slows down. These speeds seem to be periodic
along the orthogonal direction to the grooves and ridges of the
sinusoidal pattern. In SI Appendix, Fig. S7 A and B) we show the
average speed of the migrating vesicle at different positions of its

A B C D

Fig. 3. Motile vesicle moving on a sinusoidal substrate with ym/Rvesicle ∼ 1. In this case, we use only a small vesicle for simulation results. (A) A vesicle started
from the minimum of the substrate finally moves at a constant angle with the sinusoidal axis. Here, we use zm = 1 lmin; ym = 15 lmin for the sinusoidal
substrate. (B) A vesicle started from the maximum of the sinusoidal substrate slowly changes its migration direction and becomes orthogonal to the sinusoidal
axis. Here, we use zm = 2 lmin; ym = 30 lmin for the sinusoidal substrate. (C) Migrating keratocyte on sinusoidal pattern, that initially started along the axis,
finally moves at an angle with the sinusoidal axis. This trajectory is very similar to the one observed in Fig. 3A. (D) Migrating keratocyte, initially at an angle
and finally moves almost orthogonal to the sinusoidal axis, very similar to the trajectory in Fig. 3B. Here, (i) shows the snapshots (red arrows are showing the
direction of migration), (ii) shows the trajectories, and (iii) shows the variation of speed of the vesicle/cell with time. For simulation results, we use N = 607,
Ead = 3.0 kBT , F = 4.0 kBT/lmin and � = 4.9%.
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center-of-mass between two maxima of the sinusoidal pattern,
showing clear periodicity.

Note that when the vesicle was aligned inside the groove (initial
condition in Fig. 3A), it shows some tendency to persist inside
the groove. This tendency gives rise to staircase-like trajectories
when the vesicle moves at some oblique angle with respect to the
sinusoidal pattern (Fig. 3 A, ii). We show more simulations of
this type in SI Appendix, Fig. S8 (Movies S10 and S11).

We compare these simulations to experiments using fish
keratocytes migrating on sinusoidal substrates (7), with a similar
ratio of cell size and sinusoidal wavelength (Movies S12 and
S13). Fish keratocytes is a perfect cellular system to be compared
to vesicles since they are persistent and polarized cells that contain
a large lamellipodium driven by protrusive forces exerted by
actin polymerization. In Fig. 3 C and D, we show two typical
trajectories, where the cell migrates in a staircase-like trajectory
(Fig. 3 C, i, ii) or leaves the groove and moves orthogonal to
the pattern (Fig. 3 D, i, ii); SI Appendix, Fig. S9 C and D). The
speed of the cell shows similar oscillatory behavior as observed in
our simulation (Fig. 3 C and D, iii). However, due to the noisy
cell speed extracted from the experimental trajectories, we could
not identify a clear relation between the mean speed and the cell
position within the sinusoidal pattern (SI Appendix, Fig. S7C and
D). The experimental speed can be affected by stick-slip cellular
retractions and inhomogeneities in the cell-substrate adhesion,
which are absent in the simulations. In SI Appendix, Fig. S9
we show more experimental trajectories of migrating keratocytes
on the sinusoidal substrate, similar to Fig. 3 C and D (Movies
S14–S17).

The main qualitative finding is that both the cells in the
experiments and the simulated vesicles have a strong tendency
to move perpendicular to the wavy pattern when the cell size is
comparable or larger than the wavelength of the substrate (Fig.
3). This is in stark contrast to the behavior of the cells and the
simulated vesicles on a sinusoidal substrate when the cell is smaller
than the wavelength of the sinusoidal pattern (Fig. 2).

In SI Appendix, sections S11 and S12 (Movies S18–S22), we
show experimental and simulation data for cells and vesicles
moving on sinusoidal surfaces of different adhesion strength.
These results demonstrate the robustness of the tendency of
cells to migrate persistently in the orthogonal direction to the
sinusoidal pattern, thereby showing that this phenomenon does
not depend on fine tuning of the system’s parameters. Overall,
the experimental data shown in SI Appendix, Fig. S11, along with
the data presented in SI Appendix, Fig. S9, and Fig. 3 C and D
shows that more than 40% cells prefer to migrate at a large angle
(60◦ ≤ � ≤ 90◦) with the axis of the sinusoidal pattern, which
demonstrates the statistical significance of this mode of migration
in comparison to the examples shown in Fig. 2, where cells prefer
to migrate along the grooves of the sinusoidal pattern.

Despite the favorable comparisons between the model and the
experiments on sinusoidal surfaces, it is not easy to interpret
the details of the migration process on these surfaces since
they contain curvatures of opposite signs. We next explore the
migration pattern of our model vesicle, and living cells, on simpler
curved surfaces of uniform curvature.

C. Migration Outside a Cylindrical Surface (Fiber). In order to
gain a deeper understanding of the curvature-dependent motility
in our model, we simulate the vesicle motion on a surface of
uniform curvature, such as the convex curvature of the external
surface of a cylinder (fiber). In Fig. 4A we plot the dynamics

of a motile vesicle, when initially it was aligned along the axis
of the fiber (of radius R = 10 lmin). We find that the vesicle
spontaneously shifts its orientation, and ends up rotating along
the circumferential direction, as the final steady-state of the
system (Fig. 4A and Movie S23). This tendency, to polarize
and migrate perpendicular to the axis of the fiber, explains
naturally the tendency of the vesicle to migrate perpendicular
to the undulation pattern, when moving over the ridges of the
sinusoidal surfaces (Figs. 2 and 3).

We can understand the driving force for this re-orientation of
the migration, by plotting the adhesion, bending, and protein-
binding energies of the vesicle during this process (Fig. 4 B–D)
as a function of the migration angle, which is defined as the
angle between the direction of motion and the fiber axis (see SI
Appendix, sections S13 and S14 and Figs. S12 and S13 for more
details). We see that there is a small gain in adhesion (decrease
in adhesion energy), decrease in overall bending energy, and a
small decrease in the protein binding energy. When oriented
circumferentially, the leading edge active forces can stretch the
vesicle sideways along the cylinder’s axis, which is efficient in
increasing the adhered area along a direction of low curvature,
by keeping the membrane close to the fiber surface (Fig. 4E).
By comparison, when the vesicle is oriented along the axis (Fig.
4F ) only a small region of the leading edge, along the axis, can
pull the membrane close to the fiber and maintain its adhesion.
The parts of the leading edge that point along the circumferential
direction are less effective in increasing the adhered area due to
pulling the membrane off the surface, as well as increasing its
bending energy.

This predicted tendency for cells to rotate around fibers, when
their migration is driven by a lamellipodial protrusion, is nicely
verified by experimental data on Dictyostelium discoideum cells
(12). The observed trajectories of migration are biased along the
circumferential direction (Fig. 4G and Movie S24), as shown by
the peak in the distribution of cellular migration direction (Fig.
4I ). The speed of the cells was also found to be maximal along
the circumferential direction (Fig. 4H ).

Furthermore, it was found experimentally that the tendency of
the cells to migrate circumferentially decreased as the fiber radius
increased (SI Appendix, Fig. S14) (12). Our model can offer an
explanation of this trend, as we find that the energetic advantage
of the circumferential orientation in our simulations decreases
with increasing fiber radius.

A similar tendency was observed for motile MDCK cells on
a fiber (Movie S25). The trajectories in Fig. 4J show that these
cells were either migrating in highly persistent bursts along the
circumferential direction, or moving in a more random motion
along the axial direction (while the speed exhibits no clear angular
dependence, see SI Appendix, Fig. S15). This agrees with the
model’s prediction that the lamellipodia’s leading edge is more
robust along the circumferential direction, which should result
in more persistent motion along this direction.

Previous studies with MDCK cells moving on very thin fibers
(fiber cross-section circumference same or smaller than the cell
diameter) reported a bi-phasic migration pattern (20). Isolated
cells were sometimes observed to migrate axially with high speed,
and with a very small adhered surface area. The cell body in
these cases exhibits a highly rounded shape, typical of cells under
strong contractile forces. Such contractile forces are outside the
present model, and we therefore do not expect to reproduce this
axially motile phenotype (62). However, a second phenotype
was observed in these experiments, when cells spread and adhere

6 of 12 https://doi.org/10.1073/pnas.2306818121 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 N
ir

 G
ov

 o
n 

M
ar

ch
 1

5,
 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

82
.8

.1
35

.5
6.

https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2306818121#supplementary-materials


A

B

E

G
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C D

Fig. 4. Vesicle migrating outside of a cylindrical fiber. (A) Configurations of the motile vesicle migrating on a fiber, initially in the axial direction, and finally
reorients to rotate circumferentially. (B) The adhesion, (C) bending, and (D) binding energies of the vesicle as function of its migration angle during the
reorientation process shown in (A). (E) Distribution of the distance z of a curved protein along the leading edge from the cylindrical surface, when the vesicle
is oriented circumferentially. We plot this distance distribution for three different sections of the leading edge, along three directions, as defined in the Inset.
The part of the distributions that are on the Left side of the vertical dashed line (at z = 1) represent adhered proteins. (F ) Same as (E), when the vesicle is
oriented axially. (G) Trajectories of different D.d. cells on the fiber of diameter 160 μm (12). (H) The distribution of migration speeds of D.d. cells, as function of
the migration angle, where 0 or � represent the axial direction and �/2 represents the circumferential direction. (I) Distribution of migration angles of D.d. cells
on the fiber, as in (H). In (G–I), we use 42 trajectories of different cells. The P-value that the data come from a uniform random distribution is less than 10−11.
(J) The trajectories of MDCK cells migrating on a fiber of 50 to 70 μm in diameter. Inset shows the distribution of total path length covered by the cell in 10 min
durations as function of the angular direction, as in (I). Here, we use trajectories of nine cells in three independent experiments. The statistical significance test
for path length distribution gives P < 10−12. We use Matlab function “kstest” for the statistical significance test. For simulation results, we use the radius of the
fiber R = 10 lmin, F = 2.0 kBT/lmin, Ead = 1.0 kBT and � = 2.4%.

strongly to the fiber surface. During these times the cells seem
to exhibit short rotation periods around the fiber circumference
(20), but their durations were too short to be conclusive. In
addition, the overall orientation of the actin fibers in a confluent
monolayer of cells on the fiber was found to be circumferential,
in agreement with the orientation of the isolated cell in our
simulations.

Another example for spontaneous rotational migration of cells
on cylindrical surfaces is shown in Fig. 5 A–C (Movies S26 and
S27). Here Dictyostelium discoideum cells are shown to rotate
persistently on the external surface of pillars with circular cross-
section. On pillars with triangular cross-section, we find that
the cells slow down periodically whenever they cross the higher
curvature corners (Fig. 5 D and E). In SI Appendix, Fig. S17
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A

B C

F

G H I J

D E

Fig. 5. Curvature sensing on micropillars. (A) Timelapse snapshots of Dictyostelium discoideum cells moving along the surface of a circular (Top) or triangular
(Bottom) shaped micropillar. In both cases, the field of view shown is 30 × 30 um. Cells express LifeAct-GFP. (B) Kymograph of the actin signal for the cell shown
in (A) on the round micropillar. The intensity has been integrated in each angular slice and color coded from white (0) to black (max). (C) Same as (B) for the
triangular-shaped pillar. The arrows indicate the positions where the triangle corners are located. (D) Variation in the speed of the trailing edge VT (scaled by the
average speed for the fiber with circular cross-section) as a function of the position of the leading edge (�L). (E) Variation in the speed of the leading edge (VL)
as a function of the position of the leading edge (�L). (F ) Snapshots of the migrating vesicle on a fiber with elliptical cross-section with aspect ratio r = 1.54. The
vesicle initially migrates in the axial direction and finally reorients along the circumferential direction for longer time (t > 200). (G) Kymograph of the leading
edge (blue circles) and the trailing edge (green circles) when the vesicle is rotating circumferentially (t > 300). (H) Speed of the trailing edge of the vesicle VT
(scaled by the speed for the fiber with circular cross-section Vcircular ) as a function of the position of the leading edge (�L) over a full period. (I) Speed of the
leading edge of the vesicle VL as a function of the position of the leading edge (�L) over a full period. (J) Speed of the center of mass (com) of the vesicle VCOM as
a function of the position of the leading edge (�L) over a full period. For simulation, we use Rx = 12 lmin, Ry = 7.773 lmin, Ead = 1.5 kBT , F = 2.0 kBT/lmin, and
� = 2.4 %.

we present several additional experimental kymographs for cells
performing persistent rotations around micropillars of circular
cross-section.

Note that when cells are migrating on extremely thin fibers,
the motility mode is very different, driven by elongated and thin
protrusions on either side of the cell (62). There is no single
lamellipodium that drives the migration, and no global rotation
of the cell around the fiber. However, the leading edges of the
protrusions tend to coil around the fiber. We suggest that this
behavior is driven by the same mechanism that we identified here
to cause global rotations on larger fibers (47).

In order to verify the above predictions, we simulated the
migration of the motile vesicle on a fiber of elliptical cross-section,
such that the rotating vesicle experiences different curvatures
periodically (Fig. 5F and Movie S28). By plotting the kymograph
(Fig. 5G) and the speed as function of position (Fig. 5 H–J ), we
find periodic variations in the speed of the vesicle that are similar
to those observed in the experiments (Fig. 5 B–E). Note that
the experiments exhibit three peaks, due to the triangular shape,
compared to two peaks in the simulations on the elliptic cross-
section.

In SI Appendix, section S19 and Fig. S18, we compare the
dynamics of migrating vesicles on elliptical fibers of different
aspect ratio r = Rx/Ry. We note that it takes more time for
the vesicle to reorient toward the circumferential direction as the
aspect ratio r increases (SI Appendix, Fig. S18 A and B). For the
largest aspect ratio that we tested (r = 2.87), the vesicle does not
reorient at all (SI Appendix, Fig. S18C ), due to the sharp corners
that present bending energy barriers. This inhibition of rotation
over the sharp corners is similar to the inhibition of coiling at
the leading edge of cellular protrusions, calculated and observed
when cells spread over fibers (47).

At higher adhesion strength, the simulated vesicle rotates
faster from axial to circumferential orientation (see SI Appendix,
section S20 and Fig. S19 and Movie S29 for details). This
trend is qualitatively observed in MDCK cells which exhibit
a reduced preference to migrate along the circumferential
direction compared with a fiber of higher adhesion strength,
as predicted in simulation (compare SI Appendix, section S21
and Fig. S20 with Fig. 4J ). However, more research using several
cell types is needed in order to further verify these predictions in
experiments.
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D. Migration Inside a Cylindrical Surface (Tube). Next, we study
the migration of cells inside a cylindrical tube, a uniformly
concave surface. We start with our vesicle, that shows no tendency
to rotate circumferentially when initially aligned to migrate along
the axial direction (Fig. 6A and Movie S30). Over time, the vesicle
is found to lose its motility, and the leading edge protein cluster
breaks into several parts, which leads to a decrease in the total
active force that propels the vesicle (Fig. 6B). This is similar to
the behavior inside the grooves of the sinusoidal surface (Fig. 2 A
and B). We chose here a tube radius such that the circumference
of the tube is much larger than the vesicle’s diameter. In this
regime we can explore the cell migration on the surface, avoiding
“plugging” of the tube by the vesicle when the tube radius is
smaller than the cell radius (21).

The different energy terms of the vesicle do not show any
systematic variation during its migration in the tube (Fig. 6C–E).
In Fig. 6F we show that all the proteins along the cell edge are well
adhered to the substrate, which is why the leading edge can easily

break up and form clusters along any direction. The leading-edge
that was initially oriented axially, will tend to break into two arcs
that point side-ways. This destabilizes the polarized leading-edge
aggregate, and the cell migration slows down, sometimes to a halt
(forming a two-arc non-motile phenotype). As a result, we find
that the vesicle in the tube ends up either as slowly migrating in
the axial direction (on average, Fig. 6A) or a two-arc (nonmotile)
vesicle that can be axial or “bridge” orthogonally to the axis (SI
Appendix, Fig. S21 and Movie S31).

Comparing to experimental observations of cells moving inside
tubes (63), it was indeed found that cells tend to migrate along
the tube axis, as we obtain (Fig. 6A). However, this tendency
is strongly cell-type dependent, with some cells becoming
nonmotile inside tubes, forming adhesion “bridges” that can be
orthogonal to the tube axis (16). This observation agrees with
our finding that the motility inside the tube is strongly inhibited,
with the cells tending to lose their polarization (Fig. 6 A and
B). In ref. 21, it was indeed observed that the motility along the

A

B

C

F G

D E

Fig. 6. Vesicle migrating inside a cylindrical tube. (A) Configuration of vesicle migrating inside a tube, initiated in the axial direction. (B) Magnitude of active
force along the axis of cylinder (Fx ) with time. (C) The adhesion energy of the vesicle with time. (D) The bending energy of the vesicle with time. (E) The binding
energy between proteins with time. (F ) Probability distribution of a protein at z distance above the cylindrical substrate. The left side of the vertical dashed line
(at z = 1) represents adhered proteins. Here, we use R = 35 lmin, Ead = 1.0 kBT , F = 2.0 kBT/lmin, and � = 2.4%. (G) Trajectories of the MDCK cells migrating
inside tubes of 67 to 75 μm in diameter. Inset shows the distribution of total path length covered by the cell in 10 min durations as function of direction,
where 0,� represent the axial direction, and �/2 represents the circumferential direction. We used trajectories of seven cells in three independent experiments.
Statistical significance test for path length data gives P < 10−12. We use Matlab function “kstest” for the statistical significance test. This indicates that while the
angular distribution is not uniform, it is more evenly spread compared to the case of migration on the fiber (inset of Fig. 4J).
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Fig. 7. Ratio of the length (along F ) and width (orthogonal to F ) of the vesicle
and the spreading area, for four different cases when it is moving (1) along
circumferential direction on a cylinder, (2) along axial direction on a cylinder,
(3) on a flat substrate and (4) inside of a cylindrical tube. The magenta color
is for the aspect ratio and the red color showing the spreading area. Inset
shows a crescent shape on a flat substrate, defining the length and the width
of the vesicle. For fiber, we use R = 10 lmin, for tube, we use R = 35 lmin.
Other parameters are F = 2.0, Ead = 1.0 and � = 2.4%.

tube axis decreases as the tube radius decreases, as cells migrate
less persistently, and their leading-edge lamellipodia becomes
less persistent and less stable. In addition, the overall orientation
of actin filaments for cells inside tubes was axial, in qualitative
agreement with our model’s results. Our theoretical predictions
are also in agreement with recent observations of keratocytes
moving inside cylindrical grooves (63), which were observed to
move more slowly compared to flat surface and undergo large
shape changes.

Fig. 6G, we show the trajectories for the migration of MDCK
cells on the inside of a tube. The cells were found to be weakly
motile, with trajectories exhibiting no clear directional depen-
dence (Movie S32), in agreement with the model predictions.
We also presented a directional consistency test for MDCK cells
on fiber as well as inside the tube and show the details in SI
Appendix, section S17 and Fig. S16. Individual cells are found to
migrate consistently for more than 8 h on fibers but usually less
than 1 h inside tubes. Statistical significance test for this analysis
gives P value < 0.05.

Another recent study (64) on two cell types (endothelial and
epithelial cells), found similar axial alignment of the cells’ shape
and their migration inside tubes. However, the role of stress
fibers, which we do not include in our model, was suggested to
have a major role for these cells.

In Fig. 7 we summarize the steady-state shapes for the
simulated motile vesicles on the different curved substrates
(except for the “axial” configuration on the fiber, which is not at
steady-state). We note that the adhered area is maximal for a flat
substrate, but is not very different when the vesicle is inside the
tube, where it is also well adhered. When on the fiber, moving
in the axial direction, the adhered area is the smallest, and it
is slightly larger when moving in the circumferential direction.
The aspect ratio shows that the active force is able to stretch the
vesicle sideways along the axis of the tube, when it is oriented
circumferentially. The highly elongated shape of the aligned cell
moving in the tube, compared to the flat substrate, fits well with
the observed elongation of the cells when migrating inside the
grooves of the sinusoidal substrate (10).

3. Conclusion
We demonstrated here that a minimal physical model of a motile
cell, based on very few ingredients and energy terms, is able to

describe and explain several qualitative features of curvotaxis of
lamellipodia-based cell migration on curved adhesive substrates.
Within this minimal model, cell migration arises when a leading
edge cluster of highly curved membrane protein complexes forms,
due to these protein complexes being both highly curved, binding
to each other and exerting protrusive forces on the membrane.
These forces represent in the model the pressure exerted on
the membrane when actin polymerization is initiated at the
membrane by these curved protein complexes, which contain
actin nucleation factors such as WAVE (51–53). The curvotaxis
features that the model explains, such as the tendency of motile
cells to migrate aligned within grooves, avoid ridges, and rotate
around fibers, all arise due to minimization of the adhesion and
bending energies of the vesicle. The advantage of simple, physical
models is demonstrated here, exposing general mechanisms
that are universal and not cell-type-specific. The model makes
qualitative predictions that potentially apply to many cell types.
For example, our model predicts that when the cell size is small
compared to the sinusoidal pattern wavelength the migration will
tend to remain along the pattern, as found for T-lymphocytes
(10) and shown here for Dictyostelium discoideum. At the same
time, the model predicts that the migration becomes orthogonal
to the sinusoidal pattern when the cell size is comparable or larger
than the pattern’s wavelength, as verified here for keratocytes.

The curvotaxis property of the motile “minimal-cell” is shown
to be a truly emergent phenomenon of the whole motile vesicle.
Within our model, the energy minimization that aligns the
migration of the “minimal-cell” arises from shape changes of
the whole vesicle in response to the imposed curved surface and
the organization of the curved membrane complexes that form
the leading-edge cluster (and motility). The curved membrane
complexes are sensitive to curvature on a much smaller length-
scale compared to the cell size and therefore do not directly
determine the preferred curvotaxis response of the whole motile
vesicle.

Eukaryotic cells contain numerous additional components
that our simple model does not contain, such as the effects of
contractility, stress fibers, and internal organelles (such as the
large nucleus), which can all affect migration on curved substrates.
Nevertheless, the agreement between the predictions of the model
and the observations of curvotaxis in different types of motile
cells, suggests that these simple energetic considerations may drive
curvotactic features in cells, despite the biochemical complexity
and differences between cells. These results demonstrate that
complex cellular behavior may have physical underpinnings,
with added layers of biological complexity and regulation. The
framework presented here could serve in the future to explore cell
migration in more complex geometries (11, 65), and over soft
substrates (such as other cells) with dynamic curvature.

4. Materials and Methods

Here, we describe our experimental methods briefly. More details are given in
SI Appendix, section S2.

A. Migrating Keratocytes on Sinusoidal Substrate. Fish epithelial kerato-
cytes were obtained from the scales of Central American cichlid (Hypsophrys
Nicaraguensis) (7, 66). Scales were gently taken off the fish and placed overnight
at room temperature between two clean glass coverslips with a drop of 150
μL of culture medium. Corrugated polyacrylamide hydrogels were fabricated
by photopolymerization with an Irgacure 2959 photoinitiator (2-Hydroxy-4’-(2-
hydroxyethoxy)-2-methylpropiophenone) to polymerize hydroxypolyacrylamide
(hydroxy-PAAm) hydrogels (23). Hydroxy-polyacrylamide (hydroxy-PAAm)
hydrogels were prepared by mixing acrylamide (AAm), bis-acrylamide
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(bis-AAm), N-hydroxyethylacrylamide (HEA), 2-Hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure 2959, Sigma #410896) and deionized water
(67). Time-lapse microscopy experiments were carried out on a Nikon Ti-U
inverted microscope (Nikon, Japan) equipped with Differential Interference
Contrast (DIC) mode. More details are given in SI Appendix, section S2A.

B. Migration of Dictyostelium discoideum (D. d.) Cells on Sinusoidal
and Cylindrical Substrates. In order to prepare cell axenic D.d. lines for
experiments, frozen stock was thawed at room temperature and afterward
cultured in HL5 medium on Petri dishes. The doubling time of the cells was
between 8 and 9 h at the optimal growing temperature of 21 to 23 ◦C. The cell
culture was subcultured every 2 to 3 d, when the cells have become confluent
in the Petri dish. For the experiments on glass capillaries, we placed the
optical fibers in a perfusion chamber (RC-27, Large Bath Chamber, Warner
Instruments, Hamden, CT, USA) on a glass-spacers to allow a fluid flow around
the fiber or used a microfluidic device with through flow. For the experiments
on sinusoidal substrate, we use the Photonic Professional (GT) (Nanoscribe)
to produce masks for sinusoidal substrates. We chose IP-S, a highly viscous
photoresist, in combination with a 25× objective (ZEISS 25×/ 0,8 DIC Imm Korr
LCI Plan-NEOFLUAR) and an ITO-coated DiLL glass substrate (size 25mm × 25
mm; thickness 0.7 mm; optical transparent; provided by NanoScribe) for the
mask production. See SI Appendix, section S2B for more details.

C. Spreading and Migration of Madin-Darby Canine kidney (MDCK) Cells
on Fibers and Inside Tube. MDCK-LifeAct-GFP (stable cell line transfected
with LifeAct GFP, binding to actin filaments) cells were cultured in complete
DMEM (Life Technologies), supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin). Cells were cultured at 37◦C and 5% CO2 conditions
until confluent. Microtubes were fabricated inside polydimethylsiloxane (PDMS)
blocks using previously described method (21). To record a 3D, live-cell video,
z-stacks (1 μm per Z step) covering the whole volume of PDMS microfibers
or microtubes were recorded at 10 min/frame with either 25×, 40× or 63×
objectives. 3D time-lapse videos were recorded over a period ranging from 10
to 24 h. For more details, see SI Appendix, section S2C.

D. Migration of Dictyostelium discoideum (D. d.) Cells onMicropillars. The
non-axenicD.discoideum strain DdB NF1 KO (68), transformed with an episomal
plasmid encoding for Lifeact-GFP and PHcrac-RFP (SF108, as described in ref.
69) was used. Cells were cultivated in 10 cm dishes with Sørensen’s buffer (14.7
mM KH2PO4, 2mM Na2HPO4, pH 6.0) supplemented with 50 μM MgCl2,
50μM CaCl2 and using G418 (5μg/ml) and hygromycin (33μg/ml) as selection
markers. For the microfabrication of pillar structures, a silicon wafer was coated
with a 10 μm photoresist layer (SU-8 2010, Micro Resist Technology GmbH,
Germany) and patterned by direct-write lithography using a maskless aligner
(μMLA, Heidelberg Instruments Mikrotechnik GmbH, Germany). The cells were
diluted to a density that enabled imaging of single cells on the surface of the
pillars. Temporal recordings were acquired at a rate of 0.2 fps using a laser
scanning microscope (LSM780, Zeiss, Jena) with a 488-nm Argon laser and a
40×water immersion objective. For more details, seeSI Appendix, section S2D.

Data, Materials, and Software Availability. All code for conducting simu-
lations with configuration files for acquisition of the results associated with

the current submission is openly available at GitHub https://github.com/
rajsadhu3903/curvotaxis-codes. Any future updates will also be published in
the same GitHub repository (70). All study data are included in the article and/or
supporting information.
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