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SUMMARY:  35 
Our overall aim is to understand how cells sense extracellular cues that lead to directed axonal 36 
growth. Here, we describe the methodology of Light-Induced Molecular Adsorption of Proteins, 37 
used to produce defined micro-patterns of extracellular matrix components in order to study 38 
specific events that govern axon outgrowth and pathfinding. 39 
 40 
ABSTRACT:  41 
Cells sense a variety of extracellular cues, including the composition and geometry of the 42 
extracellular matrix, which is synthesized and remodeled by the cells themselves. Here, we 43 
present the method of Light-Induced Molecular Adsorption of Proteins (LIMAP) using the PRIMO 44 
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system as a patterning technique to produce micro-patterned extracellular matrix (ECM) 45 
substrates using a single or combination of proteins. The method enables printing of ECM 46 
patterns in micron resolution with excellent reproducibility. We provide a step-by-step protocol 47 
and demonstrate how this can be applied to study the processes of neuronal pathfinding. LIMAP 48 
has significant advantages over existing micro-printing methods in terms of the ease of 49 
patterning more than one component and the ability to generate a pattern with any geometry 50 
or gradient. The protocol can easily be adapted to study the contribution of almost any chemical 51 
component towards cell fate and cell behavior. Finally, we discuss common issues that can arise 52 
and how these can be avoided. 53 
 54 
INTRODUCTION:  55 
In recent years, the biological sciences have increasingly made use of the advances provided by 56 
material sciences. One prominent example is the micro-patterning of substrates, which can be 57 
used to study cellular responses such as cell proliferation1,2, differentiation3-6, cell migration7-9 58 
and pathfinding10,11. There are a number of techniques available that enable the micro-patterning 59 
of substrates, such as multiphoton excited photochemistry12, AFM dip-pen nanolithography13, 60 
pin and inkjet direct printing14, electron beam lithography15 or microfluidics16. However, two 61 
techniques that are widely used in the biological field are microcontact printing17-19 or laser-62 
assisted patterning3 (Figure 1). Laser-assisted patterning is considered to deliver more reliable 63 
results in terms of protein and PEG stability and cell confinement on the patterns, compared to 64 
microcontact printing20. A more novel approach for micro-patterning described here is the use 65 
of Light-Induced Molecular Adsorption of Proteins21 (LIMAP, Figure 1D) using a commercially 66 
available system (PRIMO, Table of Materials). Each of the methods has advantages and 67 
limitations that are briefly described below.  68 
 69 
Microcontact printing uses PDMS molds (stamps) with desired micro-features that are generated 70 
from lithographed masters. The stamps are incubated with a chosen protein which is then 71 
transferred (stamped) onto the cell culture substrate18 (Figure 1A). Laser-assisted patterning uses 72 
UV light to cleave an anti-fouling film22-25, exposing regions that can subsequently be coated with 73 
the protein of interest (Figure 1B). While the resolution achieved with photo-patterning 74 
approaches is in the micron range25,26, most of these techniques require a photo-mask, either in 75 
contact with the sample, or situated in the object plane of the microscope objective23,27,28. The 76 
requirements for masks in both microcontact printing and photo-patterning can be a limitation; 77 
specific masks are required for every geometric pattern and size, which can be expensive and 78 
time consuming to generate. In contrast to these techniques, LIMAP does not require a mask 79 
(Figure 1D). Using the PRIMO system for LIMAP can be cost intensive at the beginning because it 80 
requires purchasing of equipment. However, open-source software is used to design patterns of 81 
any desired geometry, giving much more freedom and allowing more complex experiments 82 
including the use of protein concentration gradients. 83 
 84 
The PRIMO laser is controlled and directed by a digitally-controlled micromirror device (DMD) to 85 
create patterns in any number of user-defined geometries. LIMAP requires the culture surface to 86 
be coated with molecules that prevent cell attachment. Polyethylene glycol (PEG) is most 87 
commonly used as such an “antifouling” reagent; it forms a dense anti-adhesive film on the glass 88 
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or plastic surface29. Subsequently, a photo-initiator is added that allows the PEG film to be 89 
removed with high precision through a photoscission mechanism30 by local exposure to UV light 90 
under the control of the DMD. These PEG-free regions can be coated with proteins that adsorb 91 
to the laser-etched surface, generating a micro-pattern. By varying the laser power, different 92 
quantities of PEG can be removed from the surface allowing the user to generate protein 93 
gradients. PEG removal and the coating procedure can be repeated to create patterns with two 94 
or more distinct proteins in the same micro-well21.  95 
 96 
The generated micro-patterns provide adhesive surfaces for cells, allowing the study of cell 97 
behavior. In our studies, we use micro-patterning to study neurite or axon pathfinding of a 98 
neuronal cell line (CAD (Cathecholaminergic-a differentiated) cells31) or primary rat dorsal-root 99 
ganglion (DRG) neurons, respectively.  100 
 101 
Here, we outline a step-by-step protocol for LIMAP (Figure 2) using the commercially available 102 
PRIMO system and accompanying Leonardo software. We demonstrate how it can be used for 103 
the generation of patterns with defined geometries and multiple proteins, which we use to study 104 
axonal pathfinding. We discuss common issues that can arise and how these can be avoided. 105 
 106 
PROTOCOL:  107 
 108 
1. Design of pattern templates 109 
 110 
NOTE: Templates for patterning are generated with digital drawing software (Table of Materials). 111 
Drawing in different grey levels will determine laser intensities. Using software to design pattern 112 
templates allows rapid generation of patterns with any desired geometry and gradients (Figure 113 
3). 114 
 115 
1.1 Digitally draw the desired pattern template using drawing software. Select an image size 116 
of 1824 pixels length and 1140 pixels width (which in this study corresponds to 415 µm length 117 
and 260 µm width). Save the pattern template as an 8-bit Tiff file. 118 
 119 
NOTE: a step-by-step protocol to generate templates is available upon request to the brand who 120 
commercializes the micro-patterning equipment (Table of Materials). 121 
 122 
2. Plasma cleaning  123 
 124 
NOTE: Optimal results require plasma cleaning of the surfaces prior to patterning, which will 125 
remove all organic matter and activate the surface. In the present case, ambient air is sufficient 126 
for surface activation. A plasma cleaner (Table of Materials) was used with a process pressure of 127 
1000-1300 mTorr and a power of 29.6 W for 1-5 min. 128 
 129 
2.1 Use glass bottom dish/es with a 20 mm inner well size and glass thickness of 0.16-0.19 130 
mm. For testing multiple conditions, use a 6-well glass bottom dish. Otherwise, use a single well 131 
glass bottom dish (Table of Materials).  132 
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 133 
NOTE: A step-by-step protocol for plasma cleaning is available upon request to the brand who 134 
commercializes the plasma cleaning equipment (Table of Materials). 135 
 136 
3. Passivation 137 
 138 
NOTE: This step generates an antifouling film that prevents protein adsorption to the glass 139 
surface. PEG offers high resistance to protein adsorption29 as an antifouling agent. LIMAP uses a 140 
photo-initiator to locally remove PEG through UV photoscission. The protein/s of interest will 141 
then adsorb to these PEG-free surfaces21, generating micro-patterns.  142 
 143 
3.1 Passivation with PLL-PEG  144 
 145 
3.1.1 Under sterile conditions, cut the PDMS stencils (see Figure 4A,B and Table of Materials) 146 
to ensure they fit in the inner glass bottom well, and remove the inner micro-well fillings with 147 
sterile forceps. Stick stencils on the glass well using forceps.  148 
 149 
3.1.2 Ensure that the stencils stick tightly on the glass well, preventing the formation of air 150 
bubbles that can cause leakages during the passivation process.  151 
 152 
NOTE: PDMS stencils can also be fabricated in-house using published protocols18,32. 153 
 154 
3.1.3 Prepare PLL-PEG solution (Table of Materials, 0.1 mg/mL) in phosphate-buffered saline 155 
(PBS). Add 20 µL of PLL-PEG solution to each micro-well and incubate at room temperature, for 156 
1 h. 157 
 158 
3.1.4 Remove 15 µL of PLL-PEG from the micro-wells and wash them five times with 20 µL of 159 
PBS (Table of Materials) without letting them dry.  160 
 161 
NOTE: Always leave approximately 5 μL of PBS in between washes. Given their small volume, the 162 
micro-wells are particularly susceptible to drying. Drying will result in micro-patterns of poor 163 
quality. 164 
 165 
3.1.5 Either keep the culture dish in PBS (3 mL per well) at 4 °C for up to 3 days or continue with 166 
the next step (step 3.1.5). 167 
 168 
3.1.6 Remove 18 µL of PBS from a single micro-well (for example, the top left micro-well, see 169 
Figure 4D), add 5 μL of photo-initiator (PLPP, Table of Materials) and leave 20 μL of PBS in the 170 
remaining micro-wells. This micro-well with PLPP will be used to create a reference pattern (see 171 
Figure 4D,E) during the system calibration step (step 4). Keep PLPP protected from light. 172 
 173 
3.2 Passivation with long-lasting PEG-SVA 174 
 175 
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NOTE: To generate the anti-adhesive surface one can use: 1) a PEG linked to Poly-L-Lysine (PLL-176 
PEG, step 3.1) or 2) a PEG-succinate N-hydroxisuccinimide (PEG-SVA). The decision to choose one 177 
or the other passivation option depends on the storage options (see step 10). Culture dishes 178 
incubated with PEG-SVA require double amount of passivation and photopatterning time. 179 
 180 
3.2.1 Prepare stencils as described in step 3.1.1. 181 
 182 
3.2.2 Add 20 μL of 0.01% Poly-L-Lysine (PLL, Table of Materials) to each micro-well and 183 
incubate at room temperature for 30 min to pre-coat with PLL. 184 
 185 
3.2.3 Remove 15 µL of PLL from the micro-wells and wash them three times with 20 µL of 1 M 186 
HEPES buffer (Table of Materials) without letting the wells dry out. 187 
 188 
NOTE: Always leave approximately 5 μL of HEPES or PBS in between washes. Given their small 189 
volume, the micro-wells are particularly susceptible to drying. Drying will result in micro-patterns 190 
of poor quality. 191 
 192 
3.2.4 Prepare PEG-SVA solution. PEG-SVA solution (50 mg/mL in HEPES buffer 1M) should be 193 
prepared fresh each time immediately before use. Prepare 20 μL of PEG-SVA per micro-well. 194 
 195 
3.2.5 HEPES buffer must have a pH between 8-8.5. Test HEPES pH prior to preparing the PEG-196 
SVA solution with pH paper. Weigh PEG-SVA in a centrifuge tube using a precision scale. Add 197 
HEPES buffer and vortex 30 s until dissolved. PEG-SVA is completely dissolved when the solution 198 
is transparent. 199 
 200 
NOTE: SVA is the ester that allows binding of PEG to the previously coated PLL. Once the HEPES 201 
buffer is added to the PEG-SVA, the SVA has a half-life of 15 min and should be used immediately. 202 
 203 
3.2.6 Add 20 μL of PEG-SVA solution to each micro-well and incubate at room temperature, for 204 
1 h. Remove 15 µL of PEG-SVA from the micro-wells and wash five times with 20 µL of PBS (Table 205 
of Materials) without letting the wells dry out. 206 
 207 
3.2.7 Either prepare the culture dish for long-term storage (up to 1 month, see step 10.2) or 208 
proceed to the next step (step 3.2.8).  209 
 210 
3.2.8 Remove 18 µL of PBS from a single micro-well (for example, the top left micro-well, see 211 
Figure 4D), add 5 μL of PLPP (Table of Materials) and leave 20 μL of PBS in the remaining micro-212 
wells. This micro-well will be used to create a reference pattern (see Figure 4D, E). Ensure that 213 
PLPP is homogenous on the whole surface of the micro-well. Keep PLPP protected from light. 214 
 215 
4. System calibration 216 
 217 
NOTE: In these steps, the focus of the laser will be adjusted to the particular type of culture dish 218 
(step 4.1). A reference pattern will be generated in only one micro-well (step 4.2) followed by 219 
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incubation with a protein solution (step 4.3) to ensure the optimal focus conditions of the laser 220 
(step 4.4), necessary to obtain sharp and defined patterns. 221 
 222 
4.1 Laser calibration 223 
 224 
NOTE: During the calibration process, a calibration laser image will be projected onto a 225 
fluorescently-highlighted glass surface (calibration well, marked with a fluorescent highlighter, 226 
Figure 4C), which needs to be placed in focus on the microscope. 227 
 228 
4.1.1 Use a fluorescent highlighter (Table of Materials) to mark an empty inner glass well. 229 
 230 
NOTE: The calibration well must have the same glass thickness (0.16-0.19 mm) as the culture dish 231 
on which micro-patterns will be generated. If a 6-well glass bottom dish is being used, an empty 232 
well can be used for calibration and should be marked with fluorescent highlighter under sterile 233 
conditions. 234 
 235 
4.1.2 Switch on the microscope, the stage and the computer. Switch on the PRIMO micro-236 
patterning equipment, open Micro-manager and Leonardo software. Leonardo software is 237 
operated through Micro-manager under Plugins. Check the brands/catalogue numbers of 238 
equipment and software in Table of Materials 239 
 240 
4.1.3 In the initial menu of Leonardo, select Calibrate. Check that the dedicated PRIMO filter 241 
cube is in the correct position (optical path) in the filter turret; select the 20X objective (0.75 DIC 242 
S Plan Fluor, no phase ring) both on the microscope and on Leonardo software. 243 
 244 
NOTE: This protocol is adjusted to Leonardo version 4.4. The protocol may need adjusting for 245 
other versions. 246 
 247 
4.1.4 Position the previously highlighted calibration well (Figure 4C) above the objective. Select 248 
camera path. Adjust the objective focus until the laser projection of both the PRIMO logo and 249 
the tag line Take care of your cells are in focus.  250 
 251 
4.1.5 Leave default camera exposure time at 25 ms. Adjust the laser intensity to see the letter 252 
I from the PRIMO logo projection in grey color and the rest of the letters in white. 253 
 254 
4.1.6 Record the Z-position of the focal plane, (height of the objective to the sample) later 255 
referred to as Z-position of calibration. This will be an approximation to the optimal focus 256 
obtained after reference pattern generation (see step 4.2-4.4). 257 
 258 
4.2 Reference pattern 259 
 260 
4.2.1 Position the culture dish with the micro-well containing the photo-initiator (reference 261 
pattern micro-well, Figure 4D) above the objective and select Pattern now in the Leonardo 262 
software.  263 
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 264 
4.2.2 Visualize the edge of the micro-well with transmitted light through the camera and 265 
choose the ROI symbol from the right-hand menu. Set the diameter of the ROI circle to 4000 μm 266 
and align the edge of the digital ROI with the edge of the current micro-well.  267 
 268 
4.2.3 Ensure that there is an accurate overlap between the digital ROI and the current micro-269 
well by moving the stage around the edges of the micro-well. The ROI position will be coupled to 270 
the stage movements. 271 
 272 
4.2.4 Select Lock in Leonardo software to lock the ROI in the desired position. Switch off the 273 
transmitted light. 274 
 275 
4.2.5 Select PRIMO to upload the desired pattern template, which will be projected on the ROI 276 
as a design unit (see Figure 5). Patterns will appear in a dropdown list referred to as Actions and 277 
shown in the Actions menu on the software.  278 
 279 
NOTE: Pattern templates need to be designed previously (see step 1) and saved as an 8-bit Tiff 280 
file before loading the template in the software. 281 
 282 
4.2.6 Only a small pattern is needed for the reference pattern; for example, 3 lines, 1 column 283 
(see Figure 4E and Figure 5B). In the Replication menu, set the desired number of columns and 284 
rows (Lines in Leonardo software). Click Refresh to observe a digital preview of the pattern 285 
design. 286 
 287 
4.2.7 Set the laser dose in the Replication menu. The optimal laser dose in this setting and using 288 
PLL-PEG is 1390 mJ/mm2.  289 
 290 
NOTE: Laser power can vary between 5-7.5 mW/mm2. In this case, it is 7.5 mW/mm2, which takes 291 
approximately 30 s to pattern each design unit, using a laser dose of 1390 mJ/mm2. Higher laser 292 
doses may be required if the culture dish surface is passivated with PEG-SVA (approximately 293 
double laser dose compared to PLL-PEG). This needs to be tested beforehand. 294 
 295 
4.2.8 Navigate to a peripheral region of the micro-well, (for example, top part) away from the 296 
main region of interest for pattern generation (central region) of the micro-well (see Figure 4E) 297 
and select Lock. Wait until the pattern is displayed. 298 
 299 
4.2.9 Adjust the focus to the Z-position of calibration (see step 4.1.6). 300 

 301 
NOTE: It is recommended to do an additional system calibration step if another user is using the 302 
same microscope between photopatterning rounds. 303 
 304 
4.2.10 Select the Play symbol to start patterning. Ensure the laser is on in the software. Wait 305 
until the patterning process is finished. Patterning duration will be displayed in the Estimated 306 
Time panel. On Leonardo software version 4.4 patterning is completed when all Actions appear 307 
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blue in the Visualization menu. 308 
 309 
4.3 Protein incubation on reference pattern 310 
 311 
4.3.1 Under sterile conditions, wash the reference pattern micro-well three times with 20 μL of 312 
PBS to remove the PLPP. 313 
 314 
4.3.2 Add 20 μL of fluorescently-labeled ECM protein (10 μg/mL laminin, fibronectin or 315 
fibrinogen in PBS, see Table of Materials and step 6) to the reference pattern micro-well. 316 
Incubate at room temperature for 10-20 min (depending on the protein) protected from light 317 
(wrap the dish in aluminum foil).  318 
 319 
4.3.3 After incubation, remove 18 μL of protein solution and wash three times with 20 μL of 320 
PBS; keep the micro-wells that are not used to create a reference pattern (see Figure 4D,E) in 20 321 
μL of PBS. 322 
 323 
4.4 Visualization and setting optimal laser focus 324 
 325 
4.4.1 Visualize the reference pattern using an epifluorescence microscope, 20X objective and 326 
suitable software (check software used in this study in Table of Materials). The reference pattern 327 
should be visible in the peripheral region (for example, top well region), in which the reference 328 
pattern was generated (see Figure 4E). 329 
 330 
4.4.2 Adjust focus on the pattern edges through the camera path. Record the Z-position 331 
according to the best focus on the reference pattern. This adjusted Z-position will be the optimal 332 
laser focus used for subsequent patterning. 333 
 334 
5. Software set-up and photopatterning 335 
 336 
NOTE: Once the calibration of the system has been achieved (step 4), the user will upload the 337 
desired pattern templates (template configuration, Figure 5) for photopatterning, with the 338 
option to generate patterns for one or multiple proteins in each micro-well. The micro-patterning 339 
process involves photopatterning and protein incubation steps (see Figure 2).  340 
 341 
5.1 Under sterile conditions, remove 18 μL of PBS from all the micro-wells and add 5 μL of 342 
PLPP to each micro-well. Ensure that PLPP is homogenous on the whole surface of the micro-343 
wells. 344 
 345 
5.2 Position the culture dish with the reference pattern micro-well (Figure 4D,E) above the 346 
objective and select Pattern now in the Leonardo software. 347 
 348 
5.3 Visualize the micro-well with transmitted light through the camera path and choose the 349 
ROI symbol. Set the diameter of the ROI to 4,000 μm and overlap the edge of the digital ROI to 350 
the edge of the current micro-well. Select Lock. 351 
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 352 
NOTE: the shape and diameter of the ROI depends on the design and size of the PDMS stencil 353 
being used. For example, if using 5,000 x 5,000 μm PDMS squared stencils, use a 5,000 x 5,000 354 
μm squared ROI. 355 
 356 
5.4 Repeat the overlapping step (step 5.3) for each micro-well of the dish. Upon completion, 357 
switch off the transmitted light.  358 
 359 
5.5 Navigate to the center of the reference pattern micro-well, away from the reference 360 
pattern region, and select PRIMO to upload the desired pattern template, which will be projected 361 
on the ROI as a design unit (see Figure 5). Patterns will appear in a dropdown list referred to as 362 
Actions and shown in the Actions menu on the software. 363 
 364 
NOTE: Pattern templates need to be designed ahead of the experiment and saved as an 8-bit Tiff 365 
file before loading the template in the software.  366 
 367 
5.6 In order to create a pattern across the whole micro-well, the design unit needs to be 368 
replicated. A design unit covers around 0.1 mm2 of the micro-well area. In the Replication menu, 369 
set the desired number of columns and rows (Lines in the software) (see Figure 5). 370 
 371 
5.7 To generate a continuous pattern, adjust the spacing between columns and lines; in this 372 
study, patterns of continuous stripes are obtained using -20 to -35 µm spacing (negative spacing) 373 
between columns. This negative spacing creates an overlap among design units (Figure 5B,C). 374 
 375 
5.8 Set the laser dose in the Replication menu. The optimal laser dose in this setting and using 376 
PLL-PEG is 1390 mJ/mm2. The patterning duration will be displayed in the Estimated Time panel. 377 
 378 
NOTE: In this case laser power is 7.5 mW/mm2, taking approximately 30 s to pattern each design 379 
unit, using a dose of 1390 mJ/mm2. For example, a design unit (0.1 mm2) replicated in 4 columns 380 
and 4 lines (around 1.6 mm2), would take 8 min to be patterned. Higher laser doses may be 381 
required if the culture dish surface is passivated with PEG-SVA (approximately double laser dose 382 
compared to PLL-PEG). 383 
 384 
5.9 Select Lock and wait until the pattern is virtually displayed. 385 
 386 
5.10 To update the parameters of a pattern, click on the related Action, then unlock and 387 
update the parameters. Select Lock again when the pattern update is completed. 388 
 389 
5.11 The patterning of multiple proteins in the same micro-well (sequential micro-patterning 390 
rounds) requires an accurate alignment of the patterns. To achieve such alignment, upload all 391 
sets of desired pattern templates simultaneously (patterns of first and second photopatterning 392 
rounds).  393 
 394 
5.12 Set the replication and dose parameters of the pattern templates. After parameters are 395 
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set, patterns will appear as Actions in the Actions list. Save this template configuration as a file 396 
in software (see Figure 5D).  397 
 398 
5.13 On the Actions list, select only the specific actions to be patterned during the first 399 
patterning round and deselect the actions that will be patterned during the second patterning 400 
round (see Figure 5D). 401 
 402 
5.14 Navigate to the area where the reference pattern was produced in step 4.2 (for example, 403 
top region of the reference pattern micro-well, see Figure 4E). Adjust the focus to the optimal Z-404 
position (obtained in step 4.4).  405 
 406 
NOTE: It is strongly recommended to select perfect focus system on the microscope being used 407 
(if available), which ensures that the optimal Z-position for patterning will be maintained 408 
throughout the entire photopatterning process. 409 
 410 
5.15 Select the Play symbol to start patterning. Patterning duration will be displayed in the 411 
Estimated Time panel. On Leonardo software version 4.4 patterning is completed when all 412 
Actions appear blue in the Visualization menu. 413 
 414 
6. Protein incubation 415 
 416 
NOTE: Micro-wells are incubated with ECM proteins (preferably fluorescently-labeled). These will 417 
only bind to the areas where PEG was cleaved through the photopatterning process described in 418 
step 5. Each well contains a PDMS stencil with 4 micro-wells, which will allow testing 4 different 419 
conditions simultaneously, for example, incubation of a different protein in each micro-well (see 420 
Figure 4D). 421 
 422 
6.1 Use fluorescently-labeled proteins (for example, laminin, fibronectin or fibrinogen 423 
conjugated to red or green fluorophores) in order to visualize the micro-patterns (see step 6.7 424 
and 9.4). Alternatively, adsorbed unlabeled proteins can be visualized at later stages using 425 
immunofluorescence.  426 
 427 
NOTE: ECM proteins (for example, fibronectin) can be labeled using existing protocols33 and 428 
commercially available fluorescence labeling kits (i.e., Alexa 488 labeling kit), or purchased 429 
readily labeled (for example, conjugated fibrinogen-488 or laminin-red fluorescent rhodamine, 430 
see Table of Materials). 431 
 432 
6.2 Under sterile conditions, prepare desired concentration of ECM proteins (10 μg/mL 433 
laminin, fibronectin or fibrinogen in PBS, see Table of Materials and step 4.3). 434 
  435 
NOTE: Fluorescently-labeled ECM proteins are light sensitive and should be protected from light 436 
(wrap dish in aluminum foil) and should be kept on ice at all times. 437 
 438 
6.3 Under sterile conditions, wash the micro-wells three times with 20 μL of PBS to remove 439 
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the PLPP. 440 
 441 
6.4 Remove 18 μL of PBS from all the micro-wells and add 20 μL of ECM protein solution to 442 
each micro-well. Incubate at room temperature, for 20-30 min and protect from light. 443 
 444 
NOTE: Optimal coating incubation times may vary depending on the type and concentration of 445 
proteins. 446 
 447 
6.5 After incubation, remove 15 μL of ECM protein solution and wash the micro-wells three 448 
times with 20 μL of PBS.  449 
 450 
NOTE: Always leave approximately 5 μL of PBS in between washes.  451 
 452 
6.6 If patterning with only one protein (one round of micro-patterning), proceed either to 453 
storage of the culture dish (step 10) or to cell plating (step 11, and see Figure 2). If performing a 454 
second round of micro-patterning with a different protein in the same micro-well, proceed either 455 
to storage of the culture dish (step 10) or to blocking unspecific binding sites (step 7, and see 456 
Figure 2). 457 
 458 
6.7 Optional quality control step: visualize and image printed patterns using an 459 
epifluorescence microscope prior to plating cells. Select appropriate fluorescent channels and 460 
adjust exposure times accordingly. 461 
 462 
NOTE: To compare the fluorescence intensity of patterns between experiments, it is essential to 463 
use the same exposure times for the same proteins. 464 
 465 
7. Blocking unspecific binding sites (only for coating with more than protein) 466 
 467 
NOTE: Micro-patterning with multiple proteins in the same micro-well involves sequential 468 
patterning steps (see Figure 2). A blocking agent (PLL-PEG or BSA) is added to the micro-wells to 469 
prevent cross-binding, which occurs when the second incubated protein (step 9) binds to the first 470 
incubated protein (step 6), thus avoiding a mixture of proteins within the patterns. 471 
 472 
7.1 Under sterile conditions, add 20 μL of PLL-PEG (0.1 mg/mL in PBS) or BSA (1% BSA in PBS) 473 
as a blocking step to prevent cross-binding. 474 
 475 
NOTE: Blocking efficiency may vary depending on the nature of proteins being used and the 476 
affinity among them. It is recommended to test both PLL-PEG and BSA as blocking agents 477 
beforehand (Figure 10D-I). 478 
 479 
7.2 Incubate blocking agent at room temperature for 1 h and protect from light. Remove 15 480 
μL of blocking agent and wash all micro-wells three times with 20 μL of PBS. Always leave 481 
approximately 5 μL of PBS in between washes. 482 
 483 
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7.3 Remove 18 µL of PBS from all the micro-wells and add 5 μL of PLPP to each micro-well, 484 
ensuring that PLPP is homogenous on the whole surface of the micro-wells. 485 
 486 
8. Second round of photopatterning (only for multiple protein patterns) 487 
 488 
NOTE: After the first round of photopatterning and protein incubation, a micro-pattern is 489 
generated. During the second round of photopatterning, the pattern for the second protein will 490 
be generated in the same micro-well (see Figure 2C and Figure 5D). In the software, select the 491 
correct pattern templates (actions), which will be patterned during this round (see Figure 5D). 492 
 493 
8.1 Navigate to the first micro-well (Figure 4D). Ensure appropriate overlap between the 494 
digital ROI and the micro-well. 495 
 496 
8.2 Load the template configuration saved previously (step 5.12) and select the actions to be 497 
patterned during the second photopatterning round (deselect actions from first round, see 498 
Figure 5D). 499 
 500 
8.3 Select the Play symbol to start patterning. Ensure the laser is on in the software.  501 
 502 
9. Second round of protein incubation (only for multiple protein patterns) 503 
 504 
NOTE: In this part of the protocol, fluorescently-labeled protein/s will be incubated on the culture 505 
dish after the second round of photopatterning.  506 
 507 
9.1 Under sterile conditions, wash the micro-well three times with 20 μL of PBS to remove 508 
the PLPP. Remove 18 μL of PBS and add 20 μL of ECM protein solution to each micro-well. 509 
Incubate at room temperature for 20-30 min and protect from light. 510 
 511 
NOTE: Optimal coating incubation times may vary depending on the type and concentration of 512 
proteins. 513 
 514 
9.2 After incubation, remove 15 μL of ECM protein solution and wash the micro-wells three 515 
times with 20 μL of PBS. Always leave approximately 5 μL of PBS in between washes. 516 
 517 
9.3 Either proceed to storage of culture dish (step 10) or to cell plating (step 11, and see 518 
Figure 2). 519 
 520 
9.4 Optional quality control step: using an epifluorescence microscope, visualize and image 521 
printed patterns before plating cells. Select appropriate fluorescent channels and adjust 522 
exposure time. 523 
 524 
NOTE: To compare the fluorescence intensity of patterns between experiments, it is essential to 525 
use the same exposure times for the same proteins. 526 
 527 
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10. Storage of micro-patterns 528 
 529 
NOTE: Micro-patterns with adsorbed proteins can be stored during different steps of the protocol 530 
(see Figure 2). If micro-patterning with multiple proteins, micro-patterns can be stored after the 531 
first round of micro-patterning or after the two sequential rounds of micro-patterning have been 532 
completed (see Figure 2B). 533 
 534 
10.1 When passivated with PLL-PEG, store the micro-patterns in PBS (3 mL per well) at 4 °C for 535 
up to 3 days. 536 
 537 
10.2 If the culture dish was passivated with PEG-SVA, micro-patterns can be stored for up to 1 538 
month. In order to do so, rinse micro-patterns intensively with double distilled deionized water 539 
and dry with a sterile air gun of argon or nitrogen, although normal air can also be used. After 540 
drying, micro-patterns can be stored at 4 °C for up to 1 month (PRIMO system support team, 541 
personal communication). 542 
 543 
11. Plating cells 544 
 545 
NOTE: During the next steps, cells will be plated on the prepared micro-patterned culture dish/es. 546 
In these studies, a neuronal cell line (CAD cells) is used31. However this protocol can be adjusted 547 
to study other cell types of interest (adjust cell plating protocol as required). 548 
 549 
11.1 Differentiate CAD cells for 48 h using differentiation medium (DMEM supplemented with 550 
1% Glutamine, without serum, and with 1% Pen/Strep, see Table of Materials). 551 
 552 
11.2 Plate 1 mL of medium with cells in the inner glass well, covering all micro-wells and place 553 
the culture dish in a 37 °C, 5% CO2 incubator. 554 
 555 
REPRESENTATIVE RESULTS:  556 
Following the above protocol results in micro-patterned surfaces, coated with ECM protein/s of 557 
interest. We are using these patterns to track neuronal pathfinding.  558 
 559 
Generated patterns should be a precise representation of the template. An example is shown in 560 
Figure 6 where a digital pattern template (Figure 6A) representing one design unit (Figure 5B), 561 
resulted in defined micro-patterns, ranging from 20 to 2 µm width, coated with labeled 562 
Fibrinogen (Figure 6B). Using ImageJ, fluorescence intensity measurements were obtained both 563 
vertically (Figure 6C) and horizontally (Figure 6E) along the stripe and from a corresponding 564 
background region 15 µm above each stripe. The background measurements were subtracted 565 
from the pattern measurements for each stripe width.  566 
 567 
One limitation of the system is that an edge effect can be observed (Figure 6B, top stripe) when 568 
printing features ≥20 µm, with a higher intensity signal at the pattern edges compared to the 569 
center (Figure 6D, first peak of fluorescent intensity profile). In our experiments the resolution 570 
limit was approximately 2 µm; at this width we observed a significant decrease (by approximately 571 
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50%) in fibrinogen fluorescence intensity compared to the intensity of the wider stripes (Figure 572 
6F,G). Patterning using the PRIMO system and the protocol outlined here produced reproducible 573 
patterns, with the highest standard deviation of the mean fluorescent intensity measured for the 574 
2 µm width from four individual replicated design units (Figure 6G). Variation within the 575 
patterned stripes was also found to be low; the coefficient of variation ranged from 3 to 10%, 576 
with the 20 µm and 2 µm stripes having the largest internal variation. This is likely to be a result 577 
of the edge effect and the resolution limit of the system, respectively. Note that for these 578 
measurements we only measured the intensity at the center of the stripes, to avoid the uneven 579 
illumination resulting from the objective used to acquire these images (vignetting, Figure 6E).  580 
 581 
Certain experiments may involve questions that require defined protein concentrations, which 582 
can be achieved in two ways: 1) varying the protein concentration (Figure 7A,B). Incubation with 583 
different concentrations of laminin, results in significantly different fluorescence intensities, 584 
increasing with higher protein concentrations (Figure 7B). 2) The laser dose that is used to cleave 585 
the anti-adhesive film (PEG) can be varied. Higher laser doses will remove the antifouling film to 586 
a greater extent, generating more binding sites for the proteins of interest (Figure 7C,D) resulting 587 
in significantly different fluorescence intensities, increasing with higher laser doses (Figure 7D).  588 
 589 
Varying the laser dose allows the generation of protein gradients within the same pattern. This 590 
is displayed in Figure 8A, where a gradient template was designed using different greyscale 591 
levels, from black (no laser power) to white (maximum laser power). 592 
 593 
Laser intensity is proportional to the greyscale level of the template (ranging from 0 to 255 in an 594 
8-bit image), generating gradients of UV illumination. The measurement of the fluorescence 595 
intensity profile along the gradient stripe is linear in the pattern template (Figure 8B) and in the 596 
generated gradient pattern (Figure 8C,D). This is reproducible among all gradient stripes within 597 
the same template and gradient pattern (Figure 8B,D). Generation of such gradients is extremely 598 
useful and helps to mimic in vivo environments where cells often respond to gradients of 599 
bioactive proteins34-37. 600 
 601 
Cells sense changing extracellular environments but assays that enable the study of cell behavior 602 
when cells encounter such changes are limited. LIMAP can be used to micro-pattern with multiple 603 
proteins in the same micro-well. Examples are shown in Figure 9 where cross-patterns were 604 
generated with stripes of fibronectin (horizontal) and laminin (vertical). When creating patterns 605 
with multiple proteins, it is crucial to use a blocking step between the first and second protein 606 
incubation, to prevent cross-binding of proteins (see step 7). The blocking efficiency may vary 607 
depending on the biochemical characteristics of the proteins that are used for coating and we 608 
advise testing several blocking buffers including PLL-PEG (0.1 mg/mL) and BSA (1%). To evaluate 609 
this cross-binding effect, we performed fluorescence intensity measurements using ImageJ 610 
(Figure 9) and we showed that cross-binding can be reduced dramatically, using PLL-PEG buffer 611 
(0.1 mg/mL) for fibronectin and laminin cross-patterns (Figure 9D,H). 612 
 613 
The generated cross-patterns were used for cellular assays with CAD cells (Figure 10A,B) or rat 614 
dorsal-root ganglion (DRG) neurons (Figure 10C). Their neurites (CAD) and axons (DRG) grow 615 
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along different lines. CAD cells are used as a neuronal model since they show a similar integrin 616 
expression profile compared to primary neurons and they still display actin-rich growth cones 617 
after 48 h in culture (Figure 10B), making them suitable for pathfinding studies.  618 
 619 
In order to investigate the possible cytotoxic effects of the generated micro-patterns towards 620 
primary neurons, DRG neurons were isolated and cultured on micro-patterns following a 621 
previously published protocol38. The results demonstrate that primary neurons tolerate the 622 
micro-patterns environment (Figure 10C). We are currently studying how a variety of ECM 623 
proteins influence axonal (neurite) pathfinding. Preliminary proof of concepts found in CAD cells 624 
will be further investigated using DRG neurons. 625 
  In order to validate the quality of generated micro-patterns, it is desirable to image patterns by 626 
fluorescence microscopy to ensure the pattern edges are well-defined before proceeding to cell 627 
plating. During the imaging process, it is important to ensure the optical adjustment between the 628 
microscope and the camera to avoid the peripheral darkening effect (vignetting) which affects 629 
the posterior analysis and interpretation of data. Additionally, acquire an image of a pattern-free 630 
region using the same exposure times that will be used to image the patterns and subtract this 631 
image from the pattern image. 632 
  633 
In summary, for good quality micro-pattern generation, it is advisable to assess the protein 634 
concentration (Figure 7A,B), laser doses (Figure 7C,D), protein background levels (Figure 6E,F,H) 635 
and an efficient blocking step (Figure 9) when using multiple proteins. Conclusively, the quality 636 
of the micro-patterns generated with LIMAP is essential in order to obtain reliable and 637 
reproducible data from cellular assays.  638 
 639 
FIGURE LEGENDS:  640 
Figure 1. Scheme of micro-patterning techniques: microcontact printing and laser-assisted 641 
patterning. (A) Microcontact printing uses a lithographed master with defined micro-features to 642 
generate a PDMS stamp which is incubated with the protein of interest. This protein is then 643 
transferred (stamped) onto a glass surface, generating protein micro-patterns. (B) Laser-assisted 644 
patterning techniques include photopatterning and direct laser patterning. (C) Most 645 
photopatterning approaches use a UV light source and a photomask (either in contact with the 646 
substrate surface or in the focal plane of the objective) with desired geometries in order to cleave 647 
the PEG antifouling surface in specific positions, creating a defined pattern. A subsequent protein 648 
incubation step results in protein adsorption only to the laser-cleaved regions. (D) LIMAP is a 649 
photopatterning technique which does not require a photomask in contact with the substrate 650 
(i.e., a maskless and contactless approach). LIMAP uses a photo-initiator, which is activated by 651 
low doses of a laser, cleaving light-exposed regions of PEG. This creates attachment sites for 652 
sequential protein adsorption. (E) Direct laser patterning uses high energy light to directly etch 653 
the PEG film, allowing protein binding in those etched regions. 654 
 655 
Figure 2. Scheme showing a summary of the steps in the micro-patterning protocol. (A) Micro-656 
patterning with one protein involves only one round of micro-patterning (photopatterning and 657 
protein incubation) and can be performed in under 8 h. (B) Micro-patterning with multiple 658 
proteins requires two sequential rounds of micro-patterning and can be completed in 1-2 days, 659 
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depending on the number of micro-patterns being prepared. It is possible to go through the B 660 
version of the protocol in 1 day of work. Continuous arrows indicate direct flow of steps in the 661 
protocol. Discontinuous arrows indicate that there is a significant time gap between one step and 662 
the other (see step 6.6 and 9.3). (C) Schematic view of example patterns obtained after one round 663 
of micro-patterning (red stripes) or two sequential rounds of micro patterning (red and green 664 
stripes). 665 
 666 
Figure 3. Pattern template generation is versatile with LIMAP. (A,B) Examples of pattern 667 
templates designed with ImageJ (A crossbows, B letters). Shapes drawn in white were projected 668 
at maximum laser power and shapes drawn in black were not projected. (C,D) Micro-patterns 669 
obtained with LIMAP from templates after incubation with 10 µg/mL fibrinogen (green). (C) 670 
Crossbows are 50 μm width and 50 μm height spaced by 75 μm horizontally and 50 μm vertically. 671 
(D) Letters are 80 μm width and 85 μm height. Scale bars in C and D represents 50 µm. 672 
 673 
Figure 4. Essential materials for the LIMAP protocol. (A) Stencils used in this protocol are 20 mm 674 
diameter, thin circular-shape PDMS pieces (250 µm thickness) containing 4 micro-wells (4 mm 675 
diameter each). The volumes used in the micro-wells range from 5 to 20 µL, considerably 676 
reducing the amount of reagents and proteins needed for each experiment. (B) 6 well glass 677 
bottom dish where stencils have been already placed in each well. Micro-wells contain 20 µL of 678 
PBS to make them visible. (C) Calibration dish in which the inner glass well has been marked with 679 
a green highlighter, which will be used to calibrate the laser focus. (D) Schematic view of top left 680 
well from the 6-well glass bottom dish in B (outlined with dashed red circle). The inner glass 681 
bottom well is represented in white and the stencil is shown in grey. The stencil contains 4 micro-682 
wells (numbered 1-4), for the testing of 4 different experimental conditions (e.g., different 683 
protein concentrations, pattern geometries, combinations of proteins, etc.). The asterisk 684 
represents the micro-well containing the reference pattern. (E) Schematic view of micro-well 685 
where a reference pattern has been generated in the top part (arrow with filled arrowhead). This 686 
reference pattern is required to obtain the optimal laser focus for patterning (see step 4). Arrow 687 
with empty arrowhead indicates the central area of the micro-well, which will be used for 688 
subsequent patterning after system calibration. 689 
 690 
Figure 5. Software set-up for micro-patterning. (A) Pattern template with parallel stripes 691 
designed with ImageJ and saved as an 8-bit Tiff file. (B-D) Schematic view of digital ROIs (regions 692 
of interest) that will overlap with the current micro-wells where micro-patterns will be 693 
generated. (B) The pattern template to be used (length 1824 pixel=415 µm, width 1140 pixel=260 694 
µm) is selected on Leonardo and is projected on the ROI as a design unit (red stripes in the black 695 
dashed rectangle), which will cover approximately 0.1 mm2 of the micro-well area. The design 696 
unit is replicated in 4 columns and 4 lines in the Replication menu (template configuration), 697 
creating a pattern across the micro-well. NOTE the space among the columns. (C) To pattern 698 
continuous stripes, the spacing between columns has to be adjusted. In this case, to achieve an 699 
overlap among design units the spacing between columns is set in the replication menu as 700 
Negative spacing, -20 µm. (D) In order to pattern multiple proteins in the same micro-well, an 701 
accurate alignment of the patterns is required. During the software set-up step (step 5), upload 702 
all desired pattern templates simultaneously. On the Actions list, select only the specific actions 703 
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to be patterned during each patterning round and deselect the rest of the actions (step 5.12, 5.13 704 
and 8.2). 705 
 706 
Figure 6. Analysis of pattern variability using LIMAP. (A) Pattern template designed with ImageJ 707 
used to micro-pattern four stripes of varying width (20, 10, 5, 2 µm, from top to bottom). (B) 708 
Micro-pattern obtained after incubation with 10 μg/mL of fluorescently-labeled fibrinogen 709 
(green). (C) Intensity measurements along a vertical line crossing the stripes of the micro-pattern. 710 
(D) Vertical fluorescence intensity profile obtained from measurement in (C). NOTE that at larger 711 
widths (20 µm) there is a variation in the vertical profile caused by the accumulation of protein 712 
at the edges of the stripe, resulting in two distinct fluorescence intensity peaks (edge effect). This 713 
effect is only seen in stripe widths ≥20 µm. (E) Intensity measurements along the depicted 714 
horizontal lines (fluorescence and background). (F) Horizontal fluorescence intensity profiles 715 
obtained from measurements in (E). (G) Graph showing the mean intensity for each stripe width, 716 
measured from four individual replicated design units (inter-pattern variation). NOTE the 717 
reduced protein adsorption to patterns of 2 µm stripe width. (H) The variation within the 718 
patterned stripes (coefficient of variation) was low for all stripe widths, ranging from 3 to 10%. 719 
Data in G and H shown as mean ± SD. Statistical analysis in G and H was performed using one-720 
way ANOVA (Kruskal-Wallis) non-parametric test with multiple comparisons. P value is <0.001 for 721 
** significance. 722 
 723 
Figure 7. The effect of variations in laser power and protein concentration for protein 724 
adsorption efficiency. (A) The PLL-PEG surface was laser-cleaved with a constant laser dose (1390 725 
mJ/mm2) and incubated with the indicated concentrations of fluorescently-labeled laminin 726 
(magenta). (B) Quantification of fluorescence intensity of the laminin stripes in (A). (C) The 727 
different indicated laser doses were applied followed by incubation with the same concentration 728 
(10 μg/mL) of fluorescently-labeled fibronectin (green). (D) Quantification of fluorescence 729 
intensity of the fibronectin stripes in (C) showing that higher laser doses correlate to higher levels 730 
of adsorbed protein. All measurements are background subtracted. Sample numbers are 731 
indicated at the bottom of columns; data is shown as mean ± SEM. Statistical analysis was 732 
performed using non-parametric Mann-Whitney test with two-tailed calculation. P-value is 733 
<0.0001 for **** significance. 734 
 735 
Figure 8. Generation of a protein concentration gradient within a micro-pattern. (A) Gradient 736 
pattern template in greyscale. (B) Fluorescence intensity profile measured from (A). (C) Pattern 737 
obtained with LIMAP from pattern template in (A) after incubation with 10 μg/mL of 738 
fluorescently-labeled fibronectin (green). (D) Fluorescence intensity profile of n = 3 stripes and 739 
background represented as mean ± SEM, showing the linear increase in intensity of the protein 740 
gradient.  741 
 742 
Figure 9. The cross-binding effect when patterning several proteins sequentially. (A-C, E-G) 743 
Cross-patterns with 10 μm stripes of fluorescently-labeled fibronectin (cyan, horizontal) and 744 
fluorescently-labeled laminin (magenta, vertical). (A-C) Samples treated with BSA blocking buffer. 745 
(E-F) Samples treated with PLL-PEG for blocking unspecific binding sites (step 7). (A,E) Merged 746 
fluorescence channels showing both fibronectin and laminin. (B,F) Image showing fibronectin 747 
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only. (C,G) Image showing laminin only. For C, note the presence of laminin also on horizontal 748 
fibronectin positive stripes which is due to the ineffective blocking of unoccupied binding sites 749 
with BSA. For G, note that blocking with PLL-PEG prevents efficiently binding of laminin to the 750 
fibronectin stripes. (D,H) Fluorescence intensity profiles obtained from indicated measurements 751 
(diagonal yellow line) in A and E, respectively.  752 
 753 
Figure 10. Cross-patterns to investigate neurite/axon pathfinding. (A-C) Cross-patterns with 10 754 
μm stripes of fluorescently-labeled fibronectin (cyan, horizontal) and fluorescently-labeled 755 
laminin (magenta, vertical). (A,B) Fluorescent images of CAD cells with neurites growing along 756 
the micro-patterns. To visualize neurites, cells were cultured for 48 h, fixed with 4% PFA and 757 
stained for tubulin (A) or tubulin and actin (B). (C) Rat dorsal-root ganglion (DRG) neurons with 758 
axons growing along the micro-patterns. To visualize axons, DRG neurons were cultured for 72 h, 759 
fixed with 4% PFA and stained for tubulin.  760 
 761 
Figure 11. Examples of common negative results obtained when generating micro-patterns 762 
with LIMAP. (A-C) Sub-optimal patterned stripes of 10 μg/mL fluorescently-labeled fibrinogen 763 
(green) obtained under different circumstances. (A) The micro-well dried out during pattern 764 
generation. Note the high levels of fluorescence in the background (arrow) and the presence of 765 
PBS crystals (asterisks). (B) The stitching between the stripes was not properly adjusted during 766 
software set-up resulting in discontinuous stripes with gaps (arrow) among design units (see step 767 
3.4.7). (C) The laser focus was sub-optimal causing diffused stripes (arrows) which do not 768 
represent the actual stripe widths of the pattern template, which should be 20, 10, 5, 2 μm from 769 
top to bottom, as in (B).  770 
 771 
DISCUSSION:  772 
LIMAP (PRIMO) micro-patterning advantages and comparison with microcontact printing 773 
While microcontact printing is possibly the most commonly used micro-patterning technique in 774 
the biological field39, there seems to be an increasing number of researchers using LIMAP 775 
technology40-44. Here, we presented a protocol using PRIMO, a commercially available system for 776 
LIMAP. Below we briefly discuss potential advantages and limitations of microcontact printing 777 
and LIMAP photo-patterning. 778 
 779 
Microcontact printing requires lithographed masters produced by spin-coating a photo-mask 780 
(generally SU-8) onto a glass or silicon wafer, which is then laser-etched with the desired micro-781 
features. These masters are used as templates to create a PDMS stamp45. The stamp is incubated 782 
with a chosen protein that adsorbs to it, and is then transferred (stamped) onto the cell culture 783 
dish. The process of adsorption of the protein to the PDMS stamp is dependent on protein 784 
concentration, buffer and incubation time. These parameters need to be tested beforehand for 785 
optimal results46. 786 
 787 
Masters can be used in a substantial number of experiments, lasting for months or even years, if 788 
correctly preserved. However, a limiting factor of this technology is the necessity to re-design 789 
new lithographed masters for every desired modification. Changes in experimental designs may 790 
result in time-consuming production of new masters (up to several weeks) thus delaying 791 
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experiments. In comparison, LIMAP photopatterning does not require a physical master; it uses 792 
software-generated pattern templates that can be used to flexibly adapt desired geometries of 793 
micro-patterns to changing research questions. LIMAP can be also used to generate protein 794 
gradients within the same micro-pattern (Figure 8), which is harder to obtain in a reproducible 795 
manner using microcontact printing47. 796 
 797 
Furthermore, the micro-pattern resolution achieved with LIMAP, in our case, is 2 μm (Figure 6B). 798 
Approaching this resolution increased intra- and inter- pattern variability. Generating patterns 799 
around or above 10 μm width was highly reproducible (Figure 6G,H). On the contrary, with 800 
microcontact printing it is difficult to consistently obtain resolutions below 10 μm and it is 801 
common to find artefacts when stamping small features (data not shown).  802 
 803 
We have shown that LIMAP can be used to micro-pattern multiple proteins (Figure 9) within the 804 
same micro-well, allowing further levels of complexity to be added to experiments. Although this 805 
could be achieved with microcontact printing, aligning different proteins with high level of 806 
precision can be technically rather demanding. Whilst patterning multiple proteins using LIMAP 807 
seems straight forward, it is important to mention that cross-binding of proteins through 808 
sequential coating procedures can be reduced through blocking reagents but not entirely 809 
eliminated (Figure 9).  810 
 811 
Regarding the cost of one or the other technique, LIMAP as described here requires the purchase 812 
of micro-patterning equipment (PRIMO) that can be installed on different fluorescence 813 
microscopes and requires a motorized stage. Although this investment is initially cost intensive, 814 
there are no additional purchases other than consumable items (stencils, PEG and PLPP) on the 815 
long run associated with LIMAP. Alternatively, the PDMS stencils can also be produced in the lab 816 
by the own experimenter following published protocols18,32. The largest costs for microcontact 817 
printing may be associated with the production of new masters, which can become substantial if 818 
experiments require new patterns. 819 
 820 
One drawback of LIMAP is the relatively low throughput approach of this technique. 821 
Microcontact printing can produce a large number of micro-patterns quickly and efficiently in a 822 
simultaneous stamping step, compared to the required sequential laser micro-patterning with 823 
LIMAP. For example, it is possible to produce 6 stamped glass coverslips in about 2 h with 824 
microcontact printing using PDMS stamps (excluding stamp preparation); patterning a similar 825 
area (6-well dish) with LIMAP would take around 4 h, excluding the procedure of surface 826 
passivation (considering the pattern template configuration described in step 5.12 and see Figure 827 
5B). 828 
 829 
Another rate limiting factor of LIMAP technology is the long illumination time required for 830 
patterning large areas (30 s per design unit with a 7.5 mW/mm2 laser). In these cases, 831 
microcontact printing might be a preferred option. A newly available photo-initiator (PLPP gel, 832 
Table of Materials) should considerably reduce the time taken for the patterning, allowing the 833 
generation of hundreds of micro-patterns in large areas (up to 8 mm2) in just a few minutes. 834 
 835 
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Another important factor to take into account when micro-patterning surfaces for cell culture is 836 
the reproducibility of the micro-patterns among different experimental repeats, in comparison 837 
to the variability obtained with microcontact printing. For example, the graphs shown in Figure 838 
7B,D are representative data of three independent experimental repeats with very similar results 839 
(data not shown). Based on our experience and previous publications, this level of reproducibility 840 
is difficult to achieve with microcontact printing48-52. 841 
 842 
In contrast to other photo-patterning techniques that require either dedicated chemistry to 843 
engineer photosensitive materials or the use of photo-sensitizers, which are generally not very 844 
biocompatible3, the photosensitive component of LIMAP (PLPP) is biocompatible and well-845 
tolerated by cells21; in our hands we have not experienced any cytotoxicity across a variety of 846 
cells, including CAD, DRG neurons (Figure 10), fibroblasts, epithelial cells, and melanoma cells 847 
(data not shown). Another advantage of LIMAP using PRIMO compared to other photo-848 
patterning techniques is that no photomask is required. Similar to microcontact printing, new 849 
photomasks would need to be designed and generated for every desired pattern.  850 
 851 
All the limitations mentioned above for microcontact printing, refer to the manual approach of 852 
the technique. However, it is possible to enhance the throughput and the reproducibility of 853 
microcontact printing using an automated device with stamp load and pressure control53. 854 
 855 
Key steps of the protocol and problems solving for LIMAP using PRIMO 856 
One of the most common problems found during this protocol is having high levels of background 857 
fluorescence within the micro-patterns. This can be due to the drying out of micro-wells which 858 
often occurs due to their small volume. When this occurs, PBS crystals often appear surrounding 859 
the ECM patterns (Figure 11A). 860 
  861 
Insufficient or inefficient washing steps after protein incubation can also result in high levels of 862 
background fluorescence. This can be observed particularly upon using protein concentrations of 863 
10 μg/mL (Figure 11B) or higher. The excess of protein in the background can be reduced by 864 
including additional washing steps with PBS.  865 
 866 
The presence of protein background needs to be measured and characterized in each 867 
experiment, calculating the background fluorescence intensity (Figure 6E) and subtracting it from 868 
the micro-patterns intensity (Figure 6F-H and Figure 7B,D). High protein background may have 869 
an impact in the attachment and sprouting of CAD cells, compromising the interpretation of 870 
results. 871 
 872 
Having gaps between design units is a common problem when users have limited experience 873 
(Figure 11B), which occurs as a result of insufficient overlap between patterns. Two parameters 874 
in the Leonardo software can be adjusted to overcome this: 1) a negative spacing between 875 
columns may be required, depending on the design of the pattern (step 5.7 and see Figure 5B,C). 876 
Alternatively, 2) use the gradient option in the Expert menu to stitch the columns. A quick test 877 
to determine the optimal spacing parameters can be performed using UV adhesive (Table of 878 
Materials). A small drop of this adhesive is applied to a glass slide, which is then covered with a 879 
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glass coverslip, making a film. The embedded UV adhesive is photopatterned with the pattern 880 
template of interest using a low laser dose (30 mJ/mm2). The UV- exposed regions of the 881 
embedded adhesive will be cured, becoming visible under bright-field microscopy. The test 882 
results are visualized to evaluate the obtained spacing within the pattern. In our neuronal 883 
experiments, a gap between stripes may adversely affect cell behavior, producing variations in 884 
growth dynamics (either reduced speed or abandonment of the path).  885 
 886 
In the latest update of Leonardo software (at the time of publication, Leonardo 4.11), it is possible 887 
to upload previously designed bigger pattern templates that cover a much larger area (up to 8 888 
mm2 using the 20X objective) of the micro-well surface compared to the current 0.1 mm2 per 889 
design unit, eliminating the need to stitch together the smaller design units. Undefined edges can 890 
result from a lack of laser focus adjustment during pattern generation (Figure 11C). It is therefore 891 
critical to calibrate the laser and perform reference pattern steps (see step 4) prior to patterning. 892 
Poorly defined stripes result in variations in stripe width, making the correlation between axon 893 
growth dynamics and stripe width difficult. Axons also tend to abandon stripes that have diffused 894 
edges. Additionally, variability in edges can also be found when printing stripes of 10-20 μm width 895 
or higher, resulting in a higher protein content at the edges compared to the central regions of 896 
the pattern (Figure 6B,D). This edge effect is produced by a non-homogeneous diffusion of the 897 
photo-initiator during the photopatterning process. The photoscission reaction is oxygen 898 
dependent, which diffuses more at the edges. This edge effect can be minimized homogenizing 899 
the photo-initiator with a pipette in the micro-well during the photopatterning process. 900 
Furthermore, a new commercialized photo-initiator (PLPP gel), can also reduce the edge effect 901 
(PRIMO system support team, personal communication). 902 
 903 
Micro-printing of more than one protein can result in cross-binding (Figure 9A-D). This can be 904 
minimized by increasing the blocking efficiency that is used to occupy unspecific binding sites 905 
between the incubation steps for the two different proteins. Cross-binding of proteins can 906 
perturb reproducibility of experimental outcomes and may lead to misinterpretation of data, 907 
since it is difficult to determine the contribution of each protein to axon growth dynamics and to 908 
other cell behaviors.  909 
 910 
Conclusion 911 
We hope that the provided protocol using LIMAP facilitates the generation of protein micro-912 
patterns through the use of the PRIMO system. Whilst our protocol focuses on how to reliably 913 
produce micro-patterns in 2D glass surfaces, others have shown that it is possible to use LIMAP 914 
for micro-patterning of soft substrates54, and microstructured surfaces for 3D cultures42. These 915 
micro-patterns can be a versatile tool to study cellular responses to changes in their micro-916 
environment. 917 
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TABLE OF MATERIALS

Material/Equipment Brand
Catalogue number (if 

applicable)

Alexa 488 protein labeling kit Invitrogen A10235

Alexa 647 protein labeling kit
Invitrogen A20173

CAD cells ECACC 8100805

DMEM culture medium Gibco 11320033

Epifluorescence Microscope** Nikon Eclipse Ti inverted

Fiji-Image J www.imagej.nih.gov Version 2.0.0-rc-54/1.51f

Fluorescent highlighter Stabilo Stabilo Boss Original

HEPES Gibco 15630080

Inkscape software Inkscape Check last update

Leonardo software Alvéole version 4.11

L-Glutamine Sigma G7513

Micro-manager software Open imaging Check last update

Motorized x/y stage PRIOR Scientific Proscan II

NIS Elements Software Nikon
NIS Elements AR 4.60.00 64-bit 

(With Nikon jobs)

Laminin-red fluorescent 

rhodamine
Cytoskeleton, Inc. LMN01

Fibronectin Sigma F4759

Conjugated fibrinogen-488 Molecular Probes F13191

Table of Materials Click here to access/download;Table of Materials;table of
Materials_JoVe_revised.xlsx
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PBS (without Ca
2+

, Mg
2+

) Sigma D8537

PDMS Stencils Alvéole visit www.alveolelab.com

PEG-SVA Laysan bio, Inc. MPEG-SVA-5000-1g

Phalloidin 405 Abcam ab176752

Photo-initiator (PLPP) Alvéole Classic PLPP

 Photo-initiator (PLPP gel) Alvéole PLPP gel

Plasma cleaner Harrick Plasma
PDC-32G (115V) | PDC-32G-2 

(230V)

PLL-PEG
SuSoS (also distributed by 

Alvéole)
visit www.alveolelab.com

Poly-L-Lysine Sigma P4707

Primo equipment Alvéole visit www.alveolelab.com

Pen/Strep Thermo Fisher 15140122

Tubulin anti-alpha antibody Abcam DM1A

Tubulin anti-beta 3 antibody Sigma T8660

UV adhesive Norland Products NOA81

1 well glass bottom dish Cellvis D35-20-1.5-N

6 well glass bottom dish Cellvis P06-20-1.5-N

20x objective** Nikon
no phase ring (check updated 

catalogue)

https://www.sigmaaldrich.com/ProductLookup.html?ProdNo=P4707&Brand=SIGMA
https://www.thermofisher.com/order/catalog/product/15140122


Working concentration (if 

applicable)

N.A.

N.A

N.A.

N.A.

N.A.

10 μg/ml

(after labelling with Alexa 

488 protein labeling kit, see 

above)

(diluted in PBS)

N.A.

N.A.

1M

N.A.

10 μg/ml 

(diluted in PBS)

N.A.

1%

N.A.

N.A.

N.A.

10 μg/ml 



1X

N.A.

50 mg/ml

1:1000

14.5 mg/ml

4.76% diluted in ethanol

N.A.

0.1 mg/ml (diluted in PBS)

0.01%

N.A.

1%

1:1000

1:500

N.A.

N.A.

N.A.

N.A.



Comments



 CAD cells

DRG neurons

**Epifluorescence microscope: images were acquired and patterns were generated on an Eclipse Ti inverted microscope (Nikon), coupled to PRIMO micro-

patterning equipment (Alvéole), using a 20x objective (0.75 S Plan Fluor (no phase ring, Nikon). Nikon specific filter sets for GFP, mCherry and Cy5 were used and 

fluorescent light source was LED (Lumencor) although other fluorescence sources and filter sets can be used. The microscope has an automated x/y stage (PRIOR 

Scientific) for the printing of multi-field patterning and Nikon Perfect Focus to prevent focus drift. The images were collected using a Retiga R6 (Q-Imaging) 
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

� Standard Access  � Open Access
 
Item 2: Please select one of the following items: 

� The Author is NOT a United States government employee. 

� The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

� The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: "Agreement" means this Article and 
Video License Agreement; "Article" means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; "Author" 
means the author who is a signatory to this Agreement; 
"Collective Work" means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
"CRC License" means the Creative Commons Attribution 3.0 
Agreement (also known as CC-BY), the terms and conditions 
of which can be found at: 
http://creativecommons.org/licenses/by/3.0/us/legalcode
; "Derivative Work" means a work based upon the 
Materials or upon the Materials and other pre-existing 
works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; "Institution" means the 
institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; "JoVE" means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; "Materials" means the Article 
and / or the Video; "Parties" means the Author and JoVE; 
"Video" means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear.  
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and (c) to license others to do 
any or all of the above. The foregoing rights may be 
exercised in all media and formats, whether now known or 
hereafter devised, and include the right to make such 
modifications as are technically necessary to exercise the 
rights in other media and formats. If the "Open Access" box 
has been checked in Item 1 above, JoVE and the Author 
hereby grant to the public all such rights in the Article as 
provided in, but subject to all limitations and requirements 
set forth in, the CRC License. 

 

 

Author License Agreement (ALA)

Light-Induced Molecular Adsorption of Proteins using the PRIMO system for micro-
patterning to study cell responses to extracellular matrix proteins 

Cristina Melero*1, Aljona Kolmogorova*1, Paul Atherton1, Brian Derby2, 
Adam Reid3,4, Karin Jansen#5, Christoph Ballestrem#1

Click here to access/download;Author License Agreement
(ALA);ALA_UK.pdf
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the 
non-exclusive right to use all or part of the Article for the 
non-commercial purpose of giving lectures, presentations 
or teaching classes, and to post a copy of the Article on the 
Institution's website or the Author's personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE's copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author.  
5. Grant of Rights in Video - Standard Access. This 
Section 5 applies if the "Standard Access" box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE.  
6. Grant of Rights in Video - Open Access. This 
Section 6 applies only if the "Open Access" box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats.  
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 
rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 

deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute.  
8. Protection of the work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author's name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws.  
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author's 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
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discretion andwithout giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author's institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney's 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney's fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author's or the Author's institution's 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contaminationdue to 
the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 

decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author's expense. All indemnifications provided herein 
shall include JoVE's attorney's fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors.  
13. Fees. To cover the cost incurred for publication, 
Jo VE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE's successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement. 

 
A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 

 
CORRESPONDING AUTHOR 
Name:   
 
Department:  
 
Institution:  
 
Title:  
 

Signature:  
 

Date:  

Please submit a signed and dated copy of this license by one of the following three methods: 
1. Upload an electronic version on the JoVE submission site 
2. Fax the document to +1.866.381.2236 
3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140 
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Christoph Ballestrem

University of Manchester
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Rebuttal letter: 
 
To the attention of JoVe Editors, 
 
We thank the reviewers for their constructive comments. Please find a detailed point-by-point 
response to the referee’s comments. 
 
Editor’s comments: 
 
All the changes suggested by the editor were done and we accompany our manuscript with a 
word document comparing the first submission version and the revised version. 
 
Reviewers’ comments: 
 
Reviewer #1 and Reviewer #2: 
 
We thank the referees for the positive feedback. 
 
Reviewer #3:  
Manuscript Summary: 
In this manuscript the authors describe a protocol for sequentially generating custom 
patterns of multiple proteins on glass substrates using the LIMAP technique, which is based 
on laser-assisted removal of the protective material (typically a PEG layer) such that proteins 
can bind on the glass substrate to form the desired pattern. The step-by-step protocol is 
split into several sections and described in detail. 
 
Major Concerns: 
1. The main issue with this manuscript is that it is relevant only to researchers who have 
access to a particular commercial equipment. As such, the title should be modified to 
include "using the PRIMO system". The authors fail to provide a comprehensive evaluation 
of other photopatterning techniques. In fact, parts of the manuscript sound like 
promotional material (e.g., lines 725-758), which is quite inappropriate for a scientific 
publication in my opinion. No matter how happy the authors are with the product they are 
using, they should avoid promoting it directly. To provide a fair and balanced review of the 
literature and other available techniques, the authors should critically evaluate these 
questions: (i) What other photopatterning techniques are available? Which of these are 
commercially available? (ii) What are their major technical and other limitations? (iii) How 
does the PRIMO system compare to existing systems/methods in terms of resolution, 
homogeneity, reproducibility, time, and cost? In the Introduction and Discussion sections, 
the authors briefly discuss some advantages and disadvantages of PRIMO over micro-
contact printing, such as the facility of patterning multiple proteins, increased spatial 
resolution and increased process times. This analysis should be more elaborate and extend 
into other laser-assisted patterning techniques. One related issue is the use of PDMS 
stencils. These or similar stencils can be easily fabricated in any laboratory equipped with a 
scale, a vacuum desiccator and an oven. Using commercial stencils would be acceptable, but 
the authors should first explain the inexpensive/home-made option and then mention 
commercial options if necessary/preferred. It is particularly worrying that the stencils were 

Rebuttal Letter Click here to access/download;Rebuttal
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also bought from the same company. Same concern for the PLL-PEG solution, which should 
be available from multiple suppliers. 
We are very grateful for the detailed comments of this referee to the manuscript. They were 
very constructive and helped us improving the protocol.  
 
We have now taken many of the above suggestions on board.  
- As suggested we have now included “using the PRIMO system” in the title. 
- Following suggestions, in the introduction, we have now mentioned other photopatterning 
techniques in the field (refs 12-15). However our main descriptive focus stays on LIMAP, and 
we have kept the previous comparison between microcontact printing and laser-assisted 
patterning in the discussion. We agree with the referee, that a more extensive evaluation 
between different micro-patterning techniques would be beneficial but we consider that type 
of broader analysis more appropriate for a review publication. 
- As suggested by the referee, we have included the option to fabricate PDMS stencils in-
house in order to show other options than the ones through Alveole. We had already 
included another PLL-PEG supplier in the Table of Materials in the manuscript. 
 
 
2. The technical limits of the system are poorly described. Specifically: 
- In Fig. 3, the authors show an array of crossbows, patterned using LIMAP. First of all, these 
features are quite large (please provide minimum feature size) and it is not clear if the 
fidelity would be retained if the pattern was scaled down. This should be experimentally 
tested and reported. Second, there are obvious (visible to human eye) variations within and 
among different elements of the pattern (as evident from fluorescently-tagged fibrinogen). 
The authors should provide intra-pattern and inter-pattern variation (in terms of coefficient 
of variation) for this pattern, and do this as a function of minimum feature size. 
- In Fig. 6, there is a clear decrease in signal intensity towards the ends of the stripes. Is this 
due to a failure in patterning or imaging? The authors should provide line profiles as in Fig. 
8D and repeat this measurement (i.e., report SEM) to show variation within stripes and 
variation from process to process. 
- In Fig. 7B and 7D, the data should be reported after background subtraction (by the way, 
the background signal is considerably high, can the authors estimate protein concentration 
outside the patterns and explain its cause). Also, line profiles should be given as in Fig. 8D. 
 
We are grateful for the referee’s valid points. In the revised version we now provide: 
- The minimum feature sizes of the crossbows in Fig. 3. We have scaled down these patterns 
but only comment on the limitations in the discussion 915-916. Reproducibility is limited to 
the usage of a minimum stripe width of 2 um.  
- Towards Fig. 6, we now provide a detailed analysis of fidelity and stability of patterns. 
Fidelity of stripe patterns was retained upon scaling down; we present quantification. The 
intra- and inter-pattern variations were measured and the co-efficient of variation 
calculated. Quantifications are presented in Fig. 6E-H. 
- In Fig. 6F line profiles were provided as requested. As recognised by the referee, a slight 
peripheral darkening effect was observed; this is due to the vignetting effect with the lenses 
we have used. We comment on this in lines 681-684 and 732-734 in the manuscript.  
- 7B and 7D data were presented after background subtraction. The patterning process was 
repeated three times and data of one representative experiment is shown in Fig 7B and D. 



We comment on potential background signals, which may vary depending on the type and 
concentration of proteins used (lines 973-984).  
- Line profiles were not shown in Fig. 7B and D, to avoid repetition; line profiles are shown in 
Fig.6 and Fig.8. 
 
3. The authors use CAD mouse neuroblastoma cells, which is a cell line that differentiates 
into neuron-like phenotypes and expresses certain neuron-specific proteins. However, to 
my knowledge, this cell line is not often (if ever) used to study axon elongation or 
pathfinding. The authors should avoid using the terms "neurons/neuronal" and 
"axons/axonal" which would be misleading (so is the "neuronal decision making assay"). The 
rationale for choosing this cell line (over more commonly used neuron-like cells, such as 
PC12 and SH-SY5Y) should be discussed in the manuscript. Figure 9 shows a few cells with 
elongated processes devoid of growth cones, thereby suggesting that the growth behavior 
of these cells may be drastically different from primary neurons. There is evidence in the 
literature that these cells can form growth cones (see 10.1083/jcb.201306067 for example); 
the lack of such structures in this study should also be discussed. It is also worrying that the 
authors mention biocompatibility of the PLPP (lines 681-688). In general, neuron-like cells 
much better tolerate subtle toxic insults compared to primary neurons. On the other hand, 
the authors state that they have not observed cytotoxicity in neurons. They need to provide 
evidence to support this claim by culturing neurons on the LIMAP-generated pattern. 
 
- Whilst CAD cells so far rarely appear in publications, we have now extensively characterised 
and compared them with other cell lines (including neuron-like PC12 and SH-SY5Y). We 
found that CAD cells (that derive from cortical neurons) are by far the most representative 
cell line in terms of similarity to primary cortical neurons (manuscript in preparation). 
Therefore they are an ideal cell for the purpose of pathfinding assays. As for primary cells, 
growth cones of CAD cells are enriched in F-actin and the shaft is enriched in microtubules 
(Fig. 10B).  
- We have tested both primary and cell lines on our micropatterns; no toxic effect was seen 
in either of them. To demonstrate this we introduced a figure with primary cells in Fig. 10C.   
- Following the referees suggestion, we now use the term “neurites” only for cell lines (as 
CAD cells) and the term “axons” for primary neurons.  
 
Minor Concerns: 
1. The first four sentences of the abstract are very general and hardly relevant to the 
manuscript. 
 
We have revised the abstract to align it to the manuscript contents. 
 
2. In Fig. 4, arrows are unnecessary and confusing. In panel D, the glass bottom can be 
referred to as "white" and the stencil as "grey". In panel E, the patterns can be shown in 
different colors. Also, please avoid using "highlighted" for two different things in the legend. 
 
We agree and eliminated the arrows in Fig. 4 D and changed the wording in the legend.  
Regarding the colours used in Fig. 4E, we decided to keep the colours consistent throughout 
the Figures schemes with red for representation of the first patterned protein (horizontal) 
and green for the second patterned protein (vertical) (Fig. 1, 2, 4 and 5). 



 
3. Protocol 1 is too detailed for a simple plasma treatment operation. For example, 
mentioning gas valve position is irrelevant for users of plasma systems other that the one 
used in this study. It would be sufficient (and necessary) to provide pressure, gas 
composition, power and plasma duration. 
 
We shortened the plasma-cleaning protocol, as suggested and provided the requested 
information for pressure, gas composition, power and plasma duration. 
 
4. It is not clear why two different passivation options are provided. Long-term storage is 
better than three-day storage; therefore PLL-PEG becomes redundant. Is there an 
advantage of using PLL-PEG? If so, please discuss. 
 
We have outlined in the manuscript that using the long lasting PLL-PEG requires a longer 
passivation time and requires longer photopatterning steps. This can lead to a dramatic 
increase of time for larger experiments. We have added a more detailed explanation in lines 
193-200 to make this clearer. 
 
5. It is not intuitive to use "z-number"; "z-position" would be more precise/correct. 
 
We are grateful for the comment and changed this according to the referee’s suggestion. 
 
6. A screenshot would be very helpful to accompany step 3.2.1. 
 
We agree, but we have not included a screenshot because we believe this will all be shown in 
the JoVe video that will accompany the manuscript. 
 
7. Parts of the protocol are repeated without an obvious reason. For example, step 4.8 is 
step 3.2.7 and step 8.4 is step 5.6. There may be repetitions in the process, but there is no 
point repeating the notes/warnings/caveats. 
 
We have eliminated most repetitions following the referee’s suggestions, when the 
information provided was redundant. However in some cases we have kept that information 
as a “Note” since we consider it key for the success of the protocol step (for example 
Protocol 4.2.7 and 5.8). 
 
8. In step 6.1, the authors suggest testing different blocking reagents, but do not say how. 
 
To clarify this point we have introduced a new Figure (Fig.9) and we have described more in 
detail how to test the blocking reagents in the text (709-714). 
 
9. Last sentence of step 10.4 is not clear. Please rewrite. 
 
We rephrased this sentence. 
 
10. As a stylistic point, the authors can remove the last column of the Table of Materials and 
provide the information in the first column. 



 
-Thank you very much. We have pointed out this issue to the Editor and left it to his choice 
whether to include that information in a column or as an independent paragraph below the 
Table of Materials.  
 
11. The paragraph between lines 695 and 706 is quite vague. Which parameters in the 
Leonardo software? What is the gradient option? How would the UV adhesive be used? 
Please also provide dimensions instead of using superlatives such as "bigger" and "much 
larger". 
 
We included now all requested information in lines 986-996.  
 
12. What is the width of the stripes in Fig. 3A and their spacing? 
 
We have stated now the width of the pattern and spacing in the Figure legend. 
 
 
 
Kind regards, 
 
The authors 
 
 
 


