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ABSTRACT Arrays of protein nano-dots with dot-size tuned independently of spacing (e.g. ~100 to 

600 nm diameter for 900 nm spacing) are fabricated. The mechanism of size control is demonstrated, 

by numerical simulations, to arise from shadow effects during deposition of a sacrificial metal mask. 

We functionalize the nano-dots with antibodies and embed them in a polymer-cushion or in lipid-bilay-

ers, or transfer them to soft elastomers. Their ability to influence cell architecture and local membrane 

organization is demonstrated in T-lymphocytes, using reflection interference contrast and total internal 

reflection fluorescence microscopy.

TEXT Nano-patterning of bio-molecules on surfaces is currently an important tool for bio-engineering 

and cutting-edge cell biology studies.1-9 Experiments on cellular interactions with such patterned sur-

faces provide insights into the mechanisms of cell adhesion, and this knowledge in turn is used to op-

timize the performance of artificial soft tissue grafts and prosthesis (see reviews 10-12 and references 



therein). In the context of cell biology and bio-engineering, arrays of solid-supported, sub-micro/nano 

scaled protein dots are currently used to influence cell architecture and to decipher cell function.1-10 

Some of the most successful strategies for creating bio-chemically funtionalized nano-dots are based on 

gold chemistry.1-10 However, gold interacts strongly with light and as a consequence, advanced optical 

imaging techniques, such as total internal reflection fluorescence microscopy (TIRFM), reflection in-

terference contrast microscopy (RICM) or optical super-resolution microscopy, which are essential 

tools for cell biology, are often not practicable, especially at high dot density. Replacing gold with or-

ganic molecules can overcome this problem.13 

Organic-molecule based nano-patterning, covering large surface area, has been implemented via nano-

sphere lithography (NL).13-15 NL is widely used in diverse applications, including for optical meta-ma-

terials, and plasmonic sensors.16-20 However in NL, as applied to organic molecule deposition, so far the 

dot-size could not be varied independently of the dot-spacing – an important requirement for any sys-

tematic cellular study. One reported strategy to overcome this problem was heat treatment of poly-

styrene beads to increase the foot-print,13,21 but this process is difficult to control and has not been im-

plemented yet for any reported biological study. Another strategy is to reduce the bead size by reactive 

ion etching, but it is applicable only for areas of few tens of microns (see ref. 22 for an overview). An 

additional challenge in cellular context comes from the fact that cells are sensitive to the compliance of 

their immediate environment.23 Further, since in cell-cell interactions, the relevant proteins are embed-

ded in the cell membrane, synthetic supported lipid bilayer (SLBs) membranes are often used as sur-

rogate cells.24-27 Patterning of soft substrates at the nano-scale,28-30 or an SLB even at the micro-scale,31-

36 is a current engineering challenge. 

Here we report a NL based technique to create nano-dots whose size can be tuned independently of 



spacing and use it to pattern not only glass but also soft substrates and SLBs. As summarized in Fig. 1, 

our strategy relies on successive creation of two masks – a primary bead-mask that sets the lattice 

spacing and a secondary sacrificial aluminium mask, deposited through the primary mask, which sets 

the size of the motifs.  The primary bead-mask is  a self-assembled,  two dimensional monolayer  of 

colloidal beads (see SI for method of preparation and Fig. S1 for an image of the mask), through which  

aluminium is sputter-deposited from an aluminium target doped with silicon, using a  standard radio-

frequency (RF) magnetron sputtering system, to create the secondary mask (see SI for details and Fig. 

S2a for the geometry of deposition). The thickness of the aluminium layer (Al-thickness), defined as 

the  the  thickness  of  the  deposited  aluminium  layer  in  an  area  well  outside  the  bead-mask,  was 

experimentally determined for each deposition run and was found to depend linearly on the duration of 

metal  deposition  (SI  Fig.  S2b)  for  a  given RF power.  After  metal  deposition,  the  bead-mask was 

removed  mechanically  by  ultrasonication,  revealing  the  secondary  aluminium mask,  with  a  well-

defined array of pits giving access to the glass underneath (Fig. 1b, 2a, Fig. S3) for further deposition. 

This glass supported metal-mask can be stored almost indefinitely (tested for up to several months 

without any degradation).

We observed that the lateral size of the pits can be tuned by tuning Al-thickness (see scanning electron 

microscopy images in SI Fig. S3). The mechanism that links the thickness of the deposited metal layer 

to the size of the pits can be understood in terms of shadow-effects during the process of deposition. In 

the present set-up, the mean free path of aluminium atoms in the plasma at the operating pressure is es-

timated to be about 10 mm – smaller than the target to sample distance. Thus, multiple collisions ensure 

that atoms reach the bead-mask from all directions. However, at the scale of a micro-bead, the traject-

ory of the sputtered aluminium atoms in the ambient argon gas is ballistic, and the rules of optical geo-

metry applicable to standard NL 16,17 should be valid. Accordingly, the deposition pattern is calculated 



by summing over all the angles the shadow cast by an array of beads for a given illumination direction. 

Outside the mask, there are no shadows and the metal thickness is equal to Al-thickness defined above. 

Under the beads, at the contact point between the bead and the surface, the shadow is absolute and 

therefore there is no aluminium deposition. The theoretical pattern therefore consists of an array of pits 

with sloping walls (Fig. 2b, Fig. S4). The radial profiles of the pits show that the steepness of the pit-

wall strongly depends on Al-thickness (as defined above). In Fig. 2c, it is seen that as the Al-thickness 

is increased from a low (20 nm) to a high (350 nm) value, the gradient becomes more pronounced (cal-

culated for 2 m bead size and 2.1 m spacing). 

A direct comparison of the theoretical profile of metal deposition with experiments is non-trivial. On 

the theoretical side, the simulation ignores the discreet nature of the deposition of aluminium atoms, 

and any possible reorganization after the deposition, which may give rise to roughness and graininess 

in experiments. On the experimental side, scanning electron microscopy (SEM) usually provides a 

means to probe metal layers at the required spatial resolution but here is rendered difficult by the fact 

that the samples are non-conducting, and therefore charging by electrons can significantly distort the 

images, especially for very thin films. Nevertheless, high resolution SEM images of the pits (Fig. 2a) 

show that as expected, there are different shadow regions that strongly resemble the simulations. Com-

paring Fig. 2a and b, it is seen that the characteristic asymmetric shadow at the edge of the mask (white 

arrow) is visible both in SEM images and in the simulated image. Similarly, in the interior of the mask, 

the shadow is symmetric in both images.   



To correlate the pit-size and geometry to the final size of the protein nano-dots, we need to consider 

that the aluminium is deposited atom by atom and therefore a certain thickness is needed to achieve full 

surface coverage. However, for the subsequent bio-functionalization steps, complete surface coverage 

of the aluminium layer is essential, since otherwise the underlying surface is not adequately masked. 

This is achieved at an average aluminium deposition of 3 nm (as explained in SI). The effective pit-size 

calculated with this threshold of 3 nm, has a strong dependence on Al-thickness and a weak depend-

ence on the bead spacing (Fig. 2d). The simulated pit-size will be compared below to the experiment-

ally determined size of the protein nano-dots obtained after bio-functionalization.

For bio-functionalization, first an organosilane (APTES) is deposited through the glass supported 

metal-mask from the vapour phase. It is subsequently functionalized with biotin conjugated bovine ser-

um albumin (bBSA) from an aqueous phase. The aluminium is removed by chemical lift-off, taking 

care to retain the functionality of the biotin moiety of bBSA,36 revealing size-tuneable organic nano-dot 

arrays of bBSA (bBSA-STONA) on glass (Fig. 1c, see Fig. S5 for atomic force microscopy images). 

The bare glass background is then covered with a passive material, here chosen to be a copolymer of 

polyethylene-glycol and poly-L-Lysin (PEGPLL), to prevent further protein absorption.37-39 After pas-

sivation, the bBSA dots are functionalized with the biotin binding protein neutravidin (NAV), which 

serves as a versatile linker for further functionalization (Fig. 1f). 

 The NAV-STONA, created with beads of diameter 4, 2, 1 or 0.5 m, and various Al-thickness were 

characterized by optical microscopy (OM) or atomic force microscopy (AFM) (Fig. 3a, S6). In each 

case, the fast Fourier transform (FFT) of the images (insets in Fig. 3b-e) indicates long range order in 

the system. As expected, the dot separation is set by the diameter of the beads used and, the dot size 

gradually decreases with increasing Al-thickness for each type of bead mask. By correct selection of 



bead-size and Al-thickness, the dot-size could be varied from ~1800 nm (1800 ± 100 nm, OM data) 

down to ~100 nm (110 ± 20 nm, AFM data). Plotting the pit-size from simulations against the 

experimental dot-size shows a linear correspondence (inset Fig. 3a). Note that the theoretical pit-size is 

systematically larger than the dot-size because the former is the diameter of the holes in the aluminium 

mask whereas for the latter we report the size as full width at half maximum (FWHM) from 

fluorescence images. Most importantly, we show that the spacing and size can be varied independently 

– similar dot-sizes are obtained for different dot-spacing and different sizes are obtained for same 

spacing – this was not hitherto possible with NL technology, especially when applied to bio-patterning 

of molecules. 

The ability of STONA to influence cell behaviour and their compatibility with advanced optical ima-

ging were tested on T lymphocytes (T cells). T cells play a central role in the acquired immune system. 

Supra-molecular organization at the adhesive interface of T cells with antigen presenting cells is 

thought to have a direct impact on the subsequent signalling, activation and function of these cells. 

26,27,31,32 Influence of micron scale patterning of ligands in T cell has shed light on the importance of sub-

cellular scale molecular organization in these cells. 41,42 Recent work with gold nano-dot based pattern-

ing revealed sensitivity of cellular activation to ligand organization at nano-scale but cells could not be 

imaged in detail.1,43,44 

Here we imaged T cells interacting with STONA decorated with the biotinylated antibody antiCD3, 

which on one hand binds specifically to the NAV dots created above, and on the other hand targets the 

T cell receptor (TCR) complex. The antiCD3-STONA influences the membrane topography as seen in 

RICM, which looks roughly uniform on non-patterned surfaces 26, 27 but has a clear structuring on 

STONA (Fig. 4a). Moreover, the cell surface TCR molecules, which appear as randomly distributed 



puncta on homogeneously coated antiCD3,27,40 are rearranged to follow closely the underlying antibody 

pattern (Fig. 4b). To our knowledge, this is the first time that such protein reorganization on the mem-

brane of a lymphocyte was demonstrated at the sub-micron scale. There is also an impact on the archi-

tecture of the actin cytoskeleton as seen in TIRFM, which goes from the commonly observed peripher-

al organization26, 27,40 to partial co-localization with the dots (Fig. 4c).

To illustrate the versatility of the technique, we present two variations. First, antibody-STONA were 

created in a sea of SLB (Fig. 1h, 4d) mimicking a cell membrane.24 Such SLBs have previously been 

patterned by fabrication of metal grids 31,32,35,36 or by protein stamping,31,33 however these studies were 

mostly on micron-scale motifs. Here, we introduce the nano-scale STONA in the SLB such that the lip-

ids in the SLB remain mobile in the plane of the bilayer even after nano-patterning (Fig. S7). As before, 

the STONA impacts the cell membrane topography as seen in RICM (Fig. 4e) and the TCR distribution 

as seen in TIRFM (Fig. 4f). The second variation is STONA supported on an elastomeric substrate, 

which better mimics soft cells and also lend themselves to eventual use as a tool for force measure-

ments.43,44 NAV-STONA were transferred by reverse-contact-printing 13 to silicone rubber coated on 

glass, with a measured elasticity of 300 kPa (Fig. 1g, 4g, Fig. S8). Remarkably, cells could be imaged 

in both RICM and TIRFM through the PDMS in presence of the STONA (Fig. 4h,i). 

In all the cases, the obtained STONA are fairly homogeneous. Within each sample, or for different 

samples for the same deposition run, the size varied by about 5 to 10 % (Table S1). The size variation 

from one deposition run to the other was slightly higher since the aluminium thickness was not exactly 

the same for each run. Another important characteristic of the STONA is the contrast – the amount of 

protein on the dots as compared to the amount absorbed outside the dots. Depending on the quality of 



metal deposition, this contrast, defined as the ratio of fluorescence intensities inside and outside the 

dots, is about 2 to 5.    

The STONA method presented here relies on the combination of three key factors: (a) the use of self-

assembly to create the primary-mask so that large area coverage is achieved in a simple manner, (b) 

metal-free strategies for coupling the bio-molecules ensuring compatibility with advanced optical mi-

croscopy, and (c) the use of shadow-effect in sputter deposition to lift the interdependence of dot size 

and spacing which hitherto limited applications of NL. The STONA protocol removes these constrains 

and truly fulfils the requirements of cell biologists interested in using nanobiopatterning as a tool to 

probe cellular interactions. The numerical simulations elucidate the underlying principle and provide an 

estimation of the size of the holes in the metal mask as a function of bead separation and metal layer 

thickness, making the method easily adaptable to other usage. Since the secondary metal-mask can be 

stored indefinitely, and the subsequent functionalization can be performed in a standard wet-laboratory, 

the metal-masks can potentially be prepared in specialised facilities and be made available for cell bio-

logical experiments on as-required basis. The simplicity of the STONA technology, including the link-

ing-chemistry employed, makes it very versatile in terms of choice of material for the dots as well as 

the background. The feasibility of transfer by reverse-contact-printing on to elastomers further 

broadens the potential impact of STONA in the fast growing field of nanobiopatterning.

ASSOCIATED CONTENT Details of experimental methods, simulations, imaging and analysis, table 

of data corresponding to Fig. 3, SEM image of primary bead mask, schematic of metal deposition and 

SEM images of metal mask, simulated pattern, OM and AFM images of dots, diffusion measurement 

on SLB, images of nano-dot transfer to PDMS, schematic to demonstrate versatility of the technique. 

This material is available free of charge via the Internet at http://pubs.acs.org.

http://pubs.acs.org/
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Figure 1. Schematic representation of fabrication steps to create size-tuneable organic nano-dot arrays 
(STONAs). A primary colloidal bead-mask is self-assembled on glass (a), aluminium (Al) is sputter 
deposited (d), the beads are mechanically removed to obtain the secondary Aluminium mask (b), an 
organic molecule – biotinylated BSA (bBSA) - is bound to the exposed bare glass (e), and Al is 
chemically lifted off to produce the bBSA template (c). Subsequent passivation of the bare glass with 
PEGPLL (f) and appropriate functionalization of the bBSA (with neutravidin – NAV and the antibody 
antiCD3) yields antibody STONA surrounded by a polymer cushion (i). Alternatively, a supported lipid 
bilayer (SLB) can be used for the passivation step (h). NAV-STONA can be transferred to a soft 
elastomer – PDMS (g). Note that the drawings are not to scale – the square glass slide is 2424 mm, 
the bead diameter ranges from 0.5 to 4 μm, the thickness of the aluminium varied from ~15 to ~500 nm 
and the molecular dimensions of the proteins and lipids are in the range of few nm. The spacing of the 
dots is roughly equal to the diameter of the beads used in the primary masks and the diameter of the 
dots, tuned independently during creation of Aluminium masks, could be varied from ~100 nm to ~2 
μm.



 Figure 2. Tuning pit-size with Al-thickness. (a) SEM image of the secondary Aluminium mask after 
removal  of  the  primary  bead-mask  (2  m  beads,  350  nm  Al-thickness).  Hexagonal  pattern  of 
aluminium free pits are clearly visible as black circles, few remaining beads from the primary mask are 
also seen. High-resolution zoom of two pits are shown. (b) Simulated pattern of aluminium deposition, 
colour coded from dark-blue (no deposition) to dark-red (maximum deposition, outside mask region, 
corresponds to Al-thickness). Equivalent regions on the SEM and simulated images are marked by 
white box. The white arrow points to characteristic shadow effect at the edge of the mask seen both in 
SEM and simulations.  (c)  Simulated profiles of the pits  close to  the substrate,  showing the height 
profile of the deposited aluminium, calculated for various Al-thicknesses. The pit-size can be read off 
as the radius at which the profile is at least 3 nm thick. (d) The dependence of the simulated pit-size 
(normalized  by the  radius  of  the  beads  of  the  mask)  on  Al-thickness,  calculated  for  various  bead 
separations.



Figure  3.  Tuning STONA dot-size.  (a)  The size of FluoNAV-STONA plotted as a function of Al-
thickness.  For bead size 4 and 2  m, the dot-size is  the full  width at  half  maximum (FWHM) of 
intensity profiles from fluorescence images. For bead size 900 and 540 nm, the reported dot-size is 
edge to edge distance measured from AFM images. Symbols are data, solid line is guide to the eye.  
Error bars for dot-size are standard deviations (at least 30 dots for 3 image-fields), and for Al-thickness  
correspond to the full range of data (three independent measurements). Inset: comparison of pit-size 
predicted from simulations and protein dot-size measured as above. (b,c,d,e) Examples of fluorescence 
images for different spacing and dot-size, corresponding letters are marked in the graph above. Insets 
are corresponding fast Fourier transform (FFT, performed on image fields of about 100  m). Scale 
bars: 4 m.



Figure 4. T cells on antibody STONA. (a) RICM image of T lymphocytes interacting with antiCD3-
STONA (spacing 2 m, size ~700 nm), showing modified membrane topography, as compared to cells 
on homogeneous antiCD3 under  equivalent  conditions  (inset).  (b) corresponding TIRFM image of 
labelled T cell receptors (TCR), showing that the TCR are organized according to underlying antibody 
STONA pattern, corresponding FFT (inset, top) indicates long range order in the TCR organization: 
compare with random distribution on homogeneous antiCD3 (inset, bottom). (c) TIRFM of actin shows 
that  the  cytoskeletal  structure  is  influenced  by  the  presence  of  the  STONA,  as  compared  to 
homogeneous antiCD3 (inset).  (d) FluoNAV-STONA (inset:  NAV, red)  in  a  sea  of  supported  lipid 
bilayer (inset:  SLB, green).  The main image shows perfect complementarity of the NAV and SLB 
pattern. The FFT in the inset indicates long range order. (e,f) T cell  interacting with STONA/SLB 
shows patterned membrane topography in RICM and organized TCR in TIRFM. (g) NAV-STONA on 
an elastomer (PDMS, Young modulus 300 kPa). (h,i) RICM and TIRFM of a T cell interacting with 
PDMS supported STONA. Scale bars: 4 m.
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Materials and Methods 

Preparation of glass substrates

Ultra-hydrophilic glass coverslides (thickness = 170 ± 10 µm, Assistent, Karl Hecht KG, Germany), 

24×24 mm, were obtained by cleaning on a Nanoplas DSB3 (France) oxygen plasma equipped with a 

SEREN R301 radio-frequency power supply (200W; ~2.3 Torr; Ar, 0.75 sccm; O2, 1.5 sccm, SEREN 

IPS, USA) at room temperature for 15 min or by using the following protocol: ultrasonication in 2% 

(v/v) aqueous solution of Hellmanex (Sigma, France) for 20 min, rinsing 10 times with ultrapure water  

(resistivity of 18.2 Mcm, Elga, UK), again ultrasonication in 2% Hellmanex solution for 20 min; 

ultrasonication in ultrapure water (2 times 20 min) with repeated rinsing; finally blow-drying with 

nitrogen stream. Note that both procedures render the contact angle of water on the glass coverlslides 

less than 5o. Such high hydrophilicity is essential for the subsequent bead-mask creation.

Primary colloidal bead mask

Silica colloidal beads with stated diameters of 4 µm, 2 µm, 900 nm or 540 nm and stated poly-

dispersity of 10 to 15 % (Polysciences, Inc., Germany) were washed 10 times with ultra-pure water 

before utilisation. An ultra-hydrophilic glass coverslide as prepared above was set at an angle and a 

pre-calibrated volume of the colloidal suspension was allowed to spread on the slide. Slow evaporation 

at ambient conditions coupled with strategic change of the angle results in uniform and large area 

coating with a monolayer of colloidal beads. For details see ref. 13. 

Secondary sacrificial aluminium mask 



Thin aluminium (Al) films were deposited on the glass coverslips through the primary bead mask using 

a radio-frequency (RF) magnetron sputtering system (SMC600 tool by ALCATEL, France, refurbished 

but without any special modifications) from a mixed Al(99%):Si(1%) target (purity ≥ 99.99%, Kurt J. 

Lesker Company, USA). First, the deposition chamber was evacuated down to a pressure of 2.6×10 -4 Pa 

using a turbomolecular pump. Then pure argon atmosphere (purity ≥ 99.999%) was introduced with a 

flux of 10 sccm at a pressure of 0.8 Pa (6.6 mTorr). The RF power was held constant in the range of  

300 to 400W giving typical film deposition rates from 2 to 3 nm/min. In order to remove the native 

oxide layer of aluminium on the target, the target was sputtered during two minutes with the closed 

shutter before each deposition run. The geometry of this sputtering system is off-axis and the mean free 

path is ~10 mm in the operating pressure range. Samples were placed at a distance of 105 mm from the  

target, onto a rotating table (3-5 rpm) (Fig. S2) in order to increase homogeneity.

 

The thickness of the aluminium film for each condition was measured on a silicon standard which was 

exposed to the same conditions as the sample for patterning. Before exposure, features with lateral 

sizes of 200 µm were obtained by optical lithography in a 1.3 µm thick photoresist (Shipley S1813) 

spin-coated on the planar polished silicon standard substrate.  This standard was placed next to the 

sample  during  deposition  and  after  deposition,  the  resist  was  lifted-off  to  obtain  a  sharp  step 

corresponding to the deposited aluminium layer. The thickness was then measured by a stylus profiler 

(Dektak DXT-S, Bruker). The relation between the deposition time and layer thickness is nearly linear 

(SI Fig. S2b).

It should be noted that the precise curve relating the duration of aluminium deposition and the thickness 

of the deposited aluminium layer (SI Fig. S2b) and the one relating STONA size to the Al-thickness 

(Fig. 3) need to be experimentally determined for a given instrument and the chosen set of parameters. 

We also noted that the quality of the STONA is rather sensitive to the presence of impurity in the 

deposited layer. One possible concern arises if different types of metal are deposited using the same 

chamber. Oxidation of aluminium can also be a problem. As can be expected, the procedure adapted 

below for chemical removal of aluminium does not remove other metals or aluminium oxide, and 

remaining traces of the contaminant may show up in the final sample as background that interacts 

strongly with light. Preliminary aluminium deposition runs on dummy samples may be necessary to 

purge the chamber completely of any remaining trace of the second metal.



After deposition of Al, the colloidal beads mask on coverslip was rinsed away by ultra-sonication in 

ultra-pure water for several seconds. The metal masks could be stored for up to at least four months 

without any deterioration.

bBSA template, PEG passivation and functionalization with antibody

The alumina mask coated slides were placed in a chamber containing (3-Aminopropyl) triethoxysilane 

(APTES, Sigma, France) in vapour phase, at 70o C for one hour. Next, biotin conjugated Bovine Serum 

Albumin (bBSA, Sigma, France) at a concentration of 20 µg/ml in phosphate buffered saline (PBS, 

Sigma, France) was incubated on the samples for 30 min. Finally, to remove the sacrificial aluminium 

mask and reveal the bBSA STONA, the coverslip was placed in an alkaline PBS buffer (pH = 11.4, pH 

value was controlled by adding NaOH) for 2 h at room temperature. If required, the complete removal 

of Al was verified by optical microscopy. The aluminium free glass slides, containing bBSA dot arrays 

were thoroughly rinsed with neutral PBS buffer, pH = 7.2. Biotin, being a relatively simple molecule, 

retained its function even if subjected to high pH values. At this stage the coverslide was covered with 

uniform nano-dots of functional bBSA, separated by an expanse of bare glass. The slides could be 

stored at 4o C up to 30 days. 

The bare glass separating the bBSA dots was filled with poly(ethylene glycol) (PEG), here via 

incubation in PLL(20)-g(3.5)-PEG(5) copolymer (Susos, Switzerland) dissolved in PBS at a 

concentration of 100 g/ml for 30 min. The PLL moiety, being positively charged, readily binds to 

glass, which is negatively charged at neutral pH after cleaning. The PEG moiety remains unbound and 

prevents further interaction of the glass with proteins in solution.37 For T-cell adhesion studies, bBSA 

STONA was further functionalized by incubation with 2 µg/ml neutravidin (or neutravidin TexasRed, 

Invitrogen, USA) for 30 min, followed by incubation in antiCD3 2 µg/ml (multibiotinylated mouse 

anti-human clone UCHT1, Beckman Coulter, France) for 30 min.

Supported Lipid Bilayers (SLB)

Glass slides already functionalized with bBSA STONA were coated with SLB with 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC, Avanti Polar Lipids, USA) as the matrix, into which fluorescent 

tracer lipids were sometimes dispersed to improve visualization and characterization. The bilayers were 

deposited one monolayer at a time from an air/water interface, at a surface pressure of 27 mN/m, by 



Langmuir-Blodgett/Langmuir-Shaefer (LB/LS) technique, using a film-balance (Nima, UK) S1, 27. The 

surface was then blocked using 0.01% BSA and the bBSA STONA were functionalized as described 

above. 

We used continuous photo-bleaching (CPB)S1,27 to quantify the diffusion of the fluorescent labelled 

tracer lipids which is expected to reflect the diffusion of the matrix as well. In CPB a well defined zone 

is observed while bleaching. Due to the constant entry of fresh molecules at the edge, a fluorescent halo 

is visible around the bleached zone when the lipids are mobile (see Fig. S7). The bleaching curve at the 

center of the illuminated zone can be fitted to calculate the bleaching rate and the intensity distribution 

across the halo can be fitted to yield the recovery decay length. The diffusion constant is estimated 

from these two values (see Ref. S1 or 27 for details) and is found to be 6 m2/s for the present 

example. This value is comparable to equivalent DOPC bilayers without the pattern. The size of the 

STONA in SLB, as visualized with fluoNAV, is comparable to those obtained with PEGPLL 

background and could be varied as described above.

Soft elastomer (PDMS) substrate

To prepare the soft substrates, liquid silicones (PDMS, CY52-276 A and B; Dow Corning, Japan) were 

mixed in 1:1 ratio. The mixture was spin-coated on glass slides cleaned as described above. The PDMS 

coated glass was baked at 100o C for 15 min. Finally, a 8-10 µm thick PDMS layer, supported by glass, 

was obtained. The refractive index of this PDMS is 1.4.S2 

The PDMS surface was activated by exposure to oxygen plasma (pressure 2.6 Torr,  power 60 W) 

followed by treatment for 10 min. with 10% (v/v) solution of APTES in absolute ethanol. The APTES 

treated PDMS was then rinsed with 96% ethanol, dried and then treated with 8% (v/v) solution of 

glutaraldhehyde (1.06 g/ml) in ultra-pure water for 1 hour at room temperature. FluoNAV-STONA on 

glass were prepared as described above and were transferred to the PDMS (Young modulus = 300 kPa) 

by  reverse  contact  printing13.  The  FluoNAV-STONA were  correctly  transferred  as  seen  in  epi-

fluorescence images (Fig. 4g, S8). These FluoNAV-STONA on PDMS were further functionalized with 

antiCD3 by incubation in 4 µg/ml solution of the antibody for 4 h. Note that to demonstrate the proof 

of the principle and ensure cell spreading, the PDMS was not a priory passivated.

The elasticity was measured, after plasma treatment, by AFM (NTEGRA system, NT-MDT, Russia) 



using a cantilever with a 2 microns diameter colloidal-bead tip and stated spring constant of 0.02-0.77 

N/m (MikroMash, Bulgaria). The colloidal cantilevers were imaged in SEM and were individually 

calibrated  against  a  standard  cantilever  of  known spring  constant.  AFM force  measurements  were 

conducted under water. At least 100 curves were recorded for each PDMS substrate under exactly the 

same conditions. The final value of the Young modulus was obtained from the average of all the curves. 

Force measurements show pure elastic behavior with no adhesion in the contact region. The data was 

fitted with Hertz model, using self-written routines in IGOR-Pro (Wavemetrics, USA).

Cell culture, fixation and labelling

Jurkat E6 T-lymphocytes were cultivated in RPMI complete medium supplemented with 10% Fetal 

Bovine Serum (Life Technologies, France) and with 1% GlutaMAX (Life Technologies). Last splitting 

was realized 24 h before experiments to ensure a concentration of 0.6 million cells/mL at the time of 

the experiment. Cells were deposited on the substrates in HEPES-BSA buffer (20 mM HEPES, pH=7.2, 

137 mM NaCl, 5 mM KCl, 0.7 mM Na2HPO4, 4 mM D-glucose, 2 mM MgCl2, 1 mM CaCl2, 1% BSA) 

and  incubated  for  30  min  at  37  °C  5%  CO2.  Fixation  was  performed  after  deposition  with  2% 

paraformaldehyde during 15 min at 37 °C and followed by extensive rinsing with PBS. The cells were 

immunostained by incubation with 5 μg/ml of FITC labeled anti-8 (BD Biosciences, USA), which is 

directed against the T-cell receptor,  and/or with Phalloidin conjugated with Alexa-488 or TexasRed 

(Life technologies, USA) to mark the actin cytoskeleton, during 60 and 30 min. respectively, followed 

by extensive rinsing. 

Imaging and analysis

Optical  Microscopy  (OM): For  all  optical  imaging,  an  inverted  microscope  (Axiovert  or 

AxioObserver, Zeiss, Germany) equipped with appropriate oil immersion objectives (Zeiss, Germany) 

and an EM-CCD camera  (Andor,  UK),  was used.  The protein-dots  and cells  were imaged in  epi-

fluorescence  (100×  1.4  NA objective)  and  RICM/TIRFM  (custom  made  100×  1.46  NA Antiflex 

objective) respectively.  Analysis and processing of optical images were done with Fiji [S3]/ImageJ 

v1.49d and IGOR Pro (WaveMatrics, USA) software packages. 

Scanning Electron Microscopy (SEM): 

Scanning electron microscopy images were taken either with a general purpose SEM (JEOL-5910, 



Jeol, Japan) equipped with a tungsten filament as electron source, or a e-beam lithography system 

(Pioneer, Raith, Germany) equipped with a hot cathode field emission electron gun and in-lens detector 

(Gemini column, Zeiss, Germany). Typical operating conditions we used were obtained using a 30 µm 

diaphragm at accelerating voltage of 2 to 10 kV depending on the sample. For the images presented 

here, a thin (~10 nm) layer of titanium was deposited on the sample to facilitate imaging. 

Atomic Force Microscopy (AFM): 

AFM  imaging  was  done  in  tapping  mode  on  a  NTEGRA system  (NT-MDT,  Russia)  at  room 

temperature in PBS buffer solution (pH = 7.2). Silicon tips (CSC38, MikroMash, Bulgaria) with a 

typically resonance frequency of 20 kHz and ~8 nm tip radius were used. AFM images were analyzed 

using NTEGRA Imaging Analysis  2.1.2 software packages.  Images  were flattened in  the scanning 

direction following standard practice.

Measuring dot size

To measure the dot size from optical images (OM), a line was drawn across a dot and the intensity pro-

file was analyzed to calculate the full-width-at-half-maximum (FWHM). Similarly, for AFM images, 

the height profile across a dot was generated from the flattened height image, and the dot diameter was 

calculated as the edge-to-edge distance. For bead size of 4 m and 2 m, the dot-size is larger than the 

optical resolution and is reported as the FWHM from OM in Fig. 3. For smaller bead size of 900 nm 

and 540 nm, the dot-size is comparable to or smaller than the optical resolution, and therefore data 

from AFM is reported in Fig. 3. The data depicted in Fig. 3 is summarized in Table S1 below.

Numerical simulations of metal mask deposition. 

The amount of metal deposited during isotropic but ballistic sputtering under a hexagonal two-dimen-

sional array of N beads of radius R and spacing p was determined numerically as follows. For a given 

incidence direction defined by an azimuthal angle  and a polar angle , the shadow cast by one single 

bead touching the surface at point O, is an elliptic surface centred at point C such that: 

OC=R/sin()*(1/cos()-cos()); the long axis is given by R/cos(  and the short axis is R. The shad-

ow cast by the bead array was defined as the union of the shadows cast by the N beads of the array. 

Contrarily to previous modelling at fixed angle 17, the lateral shift OC is here crucial. We consider 



N=25 beads organized in a hexagonal array, with the ratio of inter-spacing to bead-radius p = 2.0, 2.05, 

2.1, 2.15 (results are reported for p=2.1 unless stated otherwise). The array is defined on a grid of 

2000×2000 pixels corresponding to physical dimensions of 30×30 µm. The complementary surface 

corresponds to the one exposed to metal deposition at given incidence (, ). The process is iterated for 

all incidence angles  and  by adding successively the exposed surface normalized by cos(). Numer-

ically, at each incidence angle, the deposit is represented by a binary image (as in ref. 18). The com-

plete metal deposit is represented by a superposition of all binary images when the angle  varies 

between 0 and 1.1 rad (in 45 steps) and  between 0 and 2 (in 50 sin()+4 steps). We verified that due 

to total eclipse of the surface by the mask for > /3 17 these angles need not be considered. At the end 

of the process, the metal thickness on the surface outside of the array was assigned to the experiment-

ally measured Al-thickness. The threshold of Al thickness required to ensure full coverage of the glass 

was determined by assuming that Al atoms of radius 0.12 nm are randomly reaching the surface and ar-

ranging roughly as a hexagonal symmetric three dimensional lattice. We find that the glass is com-

pletely covered when, on average, a layer of 20 atoms are deposited. This corresponds to an average 

thickness of 3 nm. The simulation was done using self-written routines in Python Software (www.py-

thon.org) and analysis of cross-section profiles were done with IGOR Pro (Wavematrics, USA).

SI References:

S1. Fenz, S. F.; Merkel, R.; Sengupta, K. Diffusion and inter-membrane distance: case study of avidin and E-cadherin 

mediated adhesion. Langmuir 2009, 25, 1074–1085. 

S2. Iwadate, Y.; Yumura, S. Preparation of elastic substrata for traction force microscopy under TIRF illumination, 

BioTechniques 2008, 44, 739-750.

S3. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682.



Table S1

Bead Size
Al-thickness 

(nm)

Optical Microscopy 

(nm)

AFM 

(nm)

FWHM SD Size SD

4 µm
230 1810 120

345 1200 100

2 µm

20 1140 90

33 1030 60

97 730 110

230 620 60

350 540 70

900 nm

50 425 50 590 40

100 380 25 250 36

188 380 20 110 20

500 nm 188 135 10

Table S1: The measured size of FluoNAV-STONA on glass as a function of bead size and alumini-

um thickness (data corresponding to Fig. 3). For optical microscopy (OM) images, the values of full 

width at half maximum (FWHM) are reported. Average and standard deviation (SD) were obtained 

from at least 30 individual dots and at least 3 different fields of view; for AFM images, the edge-to-

edge distance is reported. Average and SD were obtained from at least 25 dots from at least 3 different 

areas on the sample.



Supplementary Figure S1| Primary colloidal bead mask. Scanning Electron Microscopy (SEM, left) and optical microscopy (bright-field in 

transmission with 40x objective, right). The mask was created with 2 mm diameter silica beads on glass.  



Supplementary Figure S2a| Schematic geometry of the radio-frequency magnetron sputter system used for deposition of the secondary 

sacrificial aluminium metal mask. 
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Supplementary Figure S2b| The relationship between sputtering time and Al-thickness. For a given set of parameters, the thickness of the 

deposited layer depends linearly on the duration of sputtering. Red data points correspond to parameters used in this work. 
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Supplementary Figure S3| Scanning Electron Microscopy (SEM) of size tunable holes: Aluminium masks created with 2 mm silica beads, on glass, with 

a specific Al-thickness, imaged after removal of the beads. Dark circles correspond to aluminium-free regions, called pits. a. 13 nm Al-thickness, b. 320 nm 

Al-thickness. Bottom row: corresponding radial line profiles (arbitrary units in vertical direction). The size of the pit decreases with increasing Al-thickness.  
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Supplementary Figure S4| Results from simulations. a, Colour map depicting the 

maximal thickness (Al-thickness) of the deposited aluminium (dark blue is least and dark 

red is highest), calculated from combined shadowing effect from all the beads. b, cross-

section across the bead-mask (white line)  showing deep pits. The height of the profile is in 

arbitrary units. c, cross-section calculated for different Al-thickness (red to violet: 20, 30, 

100, 230, 350 nm). The simulations are for bead radius (R) = 1 mm, bead spacing (pitch) = 

2.1 mm and for different Al-layer thickness (defined as the thickness of the aluminium 

outside the mask). The steepness of the wall of the pit increases with increasing Al-

thickness.  Fig. 2c in the main text shows zoom-in of the marked box.    
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Supplementary Figure S5 | Tapping mode AFM images of STONA (2 mm bead size, Al thickness = 218 nm). a. Biotin-BSA STONA on bare 

glass. B. corresponding anti-CD3 STONA surrounded by PEG. c,d. profiles along lines shown in a and b respectively.  
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Supplementary Figure S6-A |  Epi-fluorescence images of 

FluoNAV-STONA. Corresponding Intensity profiles along the 

white lines are shown. The average and standard deviations of the 

spacing and diameter of the dots are indicated.  Inset: FFT of the 

corresponding field - about 100 mm diameter. a. 4 mm bead size, 

Al thickness as indicated. b. 2 mm bead size, Al thickness as 

indicated.  
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Supplementary Figure S6 - B | Epi-fluorescence (a) and Tapping mode AFM images (b) of FluoNAV-STONA (900 nm bead size, Al 

thickness as indicated). Corresponding Intensity profiles along the white lines are shown. The spacing and diameter (FWHM) of the dots 

distance (average and standard deviations from at least 30 dots) are indicated. Inset: FFT of the corresponding field - about 100 mm 

diameter.  
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Supplementary Figure S6 - C | Tapping mode AFM images of FluoNAV-STONA with size approaching optical resolution. a. 900 nm bead 

size, Al thickness as indicated. (see Fig. S6-B for corresponding epi-fluorescence). b. 540 nm bead size, Al thickness as indicated. epi-

fluorescence is also shown. For AFM images, the edge-to-edge distance (average and standard deviations from at least 25 dots) are indicated. 

Inset: FFT of the corresponding field - about 100 mm diameter.  
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Supplementary Figure S7 | Epi-fluorescence images of bBSA-STONA surrounded by a supported lipid bilayer doped with 

fluorescent labeled lipids. a. the protein STONA shows up as dark dots in a bright sea of lipids. b. after bleaching, the halo indicates 

that the lipids are mobile in the plane of the bilayer. c. Data extracted from corresponding time-sequence for continuous photo-

bleaching analysis [S1]. Top: bleaching curve at the center of the illuminated area as the sample was bleached. Bottom: radial 

intensity profile after bleaching. By fitting the curves, the value of the diffusion constant was calculated to be 6 mm /sec [S1,23]. 
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Supplementary Figure S8 | Epi-fluorescence images of  FluoNav-STONA on glass (a) and PDMS (b). Intensity profiles along the 

white lines are shown. Inset: FFT of the corresponding fields - about 100 mm size. The STONA were transferred from glass to PDMS 

with Young’s modulus of 300 kPa.  
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