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ABSTRACT:A relevant question in cell biology with broad implications in biomedicine is how the 

organization and dynamics of interacting membranes modulate signalling cascades that involve 

cell-cell contact. The functionalization of surfaces with supported lipid bilayers containing 

tethered proteins is a particularly useful method to present ligands with membrane-like mobility 

to cells. Here, we present a method to generate micrometer-sized patches of lipid bilayers 

decorated with proteins. The method uses an economic micro-contact printing technique based 

on one-photon lithography that can be easily implementedin a commercial laser scanning 

microscope. We verified that both, proteins and lipids, freely diffuse within thepatterned-bilayer 

as assessed by z-scan fluorescence correlation spectroscopy and fluorescence recovery after 
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photobleaching. These resultssuggest that the supported lipid bilayerspatterns constitute an 

optimal system to explore processes involving directinteractions between cells. We also illustrate 

possible applications of this method by exploring theinteraction of cells expressing the Fas 

receptor and patterns of lipid bilayers containing an agonist antibody against Fas. 

 

Introduction 

Cells can respond to external stimuli through receptors located at the plasma membrane. The 

binding of ligands to these receptors triggers signaling cascades through the membrane and 

inside the cell that can elicit a biological response1.In juxtacrinesignaling cascades, the 

interacting cells come into close contact and receptor-ligand recognition at the membrane 

interface triggers the intracellular signaling2.This interaction is usually accompanied by a 

coordinated reorganization of membrane components at the cell-cell interface3, 4, 5. Moreover, the 

distribution and mobility of the agonist molecule at the membraneare intimately related to the 

final cellular response3, 6, 7, 8, 9, 10, 11, 12.  

To explore these signaling cascades, several efforts have been done to generate surfaces that 

mimic the organization and mobility of ligands in the cell membrane.In particular, supported 

lipid bilayers (SLBs) have been used to study processes involving cell-cell contact12, 13, 14 since 

they allow incorporating tethered ligandswith mobilities that resemble those observed in a 

natural membrane. Also, it is possible to modulate the diffusion of both lipids and ligandsby 

controlling the lipid composition15, 16, 17. The main disadvantage of SLBs is that the whole cell 

membrane attached to the surface is exposed to the tethered ligand in contrast to the relatively 

small area that may be involved in cell-cell contact. In the particular case of the immune synapse, 

it has been shown that the contact area is in the sub-micron to micron scales9, 18, 19. 
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Soft lithographic methods, and in particular micro-contact printing (µCP), have been used to 

generate surfaces attaching biomolecules with controlled sizes and geometries20, 21, 22, 23, 24, 25.This 

methodology allowed, for example, exploring cellular interactions on the micron and submicron 

scales6, 26 and controllingadhesion and connectivity of cells27, 28. 

To study complex processes involving cell-cell contact, the micro-contact printing and SLB 

technologies combined to generate confined arrays of SLBs29, 30alsocontaining tethered-ligands26, 

31, 32, 33, 34.Unfortunately, these methods usually require the generation of micro-contact printing 

masters throughexpensive lithographictechniques that may not be accessible to the worldwide 

scientific community. This is especially true since, in order to explore the different sizes and 

geometries that may be useful, the researcher often has to order the production of more than one 

of these masters, which are difficult to design and quite expensive. 

In this work, we present a user-friendly method to generate micrometer-sized lipid bilayers 

patterns containingtethered ligands. This method is based on alow cost one-photon lithography 

technique35that has also the advantage of its relative simplicity in comparison to conventional 

electron beam- andphoto-lithography21, 36opening the possibility of exploring a wide variety of 

biological processes involving cell-cell local interactions. 

Standard photolithography consistsof lighting through a mask a photosensitive resist that has 

been deposited on a substrate surface. As a consequence of the exposition, the resist may either 

become soluble or insoluble in a particular solvent. Whereas a small wavelength allows 

achieving higher precision, in practice many of the main micromachining technologies are 

basedon optical lithography, which exploits a spectral band between 300 and 450 nm37. 

In a previous work,Costantino et al38focusedan ultrafast laseron a film of a photopolymerizable 

resin deposited onto a coverslip to locally trigger the photon-induced polymerization of the resin. 
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The size of the polymerized region was limited by diffraction to~1 m.To generate a master for 

lithography, the laser was scanned onto the resinfilm following a user-designed trajectory in 

which the laser is set toswitch on and off when desired. Thus, the resin is only curedin those 

regions illuminated by the laser and the non-polymerized resin can be simply washedaway. This 

technique allowed the fabrication of micrometer-sized patterned surfaces with dimensions 

limited by diffraction,that can be further used as molds for poly(dimethylsiloxane) (PDMS) 

stamps38.Following this initial work, Kunik et al 35showed that a similar photoreaction could be 

triggered using a standard one-photon excitation laser at very low power.The polymerization 

efficiency depended on both the laser power and the scanning speed.Moreover, they also 

proposed that the addition of a fluorescent dye improves this efficiency. 

In this work, we used one-photon lithography to generate patches of 

biomembranescontainingsmall amounts of biotinylated lipidsthat allow incorporating selected 

proteins throughstreptavidin-biotin interactions. We assessedthemobility of membrane 

components using advanced fluorescence microscopy techniques and illustratethe potential 

applications of this new method showingthe response of cells expressing Fas receptor 

(FasR)interacting with lipid-patches containing an agonist antibody against FasR. Fas-mediated 

apoptosis is one of the most studied mechanisms of programmed cell death and has important 

implications in tissue homeostasis, immune responses and development39. Fas (also named APO-

1; CD95) is a type I-membrane protein,member of the tumor necrosis factor receptor 

superfamily. The establishment of a cytotoxic synapse18  through the  interaction of Fas in the 

target cell andthe physiological membrane ligand on a T lymphocyte, triggers the receptor 

oligomerization followed by the formation of death inducing signaling complex (DISC) and 

subsequent apoptosis40.  
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Materials and Methods 

Micro-Contact Printing 

Masters for µCP were fabricated by one-photon lithography35. Briefly, a drop of the UV-cure 

adhesive NOA86 (UV-curing adhesives, NorlandProducts, Cranbury, NY, USA) was placed on 

top of a microscope slide. The polymerization of the adhesive was performed either in a 

lithographer (TOLKET SRL, Buenos Aires, Argentina) or a confocal microscope (FV1000, 

Olympus, Japan) using a 405 nm diode laser (200 µW) focused with a 10X NA 0.4 microscope 

objective.The confocal setup we used did not have a motorized stage and thus, the size of the 

patterned-area was limited to the scanning area of the microscope. Therefore, we used the 

lithographer in those cases in which we required bigger patterned areas (~10 mm). The 

lithographer also hasthe advantage of allowing generating irregular, user-designed patterns that 

could not be easily programed with the software of the FV1000 confocal microscope. The 

masters including arrays of dots were fabricatedin a confocal microscope (FV1000, Olympus 

Tokyo Japan) illuminating each dot during1 s whereas lines were obtained scanning the sample 

at 1600 µm/sin the lithographer.Samples were rinsed with acetone and isopropyl alcohol to 

remove residual adhesive. PDMS stamps were obtained by pouring Sylgard 184 prepolymer 

(Dow Corning, Midland, MI, USA) with cross-linker in a 10:1 ratio, degassing in a vacuum, and 

curing 4 hs at 60°C. Then, the elastomer was peeled off the master glass coverslip. The stamp 

was inked with 1 mg/ml bovine serum albumin (BSA)(Sigma Aldrich St. Louis, MO, USA) and 

pressedagainst a coverslip for 10 min to transfer the protein onto the glass. Finally, a home-made 

chamber was glued onto the coverslip.  

Generation of supported lipid bilayers 
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SLBswere prepared by the vesicle fusion method16. Briefly, 

dioleoylphosphatidylcholine(DOPC):cholesterol (Chol) (Avanti Polar Lipids, Alabaster, AL, 

USA)were dissolved in chloroform:methanol 2:1 at a proportion DOPC:Chol75:25mol:mol. This 

sample was supplementedwith 0.25 mol% of 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(biotinyl) (PE-B), 2 mol% of phosphatidylserineand either the 

fluorescent lipid analogue 3,3′-dilinoleyloxacarbocyanine perchlorate (DiO-C18) or1,1′-

dihexadecyl-3,3,3´,3´-tetramethylindocarbocyanine perchlorate(DiI-C16) (Molecular Probes, 

Eugene, OR, USA)when specifically stated. The concentration of fluorescent lipid was 0.1 and 

0.01 mol% for imaging and for FCS experiments, respectively. Lipids were sequentially dried 

under a nitrogen flux and under vacuum for 3 h and rehydrated to a final concentration of 1mM 

in phosphate buffered saline (PBS). Then, lipid samples wereresuspended by vortexingand 

sonication to obtain small unilamellar vesicles which were further supplemented with 0.01 M 

CaCl2. The lipid suspension was applied onto the printed coverslip and incubated for 1 minute. 

Binding of proteins to SLBs 

SLBs were incubated for 30 min with 1 µg/ml streptavidin(Molecular Probes, Eugene, OR, 

USA) for confocal imaging. Samples werewashed thoroughly to remove unbound streptavidin 

and sequentially incubated for 30 min with 1 µg/ml biotinylated primary anti-Fas 

antibody(AbCam, Cambridge, MA,) and 1 µg/ml secondary antibody (Anti-Mouse IgG-

AlexaFluor 546, Molecular Probes, Eugene, OR, USA) with washing steps after each incubation. 

For z-scan fluorescence correlation spectroscopy (z-scan FCS) measurements,SLBs were 

incubated for 30 min with 0.01 µg/ml mM streptavidin-AlexaFluor 555 (Molecular Probes, 

Eugene, OR, USA) and 0.01 µg/ml of biotinylatedanti-Fas antibody (AbCam, Cambridge, 

MA)when explicitly stated. 
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Confocal imaging 

Confocal imaging was performed in a laser scanning confocal microscope Olympus 

FV300(Olympus, Japan) using a 60X NA 1.3 oil-immersion objective. DiO-C18 and AlexaFluor 

555 probes were excited using the488 nm Ar laser lineand a 543 nm He-Ne laser, respectively. 

The lasers power at the sample was set to 13 W. Fluorescence was collected at 510-540 

nm(DiO-C18) and 565-610 nm (Alexa-Fluor 555).  

Fluorescence recovery after photobleaching (FRAP) 

FRAP measurements41were carried outina FV1000confocal microscope (Olympus, 

Japan)using a 60X NA 1.4 oil-immersion objective. A circular region(radius =3m) was 

photobleachedby repetitively scanning the laser (20W) for 20 s. The laser power was then 

decreased to 6W and fluorescence recovery was followed by repetitively imaging a ROI 

containing the photobleached region at 0.1 frames/s. The intensity at the bleached region was 

corrected for photobleaching during imaging and used to construct the recovery curve as 

described previously42, 43.  The following, empirical equation was fitted to the recovery curve: 
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whereFi is the intensity prior to the photobleaching step, F0 the fluorescence intensity 

immediately after photobleaching and F∞ is the intensity at the end of the FRAP experiment. 

Mf values reported in this work are the mean  standard error obtained from 6 independent 

measurements.   



 8

 

Z-scanFluorescence correlation spectroscopy 

FCS measurements were performed in a FV1000 confocal microscope with the detector set in 

photon counting mode using a 60X NA 1.4 oil-immersion objective. The laser power was set to 

9.7 µW and 3.5 µW for 488 and 543 laser lines, respectively.Datawere collected at a frequency 

of 100000 Hzduring 18 s.The normalized autocorrelation function was calculated as: 
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where I(t) is the fluorescence intensity and  is a lag time.  

The diffusion coefficients (D) of both lipids and membrane-bound proteins were determined by 

the z-scan method44, 45. Briefly, we measured fluorescence autocorrelation function at different 

positions along the optical axis (z axis) with a step-size of 300 nm. We fitted the experimental 

autocorrelation data measured at each ziposition with the following expression46:  
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whereτDiand Ni represent the diffusion time and mean number of fluorescent molecules in the 

observation volume measured at zi, respectively. 

The diffusion coefficient was obtained by fitting the experimental data with the following 

expressions45:  
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where λ is the wavelength of the excitation light, Z=zi-zo, zo is the membrane position, ω0is the 

beam waist at the focus and No is themean number of fluorescent moleculeswhenZ= 0. 
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D values reported in this work are the mean  standard errorobtained from at least 10 

independent measurements.   

Cell treatments 

Subconfluent 293 HEK cells were transiently transfected with FasR-eGFP plasmid (gently 

provided by Petra Schwille, Max Planck Institute of Biochemistry, Martinsried, Germany). After 

24 hrs, cells were trypsinized, pelleted by centrifugation,resuspended in fresh medium and 

placed ontothe patterned-supported bilayers. Cells were incubated at 37°C for 3 to 6 hours in 

DMEM (Life Technologies, Carlsbad, CA, USA)with 10% fetal bovine serum (Life 

Technologies, Carlsbad, CA, USA). 

 

Results and Discussion 

Micro-patterned surfaces generated by one photon lithography   

We followed the one-photon lithography procedure describedin Materials and Methods to 

generate masters with dots sizing 2 to 20 µm or lines with widths of 10 µm. Briefly, a drop of the 

adhesive NOA86 was placed over a standard microscope slide and the sample was scanned with 

a 405 nm laser as described in Materials and Methodsto trigger thepolymerization of the 

adhesivein the selected areas.PDMS stamps obtained from these masters were incubatedwitha 

BSA solution and brought into contact with a clean coverslip to transfer the protein and passivate 

the surface. After this procedure, unilamellar vesicles of DOPC:Chol (75:25) mol:mol, 

containing small amounts of the fluorescent probe DiO-C18 were added to the treatedcoverslips 

(Figure 1A). 

Figure 1Bshows representativeconfocal images of a small region of the lipid bilayer patterns 

with different designs;the patterned area covered 1 cm2 and the design was repeated 
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homogeneously.The SLB selectively assembled onto regions of clean glass avoiding the 

passivated regions of the surface. The fluorescence intensity at the lipid bilayer spots was 2 

orders of magnitude higher than that of the background confirming the efficiency of the 

passivation process.  We analyzed the size and intensity distributions of patterned bilayers and 

observed that the size of the features were reproducible with a 5-8 % precision whereas their 

intensity varied in 21-25 % (see also Figure S1). 

 

 

Figure 1.Generation of micrometer-sized patterns of supported lipid bilayers (A) Schematic 

diagram of the micro-contact printingprocedure used to generate SLB patterns.Adrop of a UV-

cure adhesive is placed on top of a microscope slide and homogeneously distributed.Then, the 

laser is scanned to trigger the photopolymerization of the adhesive in those regions selected by 

the user. After removing the unpolymerized resin by washing, PDMS is cured onto this master 

for 4 hs at 60°C and then peeled off to generate the stamp. This stamp is passivated withbovine 

serum albumin for 15 min. and appliedonto a coverslip to transferthe protein.Finally, small 

unillamelar vesicles are added onto the coverslip to form SLB patterns in those regions free of 

protein.The black circle shows a zoom-in scheme of the patterned bilayer(B)Confocal images of 
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patterned SLB ofDOPC:Chol (75:25mol:mol), DiO-C18 0,1mol%. The size and shape of the 

design was controlled from the confocal microscope software as indicated in the text. Scale bar, 

20 m. 

 

In order to assaywhether this methodologyallows generating a patterned surface functionalized 

with ligands of biological interest we used abiotin-streptavidin-biotin “sandwich” conjugation 

protocol47 depicted in Figure 2A to include in the patches an anti-Fas antibody known to act as a 

model ligand for the death receptor Fas48, 49. With this aim, we generated patterned SLB that 

included a small amount of a biotinylated lipid and sequentially added streptavidin and 

thebiotinylatedanti-Fas antibody as described in Materials and Methods. Toverify that the 

antibody was efficiently incorporated in the SLB, we used anAlexa 546-labeled secondary 

antibody and simultaneouslyobserved the fluorescence of the DiO-C18 and Alexa 546 probes as 

described in Materials and Methods. Figure 2B shows a clear colocalizationof these probes. 

Control experiments in which we did not include either the biotynilated lipid, streptavidin or the 

primary antibody did not show significant fluorescence in the red channel showing that these 

results were notconsequence ofunspecific binding of the secondary antibody(Figure S2). 
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Figure 2.Generation of patterned SLBs containing anchored proteins (A) Schematic 

representation of the incorporation of agonist antibodies tethered to the SLB through a biotin-

streptavidin linker. The fluorescent, secondary antibody was included in the membrane to assess 

the incorporation of the primary antibody (B) Confocal images of the patterned SLBs obtained 

simultaneously for DiO-C18 and AlexaFluor 546 probes as described in Materials and Methods. 

Scale bar, 20 µm. 

 

Mobility of biomolecules within SLB patterns 

A robust method for SLB patterning requires that molecules within patterns presentlateral 

motilities similar to those expected for a fluid membrane. Thus, we explored the fluidity of SLB-

patches using two complementaryfluorescence microscopy approaches.  

We first performed FRAP experiments to determine the mobile fraction of the fluorescent 

membrane probe DiO-C18 within SLBs micrometer-sized dots(Figure 3). Performing FRAP 

experiments in such a confined area complicates the calculation of the immobile fraction since 

the recovered intensity also depends on the available pool of remaining fluorescent molecules. 

Thus, we constructed a pattern of connected dots that guarantees a continuous supply of 

fluorescent molecules into the bleached area. We should point out that it is not possible to 

quantitatively recover the diffusion coefficients of the fluorescent molecules using this 

experimental approach since the kinetics of the recovery will be limited by the connection 

between dots. Thus, it is not possible to analyze the data with theoretical models that consider a 

continuous and homogeneous biomembrane42, 43. 

The mobile fraction determined from these FRAP experiments was87 4 %indicating thatmost 

molecules freely diffuse within the bilayer.  
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Figure 3.Assessing the mobility of biomolecules in patterned SLBs by FRAP experiments (A) 

Confocal image of patterned SLB containing the probe DiO-C18. Fluorescence in a 3 µm 

diametercircular spot was bleached as described in Materials and Methods and the laser power 

was diminished to observe the recovery of fluorescence acquiring images at 0.1 frames/s (B) 

Representative images during the recovery process. The recovery curve was obtained as 

described in the text and fitted with a bi-exponential function (continuous line). The mobile 

fraction was calculated as mentioned in Materials and Methods.  Scale bar, 5m. 

 

Wefurther explored the dynamics of molecules at the centre of 10 m SLB dots using z-scan 

fluorescence correlation spectroscopy.This calibration free- method is used to explore the 

mobility of biomolecules included in membranes since itovercomes the need for exact vertical 

positioning of the confocal volume FCSmeasurements in planar lipid systems46, 50, 51. 
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thosemeasured in homogeneous bilayers of the same compositions (~ 1.2 µm2/sec)45, 52 indicating 

that the confinement of molecules within the patterned-bilayers did not affect their mobility. In 

addition, the diffusioncoefficients of the tetheredproteins were not significantly different from 

that measured for the membraneprobe suggesting that the membrane viscosity limits the mobility 

of the proteins in the patterned SLB as was verified in both giant unilamellar vesicles and 

SLBs45, 53, 54.These results show that the fluidicbehaviour of the patterned-SLB is similar to those 

obtained for extended biomembranesbut they also provide themicrometer-scale confinement 

required for controlled localization of stimuli. 

 

Interactions of cells expressing Fas receptors and SLBs patches with tethered FasR 

agonist. 

To test the biocompatibility and potential uses of the patterned SLBs, we prepared bilayers 

spotsor lines sizing 2 to 6m containing the primary agonist antibody previously mentioned that 

acts as a model ligand for the death receptor Fas48, 49. 

Then, we added HEK cells transfected with FasR-eGFP in the observation chamber and let 

them attachonto the surface.The morphology of the cells attached to the patterned SLBs was 

similar to that observed for cells plated onto clean coverslips (Figure S3). After 3-6 hs, we 

observed that Fas receptor redistributes within the membrane presenting higher concentrations in 

specific regions thatcolocalized with the Fas agonist pattern. These results provide evidence of 

the specific interaction between FasR and its agonistat the specific lipid bilayer patches(Figure 

5A). In contrast, control SLBs in which the addition of the primary antibody was omitted did not 

induce the formation ofFasR clusters. 
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pairs among other signalling molecules55in a micrometer and submicrometer region of the cell 

membranes9, 18. We now know that this synapse is a key element to coordinate the final cellular 

response in relevant processes such as development, homeostasis and cellrepair56, 57, 58. 

In recent years, several efforts have been made to generate synthetic micrometer-sized surfaces 

that mimic the natural antigen-presenting region of a cellmembrane21, 59, 60. Furthermore, 

immunotherapeutic strategies that include the use of such artificial antigen-presenting 

membraneare nowbeing explored as treatments for clearing pathogens in a wide range of 

diseases, including HIV infection, cancer and autoimmunity2, 61, 62, 63.   

During the past decade, micro- and nano-scale patterning techniques have been used to 

generate surfaces containing immobilized ligands64, 65. Despite these approaches failing to 

reproduce a very important membrane property, i.e. the lateral diffusion of its components, they 

were very useful to show that the confinement of the ligand to a surface determines adifferent 

response in the interacting cell. However, several evidences also indicate that cell response is 

intimately related to the ligand mobility3, 12, 66. For example, Ketchum et al. 12 has explored the 

response of B cells to antigens adsorbed on glass or tethered to planar lipid bilayer surfaces and 

found that both antigens were able to form clusters of receptors however, B cells interacting with 

mobile ligand displayed greater signaling than those interacting with immobile antigens. In the 

same direction, Hsu et al.67 showed that the mobility of ligands anchored to supported lipid 

bilayers modulates the immunological synapse formation and T cells activation. In the last year, 

micropatterningtechnologysuch as photo-36, and electron beam-lithography68followed by micro-

contact printing or polymer lift-off21have offered broad possibilities in the field since they 

allowed engineering a bilayer of controlled composition and mobility containing user-

selectedanchored biomolecules.Unfortunately, these methods normally include time-consuming 
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protocols and require expensive reagents in addition to special lithography facilities limiting the 

potential applications  

In this work, we presented asimple and low-cost approachthatallows the generation of 

functionalized surfaces of controlled composition and fluidityusing only a rudimentary laser-

scanning microscope.The method constitutes an easy-to-follow protocol to construct a large and 

reproducible array of micrometer-sized lipid bilayer motifs of user-defined size and geometry. 

In addition,the same setup (i.e. a confocal microscope) could be used for generating the master 

and performing the microscopy observations of the sample speeding up experiments. New 

masters with user-designed patterns can be easily generated in a matter of a dayin contrast to the 

long procedure involving several steps required in classical lithography techniques such as 

plasma oxidation or reactive ion etch, involved in the modification and cleaning of silicon and 

PDMS surfaces31, 33, 52. Also, it is not necessary to silanize the masters52 since in our case they 

are prepared directly onto the glass slide.  

These advantages are particularly important for research groups out of central countries where 

access to clean room facilities is difficult and lithography masters normally are brought from 

abroad introducing a delay in the natural evolution of the research lines. 

SLBs patches obtained with this methodologyhave fluid properties comparable to those of 

biological membranes. We also showed that it is possible to generate SLBs patterns 

presentingfunctional ligands. Moreover, cells could attached to these patterns, grow normally 

and their membrane reorganized in response to the SLB-tethered ligands. 

We believe that the simplicity of this new patterning method makes it extremely versatile and a 

promising tool to explore cell signaling processes involving cell-cell interactions. In addition, 

SLB patterns decorated with proteins of interest tethered to the bilayer through the biotin-
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streptavidin linker could be incorporated in biosensor devices for diagnostics and drug screening 

purposes69, 70, 71. 
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