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Directing cell motions on micropatterned ratchets
Goher Mahmud, Christopher J. Campbell, Kyle J. M. Bishop, Yulia A. Komarova, Oleg Chaga,
Siowling Soh, Sabil Huda, Kristiana Kandere-Grzybowska* and Bartosz A. Grzybowski*

Cell motility is a process deriving from the synchronized dynamics of the cytoskeleton. In several important physiological
processes—notably, cancer metastasis—the randomly moving cells can acquire a directional motility phenotype and bias their
motions in response to environmental cues. Despite intense research, however, the current understanding of directional cell
migration is incomplete and there is a growing need to develop systems that would enable the study and control of this process.
This article demonstrates that random motions of motile cells can be rectified by asymmetric (‘ratchet’) microgeometries.
Interactions between the cells and the imposed geometrical cues guide cell polarization and give rise to directional motility.
Depending on the ratchet design, cells of different types can move either in the same or in opposite directions on the same
imposed pattern. In the latter case, it is possible to partially sort mixed cell populations into different collecting reservoirs.

In the presence of asymmetric potentials generated by
time-dependent external fields1–5 or by asymmetric geometrical
obstacles6–10, objects agitated by random noise can move

directionally. This so-called ratcheting phenomenon11–13 has
attracted considerable scientific attention and has been studied
extensively in quantum5, (bio)molecular14, nanoscopic7,15 and
colloidal4,8 regimes—albeit, with relatively simple entities (such
as electrons3, small molecules16, proteins17, biopolymers9,14 and
microparticles10). Here, we show that far more complex and
autonomous random movers18,19—specifically, motile cells—can
also bias their motions over large distances through their in-
teractions with asymmetric geometrical cues. When confined to
ratchet-shaped micropatterns, the cells reconfigure their internal
motility machinery and undergo sequences of morphological
changes that ultimately translate into biased/directional cell
motion. Fluorescent imaging suggests that this breaking of
spatial symmetry is due to the reorganization of actin bundles,
which, in turn, determines the direction of a cell’s lamellipodial
protrusion20,21 and cell polarization22,23. Biased cell motion can be
rationalized by energetic considerations, and the degree of observed
directional preference can be modelled by probabilistic methods.
The phenomenon of cell ratcheting applies to different cell types
and to mixed cell populations. Remarkably, in the latter case,
ratchet geometries can be designed that cause cells of different
types to migrate in opposite directions. This capability derives
from the differences in the morphologies of cell protrusions and
provides a basis for microsystems that can partially sort mixed
cell populations (here, cancerous versus non-cancerous cells) into
spatially disjoint microreservoirs. The microratchets described in
this work provide a conceptual alternative to cell guidance using
chemical gradients24–28, which degrade over time and are based on
cell-specific chemoattractants (unknown for most cell types). In
contrast, microratchets preserve their function unless mechanically
broken and can guide cells of different types.

Unidirectional ratchets
Tracks for cell locomotion were microetched in glass/Ti/Au
substrates29,30 and the unetched portions of gold were protected
with oligo(ethylene glycol) alkane thiols known to resist cell
adhesion31–34 (Fig. 1a and see the Methods section). When the cells
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were cultured onto the micropatterned substrates, they localized
exclusively onto the etched, unprotected regions. If these regions
were bounded in all directions and separated (for example, the
equilateral triangular islands shown in Fig. 1b, top), the cells spread
on them but did not move. The cells also remained stationary
on more elongated triangles such as those used by Whitesides
and co-workers35. If the regions were bound along only one
direction, (that is, straight lines, Fig. 1b, middle), the cells moved
randomly in both directions but with no net bias. To guide cell
motions, the tracks had to be connected and have asymmetric,
ratchet-like geometries distinguishing between the two possible
directions of motion.

Figures 1b (bottom) and 2 show one such geometry inspired
by well-known fluidic rectifiers36. Here, M = 5 etched triangles
are connected by narrow openings, and either B16F1, Rat2 or
MDA-MB-231 cells (initially randomly distributed) move prefer-
entially in the ‘funnelling’ direction of the patterned triangles—that
is, in the direction of a unit triangle’s vertex with an opening to the
next triangle (henceforth, ‘bias direction’). To analyse the degree
of this preference and its relation to various system parameters, we
quantified it in two ways: (1) on the ratchets, by tracking multiple
(>14) cells for extended periods of time (typically, 16 h in 1 h
intervals; >220 data points; Table 1 and Supplementary Section
S1c) and calculating the percentage of ‘steps’ these cells took in the
bias direction, b1= (nrachetbias /n

rachet
total ) ·100% and (2) in the reservoirs at

the ends of the ratchets (from counts of fixed cells; see Fig. 2a), as
the percentage of cells accumulated in the reservoir along the bias
direction, b2 = (N reservoir

bias /N reservoir
total ) ·100% at a given time. The first

of these measures provided information about short-range bias; the
second determined the ratchet’s ability to guide cells over longer
distances (0.3–1mm). The optimized values of both b1 and b2 for
various cell types are summarized in Table 1. In the following, we
first discuss the nature of the intracellular processes that give rise to
the asymmetry of motion (that is, b1, b2> 50%) and then focus on
the parameters (system’s geometry, dimensions and so on) affecting
the b1 and b2 biases.

The origin of asymmetric cell motions
The changes in the cells’ cytoskeleton during cell migration on
the ratchets were studied in a series of microscopy experiments.
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Figure 1 | Fabrication of substrates for cell locomotion and motility characteristics of cells on various micropatterns. a, Anisotropic solid microetching
for cell micropatterning uses a micropatterned agarose stamp soaked in TFA Transene etchant to remove the patterned portions of a thin gold film. Once
in contact with the substrate, the stamp acts as a two-way diffusive pump constantly delivering the etchant to the gel–substrate interface (orange
arrows), while removing the etching products into its own bulk (violet arrows). As etching does not require pre-masking of the unpatterned surface,
gold surrounding the transparent areas can be subsequently derivatized with a high-quality, cell-resistant self-assembled monolayer (here,
(HS–(CH2)11–(OCH2CH2)6–OH, ProChimia); EG SAM). The ‘eye’ indicates the position of the objective/imaging direction from below the pattern and
through the flat cell–glass interface. b, Cells on disconnected triangles do not move (also see Supplementary Section S2a); cells on straight lines move
randomly in both directions; cells on triangular ratchets move directionally. The white dotted lines delineate boundaries of the micropatterns. All images
show B16F1 cells. Colour coding: actin (green) is stained with fluorescent phalloidin, DNA (blue) is stained with Hoechst 33342 dye. The scale bar
corresponds to 50 µm. c, The green lines give trajectories of typical cells on the patterns shown in b. The red lines correspond to net cell displacement
after 16 h.

Table 1 | Statistics of the motility of cells on different types of pattern.

Pattern Direction of
migration

Cell type/substrate* ;
serum conc. (%)

Bias b1 from ratchets
†

Bias b2 from reservoirs
‡

B16/Fn
§

2 50.6% (n= 14/m= 224) 49.7% (NT= 2,047,R=9,Z=0.43)

B16/Fn
§

2 No cell motion No cell motion

B16/Fn 0.5 59.0% (n= 38/m=608) 65.1% (NT= 1,250, R= 32,Z= 10.40)

2 54.6% (n= 17/m= 272) 60.9% (NT= 10,857, R= 32, Z= 21.04)
10 56.1% (n= 20/m= 320) 55.4% (NT= 39,828, R=96,Z= 20.37)

Rat2/Ln 2 61.0% (n= 16/m= 256) 60.6% (NT= 2,699, R= 13, Z= 10.61)
10 68.0% (n= 25/m=400) 61.8% (NT= 1,122, R=45,Z= 3.23)

MDA-MB-231/Ln 10 57.3% (n= 22/m= 352) 59.7% (NT= 1,420, R= 21, Z= 7.31)

B16/Ln 10 54.9% (n= 14/m= 224) 54.8% (NT= 11,460, R=61, Z= 10.2)
Rat2/Ln 10 62.8% (n= 15/m= 240) 55.8% (NT= 5,874, R= 29,Z=8.59)
MDA-MB-231/Ln 10 58.2% (n= 14/m= 224) 56.3% (NT=934, R= 11, Z= 3.85)

Straight lines (no bias), disjoint islands (no cell motion) and two types of ratchet (biased motion). All ratchets had M= 5 unit cells, each of area a∼ 1,300 µm2 .

*Fn: fibronectin; Ln: laminin.
†

The biases b1 were based on live cell imaging. The typical standard deviations in b1 were of the order of 1–3%. The values of n/m give the total number of analysed cells and data points (16 one-hour
intervals per cell).
‡

Reservoir biases b2 were calculated from the counts of cells fixed with formaldehyde in the reservoirs after 48 h. NT is the total number of cells analysed over R reservoir arrays (∼5 ratchet systems per
one coverslip used). The values of Z= (b2−0.5)/

√
0.25/NT = (2b2− 1)

√
NT are the Z scores of the so-called p test. To determine the validity of the hypothesis (with 99% confidence) that the bias on

straight lines is statistically equivalent to 50%, Z must be less than 2.576. For the ratchets, verification of the hypothesis that the bias is statistically greater than 50% requires Z> 2.576.
§

These indicate that qualitatively similar results (that is, no bias on lines and no motion on disjoint islands) were also observed for the Rat2 and MDA-MB-231 cells. We note that no statistically significant
reservoir biases were observed immediately after cell plating, t= 0. This was confirmed by the statistics taken over R= 31 reservoir arrays and NT = 7,727 cells, for which the average value of b2 was
49.5% with Z=−0.88 not significantly different from 50% or no bias (also see Supplementary Section S3).

Figure 2b–d (also see Supplementary Video S1’) illustrate a typical
sequence underlying the guided motion of a B16F1 cell starting
from one of the ratchet’s triangles. Initially, the cell conforms to the
shape of this triangle. Subsequently, it forms a large lamellipodial
protrusion into the next triangle and polarizes (as demonstrated
by the distribution of Arp2/3 polarity markers) in the direction of
the bias. The lamellipodium ‘funnels’ into the next triangle where it

spreads both forward and sideways to ‘anchor’ against the back-side
and corners of the forward triangle (indicated by asterisks in Fig. 2b;
also see the focal adhesions in Fig. 3b and Supplementary Video
S2). Although lamellipodial extension in the ‘backward’ direction
is sometimes also observed, it is less persistent and cannot ‘anchor’
against the smooth, ‘funnelling’ sides of the back triangle (indicated
by arrows in Fig. 2b). Overall, the protrusion in the direction of the
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Figure 2 | Directional cell migration on connected-triangle ratchets. a, Distribution of B16F1 cells on a pattern of two reservoirs connected by ten ratchets
at 48 h after cell plating (serum concentration 2%). The 57.8% bias illustrated here corresponds to 151 cells collected in the left reservoir and 110 cells in
the right one. The red arrow indicates the bias direction. Colour coding: array, grey; actin, fluorescent phalloidin, green; DNA, Hoechst 33342, blue. The
scale bar represents 250 µm. b, Low-magnification, phase-contrast live images of a B16F1 cell migrating on a ratchet. Live cell imaging were acquired every
10 min. The red dotted lines outline the cell edge. The patterned geometry constrains the cell shape and determines the cell polarity. The cell migrates by
repeating a cycle of protrusion (at the cell’s leading edge, in the ‘funnelling direction’) and retraction (at its rear). At∼10 min after plating, the cell adopts a
triangular shape, extends a protrusion into the nearest triangle (∼1 h), stretches over two triangles (∼2 h), moves its nucleus over the narrow opening
between triangles (∼3 h) and finally contracts its rear while extending a protrusion into the next triangle (∼4 h 40 min). The scale bar represents 50 µm.
c, Distribution of polarity markers (Arp2/3 complex, seen as yellow on overlay images with actin) and organization of actin cytoskeleton (fluorescent
phalloidin, green) in cells fixed on the ratchets. The images correspond to different stages of cell migration shown in b. The Arp2/3 complex localizes
preferentially at the cell’s front (that is, in the bias direction). Most pronounced actin stress fibres are along the cell’s sides (to constrain the shape of the
migrating cell) and at its rear (to help retract its tail). Enhanced accumulation of actin in a lamellipodium at the cell’s front reveals actin polymerization into
a network of branched actin filaments pushing the membrane forward. The scale bar represents 50 µm. d, Phase-contrast images corresponding to those in
c. The scale bar represents 50 µm.

bias wins this ‘tug-of-war’, and the cell propels itself along the bias
while retracting its tail.

The preferential formation of a lamellipodium in the bias
direction reflects an asymmetric distribution of actin and focal
adhesions in a cell subject to the ratchet’s geometry. This is
illustrated in Fig. 3a, b, which shows pronounced actin bundles
running along the edges of a unit triangle and ‘connecting’ the
points of highest curvature (that is, spiked edges where most focal
adhesions form30,34). If the triangle were isolated, these bundles
would ‘converge’ at all three of the triangle’s vertices (see Fig. 1a and
Supplementary Section S2a). On the ratchets, however, the corner
funnelling into to the next triangle is ‘open’ and the ‘side’ bundles
(indicated by the letter ‘s’ in Fig. 3a) do not converge/connect,
leaving between them space through which a lamellipodium can
form without disrupting the bundles. In sharp contrast, the bundle
at the ‘back’ of the triangle runs perpendicular (denoted ‘p’ in
Fig. 3a) to the ratchet’s axis of symmetry, and if the lamellipodium
were to form into the ‘back’ triangle, this bundle would first have
to be disrupted/broken at an energetic cost that can be roughly
estimated37 to be ∼5× 10−18 J (from the known energy needed
to break one actin filament, 2.38× 10−19 J, multiplied by the ∼20
filaments in one stress bundle). Therefore, it is easier for the
cell to make a lamellipodium along the direction of bias than
against it. Once the lamellipodium forms and focal adhesions
attach to the substrate, the cell’s stress fibres reorganize (see
Supplementary Section S5).

Analysis of intracellular forces (by high-resolution velocity
mapping of the actin stress fibre crosslinker, α-actinin38) in a
cell trying to enter a new triangle reveals (Fig. 3c, d) that these
contractile elements straighten up and align, and that the net force
acting on them is directed in the bias direction. At the same time,
the forces acting on the cell’s rear cause this part of the cell to retract.

Although this explanation of ratcheting is certainly oversim-
plified in terms of the energetics involved, it can account—at
least qualitatively—for the origin of the asymmetry underlying
cell ratcheting. Also, a similar sequence of events is observed for
MDA-MB-231 and Rat2 cells. We note, however, that the Rat2 cells
are more elongated than either B16F1 cells or MDA-MB-231 cells,
and in addition to broad lamellipodia, they often form elongated
‘exploratory’ protrusions extending over more than one triangle
ahead of the cell’s body (see Supplementary Video S3).

Design and theoretical considerations
The design of efficient ratchets requires understanding and
optimization of several parameters of the system (see Supple-
mentary Section S7).

(1) The ‘local’ bias b1 reflecting the asymmetry of cell motion
depends predominantly on the dimensions of the individual,
unit triangles. The largest biases are observed when the area
of the unit cell, a, is commensurate with the area of a cell
spread on an unpatterned surface (here, a∼ 1,300 µm2). On larger
triangles, cells cannot interact simultaneously with all imposed
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Figure 3 | Mechanism of directional cell migration on micropatterned
ratchets. a,b, Distribution of actin (a) and distribution of focal adhesions
(b) in a B16F1 cell on a connected-triangle ratchet. Colour coding: array,
dark blue; actin, phalloidin, green; DNA, Hoechst 33342, light blue; ‘s’ and
‘p’ indicate, respectively, the side and the perpendicular actin bundles. The
scale bar is the same for a and b and corresponds to 12.5 µm. c,d, Analysis
of intracellular forces based on live cell imaging of B16F1 cells transiently
expressing α-actinin tagged with enhanced green fluorescent protein.
c, High-resolution velocity map of the displacements of α-actinin markers
over a 16.5 min interval. The projections of these displacements onto the
ratchet’s axis of symmetry sum up to a net displacement of 24.9 µm (large
yellow arrow) proportional to the net force (see ref. 38) generated by the
actin cytoskeleton in the bias direction. d, The map of effective forces
acting in the direction of the cell retraction (large red arrows; in regions
where the cell contracts) and along the stress fibres (small red arrows are
forces acting in the direction of cell migration; blue—in the opposite
direction). The white lines give the positions of the retracting parts at 0 and
19 min. The scale bar is the same for c and d and corresponds to 12.5 µm.

boundaries, and move within the triangles with less overall
bias (no statistically significant bias for a >∼ 1,800 µm2). For
smaller values of a, the cells are spread over several triangles and
even some oligo(ethylene glycol) self-assembled monolayer areas,
and also move less directionally (no bias for a < ∼1,000 µm2).
Furthermore, the biases aremaximal when the width of the opening
connecting the triangles is ∼10–20 µm. For smaller openings, the
cells cannot squeeze efficiently through narrow ‘funnels’ and move
only sporadically (once every few hours); for larger ones, they can
travel more freely along either of the two possible directions (with
no net bias for opening width>∼30 µm).

(2) Bias b2 responsible for the guidance over larger distances
depends not only on the local bias but also on the number of
the unit triangles in the ratchet and the dimensions of the cell
reservoirs. We first estimate the probability that a cell that has
already entered a ratchet channel from one reservoir, will pass
all the way through this channel into the other reservoir. We
approximate the cell as a random walker on a one-dimensional
lattice with periodicity 1x determined from experimental ratchet
dimensions (here, 1x ∼ 54 µm) and time steps, calculated from
experimental velocities, v , of cells on ratchets (for example, for
B16F1 cells under 2% serum conditions, v ∼ 30 µmh−1 and
1t =1x/v = 42.5 µm/24 µmh−1 = 1.8 h). The probability pl of a
cell taking a step in the direction of the bias (‘to the left’ in Fig. 4a)
is given by the experimentally determined value of b1 (for example,
54.6% for B16F1 in 2% serum, see Table 1); the probability of the
cell taking a step against the bias, ‘to the right’ is pr = 1−pl. With
these considerations, onemay calculate the probabilities39 that after

time t = n1t , the cell will have successfully crossed the channel
from right to left, PL(n):

PL(n) =
∑
j

{
pM (j+1)−x0
l pMj

r

∑
i

(
n
i

)
(pn−M (1+2j)+x0−i

l pir

+ pn−M (1+2j)+x0−i
r pil)

}
−

∑
j

{
pM (j+1)
l pMj+x0

r

∑
i

(
n
i

)
(pn−M (1+2j)−x0−i

l pir

+ pn−M (1+2j)−x0−i
r pil)

}
(1)

In this equation, M is the number of ratchet units (here, the
triangles) along the channel and x0 is the initial position of the cell
walker (here, always taken as x0 = 1—that is, cells start in the first
ratchet). The summation over i ≥ 0 continues until the terms in
the series in each curly bracket, rearranged in descending powers
of pl, meet in the middle (the middle term counting only once if
n−M+x0 is even, see Supplementary Section S6.1); the summation
over t covers all values j ≥ 0 that leave non-negative exponents. An
expression for the crossing from the ‘left to the right’, PR(n), may
be obtained from the above expression by exchanging pl and pr. For
large n (corresponding to long times, t = n1t ), PL(n) and PR(n)
converge to the following asymptotic values:

PL= [(pr/pl)x0−1]/[(pr/pl)M −1] and

PR= [(pl/pr)x0−1]/[(pl/pr)M −1]
(2)

Figure 4b illustrates the case in which pl=0.546 (in experiments,
B16F1 in 2% serum) and M = 5, for which the asymptotic
probability of crossing the channel from right to left is 0.28 (the
crossing is unsuccessful with probability 0.72). Note that the case
of cells entering the ratchet from the ‘left’ and migrating against
the bias towards the ‘right’ reservoir is solved analogously (for the
particular cell type discussed above, the cell has a 13% chance of
making it all the way through against the bias).

Using the rate of cells entering the channels (∼5 cells h−1; see
the Methods section) and the probability of passing through the
channel (equations (1) and (2)), it is possible to relate the b1 and
b2 biases and describe how the numbers of cells in the reservoirs
change in time. LetNL andNR denote the number of cells in the ‘left’
and ‘right’ reservoirs, respectively. The population balances for the
number of cells in reservoirs L and R are expressed as

dNL

dt
= kL

NR

1−αNR
−kR

NL

1−αNR
+kgNL(1−αNL) (3)

dNR

dt
= kR

NL

1−αNL
−kL

NR

1−αNR
+kgNR(1−αNR) (4)

Here, α= a/A, kL=CLcVPL/2A and kR=CLcVPR/2A, parameters
C , Lc, V and A are defined in the Methods section and PL and PR
are the probabilities of a cell passing though the channels from right
to left (R→ L) and from left to right (L→ R), respectively (see
above). The last terms in the above equations describe the logistic
growth of the cell populations (see Supplementary Section S6.2)
with a growth rate, kg ∼0.035 h−1 (that is, doubling time of 20 h, as
in the experiments) and a carrying capacity of 1/α∼250 (that is, 250
cells of area a∼ 1,300 µm2 cover the full area A of each reservoir).
The set of nonlinear differential equations equations (3) and (4) can
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Figure 4 | Probabilities of directional migration, ratcheting efficiency and the scaling properties of the reservoir bias, b2. a, Schematic illustration of the
model geometry. A cell (red), initially located at x0= 1, moves across the ratcheted channel from reservoir R to reservoir L with probability PL, which
depends on the single-ratchet probabilities, pl and pr, for stepping left and right, respectively. b, Probabilities of crossing a channel of M= 5 ratchets in the
bias direction, PL, and against the bias direction, PR, as a function of the number of steps n taken. Here, the underlying single-ratchet stepping probabilities
are pl=0.546 and pr=0.454 corresponding to the experiment with B16F1 cells in 2% serum. c, Cell populations, N, in reservoirs L and R as a function of
time for the experimental/model parameters presented in the text (V=60 µm h−1, a= 1,300 µm2, A= 320,000 µm2, CLc= 10×35 µm, PL=0.28 and
PR=0.13). d, The b2 reservoir bias for data in c as a function of time. The maximum bias is achieved after∼48 h, after which cell division/growth begins to
overcome the effect of the ratchets. e, The b2 reservoir bias as a function of the underlying b1 ratchet bias for M= 5 and M= 10 ratchets and for 48 h
of ratcheting.

be solved numerically. For example, for the typical experimental
conditions for B16F1 cells in 2% serum described here, the crossing
rates are estimated as kL=0.0092 h−1 and kR=0.0043 h−1 to give the
time-dependent cell populations in the reservoirs (Fig. 4c). These
values allow for the calculation of the time dependence of bias
b2 =NL/(NR+NL) (Fig. 4d), of which the final value at ∼50 h is
∼57.7%—that is, close to 60.9%observed experimentally for B16F1
cells in 2% serum (see Table 1). Similar agreement is observed for
other conditions and cell types. In addition, as illustrated in Fig. 4e
for M = 5 and M = 10, the values of b2 increase only slowly with
increasing number of unit triangles in the ratchet channel. Again,
this observation is in agreement with experiments and reflects
the fact that making ratchets longer significantly decreases the
probability of cells crossing in either direction—in other words, PL
and PR decrease significantly despite the fact that the ratio PL/PR
increases. Finally, the model correctly predicts that for times longer
than ∼50 h, the growth of the cells will take over the ratcheting,
until both reservoirs are fully populated with no bias. Therefore,
48 h used in experiments is close to the ‘optimal’ time for ratchet
operation (see Supplementary Section S3 for time analysis).

Two-directional ratchets
The applicability of the one-directional ratchets discussed so far is
probably limited to themechanistic studies of cellmigration inwell-
definedmicrogeometries. Ratchets that could guide cells of different
types in opposite directions would be much more useful, especially

in the context of cell sorting40–42 and relatedmedical diagnostics43,44.
We investigated the possibility of such two-directional ratchets
based on the differences in the morphology of cells’ protrusions—
for instance, the broad lamellipodia formed by the cancerous B16F1
or MDA-MB-231 cells and the combination of lamellipodia and
long, ‘exploratory’ protrusions of non-cancerous Rat2 fibroblasts
(see Supplementary Video S3). As mentioned before, the long
protrusion of the Rat2 cell extends more than one triangle ahead
of the cell’s body and often ‘anchors’ against the ‘obstacles’ (for
example, the sides of the ratchet’s triangles) within the confining
channels. Although for triangular ratchets this phenomenon has
negligible effect on the overall direction of motion, it could
be made more manifest if the in-channel protrusions were
more pronounced.

This reasoning guided the design of morphology-based ratchets
on which B16F1 and Rat2 (or MDA-MB-231 and Rat2) cells
move in opposite directions. In these ratchets, the asymmetric
‘spike’ protrusions alternate on the opposite sides of the channel
(Fig. 5a). If the cells are compact (Fig. 5a, left), they spread on
the ratchet, contact the boundaries on the opposite walls and
therefore experience a ‘funnel’-like geometry akin to that in the one-
directional ratchets. Both live imaging as well as immunostaining
experiments showed that B16F1 cells and MDA-MB-231 behave
in this way and form lamellipodia that are broader near the short
base of a unit trapezium than near the ‘open’ vertex of a long
base (see Fig. 5a, left). Consequently, these cells polarize towards
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Figure 5 | Cells on bi-directional ‘lines-with-spikes’ ratchets. a, B16F1 and
Rat2 cells move in opposite directions on linear ratchets with spikes
inclined at 45◦ (staining: phalloidin, green; Hoechst 33342, blue). B16F1
cells (left column) form large lamellipodial protrusions near the ‘open’
vertices of the short base of a unit trapezium (delineated by a yellow dotted
line, adhesive area∼1,300 µm2). In contrast, Rat2 cells extend long
protrusions into the ‘open’ vertex of a long base (top) and ‘anchor’ at the
nearby spike. The borders between adhesive and non-adhesive areas are
outlined by dotted lines. The scale bar corresponds to 30 µm.
b, Distribution of B16F1 (left), Rat2 (middle) and a mixture of B16F1 and
Rat2 (right) cells over a pattern of two reservoirs connected by ten spiked
ratchets (after 48 h from cell plating, also see Supplementary Section S3;
serum concentration 10%; laminin). Superimposed images of phase
contrast and nuclei (Hoechst 33342, blue) illustrate 54.8% bias for B16F1
cells (189 cells in the left reservoir and 156 in the right one) and 56.0% bias
for Rat2 (80 and 102 cells). For the mixture of B16F1 cells and Rat2 cells,
the former are stained with a red DiI dye; the image is a superposition of
phase contrast and DiI. The cells of two types partly sort out and the biases
from reservoir counts are 57.7% bias for B16F1 cells (15 cells in the left
reservoir and 11 in the right one) and 56.5% bias for Rat2 cells (27 and 35
cells). The scale bar represents 250 µm. c, An idea for a ‘cancer trap’
comprising stacks of radially arranged ratchet channels. When implanted
next to a tumour, the channels could selectively guide motile cancerous
cells (green) inwards, but not other cells (red).

this large lamellipodium, which then spreads into the next unit
cell and facilitates the overall migration of the cell with biases
b1= 54.9%; b2= 54.8% for B16F1 and b1= 58.2%; b2= 56.3% for
MDA-MB-231 cells (Table 1). In sharp contrast, the elongated Rat2
cells do not contact all ratchet boundaries but instead use their long
protrusions to ‘grab’ against the in-channel spikes, preferentially
around the spikes slanted in the protrusion’s direction (that is, to
the right in Fig. 5a, also see Supplementary Video S4). Once an
‘anchor’ is stabilized by focal adhesions, the protrusion lays down
a larger lamellipodium around it, and the cell pulls the trailing part
of its body into the new location. The on-ratchet biases for the Rat2
cells were b1= 62.8% and b2= 55.8%.

Importantly, the biased motions were also observed on ratchets
plated simultaneously with two cell types (specifically, B16F1/Rat2
or MDA-MB-231/Rat2 pairs; Fig. 5b, rightmost image). Starting
from an initial, uniform distribution over the pattern, the ratchets
moved cells of different types in opposite directions—B16F1 cells
or MDA-MB-231 along the ‘funnels’ and Rat2 cells along the
slant of the spiked in-channel obstacles. The morphological and
structural changes accompanying these migrations were similar
to those observed in the single-cell-type experiments described in
the previous paragraph. Although the b1 biases on the ratchets
could not be directly assigned (as live imaging of cells labelled
with fluorescent dyes caused photo-damage and reduced their
motility), the counts over the reservoirs after 48 h showed that the
cells partly sorted out. For the B16F1/Rat2 pair, the biases were
b2 (B16F1) = 55.0% and b2 (Rat2) = 56.3% (data based on 30
reservoir pairs with a total of 702 B16F1 and 2788 Rat2 cells; Z
scores >6 for both cell types). For the MDA-MB-231/Rat2 pair,
b2 (MDA-MB-231)= 57.3% and b2 (Rat2)= 63.4% (data based on
47 reservoir pairs with a total of 1012MDA-MB-231 and 3513 Rat2
cells; Z scores> 10 for both cell types). We observe that because
these values are close to those from single-cell-type experiments
on the same ratchet, it seems that interactions between B16F1
cells and Rat2 cells do not affect the motility of either cell type
perceptibly (see Supplementary Section S4c). We also note that
control experiments with reservoirs connected by straight lines
showed no bias, indicating that directional cell guiding on the spike
ratchets is a consequence of the imposed geometry alone.

Outlook
If optimized further to achieve significantly higher biases and
longer operational times, ratchet microsystems could find uses in
sorting motile cells of different42,44–48 types. Of course, the design
of ratchet systems should not be confined to planar substrates
and parallel channels. Concentric arrangements of two-directional
ratchets such as the one proposed in Fig. 5c could be considered,
whereby only the motile/metastatic cells were drawn towards the
centre and permanently trapped therein. Fabrication of such ‘cancer
traps’ and their potential extension to implantable materials could
underlie a new approach to cancer therapy—one based on the
physical principle of ratcheting. Finally, cell ratchets offer several
opportunities for further theoretical research in biophysics where
the quantitative relationship(s) between the imposed geometry and
the cytoskeletal processes underlying cellmotility remains elusive.

Methods
Experimental set-up. Tracks for cell locomotion were microetched in glass/Ti/Au
substrates using the so-called anisotropic solid microetching technique29,30. Briefly,
agarose stamps micropatterned in bas relief were first soaked in a solution of
a gold etchant for ∼1min, blotted dry under a stream of nitrogen for ∼30 s
and applied onto an electron-beam evaporated layer of gold (30 nm Au, 5 nm
Ti adhesion layer) to etch the metal at the regions of contact (see Fig. 1a). The
remaining portion of the gold film was then covered with a self-assembled
monolayer of oligo(ethylene glycol) alkane thiol (HS–(CH2)11–(OCH2CH2)6–OH,
ProChimia) known to resist cell adhesion31–34. The etched glass/Ti regions were
coated with either fibronectin or laminin and the slides were incubated in a 1%
BSA solution for 15min. The substrates thus prepared offered high optical contrast
between the cell-adhesive and non-adhesive regions, and facilitated visualization
of the boundaries of the imprinted patterns. In addition, the transparency of the
adhesive areas allowed for fluorescent imaging inside the adhered, living cells30.
The motile cells considered in this study were B16F1 mouse melanoma, Rat2
fibroblasts and MDA-MB-231 human breast carcinoma, all plated at a density of
10,000–20,000 cells cm−2 (for further experimental details on patterning and cell
culturing, see Supplementary Section S1).

Probabilities of cells entering the ratchets from reservoirs. Initially, N cells are
distributed randomly over the entire reservoir of area A (typically, ∼320,000 µm2)
and move about at random with a characteristic velocity V (for example,
V ∼ 60 µmh−1 for B16F1 on planar substrates; note that V is, in general, different
to the velocity v on the ratchet). Neglecting the persistence49 of the cell motions,
the rate per unit length at which cells ‘collide’ with the walls of the reservoir may
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be estimated using the formulae from the kinetic theory of gases (specifically,
the rate of collisions of randomly moving particles with the walls) and the van
der Waals equation of state accounting for the area taken by the cells themselves:
NV /2Afree, where Afree =A−Na is the ‘free’ area unoccupied by cells and a is the
average area per cell (typically, a∼ 1,300 µm2). Thus, the rate at which cells enter
the channel is simply the above relation multiplied by the length of the channel
entrance, Lc, and the number of channels, C—that is, the rate of entering the
channel is NCLcV /2(A−Na). For a typical experimental system of C = 10 ratchet
channels each with Lc ∼ 35 µm entrance (see Fig. 2a), for two reservoirs of typical
area A= 320,000 µm2 each, and with∼120 cells evenly distributed on the reservoirs
(typical number of cells at the midpoint of the experiment, at 24 h), the total
rate at which cells enter the channels is ∼5 cells h−1. Thus, over the course of the
experiment (48 h), each cell is expected to enter a channel on average twice. From a
practical/design point of view, it is important to note that the chances of cells enter-
ing the ratchets decreasewith increasing reservoir area (for a fixed number of cells).
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