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Abstract

Advancement in various fields ranging from biomaterials to cell biology is fostered by the
evolution in patterning technology, that delivers smaller and smaller features exhibiting
distinct (bio)chemical contrast and addressability. We have recently introduced a simple
and versatile patterning technique based on selective adsorption from aqueous media of multi-
functional organic molecules onto oxide substrates pre-patterned by lithographic methods.
Here we demonstrate the use of this technique, termed selective molecular assembly
patterning, for the preparation of cell-adhesive patterns of arbitrary geometry, and their use
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to investigate the relationship between pattern geometry and the organization of elements of
the cell adhesion apparatus, namely focal contacts and stress fibres. Cell-culture compatible
substrates with patterns consisting of ligands for cell-adhesion or other receptors represent
a promising experimental tool for investigating cell-surface interactions with the goal of elu-
cidating the mechanisms of how cells sense structural cues of the extracellular matrix.

© 2004 Elsevier Ltd. All rights reserved.
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1. Main text

A number of methods in biosensing and high-throughput screening rely on
spatially addressable deposition and manipulation of biological moieties with high
spatial fidelity. Since miniaturization and parallelization offer considerable practical
and technical advantages, increasingly smaller structures with controllable biochem-
ical properties are sought, such as micro- and nanoarrays of proteins and oligonucle-
otides [1-4]. In studies of cell biology and implant-host response, a detailed
understanding of how surface structures of biomaterials translate into specific cellu-
lar responses [5-8] is another important area of investigation that benefits from well-
defined patterns containing biological functionality at length scales comparable to
those of substructures present on the surfaces of cells, i.e., the micrometer and
sub-micrometer range.

Existing patterning techniques are not always able to address the requirements
of the biosensor, cell biology, and biomaterials fields in an efficient manner. Surface
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scratching, micromachining, blasting, and etching [9-11]—techniques with which the
effects of surface topography on cell behaviour were initially studied—do not offer
sufficient flexibility in terms of defining pattern geometries or surface chemistries.
Soft lithography, which is arguably the most versatile collection of patterning tools
available to date [12,13], allows a wide variety of pm-sized patterns to be created
rapidly and efficiently and has been widely used in studies of cell behaviour on pat-
terned surfaces [7,13-20]. Because it involves elastomeric (typically PDMS) stamps,
however, there are limitations in terms of the type of pattern geometries (patch form,
size and pitch combinations) that can be produced with sufficient fidelity. Further-
more, the fabrication of large surface areas, e.g., whole 4~ wafers or large numbers
of samples with constant pattern quality is currently not state-of-the-art. Contami-
nation of the resulting surface with traces of the elastomer is also of some concern
when applying soft lithography methods based on silicone materials [21]. Implemen-
tation of this method in an industrial setting and for a wider range of applications is
thus difficult to envisage at this point.

To address the current limitations in biomolecular patterning, a novel patterning
technology—selective molecular assembly patterning (SMAP)—has been developed.
The basic feasibility of the SMAP process has been previously shown [22] for the case
of simple square patterns that could as well be produced with existing patterning
tools. Here we demonstrate for the first time that using SMAP, protein patterns
of arbitrary geometry can be created in a reliable and reproducible manner over a
wide range of length scales and used to study cell-surface interactions.

SMAP was designed and developed with potential industrial applications in mind.
It holds the attractive simplicity associated with aqueous dip-and-rinse processes and
is compatible with, but not dependent on, standard lithographic techniques, there-
fore being readily transferable to large scale production of patterned surfaces in
the biosensor, high-throughput screening, and implant fields.

A schematic illustration of SMAP is presented in Fig. 1. First, a substrate (e.g.
glass or silicon wafer) is prepared by coating it with thin layers of oxide, in this par-
ticular case with 50 nm TiO, and subsequently 12 nm SiO, (Fig. 1a). In the second
step, material contrast, i.e., a surface presenting materials with different physical and
chemical properties arranged in the desired geometrical pattern, is created using
lithographic and etching techniques [12] (Fig. 1b). Samples exhibiting material con-
trast were routinely examined by atomic force microscopy (AFM) to follow the etch-
ing process and to ascertain the depth and the overall quality of the patterns. An
AFM image of one of the patterns used in this study reveals the pattern of 21 nm
deep, 15 pm long, and 1 pum wide grooves arranged in a Swiss cross-like structure
around a central square region of the same depth (Fig. 2a). Time-of-flight secondary
ion mass spectrometry (ToF-SIMS) confirms that the surface of the grooves and of
the centre square is composed of titanium species (Fig. 2b). These were identified as
TiO, by X-ray photoelectron spectroscopy (XPS, not shown) on identically treated
samples with larger pattern structures. The presence of silicon oxide in the areas
around the patterns and the absence of residuals of the resist used during the
photolithographic process were confirmed by ToF-SIMS and XPS (not shown; see
Section 2).
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Fig. 1. Schematic illustration of the SMAP method. Material contrast created in oxides by lithographic
techniques is converted, in a series of dip-and-rinse processes performed in aqueous solutions, into a
contrast with respect to protein adsorption: (a) a polished silicon or transparent glass wafer is coated first
with a 50 nm titanium oxide intermediate layer and then with a 12 nm thin silicon oxide top layer. (b) The
desired patterns are created in the metal oxide layer by a combination of lithographic and etching
processes. An inverted topology (with the titanium oxide layer on top of a silicon oxide film) has also been
explored (not shown). (c) Adsorption of dodecyl phosphate (DDP) from aqueous solution leads to the
formation of an oriented self-assembled monolayer on TiO,, making it hydrophobic. There is no
interaction between DDP and the SiO, surface, which is left completely bare. (d) After rinsing with water,
PLL-g-PEG adsorbs from a buffered solution to the bare SiO,, and to a lesser extent also to the DDP
(not shown). After rinsing, the PLL-g-PEG-coated SiO, regions repel proteins completely, while the PLL-
g-PEG adsorbed on the DDP is weakly bound and is exchanged with the adsorbing protein(s). (e) The
chemical contrast between hydrophobic and protein-resistant areas can then be converted into an
adhesive/biofunctional contrast by simply exposing the surface to proteins. Cell culture experiments were
performed by using a serum-containing cell culture media. Solutions of individual proteins can also be
used if purity is required, e.g., for protein assays.
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Fig. 2. Characterisation of the patterns prepared by the SMAP method. Patterns prepared by the SMAP
method were characterised by surface sensitive techniques at various stages during their preparation. As an
example, AFM (a) and ToF-SIMS (b—¢) images characterising one of the two patterns used in this study
from the pre-patterning stage to the development of adhesion contrast are shown (see Fig. 1b—e for the
description of each of the stages). (a) An AFM image of the pre-patterned surface exhibiting material
contrast (after the photolithography and etching steps, Fig. 1b). A Swiss cross-like pattern consisting of
grooves arranged around a square, all ~15-21 nm deep (red double-headed arrow in the inset) is visible.
The image was low-pass filtered. White line across the pattern indicates the location where the section
shown in the inset was taken. Scale bar: 10 pm. (b) A ToF-SIMS image of the pre-patterned surface
exhibiting material contrast (identical to the one AFM image shown in (a)). Higher brightness corresponds
to higher counts of the Ti* (m/z = 48) secondary ions, which are seen to be restricted to the grooves and the
central square. Approximately 100 counts per spot (256 x 256 data points per 150 x 150 pm?) were
recorded for the Ti*-ions. Scale bar: 10 um. (c) A ToF-SIMS image of the sample after self-assembly of
DDP on the TiO, patches (Fig. 1c). Brighter areas correspond to higher counts of the sum of phosphate-
specific PO, (m/z = 63) and PO; (m/z = 79) fragments [24]. Phosphates are seen to co-localise with the Ti
species observed in (b) to the grooves and the central square. Despite the fact that the lateral size of the
grooves is at the limit of the resolution of the technique, there is a clear difference in intensity with respect
to the surrounding area. This is due to the high selectivity of the adsorption and self-assembly process of
the DDP. Maximum counts (177) were recorded for the PO, species. Scale bar: 10 um. (d) A ToF-SIMS
image of the sample after adsorption of PLL-g-PEG (Fig. 1d). Brighter areas correspond to higher counts
of PLL-g-PEG-specific C4H,0" (m/z =71, PEG), CsH;(N" (m/z =84, PLL) and C4HoO,+ (m/z = 89,
PEG) fragments [22,56]. The maximum number of counts of these fragments is 46. While the pattern
remains visible, indicating some selectivity, PLL-g-PEG appears to be present around the pattern as well
as on the DDP-coated TiO, areas of the pattern. Scale bar: 10 pm. (¢) A ToF-SIMS image of the sample
after exposure to serum (Fig. le. See also Fig. 3a). Brighter areas correspond to higher counts of the
protein (amino acid)-characteristic C4HgN™ (m/z = 70; asparagine, proline) and CsH;,N" (m/z = 86;
leucine, isoleucine) intensities [57]. The maximum number of counts of these fragments is 29. The pattern is
once again clearly visible, indicating selective adsorption of the protein to the DDP-coated, hydrophobic
TiO, areas. Analysis of corresponding high mass resolution ToF-SIMS spectra proves that the intensity
present in the background outside the pattern is due to the PLL-g-PEG-specific C;H,0" (m/z = 71; PEG),
CsH oN* (m/z = 84; PLL) and C,4 HyO5 (m/z = 89; PEG) fragments rather than corresponding fragments
of the adsorbed protein (not shown). Fluorescence microscopy results (Fig. 3a and d), confirm the
selectivity these patterns display with respect to protein adsorption. Scale bar: 10 pm.

When this oxide pattern is exposed to an aqueous solution of alkane phosphate
ammonium salt, e.g., dodecyl phosphate (DDP), an organized self-assembled



60 J.W. Lussi et al. | Progress in Surface Science 76 (2004) 55-69

Fig. 2 (continued)

monolayer (SAM) is formed on TiO, (Fig. 1c) [23,24] very much like SAMs that are
formed by alkanethiolates on gold. There is no interaction between DDP and SiO,
and potential residual DDP on the SiO, surface is completely removed by rinsing
with water. ToF-SIMS imaging confirms that the grooves and the square regions
of the pattern are uniquely coated with DDP (Fig. 2c). Subsequent immersion in a
buffered solution of poly(r-lysine)-g-poly(ethylene glycol), PLL-g-PEG, [25,26] the
properties of which as a non-adhesive coating for negatively charged metal oxide
surfaces are well-documented in the literature [27-29], results in adsorption of this
polycationic graft co-polymer on the bare SiO, areas rendering them resistant to pro-
tein adsorption by virtue of the presentation of the non-ionic poly(ethylene glycol)
domains of the graft co-polymer (Fig. 1d). DDP-coated areas are also covered with
PLL-g-PEG (albeit to a lesser extent, Fig. 2d), presumably due to hydrophobic inter-
actions, but upon exposure to a protein solution of choice, the adsorbing proteins
readily replace residual PLL-g-PEG that is weakly adsorbed to these regions [22].
Therefore the TiO, regions modified with the methyl-terminated (and therefore
hydrophobic) DDP are exclusively coated with the adsorbed proteins (Figs. le
and 2e). This outstanding selectivity with respect to protein adsorption has been re-
ported previously for patterns of other sizes [22,30], and is further confirmed in the
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Fig. 3. Cell behaviour on subcellular SMAP patterns. (a) and (d) Fluorescence microscopy images of
fibronectin, a prominent cell adhesion-promoting protein present in serum, on SMAP patterns. Samples
were exposed to DMEM containing 10% FBS during 2 h at room temperature, rinsed with pure DMEM,
and visualised by immuno-fluorescent staining. Fibronectin and other serum proteins adsorbed selectively
to the DDP-domains of the SMAP surface. (b) and (e) Focal contacts, visualised by immunostaining for
vinculin, a protein present on the cytoplasmatic side of focal contacts, are located exclusively on the
adhesive fibronectin lines and in the peripheral regions of the cell. (c) and (f) Stress fibres are visualised by
immunostaining for f-actin. Their anchoring points co-localise with focal contact sites and are thus also
subjected to the constraints of the patterns.
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case of the patterns used in this study by exposing them to serum-containing cell cul-
ture media, immunostaining for fibronectin, and examining them by fluorescence
microscopy (Fig. 3a and d).

The means by which material contrast is created in the pre-patterning step (Fig. la
and b) is irrelevant as far as surface modification procedures used in the subsequent
steps (Fig. 1c—e) are concerned and as long as the DDP-PLL-g-PEG chemistry can
be applied. In this and previous work, SMAP has been shown to be compatible with
techniques such as standard optical lithography [22] and novel colloidal lithography
[30]. Other, less conventional, techniques such as focused ion-beam [31], interference
contrast [13,32,33], dip-pen [34], and electron beam [35] lithography, can also be
used. This de-coupling of the pre-patterning (Fig. 1a and b) and surface modification
(Fig. 1c—¢) steps, without the use of stamps or other intermediates, is one of the keys
to the flexibility of SMAP. The other key is the exploitation of spontaneous molec-
ular assembly processes, entirely from aqueous solutions, resulting in simplicity of
the approach that allows delicate surface chemistries to be incorporated into its
protocols.

Substrates patterned with the SMAP technology can effectively serve as a generic
platform in studies of mechanisms of cell adhesion at the cellular and sub-cellular
level. An example is shown in Fig. 3, where human dermal fibroblasts were incubated
in serum-containing media on the patterned surfaces and attached to two types of
single cell-sized patterns. Both patterns exhibited the same overall shape (“Swiss
cross”), but the arms of the crosses consisted of longitudinal bars of 15 pm length
and 1 um width in one case (Fig. 3a—c; the pattern described in Fig. 2) and of trans-
verse bars of the same width but 10 um length in the other case (Fig. 3d-f). The sur-
face characterisation performed on the latter pattern yielded identical results to those
shown in Fig. 2 (data not shown). Upon exposure to serum-containing cell-culture
media, the adhesive regions of both patterns became coated with serum proteins
(Fig. 3a and d). Proteins like fibronectin and vitronectin contained in the extracellu-
lar matrix (ECM) in vivo or cell culture media in vitro are essential factors mediating
cell attachment to surfaces of artificial materials. The attachment of cells to surfaces
coated with these extracellular matrix (ECM) molecules is mediated by a family of
transmembrane proteins called integrins [36], which serve as linkers between the
ECM and the elements of the cytoskeleton (actin fibres) inside the cell [37,38]. The
linkage involves a number of other proteins, including vinculin, immunostaining
for which was used to identify focal contacts, i.e., clusters that integrins and linkage
proteins form upon binding to the ECM molecules.

Vinculin staining (Fig. 3b and e) demonstrates that cells attached to and formed
focal contacts only on the regions of the patterns on which adhesion proteins, such
as fibronectin, were present. No interaction with the protein-repulsive regions was ob-
served at the time point of sample fixation (20 h). Actin stress fibres leading to these
sites were identified by staining with fluorescent phalloidin (Fig. 3c and f). Interest-
ingly, on the crosses with transverse bars, the stress fibres were coupled to the focal
contacts perpendicular to the long axis of the bar, in spite of the restricted extent
of the focal contacts in that direction (Fig. 3f). This observation is especially striking
in view of previous studies in which a correlation between the focal contact extension
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and direction of the force applied to the contact was found [39], and in view of studies
involving surfaces with grooved morphology, where cells were found to align parallel
to the grooves [40-42]. It appears that the orientation of the substrate features, focal
contacts, and actin fibres do not necessarily correlate (Fig. 3c and f).

In addition to serving as transmembrane linkers between the ECM proteins and
cytoskeleton elements, integrins perform vital signalling functions in the cell [43].
Variations in the expression and surface distribution of integrins correlate with the
propensity of cells to migrate, incorporate into foreign tissues (in the case of meta-
static cancer cells), and undergo apoptosis [44,45]. On the other hand, effects of the
feature geometry of the surface pattern on cell polarity have been reported [14,15],
and feature size was shown to have an effect on cell differentiation and activation
of apoptotic pathways [14,16]. Yet, the understanding of the molecular links between
these phenomena is largely missing. The need to extend the feature size of the pat-
terns to the sub-pm range in order to understand how the geometrical and topo-
graphical signals of one focal adhesion are converted into specific cell functions
and what effects sub-cellular variations in surface morphology have on cell pheno-
type is highlighted by the observation that at a length scale of 1 pm the focal contact
morphology is not yet limited to a scale at which it affects the local mechanical cou-
pling of adhesion site and stress fibres (Fig. 3f). It has already been demonstrated
that SMAP is capable of handling nm-scale patterns prepared with a suitable pre-
patterning technique [30] and cell studies on such nm-sized features are in progress.

In addition to pure adhesion contrast that is obtained with SMAP, patterns pro-
duced by this method also exhibit a small topographic contrast, i.e., a step between
the protein-adhesive and protein-repulsive regions. The depth of the patterns used in
this study was 15-25 nm, which is in a regime where chemical cues prevail over top-
ographical ones [46,47] and topography alone is not expected to have an effect on cell
behaviour [48,49].

The SMAP patterning approach presented here is based on the selective adsorp-
tion of methyl-terminated alkane phosphates discriminating between different oxi-
des. Numerous variations of this selective adsorption process can be envisioned
and are under investigation in our laboratories with the common characteristic that
the desired geometries of the patterns are created in oxides on the substrates of
choice. Subsequent translation into a (bio)chemically relevant contrast is achieved
by exposure to a solution of the molecules to be adsorbed or grafted, such as o-func-
tionalized alkane phosphates [50] and PEGs or other functional polymers exposing
either chemically or biochemically active groups such as recognition peptides [51,52]
or antibodies [53].

SMAP has been successfully applied to create protein patterns with dimensions
ranging from several hundreds of micrometers down to tens of nanometers [22,30].
Its limitations lie in the surface structuring methods available as well as the molecular
sizes of the adsorbing species but not in the surface modification process itself. Given
the availability of adequate nanoscale pre-patterning techniques, SMAP is likely to
allow the probing of biological function at the level of single biomolecules.

A particular attractive option of future SMAP applications is to combine
this technique with topographical micro- or nanoscale structuring during the
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pre-structuring process. By varying the thickness of the SiO, and TiO, coatings (Fig.
la) as well as etching times (Fig. 1b), structures with controlled depths of grooves,
pits, or pillars [30] can be produced. When the material contrast is converted into
a biological contrast on these surfaces, the proteins will be localised either at the bot-
tom, the bottom and the walls, or at the top and walls of the grooves, pits, or pillars,
as desired. Such nanostructured surfaces combining designed topography and bio-
chemical contrast at nanometer length scales are attractive platforms for studying
isolated single biomolecules and the effect of their placement in the third dimension
[54] (i.e. at the bottom of a nanohole with non-interactive walls or at the top of a
nanopillar) on the behaviour of cells.

In conclusion, SMAP is presented as a generic platform for the biotechnology
field to produce biologically relevant 2D patterns as well as 3D surface structures
that present biological functionalities at geometrically well-defined interfacial archi-
tectures. The strength of this novel technique lies in the exploitation of the advan-
tages from combining a top—down approach (e.g. lithography, compatible with
large scale, state-of-the-art fabrication) with a bottom—up approach that benefits
from the gentle and cost-effective self-organization of chemical and biological moie-
ties from aqueous solutions at room temperature.

2. Experimental

To facilitate the application of the SMAP technique by the interested readers, we
end this Progress Highlight article with a set of concrete specifications for the meth-
odology used in the experiments described.

2.1. Substrate preparation

Whole, 4-inch silicon wafers (Wafernet GmbH, Munich, Germany) were coated
with 50 nm of TiO,, and then with 12 nm of SiO,, by reactive sputtering using a Ley-
bold dc-magnetron Z600 sputtering plant. This process results in the tri-layer struc-
ture shown in Fig. la. The thickness of the individual layers was measured by
spectroscopic ellipsometry (M-2000, Woollam, Lincoln, NE, USA). The coating pro-
cedure and the properties of the coatings have been reported previously [55].

2.2. Pre-patterning. creating material contrast

Dust particles were removed from coated wafers with a stream of nitrogen, before
the wafers were heated to 115-120 °C to remove adsorbed contaminants, cooled, and
spin-coated with Shipley S1818-SP16 photoresist (Micro Resist Technology, Berlin,
Germany). The photoresist was diluted with microposit EC-solvent in a ratio 1:1 in
order to lower the resist thickness to 0.5 um (rotation speed 4000 rpm). Excess
solvent was removed by heating the coated wafer to 115 °C for 120 s, which also
hardened the resist.
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The desired patterns were formed in the resist by exposing it in an Electronic Vi-
sion A16-2 mask aligner (EV Group, Schaerding, Austria) for 6 s through a mask
specifically designed for the making of these patterns (Cromium Mask, Photronics
SA, Neuchatel, Switzerland). Exposed wafers were developed for 20-30 s with a
Shipley Microposit 351 developer (Micro Resist Technology, Berlin, Germany) di-
luted 1:5 with ultrapure water. Wafers were rinsed with ultrapure water and dried.
Feature height was checked with a Tencor Alpha Step 200 height stepper (Brumley
South Inc, Mooresville, NC, USA) to determine the resist thickness and with an
optical microscope to ensure pattern quality.

Wafers with the features of the structured resist on them were transferred to a
Surface Technology Systems STS T20 dry etching plant (Surface Science and Tech-
nology, Ulm, Germany), where the top SiO, layer was etched with a mixture of 6
sccm CFy, 25 scem CHF3, O,, at 50 mtorr, 300 K and 175 W. The corresponding
average etch rate was determined to be typically 0.17 nm/s using a combination of
AFM and ellipsometry. Etch times were chosen to guarantee that this process ex-
posed the underlying TiO» in areas not covered by resist.

The resist was removed by first exposing it to oxygen plasma (in the dry etching
plant) for 40 s and then to resist remover solution (Micro Resist Technology GmbH,
Berlin, Germany) for 10 min at 60 °C. Residual contamination was removed by rins-
ing the wafers with acetone and ultrapure water. Clean wafers were cut into 1 x 1
cm? chips with a wafer saw (Kulike and Soffa, Israel), which were used in the subse-
quent surface modification steps. After lithography and etching, the substrates
exhibited patterns such as those shown in Figs. 1b and 2a and b.

2.3. Surface modification: creating adhesion contrast

The chips bearing material contrast were cleaned by sonicating in 2-propanol for
5 min, blown dry with a stream of nitrogen, and treated with oxygen plasma in a
plasma cleaner (Harrick Scientific Corporation, Ossining, NY, USA) for 3 min.
Clean samples were exposed to an aqueous 0.5 mM solution of dodecyl phosphate
ammonium salt (DDP) for at least 24 h and rinsed with high purity water. This step
resulted in the formation of a DDP SAM on the TiO, regions of the patterns (Figs.
Ic and 2c¢). Bare silicon dioxide regions were covered with poly(L-lysine)-graft-
poly(ethylene glycol) (PLL-g-PEG) by exposing the samples to 1 mg/ml polymer dis-
solved in Hepes Z1 buffer (10 mM 4(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid, adjusted to pH 7.4) for 15 min (Figs. 1d and 2d). Excess PLL-g-PEG was re-
moved by washing the substrates with the HEPES Z1 buffer. After the last step,
the patterns are ready for protein adsorption and cell adhesion experiments.

2.4. Surface characterisation

The pre-patterns exhibiting material contrast (Figs. 1b and 2b) and the patterns
with the developed chemical contrast (Figs. 1d and 2d) were characterised by a
combination of X-ray photoelectron spectroscopy (XPS), time-of-flight secondary
ion mass spectrometry (ToF-SIMS), atomic force microscopy, and fluorescence
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microscopy. The procedure and results of XPS characterisation will not be described
here as they are essentially identical to the previously published accounts [22,30].

2.4.1. Fluorescence microscopy (FM)

The adhesion contrast of the patterned surfaces (Figs. 1d and 2d) was evaluated
by incubating the chips with a Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% foetal bovine serum (FBS) for 2 h at room temperature and rinsing
with pure DMEM. Fibronectin, adsorbed to the DDP-covered hydrophobic areas of
the pattern (Figs. le and 2e), was visualised by immunostaining with rabbit anti-
fibronectin antibody (Dako, Glostrup, Denmark) and followed by Oregon-
Greend88-labelled goat anti-rabbit IgG (Molecular Probes, Eugene, OR, USA).
The samples were rinsed with phosphate-buffered saline (PBS), mounted in mount-
ing media (Immu-Mount, Shandon, Pittsburgh, PA), and observed in the Zeiss Axi-
overt 100M fluorescence microscope (Zeiss, Jena, Germany) with a 63x/1.25 NA
Plan-Neofluar or 100x/1.4 NA Plan-Apochromat oil-immersion objective, using
the LSM 510 confocal scanning module.

2.4.2. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

ToF-SIMS images of positively and negatively charged secondary ions were ac-
quired using an ION-TOF TOF-SIMS 1V instrument equipped with a liquid metal
ion gun able to emit Au," cluster ions, a mass analyzer of the reflectron type and a
low energy electron flood gun for charge compensation. For the presented results
Au; bombardment was used. Most data were taken at nominal mass resolution of
approximately 5000 and a lateral resolution of less than 400 nm (so-called burst
alignment mode). In order to verify peak assignments, additional images were taken
at high mass resolution (higher mass resolution than in burst alignment mode) and a
focus size of 3 um (bunched mode). The primary ion dose density did not exceed
5% 10" ions/cm?,

2.4.3. Atomic force microscopy (AFM)

Samples exhibiting material contrast (Fig. 1b) were mounted on PTFE-covered
metal disks and observed in a Nanoscope I1Ia MultiMode AFM (Veeco Metrology,
Inc., Santa Barbara, CA, USA) equipped with a “J”’ (120 um) scanner. Observations
were performed in fluid, in contact mode. O-rings were not used to avoid artefacts.

2.4.4. Cell experiments

Human foreskin fibroblasts (HFF) were kept in culture under standard cell-cul-
ture conditions. For the experiments they were trypsinized and resuspended in
DMEM (Gibco, Coon Rapids, MN, USA) supplemented with 10% FBS and 1%
antibiotic/antimycotic solution (Gibco, Coon Rapids, MN, USA) and seeded on sin-
gle SMAP substrates placed in 24-well plates at 10,000-15,000 cells per well. Samples
were incubated for 20 h at 37° under a 5% CO, atmosphere, after which time cells
were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature, per-
meabilized with 0.1% Triton X-100 in PBS for 5 min and immunostained for vinculin
with a primary mouse anti-vinculin/secondary AF-488-labelled chicken anti-mouse
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antibody (Molecular Probes, Eugene, OR, USA) combination and for actin with
phalloidin-AF594 (Molecular Probes, Eugene, OR, USA). The samples were then
mounted in mounting media (Immu-Mount, Shandon, Pittsburgh, PA, USA) and
observed in a fluorescence microscope (see Section 2.4.1 above). All reagents were
purchased from Sigma-Aldrich except where mentioned otherwise.
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