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ABSTRACT: Physical guidance from the underlying matrix is
a key regulator of cancer invasion and metastasis. We explore
the eﬀects of surface topography on the migration phenotype
of multiple breast cancer cell lines using aligned nanoscale
ridges and asymmetric sawtooth structures. Both benign and
metastatic breast cancer cells preferentially move parallel to
nanoridges, with enhanced speeds compared to ﬂat surfaces.
In contrast, asymmetric sawtooth structures unidirectionally
bias the movement of breast cancer cells in a cell-typedependent manner. Quantitative analysis shows that the level
of bias in cell migration increases when cells move with higher
speeds or with higher directional persistence. Live-cell
imaging studies further reveal that actin polymerization waves are unidirectionally guided by the sawteeth in the same
direction as the cell motion. High-resolution ﬂuorescence imaging and scanning electron microscopy studies reveal that
two breast cancer cell lines with opposite migrational proﬁles exhibit profoundly diﬀerent cell cortical plasticity and focal
adhesion patterns. These results suggest that the overall migration response of cancer cells to surface topography is
directly related to the underlying cytoskeletal architectures and dynamics, which are regulated by both intrinsic and
extrinsic factors.
KEYWORDS: nanotopography, cell migration, actin dynamics, focal adhesion, breast cancer, metastasis, esotaxis
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Cancer invasion and metastasis, processes in which active
primary tumor cells migrate to adjacent tissues and eventually
colonize distant organs, are major life-threatening events in
cancer patients. Contact guidance is known to regulate cell
adhesion, intracellular signaling, and directed migration13−15
and as such is a key component of cancer invasion. The role of
the extracellular matrix (ECM) in guiding the three-dimensional (3D) migration of cancer cells in vivo has been studied
extensively.14−18 For example, the directional migration of
carcinoma cells can be enhanced by aligned collagen ﬁbers,

he ability to migrate is conserved in a wide variety of
cell types throughout the phylogeny and plays a
pivotal role in many cellular processes.1−4 Cells
typically undergo directional migration with a relatively high
persistence5 rather than moving randomly.6 However, the
biological and physical mechanisms governing directed cell
migration in many physiological and pathological processes are
still poorly understood. In addition to the intrinsic characteristics of cells, the extracellular environment plays an important
role in the guidance of cell movement. Cells can be guided by
single or multiple extracellular cues, including chemoattractant
gradients (chemotaxis),7,8 stiﬀness gradients of the underlying
substrate (durotaxis),9 electric ﬁelds (electrotaxis),10 and
topographic structures on the surfaces (contact guidance).11,12
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Figure 1. Nanotopographies used in this study. Top-view and side-view SEM images of (A) nanoridges and (B) asymmetric sawteeth used in
this study. The scale bars in the top- and side-view images are 10 and 1 μm, respectively. (C) Schematic depicting a sawtooth row (blue box)
and a sawtooth column (red box), as well as the direction deﬁned as positive.

especially for breast cancer stem cell populations.17 Furthermore, Alexander et al. suggested that cancer cell dissemination
patterns, including individual cell invasion, diﬀusively collective
invasion, and strand-like invasion, are governed by the ECM
structures that the tumor cells encounter.16 However, the
topographic features dictating the invasion pattern remain
unknown, as do the mechanisms by which tumor cells sense
topographic features on a subcellular level. Nanofabrication
techniques have inspired the rapid growth of materials that
mimic natural in vivo topographies or 3D environments.19
Recent studies have shown that engineered nanotopographies
can not only cause cells to recapitulate in vivo migrational
behaviors20−22 but also inﬂuence various cell functions.23−25
Thus, nanopatterned substrates have the potential to provide
insight into the physical and molecular mechanisms that
regulate contact guidance during cancer progression.
The ability of patterned topographies to induce directional
cell migration is a complex process that requires coordination
between distinct cellular machineries, such as the assembly and
disassembly of focal adhesions (FAs), the polymerization and
depolymerization of actin ﬁlaments, and even the reorganization of organelles.26 The formation of a FA is initiated by the
engagement of integrins with their corresponding ligands on
the substrate, followed with the recruitment of focal adhesion
kinase (FAK), paxillin, vinculin, and other associated
proteins.27 The FA-associated proteins not only link the
integrin receptors with the actin cytoskeleton28 but also
regulate actin polymerization and contractility through Rho
GTPase signaling.29 Furthermore, the actin cytoskeleton
controls the protrusive activity of migrating cells, which in
turn mediates the formation of adhesions. Recent studies from
our group on Dictyostelium discoideum (D. discoideum) cells and
neutrophils have shown that actin polymerization occurs
preferentially near nanoridges, leading to guided traveling
waves that can bias cellular movement bidirectionally.30 In the
case of asymmetric nanotopographies this motion can be
biased unidirectionally.31 It is also well established that various
cell types elongate and exhibit aligned stress ﬁbers when placed
on ridges or grooves with widths and repeat distances on a
subcellular scale.32−34 Ray et al. reported that the anisotropic
force originating from local FAs and the concomitant
alignment of actin ﬁbers induces the polarization and migration
of carcinoma cells along ridges, and that the guidance response
varies considerably among diﬀerent types of carcinoma cells.22
However, the link between the intrinsic heterogeneity of
cancer cell lines and its inﬂuence on FA and actin dynamics
during contact guidance is poorly understood.

Here, we study the migrational phenotypes of multiple
breast cancer cell lines plated on aligned ridges and asymmetric
sawtooth architectures. Data from long-term live-cell imaging
enable us to perform extensive analysis of cell migration, actin
polymerization dynamics, and FA distributions. Our ﬁndings
elucidate the connection between the overall cell motility
phenotype of breast cancer cells and their intracellular
scaﬀolding architectures, adhesion complexes, and actin
cytoskeleton and also provide insights into the biophysical
mechanisms underlying contact guidance during cancer
metastasis.

RESULTS AND DISCUSSION
Nanoridges Provide Bidirectional Guidance for Both
Benign and Metastatic Breast Cancer Cells. We compare
the migration phenotypes of two cell lines belonging to the
MCF10A cell series, a breast cancer progression model,35−37 to
explore contact guidance in cell lines sharing a similar genetic
background but with distinct metastatic abilities. MCF10A
(also referred as M1), a benign epithelial human cell line, and
its metastatic mutant cell line counterpart MCF10CA1 (also
referred as M4) were studied on ﬂat surfaces and on
nanoridges composed of the same material. The M1 and M4
cells are negative for receptors for estrogen, progesterone, and
HER2 (i.e., triple negative).38 Compared to immortalized
epithelial M1 cells, the invasive M4 cells form tumors in the
lungs of immunocompromised mice after tail vein injection.37,39
Arrays of parallel nanoridges or nanogrooves (where nano
implies that their widths are on the nanoscale) have been used
in previous contact guidance studies.20,40,41 Here, we use
nanotopographies composed of an acrylic resin.42 Each
nanoridge has a width of ∼250 nm and a height of ∼1 μm,
and the spacing between the centers of adjacent nanoridges is
1.5 μm (Figure 1A). By tracing cell boundaries over time and
generating spider plots of the cell tracks, we found that both
M1 and M4 cells move in a random manner on a ﬂat acrylic
surface (Figure 2Ai,ii,Ci,ii). Polar histograms of the directions
of both M1 and M4 cells demonstrate that there is no
preferred direction of motion, as expected for a microenvironment in which no chemoattractant gradient nor other guidance
cue is present (Figure 2Aiii,Ciii). However, M1 and M4 cells
migrating on nanoridges move preferentially parallel to the
nanoridges (Figure 2Bi,ii,Di,ii), as is also seen in polar
histograms (Figure 2Biii,Diii). This ﬁnding is consistent with
previous results showing that parallel micro- or nanoscale
grooves and ridges induce bidirectional guidance in a variety of
cell types.30,40,41,43,44 M1 cells exhibit a notably stronger
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Figure 2. Nanoridges provide bidirectional guidance for benign and metastatic breast cancer cells. (A−Di) Bright-ﬁeld images of M1 or M4
cells on a ﬂat surface (A,C) and on nanoridges (B,D). The colored outlines depict how the cell morphology changes over time, which
increases from blue to red. The scale bar is 10 μm. (A−Dii) Centroid motion tracks of M1 and M4 cells, respectively, on a ﬂat surface (A,C)
and on nanoridges (B,D); n = 56 tracks (Aii); 94 tracks (Bii); 49 tracks (Cii); 68 tracks (Dii). The scale bar is 60 μm. (A−Diii) Probability
distributions of cell motion directionality. The scale at the bottom corresponds to the horizontal axis in each rose plot. (E) Average cell
speed of M1 and M4 cells on ﬂat surfaces and on nanoridges. The middle solid line in each column is the mean value, and the bar is standard
error of the mean; ***p < 0.001 (unpaired t test). (F) Average instantaneous speed of M1 and M4 cells relative to the orientation of ridges
(0° along ridges, 90° perpendicular to ridges). Squares and triangles are experimental results, and solid lines are the ﬁts to the experimental
results. Blue solid line was ﬁtted to a horizontal line, and the pink solid line was ﬁtted to a one-phase decay model. (G) Representative SEM
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Figure 2. continued

images of M1 (top) and M4 (bottom) cells on nanoridges. The magniﬁed image highlights the anchoring of M1 cell lamellipodia on top of
the nanoridges. White arrows indicate sites where M4 cell lamellipodia curve over the nanoridges. The scale bar is 10 μm.

Figure 3. Asymmetric sawteeth bias the movement of various breast cancer cell lines. (A−Ei) Bright-ﬁeld images of (A) MDA-MB-231, (B)
HS578T, (C) M1, (D) BT549, and (E) M4 cells migrating on sawteeth. The colored outlines illustrate how the cell morphology changes
over time, which increases from blue to red. The scale bar is 10 μm. (A−Eii) Centroid motion tracks of (A) MDA-MB-231, 62 tracks, (B)
HS578T, 151 tracks, (C) M1, 143 tracks, (D) BT549, 126 tracks, and (E) M4, 122 tracks cells on sawteeth. The scale bar is 60 μm. (A−Eiii)
Probability distributions of cell motion directionality. The scale at the bottom corresponds to the horizontal axis in each rose plot. (A−Eiv)
Average cell velocity components of the cell lines along the positive direction (+) and the negative direction (−) and paired speed diﬀerence
for each cell. The middle solid line is the mean value, and the bar is standard error of the mean. The shaded areas represent standard errors
in paired speed diﬀerence plots; *p < 0.05, **p < 0.01, ****p < 0.0001.

the angle of motion as ranging from −180 to +180°, with the
ridge direction along the x axis. Because the ridges are aligned
horizontally in our images of ridges, on ﬂat surfaces, the
horizontal direction in images was also deﬁned as the x axis.
We found that, on ﬂat surfaces, the mean velocity value is
independent of angle for both cell types, within our
experimental uncertainty (Figure 2F). However, on nanoridges, both M1 and M4 cells exhibit a mean velocity when
migrating along the ridge orientation higher than that when

guidance response to the nanoridges than do M4 cells (Figure
2Biii,Diii), suggesting that the ability of cells to follow guidance
cues is cell-type-dependent. We also found that, although the
nanoridges provide guidance for cell migration, they do not
increase the mean cell speed compared to the ﬂat resin surface
and, in the case of M4 cells, actually decrease the mean speed
(Figure 2E). To explore this behavior in more detail, we
measured the mean value of all velocities within a given angle
range relative to the orientation of the nanoridges. We deﬁne
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the sawteeth, with multiple competing protrusions (Figure
3Ai,Bi).46,48 Spider plots of cell tracks and polar histograms
indicate that these cells tend to move in the positive direction
(Figure 3Aii,iii,Bii,iii). In contrast, BT549 cells migrate in a
blebby (and slightly elongated) manner on the sawteeth
(Figure 3Di). The BT549 cells preferentially move along the
sawteeth, with a somewhat greater probability of moving in the
negative direction than in the positive direction (Figure
3Dii,iii). We also found some motion of BT549 cells
perpendicular to the sawteeth (Figure 3Diii), as with the M4
cells. To assess the behavior of the cells on the sawteeth
further, we grouped the velocity component along the
sawtooth axis into motion in the positive and negative
directions, + and −, respectively. The velocities in each
group were then averaged separately for each cell, and a paired
speed diﬀerence for each cell was determined. We found that
MDA-MB-231, HS578T, and M1 cells have higher mean
speeds in the positive direction than in the negative direction,
but the diﬀerence is smaller for M1 cells than for the other two
cell lines (Figure 3Aiv,Biv,Civ). For the BT549 and M4 cells,
the mean speeds in the positive direction are lower than those
in the negative direction (Figure 3Div,Eiv). BT549 cells exhibit
less paired speed diﬀerence and less unidirectional contact
guidance compared with M4 cells. Together, these results show
that the sawteeth provide both contact guidance and
unidirectional bias in migration and speed for the breast
cancer cell lines studied here. Both of these phenotypes are
dependent on the cell type.
We previously reported that D. discoideum cells and
neutrophils exhibit biased directional migration when plated
on sawtooth surfaces.31 This unidirectional topographic
guidance, which is achieved by an asymmetric textures on a
subcellular scale, is termed microthigmotaxis.31 Topographic
gradients represent another way to guide cell migration
unidirectionallya phenomenon called topotaxis.49 Kim et
al. reported that individual ﬁbroblasts are able to sense the
anisotropic gradient of ridged patterns and modify their
morphology and migration in response to the local pattern
density.32 On a 2D gradient lattice patterned substrate, the
ﬁbroblasts preferentially migrated toward the denser area and
ultimately accumulated at the denser zones.50 Anisotropic
variation of the density of nanoposts along one direction has
also been reported to lead to the biased migration of
melanoma cells.51 Recent work from Comelles et al. showed
that large asymmetric ratchet-like structures (at the scale of
single cells) biased the motion of ﬁbroblasts toward the
positive direction of the ratchet pattern, and that this ratchet
guidance was improved by superimposing a ﬁbronectin
gradient.52 Interestingly, even without the topographic ratchet
pattern, aligned ratchet-shaped adhesive ﬁbronectin patches
were able to induce a biased long-term motion that was
determined by asymmetric protrusion formation.53,54 First
introduced by the physicist Richard Feynman, this type of
guidance is termed ratchetaxis.55 In contrast with ratchet-like
topography, the asymmetry induced by the nanoscale sawteeth
in our study is at the subcellular level, suggesting that directed
migration can stem from the accumulation of small biases in
intracellular elements. Furthermore, we show that breast
cancer cells exhibit microthigmotactic behavior that depends
strongly on cell type. Although the underlying mechanism
remains to be determined, it is likely that the distinct mutation
patterns and intrinsic heterogeneities of the diﬀerent cell lines
are reﬂected in the cells’ contact guidance and directional bias

migrating perpendicular to it (Figure 2F). To conﬁrm the
signiﬁcance of this increasing trend, we ﬁtted the experimental
results with a horizontal line model and a one-phase decay
model and compared the robustness of two models for each
curve. We found that for M1 and M4 cells on ﬂat surfaces, the
ﬁt of the horizontal line model is preferred; however, the ﬁt of
the one-phase decay model is preferred for the two cell lines on
nanoridges (P < 0.0001 and P = 0.001 for M1 and M4 cells,
respectively). Together, these ﬁndings show that cells not only
migrate preferentially along nanoridges but also migrate faster
along them than perpendicular to them.
Scanning electron microscopy (SEM) provides further
insights into how cells interact with the nanoridges. On
nanoridges, the lamellipodia of M1 cells form along nanoridges
on both sides of the cell and are anchored on top of the
nanoridges, without much penetration into the regions
between nanoridges (Figure 2G). One possible explanation
for this phenomenon is that the nanoridges guide M1 cells
bidirectionally because lamellipodium formation is promoted
along the ridge direction and/or is suppressed perpendicular to
the ridge direction. In contrast, M4 cells form lamellipodia that
curve over nanoridges and into the bottom of the regions
between nanoridges, and typically span several nanoridges
(Figure 2G, white arrows). Because contact guidance relies
upon the spatial control of cell protrusions,21 the behavior of
the lamellipodia of M4 cells likely contributes to their lower
contact guidance as compared to M1 cells.
Asymmetric Sawteeth Bias the Movement of Breast
Cancer Cells in a Cell-Type-Dependent Manner. We next
consider the ability of breast cancer cells to respond to
asymmetries in texture using sawtooth-shaped asymmetric
nanotopographies. Each sawtooth has a maximum height of ∼2
μm, a length of ∼6.2 μm, and a width of ∼700 nm at the head
and ∼500 nm in the center (Figure 1B). The height of an
individual sawtooth increases gradually from its tail to its head
and then drops rapidly. The pitch of the sawteeth is 8 μm
along the sawtooth direction and 2 μm perpendicular to the
sawtooth direction. We deﬁne a line of sawteeth along the
sawtooth direction as a row. As all of the rows are in registry,
we deﬁne a line of sawteeth perpendicular to the rows as a
column (Figure 1C). We deﬁne the direction from the tail of a
sawtooth to its head (up the slope) as the positive direction
along the x axis.
We found that M1 cells plated on the sawteeth move
preferentially in the positive direction with an anterior
lamellipodium (Figure 3Ci,ii). A polar histogram of directionalities shows a higher percentage of orientation angles around 0
than 180° (Figure 3Ciii). In contrast, M4 cells exhibit
amoeboid-like migration, with ellipsoidal cell shapes and
multiple pseudopods (Figure 3Ei).45,46 Furthermore, the
majority of the M4 cell tracks face in the negative direction
(Figure 3Eii), as do the cell velocities (Figure 3Eiii). The
preference of the M4 cells to move in the negative direction is
considerably stronger than that of the M1 cells to move in the
positive direction. Unlike M1 cells, M4 cells are more likely to
move perpendicular to the sawteeth than to move in the
positive direction.
We also measured the behavior of three other triple-negative
human breast cancer cell lines, HS578T, MDA-MB-231, and
BT549. HS578T and BT549 are carcinoma cell lines derived
from primary tumors. MDA-MB-231 is a metastatic carcinoma
cell line from pleural eﬀusion.47 We found that MDA-MB-231
and HS578T cells exhibit a mesenchymal migration mode on
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behaviors. We speculate that such signiﬁcant diﬀerences may
be related to the metastatic potential of the diﬀerent cancer cell
lines in vivo.
Degree of Bias in Cell Migration Is Related to Cell
Speed and Long-Term Persistence. Cell migration is a
heterogeneous process, in which diﬀerent cells move with
distinct velocity and persistence. Indeed, the direction and
speed of any given cell also vary over time. To study how cell
speeds inﬂuence unidirectional guidance on sawteeth, we
divided histograms of the cell speeds into four quartiles (see
insets of Figure 4Ai−Ei). We also plotted the normalized
probabilities of the angle of cell motion relative to the
sawtooth positive direction for each quartile (Figure 4Ai−Ei).
For HS578T and MDA-MB-231 cells, there is no observable
directional preference at low speeds, but migrational bias
increases with increasing cell speed (Figure 4A,Bi). This trend
is similarly robust for these two cell lines. In contrast, the level
of directional preference of M1 cells remains low even at
higher speeds, suggesting that speed and contact guidance are
not strongly coupled in these cells (Figure 4Ci). BT549 and
M4 cells behave like HS578T and MDA-MB-231 cells:
unidirectional guidance increases with increasing speed (Figure
4Di,Ei). The trend is less evident for BT549 cells because the
probability curves are considerably overlapping. Nevertheless,
the probability of BT549 cells migrating along the sawtooth
negative direction (∼180°) keeps increasing with speed,
whereas the probability for migration along intermediate
angles decreases.
Using a similar segmentation approach, we investigated the
eﬀect of long-term persistence of cell motion on the
unidirectional guidance of migration. We deﬁne the longterm persistence of cell motion as the ratio of the total
displacement of the cell to the total length of the cell track for a
chosen time interval. A cell moving in a straight line has a longterm persistence of 1, whereas random motion leads to a longterm persistence of 0. Cells were separated into three equal
fractions based on their distributions of cell persistence (see
insets of Figure 4Aii−Eii). The normalized probabilities of the
cell motion direction were then calculated by using all
velocities from the cells in each of the three fractions. We
found that cells with the greatest long-term persistence show
the strongest contact guidance and bias toward the preferred
direction of each cell line (Figure 4Aii−Eii). However, the
directional preference is similarly vague for cells with low and
intermediate long-term persistence across all cell lines (Figure
4Aii−Eii). For BT549 cells, the probability curves from all
three fractions greatly overlap within the estimated uncertainty,
suggesting that the correlation between contact guidance and
cell persistence is weak in these cells. Together, we conclude
that the propensity of cells to migrate in a biased fashion
increases when the cells move with higher speeds or with
higher directional persistence. Recently, a universal coupling
between cell speed and cell persistence (UCSP) was
discovered and proved to be valid across a variety of cells
and dimensional settings.56 To test whether this UCSP law can
be applied to our system, we plotted the persistence time versus
mean instantaneous speed for all cell lines by following the
deﬁnition of persistence time and the quantiﬁcation method in
Maiuri et al.56 Interestingly, we also found a correlation
between the persistence time and mean instantaneous speed at
low speeds and a rapid saturation at high speeds for all breast
cancer cell lines, except for M4 cells, where we observed a
second rising phase at high speeds (Figure S1). We speculate

Figure 4. Level of biased cell motion increases with cell speed and
long-term persistence. Column (i) shows the probability of the
direction of motion based on speed for (A) HS578T, (B) MDAMB-231, (C) M1, (D) BT549, and (E) M4 cells. The insets show
the speed distributions of the cell lines and the ranges of four
sections which were equally divided based on the total counts of
cell speeds. The cell speed increases from light red to dark red in
both the plots and the insets. Column (ii) shows the probability of
the direction of motion based on migrational persistence for the
same cell lines. The insets show the long-term persistence
distributions of the cell lines and the ranges of tertiles based on
the total counts of cells. The long-term persistence increases from
light blue to dark blue in both the plots and the insets. All error
bars represent the standard error of the mean.

that the rapid saturation is due to following reasons. First, in
our experimental setup, the cell density is higher and cell
trajectories are not long compared with the plating conditions
in Maiuri et al. Second, the UCSP law assumes a linear
coupling between cell speed and actin ﬂow, which may not be
valid in our setup due to the complexity induced by the
sawtooth structures. Nevertheless, it will be interesting to
further examine whether the UCSP law holds for topographyguided migration.
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Figure 5. Sawteeth trigger unidirectional actin polymerization in the same direction as the cell motion in a cell-type-dependent manner.
(A,E) Fluorescence images of Lifeact-eGFP/MDA-MB-231 (A) or Lifeact-eGFP/M4 (E) cells on sawteeth. The colors indicate the intensity
of ﬂuorescence. The scale bar is 20 μm. (B,F) Actin ﬂux at diﬀerent time points around a single sawtooth highlighted by the white box in (A)
and (E), respectively. The boundary of the sawtooth was generated based on the corresponding bright-ﬁeld image and, due to diﬀractive
eﬀects, does not correspond to the actual shape of the sawtooth. The diﬀerent colors represent diﬀerent ﬂuorescence intensities. The black
arrows illustrate the direction of actin polymerization ﬂux. The scale bar is 5 μm. (C,G) Averaged kymograph of actin intensity along one
sawtooth boundary over time for (C) Lifeact-eGFP/MDA-MB-231 and (G) Lifeact-eGFP/M4 cells. The x axis is the relative time diﬀerence
from deﬁned time point, tw, when the actin polymerization wave initiates or reaches the sawtooth position 0. The length of the x axis is 71
frames (11.83 min). The y axis is the scaled position along one sawtooth boundary, for which 0 represents the front and ±25 represents two
symmetric points near the tail. The diﬀerent colors represent diﬀerent ﬂuorescence intensities. (D,H) Space/time plots of actin
polymerization along two adjacent sawteeth in a sawtooth row for (D) Lifeact-eGFP/MDA-MB-231 and (H) Lifeact-eGFP/M4 cells.

Unidirectional Actin Polymerization Drives Biased
Cell Migration. During migration and metastasis, each cancer
cell dynamically reorganizes its cytoskeleton, including actin
structures and microtubules, to maneuver and to adapt to
complex and changing environments. Filopodia and lamelli-

podia are actin-rich structures that act as dynamic sensors with
which cells detect their surrounding microenvironment.21,40,57
The formation of ﬁlopodia and lamellipodia requires extensive
rearrangement of cytoskeletal elements. Driscoll et al. found
that actin polymerization in D. discoideum migrating on
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of actin ﬂuorescence intensity compared to other locations on
the sawteeth after time tw, as illustrated in Movie S3. This may
indicate that the curvature of the sawteeth heads promotes
actin polymerization. The actin waves also are observed to
travel from one sawtooth to the adjacent one in the negative
direction (Figure 5H).
Microtubules are another essential cytoskeletal component
of cells. Microtubules have been shown to be the ﬁrst
cytoskeletal element to be aligned by micron-scale grooves
during the spreading of ﬁbroblasts.58 This process is followed
by the alignment of focal contacts, actin ﬁlaments, and ﬁnally
cells.58 Microtubules were found to align with ridges on ridged
substrates.42 Because microtubules regulate FA disassembly
through integrin recycling and traﬃcking,59,60 it is natural to
consider that microtubules play an important role in cell
polarization and migration during contact guidance. To
investigate this idea, we ﬁxed MDA-MB-231 and M4 cells
migrating on sawteeth and stained for microtubules using an
antibody against tubulin. We found that the microtubules of
MDA-MB-231 cells align with the sawtooth patterns. This
alignment is particularly evident at the cell protrusions, where
microtubules coil around the sawteeth (Figure S2A, white
arrows). This phenomenon was not observed in M4 cells
(Figure S2B), suggesting that the mechanisms that regulate
microtubule dynamics diﬀer in cells that respond diﬀerently to
a speciﬁc nanotopographic surface.
These ﬁndings show, as previously observed in D. discoideum
and neutrophils,31 that there is a direct connection between the
migrational response to sawteeth and the underlying
cytoskeletal dynamics. In other words, the esotactic guidance
of the actin cytoskeleton plays an important role in
microthigmotaxis. Actin waves are known to be important in
cell membrane dynamics and motility. It has previously been
shown that actin polymerization drives the wave-like movement of its upstream nucleator through an autoinhibitory
mechanism,61 which can further generate the directional
motion of cells.62,63 By using asymmetric sawtooth surfaces,
we expand this concept by showing that an asymmetric
topography can induce esotactic (actin) and microthigmotactic
(migrational) behaviors in a cell-type-dependent manner. This
dependence of the direction of these phenomena on cell type
suggests that multiple regulatory nodes contribute to the ﬁne
control of actin dynamics. Some of these nodes may be
intrinsic, including the antagonistic interplay between GTPase
signaling and the activation of diﬀerent actin nucleators,61,64
whereas others may be extrinsic, such as the use of integrinbased complexes to interact with the underlying topographic
guidance cues.
Distinct FA Patterns and Cortical Plasticity Promote
Biased Cell Migration. In addition to the actin and
microtubule cytoskeletal networks, FAs are key component
in contact guidance. FAs transduce extracellular forces from
the ECM and induce a wide range of biochemical signals that
go on to regulate cell adhesion and motility.29 In this context,
Ohara and Buck ﬁrst proposed that the polarization and
alignment of cells on ridges results from the need to maximize
the area of focal contacts.65 Several studies have now suggested
that FA formation represents one plausible mechanism by
which contact guidance is regulated.22,33,34,66,67 We examined
the distribution pattern of FAs for both MDA-MB-231 and M4
cells on sawteeth using high-resolution ﬂuorescence imaging of
actin and paxillin, the latter of which is an important scaﬀold

nanoridges is nucleated near the nanoridges, after which actin
polymerization proceeds in a wave-like manner along the
ridges (a process called esotaxis).30 Further, it has been
established previously that the unidirectionally guided motion
of D. discoideum cells on lines of sawteeth (microthigotaxis)
arises from esotaxis, which shares the same direction as cell
motion.31 We therefore explored the correlation between the
directional bias in actin polymerization and cell motion for the
MDA-MB-231 and M4 cell lines, as they represent two
opposite extremes of contact guidance and bias. To assess actin
dynamics, we used cells infected with a ﬂuorescence-tagged
protein (Lifeact-eGFP), which associates with polymerizing Factin. Time-lapse recordings of Lifeact-eGFP/MDA-MB-231
cells reveal that these cells preferentially form distinct F-actin
structures surrounding the nanosawteeth at the leading edges
of cell protrusions (Movie S1). Actin polymerization bursts
occur occasionally in the middle of migrating cells and diﬀuse
across the nanosawteeth (Movie S1). We used an optical-ﬂow
algorithm that will be described in detail elsewhere (Lee et al.,
unpublished results) to examine the local direction of the actin
polymerization ﬂux. Zooming in on one representative
sawtooth (Figure 5A,B), we see that actin polymerization
was initiated at the tail of the sawtooth and propagated toward
the head on both sides of the sawtooth in a wave-like manner.
The black arrows in Figure 5B represent optical-ﬂow vectors,
which are related to the local directionality of the actin waves.
The optical-ﬂow analysis indicates that actin polymerization is
nucleated at the back of the sawtooth, after which the
polymerization front moves forward on both sides of the
sawtooth. Finally, the waves terminate at the front of the
sawtooth (Figure 5B and Movie S2), consistent with our
previous ﬁndings in D. discoideum.31
To assess the average actin ﬂow around a sawtooth, we
extracted the boundary of every sawtooth from the bright-ﬁeld
images, measured the average intensity at each of the 51
boundary points of each sawtooth, and generated a kymograph
representing all boundary points (on the y axis, −25 to +25)
over time (on the x axis). The average kymograph for all of the
sawteeth shows that the average ﬂuorescence intensity is higher
at the tails of the sawteeth (position ±25) at time tw − 6,
suggesting that the initiation of actin polymerization occurs
there. After time tw − 6, the average actin ﬂuorescence slowly
increases at the sides of the sawteeth and gradually peaks at
position 0 around time tw. These ﬁndings support the
conclusion that actin polymerization is nucleated at the tails
of the sawteeth and moves toward the heads (Figure 5C). A
space/time plot also shows that the actin waves propagate from
one sawtooth to the adjacent one in the positive direction with
a speed of ∼1 μm/min (Figure 5D). Thus, the unidirectional
guidance of actin polymerization is in the same direction as
that of the cell motion.
In Lifeact-eGFP/M4 cells, actin polymerization structures
form not only at the cell protrusions but also in the middle of
each cell. The actin polymerization intensity is always higher at
the front of the sawteeth (Figure 5E and Movie S3). Data from
a representative sawtooth reveal that actin polymerization is
nucleated at the head of the sawtooth, after which the
wavefront ﬂows toward the tail of the sawtooth (Figure 5F and
Movie S4). The average kymograph of actin polymerization
activity around the sawteeth conﬁrms that actin polymerization
is nucleated at the heads of sawteeth and ﬂows toward the tails
along both sides (Figure 5G). The average kymograph also
shows that the sawteeth heads maintain a relatively higher level
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Figure 6. MDA-MB-231 and M4 cells exhibit distinct cortical plasticity and focal adhesion patterns. (A,E) Fluorescence image montage of
paxillin (top), actin (middle), and the merge of the two (bottom) at diﬀerent z positions for (A) MDA-MB-231and (E) M4 cells. Blue and
red arrows highlight the focal adhesions chosen for further analysis in (B) and (F). The white arrows in the actin channel of (A) highlight
the actin ﬁlament network. The white arrows in merge channel of (A) indicate focal adhesions located between two sawtooth columns. The
scale bar is 10 μm. (B,F) The x−z and y−z views of representative FAs from the lowest and highest z positions in (A) and (E), respectively.
The white stars indicate the representative FAs in the images in the x−z and y−z views. The single red and blue dashed lines in (B) mark the
center z positions of the chosen FAs and the double red dashed lines in (F) indicate the expansion ranges of the chosen FAs. The scale bar is
2 μm. (C,G) Representative SEM images of (C) MDA-MB-231 and (G) M4 cells migrating on sawteeth. Magniﬁed images of the areas are
highlighted by the boxes with black dashed lines. White arrows point out the places showing distinct cell cortical plasticity of MDA-MB-231
and M4 (G). The scale bars are 10 μm in the zoomed-out images and 1 μm in the magniﬁed images. (D,H) Schematic representation of the
biased contact guidance for (D) MDA-MB-231 and (H) M4 cells on sawteeth. The purple arrow represents the direction of motion.

the surface to above the top of each sawtooth, resulting in each
sawtooth falling into a range of 1.2 to 3.2 μm on the z axis. A
montage of paxillin and/or actin labeling of a MDA-MB-231
cell is presented in Figure 6A. The paxillin signal is ﬁrst
observed at a z of approximately 1.2 μm, which is at the

protein of FAs that recruits and integrates numerous structural
and signaling proteins for the transduction of ECM signals.68
To capture the paxillin ﬂuorescent signal around each
sawtooth on the z axis (i.e., along the surface normal), we
imaged cells at z positions ranging from below the bottom of
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Figure S3C, top panel). Above z = 2.0 μm, the M4 cells exhibit
organized FA patterns surrounding each sawtooth, resulting in
brighter outlines of the sawteeth (Figure 6E; paxillin channel).
Furthermore, thick actin structures are seen around the
sawteeth through the entire z section (Figure 6E; actin
channel). This phenomenon is visible in a 3D reconstruction,
which clearly shows the outlines of sawteeth (Movie S6). In
contrast to FAs in MDA-MB-231 cells, FAs of M4 cells interact
with the ECM on the side walls of the sawteeth (Figure 6F; 1−
3 y−z view). Furthermore, the FA complexes are located along
the slopes of the sawteeth, extend from the bottoms to the tops
of the sawteeth (Figure 6F, 4−6 x−z view, and Movie S6).
This ﬁnding is further substantiated by the quantiﬁcation of
ﬂuorescence intensity, which shows a broad distribution over
the entire z depth (Figure S3C; bottom panel). The y−z view
of FAs 4−6 further illustrates that FA complexes are assembled
on the side walls of the sawteeth for a range of z values. SEM
images provide further evidence that the cortical plasticity of
M4 cells is distinct from that of MDA-MB-231 cells (Figure
6G). Multiple protrusions are formed around M4 cells,
compared with only one lamellipodium for MDA-MB-231
cells (Figure 6C,G). The cell boundary of M4 cells is also
highly dynamic, with extensive membrane ruﬄing and
blebbing (Figure 6G). Zooming in on one dominant
protrusion indicates that the cell boundary, especially at the
front of the protrusion, is able to wrap around individual
sawteeth (Figure 6G; see white arrows in the zoomed-in
image). This observation is consistent with the ability of M4
cells to assemble FA complexes surrounding sawteeth. Based
on these experimental results, we summarize the primary
diﬀerences in actin cytoskeleton and FA patterns between
MDA-MB-231 and M4 cells on sawteeth in a schematic
(Figure 6D,H). For MDA-MB-231 cells, the high cortical
rigidity limits the contact of membranes to the sawtooth
structures. As a result, the majority of the FAs are located on
the top of the sawteeth (Figure 6D). In contrast, the distinct
cortical plasticity of M4 cells allows maximum contact with the
sawteeth structures and FA formation throughout the sawteeth
(Figure 6H).
Although it has been shown that the application of
cytoskeletal force generated by cells on the ECM directly
aﬀects FA assembly,69,70 the overall cell shape or distortion of
the cell shape is also known to modulate the size and
distribution of FAs.71 Here, we found that various cell types
exhibit both distinct cell boundary deformability and FA
organization. It has been suggested that FA size and
distribution determine the adhesion strength72 and FA
composition,73 spatially control the activation of downstream
messengers,74 and determine the balance among ECMactivated signaling pathways. 51 Thus, the distinct FA
organization patterns we observed in breast cancer cells
migrating on sawteeth may play an important regulatory role.
Topography-induced membrane curvature could represent
another critical factor. Indeed, instead of being passively
determined by the actin cytoskeleton, membrane shape, and
deformation has been shown to actively regulate the
recruitment of curvature-sensitive proteins and activators of
actin polymerization.75,76 The recruited curvature-sensitive
proteins can further promote membrane deformation;
however, the triggered actin polymerization limits this positive
feedback process by stiﬀening the cortex.75,76 This antagonistic
interplay generates propagating waves of both curvaturesensing proteins and actin polymerization with changes in local

bottom of the cell. The majority of the FAs are located around
the cell periphery, at the tips of ﬁlopodia (Figure 6A; paxillin
and merge channels). FA complexes are also seen in the gaps
between adjacent sawtooth columns that connect with stress
ﬁbers (Figure 6A; see white arrows in merge channel and
Movie S5). Above z = 2.0 μm, no obvious FAs are observed.
The actin ﬁlament network starts to show up in cell
lamellipodia and becomes obvious at z = 2.8 μm (Figure 6A;
see white arrow in actin channel). Surprisingly, above z = 2.8
μm, the FA punctae are well organized, with a spacing similar
to that of adjacent rows of sawteeth (Figure 6A; paxillin
channel). To show precisely the spatial positions of the FAs in
diﬀerent z slices, we selected FA complexes from either the
bottom layer (Figure 6A,B; 1−3, blue arrows) or the tips of the
sawteeth (Figure 6A,B; 4−6, red arrows) and generated x−z
and y−z projections (Figure 6B). The FAs from the bottom
layer reach a peak intensity at a z of approximately 1.3 μm
(Figure 6B; blue dashed lines and Figure S3B; top panel). In
contrast, the ordered FA complexes from the top layer are
located near the tips of the sawteeth and exhibit a maximum
intensity at a z of approximately 2.9 μm (Figure 6B; red dashed
lines and Figure S3B; bottom panel). Notably, strong
ﬂuorescence signals are not observed in the gaps between
two adjacent FAs on the top of the sawteeth, suggesting that
there is little membrane penetration into the grooves of the
structures (Figure 6B; 4−6 y−z view). Because FA complexes
are indicators of the cell-ECM interfaces, we speculate that the
MDA-MB-231 cells primarily interact with the tips of the
nanosawteeth and that the FAs and stress ﬁbers sustain most of
the cortex above the grooves.
Indeed, SEM images of MDA-MB-231 cells on sawteeth
show that the whole cell body remains on top of sawteeth like
a “ﬂoating rigid blanket” (Figure 6C). The leading lamellipodia
spread across multiple sawteeth in the same column, whereas
the membrane rests on the top of the sawteeth with no
penetration into the grooves between rows of sawteeth. This
behavior is further highlighted by zooming in at the front of
the cell lamellipodium (Figure 6C; zoomed-in image). This
bridging behavior is in agreement with our results on M1 cells
on nanoridges (Figure 2G; top panel), as well as with many
previous reports.20,34,65,67 Bridging is thought to promote
cellular alignment and anisotropic traction forces because of
conﬁned FA growth.22 In fact, this bridging eﬀect may provide
an explanation for our previous observation that M1 cells
preferentially form FAs on ridges.42 At the front of a sawtooth,
the cell membrane curves somewhat and wraps around the
head (Figure 6C; white arrow heads). M1 cells, whose
migration bias is in the same direction as that of MDA-MB-231
cells, exhibit a similar phenotype (Figure S3A). When the cell
lamellipodia extend from one sawtooth column to another, the
membrane can either bridge the gap (Figure 6C; see crosshatch symbol) or droop down to the bottom surface (Figure
6C; see asterisk). We envision that cell areas where the cell
interacts with the bottom ECM (marked by ∗) provide
support for the cell body, as observed by ﬂuorescence imaging
of actin and paxillin (Figure 6A).
Profoundly diﬀerent FA patterns are observed for M4 cells
than for MDA-MB-231 cells. At the interface between an M4
cell and the bottom ECM, large FA complexes are formed at
the front of the cell protrusions and also in the grooves
between adjacent rows of sawteeth (Figure 6E; paxillin
channel). These FAs display a maximum intensity at a z of
approximately 1.4 μm (Figure 6F, 1−3 blue dashed lines, and
1463

DOI: 10.1021/acsnano.8b07140
ACS Nano 2019, 13, 1454−1468

Article

ACS Nano
membrane curvature.75−77 In addition, it has been determined
that out-of-plane curvature provided by microscale wires or
tubules also regulates the collective behavior of epithelial cell
monolayer.78,79 This raises the possibility that the diﬀerent
membrane deformability we observed in MDA-MB-231 and
M4 cells results in the distinct recruitment of curvature-sensing
proteins and actin nucleators, thereby leading to the generation
of actin polymerization waves in opposite directions. We
hypothesize that diﬀerences in the balance between cortex
deformation and FA formation ability in MDA-MB-231 and
M4 cells promote distinct cytoskeletal dynamics and migration
behaviors.

To reproduce nanotopographic surfaces, we used solvent-assisted
nanotransfer molding42 to make a negative-relief mold of the “master”
structure fabricated with MAP. A ﬁlm of hard PDMS42,82 was spincoated onto the original pattern. This PDMS mixture included
hexanes to decrease viscosity to allow the ﬁlm to conform optimally
onto the structures being coated, thereby improving the resolution of
the mold. After sitting at room temperature for 2 h, the patterned
microscope slide and coated ﬁlm were baked at 60 °C for 1 h. Sylgard
184 (10:1 w/w elastomer base/curing agent; Dow Corning) was
poured on top of the baked sample to form a layer approximately 1
cm thick. The same was then returned to the oven for 70 min. Once
baking was completed, the mold was peeled from the “master” in the
direction parallel to the ridges. For the sawteeth mold, peeling should
occur from the tail to the head of the sawteeth to prevent damage to
the pattern.
Molds can be used to make replicas of the original MAP structure.
A drop of the same resin used for MAP was sandwiched between a
functionalized coverslip and the mold, and the sandwich was exposed
to UV light for 5 min. Using this process, many replicas of an original
pattern can be produced in a short amount of time.
Cell Culture. Benign epithelial cell line MCF10A (M1) and its
metastatic mutant cell line MCF10CA1 (M4) from the MCF10A cell
series were used (Barbara Ann Karmanos Cancer Institute, Detroit,
MI). Cells were cultured in DMEM/F12 (Invitrogen, Carlsbad, CA)
supplemented with 5% horse serum (Invitrogen) at 5% CO2 in
humidiﬁed culture incubators, as previously described. The medium
for M1 cells was additionally supplemented with 10 μg/mL insulin
(Invitrogen), 10 ng/mL EGF (Peprotech, Rocky Hill, NJ), 0.5 μg/mL
hydrocortisone, and 100 ng/mL cholera toxin (both from Sigma, St.
Louis, MO). HS578T and BT549 cells, kind gifts from Dr. Stanley
Lipkowitz, were cultured in RPMI supplemented with 10% fetal
bovine serum (both from Invitrogen). MDA-MB-231 cells were
cultured in DMEM/high glucose supplemented with 10% fetal bovine
serum.
The pTK92_Lifeact-GFP plasmid was a gift from Iain Cheeseman
(Addgene plasmid #46356). To generate M1 and MDA-MB-231 cells
stably expressing Lifeact-eGFP, phoenix cells (human kidney
epithelial) were transfected with the plasmid with Lipofectamine
2000 (Thermo Fisher Scientiﬁc) according to the manufacturer’s
protocol, then the cell culture medium containing retroviral particles
was collected at 48 h after transfection. After the collected medium
was ﬁltered with 0.22 μm ﬁlters, viral particles were added to M1 and
MDA-MB-231 cells. Stably infected cells were selected and
maintained in puromycin-containing media (2.5 μg/mL).
Individual Cell Migration and Time-Lapse Imaging. Prior to
cell seeding, nanoridges or nanosawteeth surfaces were coated with 20
μg/mL collagen IV (BD Biosciences) at 4 °C for about 1 h and then
mounted back to a homemade 6-well plate. Cells were trypsinized and
resuspended to 1 × 104 cell/mL in each own growth medium, and
then 2 mL of cell suspension was added to each well. After the cells
were allowed to adhere for approximately 1 h, nonadherent cells were
washed oﬀ and each well was reﬁlled with 2 mL of fresh medium. The
cells were then cultured overnight. Two hours before imaging, fresh
growth medium was replaced for each cell line. For time-lapse
imaging, the plate was placed in the incubator chamber (37 °C, 5%
CO2) of a Zeiss Observer 2.1 microscope with an automated stage.
Phase-contrast images were taken every 3 min for approximately 20 h.
Live-Cell Actin Fluorescent Imaging. Similar to individual cell
migration experiments, a nanosawtooth surface was coated with 20
μg/mL collagen IV at 4 °C for about 1 h, then mounted in a
homemade 35 mm Petri dish. Lifeact-eGFP/MDA-MB-231 and
Lifeact-eGFP/M4 cells were harvested following the same protocol as
in the individual cell migration experiments. On the second day, cells
were imaged with a Zeiss LSM 880 laser-scanning confocal
microscope. Both ﬂuorescent and bright-ﬁeld images were taken
every 10 s using an oil-immersion, 63× objective and a zoom-in factor
of 2.5.
Immunostaining. Cells were ﬁxed in 4% formaldehyde without
(paxillin) or with (tubulin) 2 mM EGTA (bioWORLD, Dublin, OH)
and 2 mM MgCl2 (Quality Biological Inc., Gaithersburg, MD) for 15

CONCLUSIONS
Contact guidance plays a critical role in cancer invasion and
metastatic processes. Using multiple breast cancer cell lines
and symmetric and asymmetric nanotopographic designs, we
examined the biophysical and molecular mechanisms behind
contact guidance and directional bias. We showed that all of
the breast cancer cell lines are able to sense and respond to
physical guidance cues, yet they do so in distinct ways. We
envision that this behavior is dependent on distinct intrinsic
characteristics of the cancer cell lines. Consistent with prior
ﬁndings, the bias in cell migration we measured is in the same
direction as, and likely arises from, asymmetries in the
direction of actin polymerization. Furthermore, we identiﬁed
distinct local cell cortical plasticity and heterogeneity in FA
patterns as key diﬀerences between breast cancer cell types. We
hypothesize that this diﬀerence in FA patterns and the
associated diﬀerence in the deformation ability of cell
boundaries into the valleys of the textures are both driven
by, and ultimately regulate, the bias in actin polymerization
and cell migration. Because we can average observations over
identical nanotopographic elements (Figure 5), our approach
is well suited for in-depth investigations of intracellular
signaling to identify the molecular mechanisms underlying
the distinct FA patterns, actin dynamics, and cell boundary
shapes.
MATERIALS AND METHODS
Surface Fabrication and Replication. The nanoridge and
sawtooth topographies that were employed to study migratory and
cytoskeletal responses were designed and fabricated using multiphoton absorption polymerization (MAP). More details regarding this
method can be found elsewhere.80,81 Brieﬂy, the output of an ultrafast
Ti:sapphire laser (Coherent Mira 900) tuned to 800 nm was passed
through a high-numerical-aperture objective (Zeiss alpha-Plan Fluar
100×; numerical aperture 1.45) and focused onto a photopolymerizable resin ((1:1 w/w tris (2-hydroxy ethyl) isocyanurate
triacrylate (SR368)/ethoxylated (6) trimethylolpropane triacrylate
(SR499) (both from Sartomer), 3 wt % Lucirin TPO-L (BASF)) that
was sandwiched between a glass coverslip and a microscope slide.
Based on the experimental conditions, the photoinitiator undergoes
eﬃcient two-photon absorption only in the focal region of the
objective, allowing for the fabrication of three-dimensional structures
with arbitrary shape. The sample was mounted on a motorized stage
that can be controlled by a computer. A LabVIEW program (National
Instruments) was used to control the stage movement to fabricate the
desired the patterns. The same program controlled a shutter to dictate
when and where polymerization should occur. After fabrication was
completed, the sample was soaked in two containers of ethanol for 3
min each to remove the unreacted monomer resin. The MAPfabricated “master” structure was then baked/dried in oven at 110 °C
for at least 1 h.
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min, followed by permeabilization in 0.1% Triton X-100 for 15 min
and blocking of unspeciﬁc antibody binding with 1% bovine serum
albumin (BSA) for 1 h. Targets were labeled with either antitubulin
(1:200, MAB1864, Millipore) or antipaxillin (1:200, 612405, BD)
primary antibody in 0.1% BSA at 4 °C overnight. On the second day,
the primary antibodies were detected by secondary, ﬂuorescently
labeled antibodies (1:200, Invitrogen). Meanwhile, F-actin was
labeled with phalloidin-TRITC (1:200, Invitrogen), and nuclei were
labeled with DAPI (Invitrogen). Super-resolution images of the
specimens were taken with a Zeiss LSM 880 confocal microscope in
Airyscan mode, and 3D reconstruction movies were generated using
ZEN software (Zeiss, Germany). Further image analysis, such as
generating x−z/y−z view images, was performed in ImageJ (NIH,
Bethesda, MD).
Quantitative Analysis of Cell Migration. After time-lapse
images were postprocessed, cell tracking was performed using Manual
Tracking in ImageJ, and cells were outlined manually in MATLAB
(Mathworks). The ﬁles containing all cell tracks were imported into
MATLAB for further analysis. Cell tracks were smoothed with a 10frame (30 min) unweighted sliding window. This period is suﬃcient
to allow cells to move about one nuclear diameter. Using the
smoothed center positions, cell velocities were determined by
calculating the displacement between two frames:
→
vi (t ) = →
xi (t ) − →
xi (t − Δt ), where Δt is the interval between two
frames. Assuming the uncertainty in ﬁnding cell center is 1 pixel
(0.625 μm) for both the x and y directions, a velocity was only
counted if the net displacement between two frames was above 1.4
pixels. The direction of the motion at each frame was determined by
the angle between →
vi (t ) and the x axis, based on which histograms of
direction of motion were created. All cell instantaneous velocities
within a certain angle range relative to ridges were averaged to plot
the velocity proﬁle with respect to orientation. To calculate the mean
velocity components relative to the nanosawtooth orientation for each
cell, the velocity components along the x axis were separated based on
their signs, with positive being the same as the nanosawtooth
orientation and negative being the opposite orientation.
The velocity direction distribution was also plotted for each speed
quartile and each long-term persistence tertile. The angles were
determined relative to the sawtooth orientation, meaning that angles
that are left−right symmetric about the sawtooth orientation are
considered to be the same. This process transforms the original range
of velocity direction from −180−180° to 0−180°. To estimate the
variations in our distributions, we adapted a random resampling
Bootstrap method.83,84 First, we randomly divided all velocities into
10 groups for each speed quartile or persistence tertile. To distribute
the velocities randomly, we then selected a random seed between 20
and 232 for each of the ﬁve cell lines. The seeds are 418932850,
1196140743, 2348838240, 4112460544, and 4144164703 for MDAMB-231, HS578T, M1, BT549, and M4 cells, respectively. The
velocities whose speed values are zero were discarded because their
directionality cannot be determined. The velocity direction
distribution was then calculated for each of the 10 groups. We
considered the measurement from each of the 10 groups as
independent and calculated the average velocity direction distribution
and standard error of the mean from the measurements of the 10
groups.
Averaged Actin Kymograph Analysis. We measured the mean
actin ﬂuorescence and actin dynamic around one sawtooth by
averaging across all sawteeth in either a single movie or multiple
movies. First, the images with both bright-ﬁeld and ﬂuorescence
channels were rotated in ImageJ such that all sawteeth were aligned
horizontally with their positive direction (tail to head) facing right,
and the image edges were discarded. The sawtooth regions and
boundaries were subtracted from the bright-ﬁeld channel. Because the
light aberration caused by cells resulted in the inability to recognize
some sawteeth, sawteeth that appeared to be connected with others or
smaller than a certain threshold were excluded from the analysis. After
subtraction, the sawtooth outlines were superimposed on the actin
ﬂuorescent channel, and 51 points were placed evenly about the

circumference of each outline. For each sawtooth, the sawtooth
centroid was used as the origin point, and the horizontal row passing
the centroid was used as the x axis with its positive direction facing
right (same as the sawtooth positive direction). Then, the angle of
each of the 51 points was calculated relative to the axis positive
direction, and the position 0, which is the head of the sawtooth, was
identiﬁed as the point with the smallest angle. The 25 points from
position 0 in the clockwise direction were assigned indices 1 to 25
with position 1 near the sawtooth head and position 25 near the
sawtooth tail. Similarly, the 25 points from position 0 in the
counterclockwise direction were given indices −1 to −25. As the 51
points were evenly placed, positions ±1 are nearly symmetric to the
sawtooth head and positions ±25 are nearly symmetric to the
sawtooth tail. The actin ﬂuorescence intensity within a constant radius
around each point was averaged. Then, we aligned the 51 points
linearly so that position 0 was in the middle and positions ±25 were
in the two sides. To quantify the actin dynamics for two cell lines in
an unbiased way, we ﬁrst calculated averaged intensity for position 0
for all frames and then made a plot of intensity versus time. The time
point tw was determined as the frame of the ﬁrst peak, which has the
average intensity above 90% of the maximum intensity in the plot. A
kymograph showing the actin dynamic around one sawtooth was then
generated by measuring the actin intensity proﬁle as mentioned for 6
min before and after time point tw. The kymographs from diﬀerent
sawteeth were averaged by using the position 0 and time tw as the
center.
Scanning Electron Microscopy Imaging. For SEM imaging,
cells were washed with 0.1 M Sorensen’s sodium phosphate buﬀer
three times to remove any growth medium and ﬁxed with 2.5%
glutaraldehyde in the same buﬀer at 4 °C overnight. After being
rinsed, cells were postﬁxed with 1% osmium tetroxide for 1 h. Then,
cells were dehydrated through ethanol series of 35, 50, 85, 95, and
100% ethanol solutions for 10 min each, followed by chemically
drying with hexamethyldisilazane (Sigma-Aldrich) for 5 min. The
samples were then sputter-coated with gold and imaged using an
AMRAY 1910 microscope.
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