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Surfaces micropatterned with disjointed cell adhesive/non-adhesive regions allow
for precise control of cell shape, internal organization and function. In particular,
substrates prepared by the reaction–diffusion ASoMic (Anisotropic Solid
Microetching) method localize cells onto transparent micro-islands or tracks
surrounded by an opaque, adhesion-resistant background. ASoMic is compatible
with several important imaging modalities (e.g. wide-field, fluorescent, TIRF and
confocal microscopies), and can be used to study and quantify various
intracellular and cellular processes related to cell motility. For cells constrained on
the islands, the imposed geometry controls spatial organization of the
cytoskeleton, while the transparency of the islands allows for real-time analysis of
cytoskeletal dynamics. For cells on transparent, linear tracks, the high optical
contrast between these adhesive regions and the surrounding non-adhesive
background allows for straightforward quantification of the key parameters
describing cell motility. Both types of systems provide analytical-quality data that
can assist fundamental studies of cell locomotion and can provide a technological
basis for cell motility microassays.

Introduction

The combination of surface engineering

at the molecular level and surface pat-

terning at scales commensurate with

dimensions of cells and/or cellular com-

ponents has proven useful in cell bio-

logy.1 In particular, the ability of soft

lithographic techniques (micro contact

printing, mCP2) to pattern metal (usually,

gold) surfaces with disjointed regions of

cell-adhesive and cell-resistant self-

assembled monolayers (SAMs)3 has

offered a straightforward way of control-

ling cell geometry. In their pioneering

work, Whitesides and Ingber used this

approach to prepare arrays of cells of

desired shapes and showed that geome-

trical confinement determines the cell’s

choice of growth, death or differentiation

paths.4,5 Over time, mCP–SAM and

related methods have been applied to

study a wide range of cellular functions in

confined microgeometries: organization

of cytoskeleton (Fig. 1a);6,7 nerve and

fibroblast cell polarization;8–13 propaga-

tion of viruses in micropatterned assem-

blies of cells;14 as well as mitotic spindle

orientation15 and cell adhesion.16–21
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or three dimensions in a predictable

manner. As we show in this paper, both

of these goals can be achieved by using a

surprizingly simple experimental techni-

que based on reaction–diffusion (Fig. 2a)

that patterns thin metal films with

transparent micro-islands for cell-shape

control and/or with tracks for cell

locomotion. Cells applied onto such

substrates localize onto the transparent

regions and either ‘‘treadmill’’ on the

islands (i.e. the cytoskeleton remains

dynamic in an apparently stationary cell)

or move persistently in a given direction

on the tracks. The former configuration

allows for real-time imaging of cytoske-

letal dynamics in cells of well-defined

shapes; the latter, provides a basis for

quantitative cell motility microassays.

Patterning transparent micro-
islands by reaction–diffusion
(RD)

In principle, transparent micropatterns in

thin metal films can be fabricated by mCP

of a protective SAM followed by etching

of the unprotected metal. In practice,

however, this method is incompatible

with the formation of the cell-resistant

SAM over the metal surface32 and is thus

unsuitable for cell studies. To overcome

this problem, we have developed a

technique, which uses micropatterned

hydrogel (usually, 10% w/w high-strength

agarose) stamps soaked in a solution of

an appropriate metal etchant (e.g. 25%

aqueous solution of TFA etchant,

Transene Company, Danvers, MA,

USA) to remove the patterned portions

of the film without affecting the unpat-

terned regions (Fig. 2a). In this techni-

que, called ASoMic (anisotropic solid

microetching),33–35 a stamp is simply

applied onto the metal surface to initiate

a two-way reaction–diffusion process in

which (i) the etchant is delivered to the

interface between the patterning micro-

features and the substrate and (ii) etching

products are cleared from this interface

along concentration gradients into the

stamp’s bulk. In this way, etching of the

micropattern does not suffer from diffu-

sional limitations and proceeds rapidly

(e.g. removal of a typical 20–50 nm gold

layer is complete within y60 s from

stamp’s application). In the context of

cell patterning, the important feature of

ASoMic is that the unetched gold layer is

unprotected and can be derivatized with

a cell-resistant SAM (usually, HS–

(CH2)11–(OCH2CH2)6–OH, ProChimia

Surfaces, www.prochimia.com) to ulti-

mately give a substrate of transparent,

adhesive micro-islands surrounded by an

opaque, cell-resistant background.

ASoMic in cell biology practice

From a practical perspective, ASoMic is

very easy to implement in patterns of

large area (up to 10 cm2), and permits

spatial resolution of the etched structures

down to hundreds of nanometres,33

ensures faithful localization of the cells

onto the transparent, adhesive regions,

and offers excellent optical contrast

between these regions and the surround-

ing non-adhesive background. In addi-

tion, ASoMic is compatible with several

imaging techniques widely used in cell

biology (Fig. 3). The transparent

‘‘windows’’ etched in glass do not attenu-

ate fluorescence (like the thin gold films

in mCP–SAM substrates) and permit

high-resolution wide-field imaging,22

in which extended time sequences

(.100 frames, total times over .10 min,

sub-second temporal resolution, spatial

resolution ,250 nm, Fig. 3a,e) can be

obtained before significant photo-bleach-

ing occurs. Imaging with TIRF micro-

scopy (a technique that allows for

exclusive view at the ventral surface of

the cell, Fig. 3b) and platinum-replica

electron-microscopy (for the determina-

tion of the supra-molecular architecture

of the cytoskeleton, Fig. 3c) is also

feasible with cells on ASoMic micropat-

terns. Finally, the ‘‘windows’’ etched into

Fig. 1 Cytoskeletal organization in stationary and moving cells. (a) B16F1 cells cultured on fibronectin substrata without a pattern or on

fibronectin-coated, micro-contact-printed circular or triangular islands. Immunofluorescence staining of fixed, micropatterned cells reveals

spatially-separated focal adhesions (pY, red), microtubules (tubulin, green), and actin filaments (blue). Scale bar corresponds to 10 mm. (b) Cells

move through cycles of actin-driven front protrusion (actin, blue), adhesion to the substratum through focal adhesions (red), and de-adhesion and

retraction of the rear. Disassembly of focal adhesions in the rear (middle picture) is facilitated by transient contacts of microtubule plus-ends (green,

microtubules; yellow, centrosome).
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gold permit three-dimensional analysis of

spatially-constrained cells. One result of

such study is illustrated in Fig. 3d, where

3D distribution of fluorescently-labeled

actin filaments was studied by confocal

microscopy. The interesting aspect of

this work is that since a large portion of

actin filaments (so-called cortical actin)

resides directly beneath the cell’s mem-

brane, it is possible to reconstruct the

cell’s topography from actin distribution.

The knowledge of 3D contours of

regularly-shaped cells can provide unique

insight into the elastic/material properties

of the cells – much in the same way, in

which the shapes of small polymeric

drops can be related to the polymer’s

properties.36–38 Last but not least,

ASoMic substrates covered with EG

SAMs are now commercially available

from Cell Ensemble (see www.cellensem-

ble.com). These characteristics are sum-

marized in Table 1, which also compares

ASoMic with mCP methods.

In the following sections, we discuss

two examples of how the combination of

ASoMic with imaging techniques can

help study the machinery and the process

of cell motility.

Cells on treadmills

When cells are applied onto ASoMic

substrates patterned with disjointed

micro-islands, they localize onto these

islands, assume their shapes, and can be

imaged through the transparent glass

support (cf. Fig. 2). Importantly, such

immobilization does not halt the

dynamics of cellular motility machin-

ery,12,22 or the extension of transient

protrusions over non-adhesive areas,7

thus, the cell behaves as if placed on a

treadmill39 (by analogy to a human

running on a treadmill). In addition, the

imposed shape can direct the otherwise

spatially entangled cytoskeletal compo-

nents to specific locations within an

island – for example, in cells on

triangular islands, focal adhesions

(FAs) form almost exclusively at the

triangle’s vertices (i.e. points experien-

cing highest force, cf. Fig. 1a), actin

stress fibers organize along the triangle’s

edges, and the microtubules (MTs)

grow radially outwards from the cell’s

centrosome.

We took advantage of the discrete

localization of FAs to triangle’s vertices

to study targeting of FAs by growing

MTs. The importance of this process lies

in the fact that MTs are thought to

destabilize FAs through spatially loca-

lized interactions and thus allow a motile

cell to detach its rear from the substrate

and crawl forward.28–31 The specific –

and outstanding – question here is

whether the MTs explore all possible

directions randomly before finally loca-

lizing onto sticky FA patches, or are they

somehow guided towards them?

Fig. 2 Anisotropic solid microetching (ASoMic) for cell micropatterning. (a) ASoMic uses a

micropatterned agarose stamp soaked in an appropriate etchant to remove the patterned portions

of a thin film of metal or other material (cf. Ref. 33–35). In biological applications, the stamp

carries a TFA Transene etchant to microetch patterns (here, an array of parallel lines) in 20–50 nm

thick films of gold. Once in contact with the substrate, the stamp acts as a two-way diffusive pump

constantly delivering the etchant to the gel–substrate interface (grey arrows), while removing the

etching products into its own bulk (curved black arrows). Since etching does not require pre-

masking of the unpatterned surface, the metal surrounding the transparent areas can be

subsequently derivatized with high-quality, cell-resistant SAM (usually, HS–(CH2)11–EGn, where

EG stands for an ethylene glycol unit and n = 3–6, ProChimia Poland). Immediately prior to use,

the transparent regions are coated with either fibronectin or laminin. The ‘‘eye’’ indicates the

position of the objective/imaging direction from below the pattern and through the flat cell–glass

interface (note that high-magnification imaging ‘‘from the top’’ would suffer from optical

aberrations due to cells concavity and/or would require oil immersion, which is incompatible with

living cells). (b) Bright-field image of an array of parallel lines (width 10 mm) etched in gold and (c)

phase-contrast image of B16F1 cells moving on the lines. (d) An array of circular islands (diameter

40 mm) and (e) B16F1 cells localized onto these islands. Scale bars represent 100 mm.
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To answer this question, we used

fluorescence microscopy to determine

the paths of the growing MTs in B16F1

mouse melanoma cells confined to trian-

gular micro-islands.22 The growing plus-

ends of MTs were marked by yellow

fluorescent protein fused with cytoplas-

mic linker protein-170 (YFP-CLIP170).

The positions of comet-shaped CLIP

spots (Fig. 4a) were determined with

high spatial (,250 nm) and temporal

(seconds) resolution, with short exposure

times (,500 ms) and over a long time-

lapse image series (.100 frames) (see

the Movie in ESI{). The MT growth

paths were then reconstructed from

the positions of the fluorescent CLIP

‘‘comets’’ at consecutive time intervals

(Fig. 4b,c).

To quantify the directionality of the

MT trajectories with respect to the

triangle vertices, we measured the angles,

h, between instantaneous growth direc-

tions of MTs (i.e. vectors parallel to the

direction of individual CLIP spots deter-

mined from spot asymmetry) and the

lines connecting CLIP positions with the

nearest vertex of the triangle (Fig. 4c).

This metric could easily distinguish

between random and guided growth

modes, and we applied it to the annular

cytoplasmic regions enclosed by con-

centric circles, where no bias due to the

island’s edges and/or cell shape was

present.40 The recorded f(h) vs. h prob-

ability distribution plots shown in Fig. 4d

all peaked around h = 0u indicating that

(i) MT growth is guided already in the

internal cytoplasm (the innermost

region) and (ii) the degree of guidance

increases as the MT plus-ends move

away from the cell’s center. While these

results do not yet explain the cause of the

guiding (possible mechanisms include

guidance by structural elements, such as

actin bundles or stabilized MTs them-

selves, or by a remote chemical signal

from FAs), they demonstrate that geo-

metrically-controlled cells on ASoMic

substrates can be used to harness quanti-

tative information about MT/FA

targeting and other time-dependent

intracellular processes (e.g. focal com-

plex/adhesion dynamics or the emergence

of cell polarization on elongated or tear-

drop islands12,13). In particular, we sug-

gest that this approach can be used in

cell-based drug screening assays, where

the probability distributions collected

before and after exposure to a drug

candidate41 would provide an analytical

measure of the candidate’s potency to

disrupt a particular motility process.

Cells on tracks

Whereas bounded islands are convenient

test-beds for studying intracellular pro-

cesses underlying cell locomotion, micro-

patterns restricted only along specified

directions (e.g. linear ‘‘tracks’’; Fig. 5)

allow for quantitative assaying of the key

phenomenological parameters (velocity,

directional persistence length) describing

motility of individual cells. This ability is

especially important given that the exist-

ing assays are largely non-mechanistic in

nature and the interpretation of their

results is often complicated by the

presence of cell–cell contacts or cell–

substrate effects. For example, the well-

known scratch-wound assay42 is based

on the speed of closure of a wound made

in a monolayer of confluent, interacting

cells. Similarly, the three-dimensional

migration assays (e.g. Boyden assay43 in

which cells migrate through membrane

pores of various sizes, or the vascular

assay44 in which tumor cells transverse

an endothelial cell layer) give only the

end result of the migration process and

do not allow for any mechanistic insight.

Assays based on direct observation of

trajectories on 2D substrata (from simple

phase-contrast imaging or phagokinetic

tracks in nanoparticle-covered sub-

strates45) are complicated by constant

Fig. 3 Structure and dynamics of cells on ASoMic micropatterns studied by various imaging

modalities. (a) High-resolution molecular dynamics imaging of fluorescently-labeled intra-

cellular structures, here of YFP-CLIP170. (b) Comparison of microtubules (MTs) on ventral cell

surface visualized with wide-field (WF) and total internal reflection fluorescence (TIRF)

microscopy. (c) Actin structure at the edge of circular cell visualized with platinum-replica

microscopy; boxed inset is contrast-inverted and enlarged to visualize actin filaments. (d) 3D

reconstruction of cell shape/actin cytoskeleton (green) of a cell adhering to a circular island (focal

adhesions in merged image, yellow; gold layer, red). (e,f) Attenuation of fluorescence signal from

B16F1 cells (delineated by white lines) plated on etched substrates without EG6 incubation.

Portions of the cells spread over gold regions (thickness 12–20 nm) cannot be imaged either by (e)

wide field (here, of EGFP–actin) or (f) confocal microscopy (immonofluorescently stained for

FAs with vinculin antibody, red; vinculin, yellow; actin, green). Scale bars: a, b, d, e, f = 10 mm;

c = 0.5 mm).
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changes of cell’s direction of motion –

as a result, the directional persistence

measurements involve painstaking data

collection and meticulous analysis.46–48

Fig. 5 shows a simple system of

ASoMic-etched linear tracks that avoids

many of these limitations. Here, patterned

lines49 confine cell movement (Fig. 5a,b

and the Movie in ESI{) to two directions

only, so that both the magnitudes of

velocities and the changes in direction

can be readily identified. In addition, by

taking averages over many cells moving

on different tracks and/or tracks of

different width, it is possible to obtain

various motility parameters and relate

them to the track’s dimensions. This is

illustrated in Fig. 5c, which shows the

probability distributions of the velocities

and directional persistence lengths (that is,

the distance the cells travel before rever-

sing direction) of B16F1 mouse melanoma

cells moving on 10, 15 and 20 mm wide

tracks – as seen, tight confinement slows

down the cells and makes their motions

less directionally persistent.50

Since the collected data not only

uncover several interesting scaling rela-

tionships (e.g. average speeds scale

linearly with track widths) but also

provide the probabilities of events of

different magnitudes, we believe that

they can be used to back-track the nature

of intracellular stochastic process

governing the changes in cell movement.

Such analyses accompanied by the

analysis of high-resolution images of cells

on ASoMic tracks can then shed light on

the mechanistic aspects of cell motility.

Fig. 4 Live-cell molecular dynamics imaging in triangular cells. (a) A single frame in time-lapse

series of a B16F1 cell transfected with MT plus-end marking YFP-CLIP170 and confined to a

fibronectin-coated triangular island (Area 1256 mm2) patterned with ASoMic. Scale bar

represents 10 mm. (b) Superposition of multiple consecutive frames (here, 12) gives representative

MT growth trajectories. The color scheme corresponds to the elapsed time (from blue through

yellow to red). Scale bar represents 10 mm. (c) Blue curves show MT growth trajectories

reconstructed using house-written image recognition software; all trajectories obtained from one

cell are shown. The arrow gives instantaneous direction of growth of one MT plus-end – that is, a

vector parallel to the line joining CLIP positions (colored dots) at two consecutive times. (d)

Probability distributions of growth directions within annular shells around a centrosome

(cf. shaded regions in (c)). Clustering of angles, h, around zero indicates bias of MT growth

towards the corners/FAs. (For the accompanying Movie, see ESI{).

Table 1 Comparison of experimental methods for controlling cell geometry and function by chemical-surface engineering and patterning

Micro-contact printing of
alkane thiols on gold

Micro-contact printing
of protein on glass

ASoMic of gold by
reaction & diffusion

Procedure
1. Substrate 1–5 nm Ti/12–50 nm Au Plain glass 1–5 nm Ti/12–50 nm Au
2. Stamp Dry, PDMS stamp Dry, PDMS stamp Wet, hydrogel stamp
3. Patterning Additive: thiols delivered Additive: proteins delivered Subtractive: gold removed
4. Adhesive area Glass, Ti–Au, thiols, proteins Glass, proteins Glass, proteins
5. Non-adhesive area Glass, Ti–Au, EG thiols Glass, polyethylene glycols Glass, Ti–Au, EG thiols
Features
Feasibility Easy Difficulta Easy
Storage Protected substrates/days b Etched substrates/weeks
Pattern visualization Fluorescent protein Fluorescent protein Visual inspection
Applications Most proteins Protein specific Most proteins
Validated imaging modalities
Immunofluorescence of fixed cells + + +
Live-cell imaging: 2 + +
High-resolution phase-contrast 2c + +
Wide field fluorescence imaging 2c + +
Confocal microscopy 2 + +
TIRFM 2 b +
Platinum-replica electron microscopy 2 b +
a These difficulties are usually associated with protein stamping with PDMS stamps: (1) most proteins denature during dry stamping; (2)
hydrophobic PDMS stamps do not ink well in protein solutions, and need treatment, such as oxidization, to achieve marginal protein sticking.
In addition, mCP protocols require specific optimization for each protein. b Data not available. c Some lower resolution imaging is possible
with very thin metal layers (e.g. 12 nm Au).
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