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The study of cellular responses to changes in the spatial distribution

of molecules in development, immunology and cancer, requires

reliable methods to reproduce in vitro the precise distributions of

proteins found in vivo. Here we present a straightforward method for

generating substrate-bound protein patterns which has the simplicity

required to be implemented in typical life science laboratories. The

method exploits photobleaching of fluorescently tagged molecules to

generate patterns and concentration gradients of protein with sub-

micron spatial resolution. We provide an extensive characterization

of the technique and demonstrate, as proof of principle, axon

guidance by gradients of substrate-bound laminin peptide generated

in vitro using LAPAP.
Microfabrication techniques are increasingly being applied to refine

cell culture methods in order to precisely reproduce in vitro, the

spatial distributions of proteins found in vivo during key events in

development.1 Nevertheless, the technical challenges of fabricating

effective biomimetic protein patterns using existing methods have

restricted the use of these new technologies. Here we report a rela-

tively simple technique to tailor arbitrary protein patterns at subcel-

lular resolution that can be implemented using readily available

reagents and equipment typically used in life science research labs.

Precise distributions of extracellular proteins are crucial for cellular

responses in a myriad of processes that include migration, differen-

tiation and ultimately tissue organization.2–5 During neural develop-

ment, axonal growth cones extend and retract filopodia and

lamellipodia to determine the path and speed of process extension in

order to appropriately wire the nervous system. Several families of

guidance cues including netrins, semaphorins, slits and ephrins have

now been identified. These bind to specific receptors presented by

axonal growth cones which trigger signal transduction pathways that

direct cytoskeletal remodeling.6,7 Neuronal responses to these guid-

ance cues are being investigated biochemically; however, many of the

precise details of the pathfinding mechanisms remain elusive, in part
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due to the lack of adequate in vitro assays to mimic the responses

made by growth cones in vivo.

Several methods have been used to investigate protein gradient

function in vitro. Passive procedures include Boyden, Zigmond and

Dunn chambers, however limitations of all these methods are their

inability to maintain a stable gradient over periods of several hours to

days and major limitations in their capacity to tailor gradients with

specific spatial profiles. The simplicity of generating gradients puffed

from a micropipette has made them a convenient tool to study axon

guidance,8,9 but the concentration and shape of gradients produced

with this assay have shown important instabilities.10 Other methods

to mimic gradients of membrane or extracellular matrix proteins to

study axon guidance were limited in their capacity to reproduce the

small scale and steepness of gradients present in vivo.11,12 In addition,

the deposition of nanodrops of protein solution13 and several

microfluidic devices14,15 have also been successfully used to produce

gradients, however the requirement for specialized equipment has

restricted the use of these methods in subsequent biological studies.

Recently, gradients of ephrinA5 were fabricated by soft lithography,

changing protein spot densities to influence axon extension of retinal

neurons.16 While this method provides precise and reproducible

graded patterns at a macroscopic scale across a few tens of

micrometers, it is limited by the fact that the concentration of protein

present in each spot remains constant across the entire gradient, and

the distribution is only graded in terms of spot size and density.

Finally, gradients can also be obtained by varying nanoparticle

spacing on a substrate via self-assembly of micelles17 or using

a miniature squeegee.18

Photonic techniques offer an alternative,19,20 but generally require

the use of UV-lasers and specific chemical cross-linkers that are not

commercially available. By contrast, in the approach we describe

here, fluorescently tagged molecules are bound to glass substrates by

photobleaching the dye molecules. Previous reports of this

phenomenon used Hg lamps and large scale photomasks to cova-

lently bind biotin-4-fluorescein (B4F) to BSA adsorbed on a glass

surface and thereby generate patterns of substrate-bound protein.21

Biotin binds to BSA via the generation of free radicals after fluores-

cein photobleaching and this mechanism was tested by varying the

oxygen concentration of the buffer solution.21 However, like the soft-

lithography approach,16 the concentration of substrate-bound

protein remained constant within the patterned surfaces.

For the approach we have developed here, laser assisted protein

adsorption by photobleaching (LAPAP), B4F is adsorbed to a BSA

coated glass substrate using a visible Argon or diode laser and is used

as a scaffold to bind protein, and potentially multiple different

proteins. In this first step of the protocol, custom patterns of substrate
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bound biotin are produced by moving the focal spot of the laser with

respect to the surface. Moreover, since the intensity of the laser illu-

mination regulates the amount of proteins bound to the substrate, the

concentration of protein deposited on cell culture substrates can be

controlled. The spatial resolution of the technique is determined by

the diffraction limit size of the laser focus and the precision of the

motorized translation stage. The macroscopic size of the overall

pattern is only limited by the size of the surface to be patterned and

the range of the motorized microscope stage. The final density of

protein linked to the substrate is determined by the total amount of

energy applied during photobleaching. Therefore, the scanning

velocity, the solution concentration and the intensity of the laser

regulate the dynamic range of the amount of proteins that can be

linked to the substrates.

Typically, after the laser-adsorption of B4F, the second step is to

incubate streptavidin on the sample, which binds to the patterned

biotin. For the final step, multiple options are available: either bio-

tinylated peptides or a set of biotinylated antibodies or proteins can

be added to the substrate to produce spatially definite patterns of

substrate bound, biologically active protein. The full procedure is

depicted in Fig.1.
Fig. 1 Examples of protein gradients and patterns obtained by LAPAP

and setup. (a) Schematic of the B4F, streptavidin and biotinylated peptide

combination required to produce functional protein patterns. B4F is first

adsorbed by LAPAP to a BSA-coated substrate, next streptavidin is

incubated on the sample and finally a biotinylated peptide is added to

produce functional gradients. (b) The simple patterning apparatus includes

a blue diode laser, a microscope objective and motorized translation stages

to move the sample with respect to the focal spot. (c) Continuous gradient

of streptavidin-Cy5 produced by changing both the laser intensity and the

velocity of the focal spot displacement. (d) Streptavidin-Cy5 miniature

reproduction of Vermeer’s Girl With a Pearl Earring that demonstrates the

flexibility and dynamic range of the technique. (e) Gradients of rabbit anti-

laminin with the same shape as that shown in (c), immunostained using

Alexa 594 goat anti-rabbit IgG. To produce and visualize these gradients,

B4F was first adsorbed by LAPAP, followed by 4 subsequent incubation

steps: streptavidin, biotinylated anti-rabbit IgG, rabbit anti-laminin and

Alexa 594 goat anti-rabbit IgG.
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The LAPAP setup consisted of a 473 nm diode laser (Laserglow,

ON, Canada), a motorized xyz translation stage (Thorlabs, NJ) and

a 60x 1.2 NA water immersion objective (Olympus, Japan). The

movement of the motorized stage and laser intensity were controlled

by a custom-made Labview (National Instrument, TX) program. A

solution of 3% bovine serum albumin (BSA) was added for 20 min to

minimize non-specific protein adsorption in 10 mm microwell culture

dishes (MatTek Corporation, MA). A 40 mL drop of 50 mg/mL of

B4F (Anaspec, CA) in 3% BSA was placed on the surface of glass-

bottom culture dishes before performing the photobleaching process.

The total number of gradients on a culture dish was user-defined and

depending on the complexity of shape and slope of the gradient,

approximately 30 s to 3 min were required to generate each gradient.

The B4F solution was then rinsed with PBS and then incubated

with 5 mg/mL streptavidin-Cy5 (Invitrogen, CA) in 3% BSA solution

for 30 min. To produce functional peptide gradients, 5 mg/mL of

a biotinylated peptide (CSRARKQAASIKVAVSADR, commonly

named IKVAV peptide) in 3% BSA was then incubated on the

microwell plate for 25 min. Fig. 1a and Fig. 1b present schematics of

gradients obtained using biotinylated peptides and of the patterning

setup.

Various examples of protein gradients and patterns fabricated

using LAPAP are shown in Fig. 1. Panel 1c illustrates a gradient of

streptavidin-Cy5 composed of 100 lines 50 mm in length, spaced by 1

mm. The first 60 lines were made at a constant laser scan velocity of 50

mm/s and increasing laser intensity incrementally from line to line

from 0.5 to 160 mW. A constant intensity of 160 mW and a sequen-

tially decreasing line scan velocity (from 49 to 5 mm/s) were used for

the final 40 lines.

Additionally, using biotinylated antibodies, patterns of specific

antigens can be fabricated. To create full protein gradients (in this

case using antibodies against the extracellular matrix protein laminin-

1), the peptide incubation step is replaced by three 30 minutes steps of

biotinylated anti-rabbit IgG (5 mg/mL), followed by rabbit anti-

laminin (5 mg/mL) and then Alexa 594 goat anti-rabbit IgG (20 mg/

mL). The first biotinylated antibody is used to link the target protein

(rabbit anti-laminin) to the substrate. The fluorescently tagged IgG is

then used to visualize the distribution. Fig. 1e illustrates several

gradients of rabbit anti-laminin revealed with the Alexa 594 goat anti-

rabbit IgG, all created using the same parameters as for the gradient

shown in Fig. 1c. Finally, the flexibility and precision of this method

to fabricate substrates with a wide dynamic range of adsorbed protein

concentration is demonstrated by reproducing a 200 � 293-pixels

image of Vermeer’s ‘‘Girl With a Pearl Earring’’ (Fig. 1d). Each pixel

from the image scales to 1mm2 on the pattern.

To characterize the dynamic range of LAPAP as a function of laser

power, an analysis of photobleaching dwell time compared to B4F

concentration was performed. Lines were first scanned at different

beam focus velocities from 200 to 2 mm/s and we compared the

fluorescence intensity present in different regions of the pattern

generated while assuming a linear relationship between fluorescence

signal and protein concentration. We applied a simple model where

the adsorption rate of B4F is proportional to the available B4F-free

surface within the area delimited by the focal spot of the laser.

Therefore, the adsorbed protein concentration (q) as a function of the

laser dwell time (t) behaves exponentially: q ¼ qmax(1-e�t/t), where

qmax is the maximum protein concentration that can be adsorbed and

t is a characteristic time constant. As shown in Fig. 2a, protein
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Fig. 2 Characterization of the patterning method and growth cone guidance assay. (a) Adsorbed protein concentration as measured by fluorescence as

a function of beam dwell time shows an exponential behavior. The inset shows one of the 10 patterns created to produce this graph. (b) Adjusting the

laser power allows the user to modulate the protein concentration range over more than two orders of magnitude. Maximum protein concentration is

reached at approximately 160 mW. (c) By varying the concentration of B4F, we show that bound protein concentration follows a Langmuir isotherm. (d)

An example of axonal guidance by a gradient of IKVAV peptide. DRG neuron stained with Alexa 546 in green and laminin peptide gradient visualized

by streptavidin-Cy5 in red. The red arrow points to the direction of increasing concentration. The green circular spot in the middle of the gradient is

debris resulting from tissue dissection. This neuron was scored as guided. (e) Axonal response on laminin peptide gradients and on control samples.

Axons were considered ‘‘guided’’ if they traveled along the gradient’s positive slope, and ‘‘non-guided’’ when they traveled in the opposite direction.
concentration was well modeled by this function yielding a time

constant of 0.14 s.

The amount of substrate bound protein was found to increase with

laser power from 1.9 to 160 mW when using a 1.2 NA objective. For

laser intensities beyond this threshold a plateau can be observed in

protein concentration up to an intensity of 3.1 mW, likely due to

photobleaching saturation (Fig 2b). The protein concentration as

a function of B4F solution concentration follows a Langmuir

isotherm (Fig 2c).

To test the biochemical activity of the peptide gradients generated,

dorsal root ganglion (DRG) cells isolated from E15 Sprague Dawley

rat embryos were grown on gradients of a laminin fragment that has

been previously demonstrated to be sufficient to evoke axonal growth

cone turning by these cells19 (Fig 2d). Dissociated DRG cultures were

cultured in neurobasal supplemented with 2% B-27, 2 mM Gluta-

MAX-1, 100 unit/mL penicillin, 100 mg/mL streptomycin, and 50 ng/

mL NGF. Before LAPAP, the substrates were coated with poly-D-

Lysine (2 mg/mL) for 10 min to promote attachment of the neurons to

the coverglass. DRG cells were grown on IKVAV gradients and also

on control samples where the laminin peptide was replaced by B4F (5
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mg/mL). After 24 to 36 hours, the cultures were fixed in 4% para-

formaldehyde and neurons were immunostained using 0.8 unit/mL

Alexa 546 coupled phalloidin and 500 ng/mL Hoechst 33258.

In order to quantify the behavior of growth cones on the peptide

patterns, the samples were imaged using fluorescence microscopy and

analyzed. Axons were counted as ‘‘guided’’ if they entered the

patterned area and traveled up the gradient, and as ‘‘non-guided’’ if

they traveled down the gradient before exiting the pattern. The

images were randomly numbered and analyzed by an observer blind

to the experimental conditions, i.e. unaware if the sample substrate

consisted of IKVAV peptide or were controls (Fig. 2e). The number

of axons extending in the positive direction on the IKVAV gradient

was three times greater than the number turning in the opposite

direction. On control substrate, axons showed no preferential direc-

tion. Fig. 2d illustrates an example of an axon that was scored as

turning and extending up a gradient of the IKVAV peptide. Fig. 2e

shows the cumulative results of a total of 400 gradients (200 controls

and 200 IKVAV peptides), on which 30 axons were identified and

scored as having encountered a gradient, independent of interactions

with other cells. Both continuous gradients as in Fig. 1c (400 in total)
This journal is ª The Royal Society of Chemistry 2008



and gradients composed of separated lines (694) to reduce fabrication

time were patterned. Line gradients consist of 11 lines of a 100 mm

length spaced by 10 mm with a measured thickness of 1.26� 0.07 mm.

A six-fold reduction in the fabrication time of the discrete gradients

allowed doubling of the covered area as compared to continuous

gradients. The guiding capacity of each type of gradient, continuous

and spaced, was quantified independently and no guidance observed

on the striped pattern for 131 growth cones. In addition, the total

number found on the peptide patterns doubled the number of those

on control samples (considering the 1094 patterns).

As compared to conventional assays, LAPAP can create protein

patterns that have a resolution close to one micron (1.26 � 0.07 mm

for the 1.2 NA objective used), their spatial distribution is arbitrary

and their full size is only limited by the range of travel of the stage

used. The simplicity of LAPAP allows for straightforward imple-

mentation on a motorized confocal microscope, with only software

customizations. Moreover, the fact that laser light does not interact

with the final protein patterned, eliminates the chances of protein

photodamage as compared to other photonic techniques.19 Fabri-

cated gradients remain stable over extended periods of time as we

have found that they can still be visualized after more than three

months of storage at 4 �C. Finally, by varying beam dwell time and

solution concentration, it is possible to change the amount of protein

bound by an order of magnitude for each parameter (Fig. 2a and c).

Manipulation of the laser power provides additional control, readily

providing the ability to vary the fluorescence from the bound protein

by over two orders of magnitude (Fig. 2b). By combining adjust-

ments of the laser power and dwell time we show that the range of

bound protein can be extended by three orders of magnitude (ESI

Fig. S1†). Furthermore, minimizing non-specific binding of proteins

to the substrate could further increase this range.

The studies presented demonstrate the versatility and potential of

this simple approach. Nevertheless, chemotaxis in a living organism

implies complex distributions of a plethora of guidance cues and to

understand and manipulate this requires a means to generate more

complex protein distributions and combinations. Our current studies

aim to extend LAPAP to link more than one guidance cue by

increasing the number of fluorescent tags and laser lines, and addi-

tionally to carrying out functional chemotaxis assays using full-length

proteins.

In conclusion, we report a novel assay for precise and flexible

generation of protein distributions on cell culture substrates. LAPAP
This journal is ª The Royal Society of Chemistry 2008
provides a relatively straight forward method that allows the gener-

ation of graded distributions of substrate bound protein at subcellular

levels of resolution.
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