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SUMMARY: 20 
We present a technology that uses capillarity-assisted assembly in a microfluidic platform to 21 
pattern micro-sized objects suspended in a liquid, such as bacteria and colloids, into prescribed 22 
arrays on a polydimethylsiloxane substrate. 23 
 24 
ABSTRACT: 25 
Controlled patterning of microorganisms into defined spatial arrangements offers unique 26 
possibilities for a broad range of biological applications, including studies of microbial physiology 27 
and interactions. At the simplest level, accurate spatial patterning of microorganisms would 28 
enable reliable, long-term imaging of large numbers of individual cells and transform the ability 29 
to quantitatively study distance-dependent microbe-microbe interactions. More uniquely, 30 
coupling accurate spatial patterning and full control over environmental conditions, as offered 31 
by microfluidic technology, would provide a powerful and versatile platform for single-cell studies 32 
in microbial ecology.  33 
 34 
This paper presents a microfluidic platform to produce versatile and user-defined patterns of 35 
microorganisms within a microfluidic channel, allowing complete optical access for long-term, 36 
high-throughput monitoring. This new microfluidic technology is based on capillarity-assisted 37 
particle assembly and exploits the capillary forces arising from the controlled motion of an 38 
evaporating suspension inside a microfluidic channel to deposit individual microsized objects in 39 
an array of traps microfabricated onto a polydimethylsiloxane (PDMS) substrate. Sequential 40 
depositions generate the desired spatial layout of single or multiple types of micro-sized objects, 41 
dictated solely by the geometry of the traps and the filling sequence.  42 
 43 
The platform has been calibrated using colloidal particles of different dimensions and materials: 44 
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it has proven to be a powerful tool to generate diverse colloidal patterns and perform surface 45 
functionalization of trapped particles. Furthermore, the platform was tested on microbial cells, 46 
using Escherichia coli cells as a model bacterium. Thousands of individual cells were patterned 47 
on the surface, and their growth was monitored over time. In this platform, the coupling of single-48 
cell deposition and microfluidic technology allows both geometric patterning of microorganisms 49 
and precise control of environmental conditions. It thus opens a window into the physiology of 50 
single microbes and the ecology of microbe-microbe interactions, as shown by preliminary 51 
experiments. 52 
 53 
INTRODUCTION:  54 
Spatial patterning of single microorganisms—particularly within experimental arenas that enable 55 
full control over environmental conditions, such as microfluidic devices—is highly desirable in a 56 
broad range of contexts. For example, arranging microorganisms into regular arrays would permit 57 
the accurate imaging of large numbers of individual cells and the study of their growth, 58 
physiology, gene expression in response to environmental stimuli, and drug susceptibility. It 59 
would also allow studying cell-cell interactions of particular interest in research into cellular 60 
communication (e.g., quorum sensing), cross-feeding (e.g., algal-bacterial symbiosis), or 61 
antagonism (e.g., allelopathy), with full control over the spatial localization of cells relative to 62 
each other. Cell physiology and evolution studies1, cell-cell interaction studies2, phenotypic 63 
differentiation screening3, environmental monitoring4, and drug screening5 are among the fields 64 
that can greatly benefit from a technology able to achieve such quantitative single-cell analysis. 65 
 66 
Several strategies to isolate and handle single cells have been proposed in recent years, from 67 
holographic optical traps6 and heterogeneous surface functionalization methods7-10 to single-cell 68 
chemostats11 and droplet microfluidics12. These methods are either technically very demanding 69 
or affect cell physiology and fail to provide a high-throughput platform to pattern microbes that 70 
can be studied over long periods, ensuring single-cell resolution, full optical access, and control 71 
over environmental conditions. The goal of this paper is to describe a platform to pattern bacteria 72 
with micrometric precision into prescribed spatial arrangements on a PDMS surface through 73 
capillarity-assisted assembly. This platform allows precise and flexible spatial patterning of 74 
microbes and enables full optical access and control over environmental conditions, thanks to its 75 
microfluidic nature.  76 
 77 
The technology behind this platform is an assembly technology developed in recent years, named 78 
sCAPA13-15 (sequential capillarity-assisted particle assembly) that was integrated into a 79 
microfluidic platform16. The meniscus of an evaporating liquid droplet, while receding over a 80 
patterned polydimethylsiloxane (PDMS) substrate inside a microfluidic channel, exerts capillary 81 
forces that trap the individual colloidal particles suspended in the liquid into micrometric wells 82 
microfabricated on the substrate (Figure 1A). Suspended particles are first transported to the air-83 
liquid interface by convective currents and then placed into the traps by capillarity. Capillary 84 
forces exerted by the moving meniscus act on a larger scale compared to forces involved in 85 
particle interactions.  86 
 87 



   

Thus, the assembly mechanism is not influenced by the material, dimensions, and surface 88 
properties of the particles. Parameters such as particle concentration, the speed of the meniscus, 89 
temperature, and surface tension of the suspension are the only parameters that influence the 90 
yield of the patterning process. The reader can find a detailed description of the influence of the 91 
aforementioned parameters on the patterning process in 13-15. In the original sCAPA technology13-92 
15, the colloidal patterning process was carried out in an open system and required a high-93 
precision piezoelectric stage to drive the suspension across the template. This platform exploits 94 
a different strategy and allows the patterning to be carried out with standard equipment 95 
generally used in microfluidics in a controlled environment, thus minimizing the risks of 96 
contaminating the samples. 97 
 98 
This microfluidic platform was first optimized on colloidal particles to create regular arrays of 99 
inert particles and then successfully applied to bacteria. Both microfluidic platforms are 100 
described in this paper (Figure 1B,C). Most of the preparatory steps and the experimental 101 
equipment described in the protocol are common for the two applications (Figure 2). We report 102 
colloidal patterning to demonstrate that the technique can be used to perform multiple 103 
sequential depositions on the same surface to create complex, multimaterial patterns. In 104 
particular, one single particle was deposited per trap for each step to form colloidal arrays with 105 
a specific geometry and composition, solely dictated by the traps’ geometry and filling sequence. 106 
As for bacterial patterning, single depositions are described, resulting in one bacterium being 107 
deposited per trap. Once cells are patterned on the surface, the microfluidic channel is flushed 108 
with medium to promote bacterial growth, the preliminary step of any single-cell study.  109 
 110 
PROTOCOL: 111 
 112 
1. Silicon master preparation 113 
 114 
NOTE: The PDMS templates bearing the microfabricated traps that form the template for 115 
colloidal and microbial patterning were fabricated according to the method introduced by 116 
Geissler et al.17. The silicon master was prepared by conventional lithography in a cleanroom. See 117 
the following steps for the procedure and the Table of Materials for the equipment. 118 
 119 
1.1. Design the features using computer-aided design (CAD) software. 120 
 121 
1.2. Prepare the chrome-glass mask with a layer of positive photoresist by exposing the 122 
designed features with a UV direct laser writer. 123 
 124 
1.2.1. Develop the chrome-glass mask with a spin developer using a developer at 1:4 photoresist 125 
to water ratio for 15 s. 126 
 127 
1.2.2. Immerse the mask in chromium etchant for 50 s. 128 
 129 
1.2.3. Plasma-treat a 10 cm silicon wafer for 3 min at 600 W. 130 
 131 



   

1.2.4. Vapor-deposit a layer of hexamethyldisilizane and bake at 110 °C to improve the adhesion 132 
toward the photoresist. 133 
 134 
1.2.5. Deposit a layer of photoresist at 4,500 × g for 2 min. 135 
 136 
1.2.6. Expose the feature to UV through the chrome-glass mask with a mask aligner for 2 s and 137 
develop with a developer as for the mask. 138 
 139 
1.3. To complete the fabrication of the silicon master, etch the wafer via deep reactive ion 140 
exchange, adjusting the etching time (<2 min) to achieve the desired depth (measured with a 141 
profilometer). 142 
 143 
2. Microchannel mold preparation 144 
 145 
2.1. Design the channel with CAD software and slice it with a slicer software to convert the 146 
designed model into instructions for the 3D printer, setting the slicing distance at 0.05 mm. 147 
 148 
2.2. Print the channel with a 3D printer for ~1 h.  149 
 150 
2.3. Wash and postcure the mold in a dedicated curing and washing machine.  151 
 152 
2.3.1. Put the mold in a container filled with pure isopropyl alcohol (IPA) and vortex the liquid 153 
(wash for 20 min). Take the container filled with IPA out of the machine.  154 
 155 
2.3.2. Once the washed mold is removed from the IPA container, put it back into the washing 156 
and curing machine and postcure it for 15 min at 35 °C. 157 
 158 
NOTE: The Table of Materials reports the 3D printer and the curing and washing machine used 159 
in the mold preparation protocol. The 3D model was sliced with the 3D printer’s proprietary slicer 160 
software. 161 
 162 
2.4. Place the print in a UV oven for 12 h and place it in an oven at 80 °C for 12 h. 163 
 164 
NOTE: This step ensures that all the polymer is cured and all uncured polymer is removed from 165 
the print as it would prevent PDMS from curing. 166 
 167 
2.5. Silanize the mold through vapor deposition of Trichloro (1H, 1H, 2H, 2H-perfluorooctyl) 168 
silane.  169 
 170 
2.5.1. Place the 3D mold in a vacuum desiccator along with 20 µL of 100% concentrated 171 
Trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane pipetted on an aluminum foil placed close to the 172 
mold.  173 
 174 
2.5.2. Create a vacuum in the desiccator to generate vapor and leave for 40 min.  175 



   

 176 
2.5.3. Remove the mold from the desiccator and rinse it with pure ethanol before pouring PDMS 177 
on it.  178 
 179 
3. Fabrication of the microfluidic chip 180 
 181 
3.1. Prepare a PDMS mixture by mixing the elastomer with its crosslinking agent (Table of 182 
Materials). Stir the mixture vigorously to blend the two components uniformly until air bubbles 183 
are formed, and the PDMS mixture looks opaque.  184 
 185 
NOTE: The amount of cross-linker should be 10% by weight of the amount of elastomer. 186 
 187 
3.2. Degas the mixture of elastomer and crosslinking agent in a vacuum desiccator to remove 188 
the trapped air bubbles. Transfer the mixture in the desiccator to the container used for mixing 189 
(step 3.1). Continue the degassing process until all the bubbles have been removed and the 190 
mixture looks transparent again.  191 
 192 
NOTE: The time typically required for desiccation is 30 min.  193 
 194 
3.3. Pour 3 g of the mixture on the silicon master to produce the template, which will serve as 195 
the “floor” of the microfluidic chip.  196 
 197 
NOTE: The thickness of the PDMS layer can be tuned by changing the amount of mixture poured 198 
on the silicon master. 199 
 200 
3.3.1. To obtain a 400 µm-thick template, pour 3 g of PDMS on the silicon master, place the 201 
silicon master on a spin coater, and spin coat at 21 × g for 5 s and 54 × g for 10 s, and then degas 202 
again as described in step 3.2 to remove trapped air bubbles. 203 
 204 
3.4. Pour 20 g of the PDMS mixture on the 3D-printed mold to make the microchannel, which 205 
will serve as the “roof” of the microfluidic chip, and degas it as described in step 3.2 for 30 min. 206 
 207 
3.5. Bake both the silicon wafer and the 3D printed mold at 70 °C for at least 2 h.  208 
 209 
3.6. Peel the PDMS layer off the 3D printed mold, cut the PDMS with a blade around the 210 
microchannels, and punch the holes that will serve as inlet and outlet of the microfluidic channel. 211 
 212 
3.7. Peel the PDMS off the silicon master and cut the PDMS layer into smaller pieces with the 213 
same dimensions of the microfluidic channels that will be bonded on top of the templates.  214 
 215 
3.8. Gently rub the templates and microchannels using a 1% detergent solution (see the Table 216 
of Materials) for 5 min and then rinse with deionized water. Next, rinse the templates and 217 
microchannels with isopropanol and rinse them with deionized water. Dry the templates and 218 
microchannels at room temperature for 1 min with compressed air at 1 bar.  219 



   

 220 
3.9. Place the templates and the microchannels in a plasma cleaner with the surfaces to be 221 
bonded facing up. Turn on the plasma cleaner, and plasma treat the templates and the 222 
microchannels for 40 s. Take them out from the plasma cleaner and immediately bond the 223 
microchannels on top of the templates by putting them in contact with one another. 224 
 225 
3.10. Store the microfluidic chips in an oven at 70 °C for five days to ensure PDMS hydrophobic 226 
recovery and have a receding contact angle within the optimal range, between 30 and 60°10,11.  227 
 228 
4. Bacterial patterning 229 
 230 
4.1. One day prior to the experiment, grow a population of Escherichia coli (strain MG1655 231 
prpsM-GFP). Inoculate the culture directly from the frozen stock and grow overnight for 20 h in 232 
lysogeny broth (LB) medium in a shaker incubator at 37 °C. Add 50 µg/mL of kanamycin for the 233 
cells to retain the prpsM-GFP plasmid. 234 
 235 
4.2. On the day of the experiment, set the box incubator (Figure 2A) at 37 °C several hours 236 
before the experiment to have a uniform and stable temperature before starting the experiment. 237 
Set up the syringe pump and the heated glass plate on the microscope stage (Figure 2B,C), setting 238 
the temperature at the same temperature as the box incubator. 239 
 240 
NOTE: The box incubator in which the entire system, including the microscope (Figure 2E), is 241 
enclosed ensures that a uniform and constant temperature is maintained throughout the entire 242 
experiment when the channel is flushed with medium.  243 
 244 
4.3. Ninety minutes before the experiment, put the microfluidic chip in a vessel filled with 245 
100% ethanol (EtOH) and flush the channel with 100% EtOH for at least 10 min. Place the 246 
microfluidic chip in a vacuum desiccator and degas for at least 30 min. Exchange the EtOH with 247 
distilled water and vacuum-treat the chip for at least 30 min. Put the microfluidic chip in the oven 248 
at 70 °C for 10 min to remove any traces of liquid left in the channel.  249 
 250 
NOTE: This step is necessary to prevent bubble formation in the channel when flushed with 251 
culture medium. This bubble prevention protocol was adapted from Wang et al.18. 252 
 253 
4.4. Pipette 1 mL of 3-(N-morpholino)propanesulfonic acid (MOPS) medium (1x) into a 254 
centrifuge vial and add 10 µL of 0.132 M potassium phosphate (K2HPO4). Take the overnight 255 
culture out of the 37 °C incubator and aliquot 100 µL into the centrifuge vial and centrifuge the 256 
culture at 2,300 × g for 2 min. Gently pipette the supernatant out of the centrifuge vials, and 257 
resuspend the pellet in 1 mL of fresh MOPS medium with 0.015% v/v of Tween 20 and 0.01% v/v 258 
of potassium phosphate.  259 
 260 
NOTE: The typical concentration of the bacterial suspension is in the range of 0.015–0.15 vol%, 261 
which ensures the formation of an extended and mobile accumulation zone and prevents the 262 
accumulation of particles on the substrate. Replacing the overnight medium with fresh medium 263 



   

minimizes the risks of releasing films of bacteria on the template. The lack of carbon source in 264 
the fresh medium prevents cells from growing in the suspension during template patterning. A 265 
concentration of 0.015% v/v of Tween 20 in the suspension is necessary for the contact angle of 266 
the receding liquid on the PDMS template to fall within the optimal range, between 30 and 60°. 267 
 268 
4.5. Load the bacterial suspension in a 1 mL syringe and connect the syringe to the chip 269 
through microfluidic tubing.  270 
 271 
4.5.1. To secure the connection between the syringe and the tubing, directly insert a needle 272 
with an outer diameter of 0.6 mm into the tubing. To avoid scattering any suspension remaining 273 
in the inlet vicinity across the channel, flush fresh medium through the hole used as an outlet 274 
during the patterning process (Figure 3A–III), rather than the hole used as the inlet.  275 
 276 
4.5.2. Mount the syringe on the syringe pump and inject the suspension into the microfluidic 277 
chip through the inlet located at the upstream part of the channel until the suspension covers 278 
the template region with traps.  279 
 280 
NOTE: During the liquid injection process, air can escape through an outlet located at the 281 
downstream end of the channel. 282 
 283 
4.5.3. Set the syringe pump to withdraw the bacterial suspension (Figure 3A–I) at a flow rate of 284 
0.07–0.2 µL/min, which in the described geometry corresponds to a meniscus receding speed of 285 
80–100 µm/min.  286 
 287 
4.5.4. Monitor the patterning process via microscope software.  288 
 289 
NOTE: Here, a 10]x magnification was used to monitor the receding meniscus on the template, 290 
and a 20x magnification was used to monitor the deposition of individual bacteria into the 291 
microfabricated traps. 292 
 293 
4.6. Once the template has been patterned with cells (Figure 3A–II), increase the withdrawal 294 
flow rate to quickly empty the microfluidic channel and flush it with fresh LB that was previously 295 
degassed for at least 30 min and prewarmed at 30 °C.  296 
 297 
4.7. Set the syringe pump at a flow rate of 2 µL/min to gently flush the channel. Once the 298 
channel has been filled, increase the flow rate (15 µL/min) according to the specific experimental 299 
needs.  300 
 301 
4.8. Acquire images of growing bacteria at the desired magnification and time interval. 302 
 303 
5. Colloidal patterning 304 
 305 
5.1. Pipette 900 µL of a 0.015% v/v Tween 20 aqueous solution into a centrifuge vial and 306 
pipette 100 µL of the original colloidal suspension into it. Centrifuge the suspension at 13,500 × 307 



   

g for 1 min. Gently remove the supernatant and replace it with the aqueous Tween 20 (0.015% 308 
v/v) solution. Repeat this process three times to ensure complete replacement of the supplier’s 309 
solvent from the stock suspension. 310 
 311 
5.2. Load the colloidal suspension in a 1 mL syringe and connect the syringe to the chip 312 
through microfluidic tubing. Inject the suspension into the microfluidic chip through the inlet 313 
located within the central section, at the upstream part of the channel, and gradually push the 314 
suspension until the template is covered.  315 
 316 
5.3. Withdraw the colloidal suspension at a flow rate of 0.07–0.2 µL/min, which corresponds 317 
to a meniscus receding speed of 1–2 µm/min, and image the patterning process via microscope 318 
software. Use 10x magnification to monitor the receding meniscus on the template and 20x 319 
magnification to observe the deposition of individual particles into the microfabricated traps. 320 
Increase the flow rate once the meniscus reaches the end of the template to empty the channel 321 
quickly. 322 
 323 
NOTE: Colloidal arrays composed of several particles can be produced by running the patterning 324 
process from steps 5.1 to 5.3 in series. The channel is loaded with a new colloidal suspension at 325 
each iteration according to the desired colloidal arrays’ composition. Each patterning step adds 326 
one particle to the colloidal array and can be run sequentially until the traps have been filled with 327 
the desired particles’ sequence. The composition of the resulting colloidal arrays is solely given 328 
by the sequence of colloidal suspensions used to fill the traps (Figure 3B). 329 
 330 
REPRESENTATIVE RESULTS: 331 
A microfluidic platform that exploits capillarity-assisted assembly to pattern colloidal particles 332 
and bacteria into traps microfabricated on a PDMS template was developed. Two different 333 
channel geometries have been designed to optimize the patterning of colloids and bacteria 334 
through the capillarity-assisted assembly. The first channel geometry (Figure 1B) consists of three 335 
23 mm long parallel sections with no physical barrier between them. The two sections on the 336 
sides are 5 mm wide and 1 mm high, while the central section is 7 mm wide and 500 µm high. 337 
This design helps maintain a well-defined moving droplet with a receding convex-shaped 338 
meniscus. The working principle of this platform is described in detail by Pioli et al.11. If the 339 
experiment requires filling the lateral channels, as in the case of bacteria culturing, air pockets 340 
are usually formed. For this reason, we designed and tested a second geometry that simplifies 341 
the filling process when the channel is flushed with medium. In this case, the platform  (Figure 342 
1C) consists of a single 20 mm long, 3 mm wide, and 500 µm high straight channel.  343 
 344 
The temperature in the microfluidic channel is an important parameter to ensure an efficient 345 
deposition process. It must be maintained 15 °C above the dew point of water to avoid 346 
condensation on the template. The heated glass plate underneath the channel (Figure 2D) 347 
ensures a uniform temperature across the template to prevent condensation during the 348 
patterning process in the region close to the liquid-air interface, characterized by a high vapor 349 
concentration in the air. The temperature of the heated glass plate must be the same as that of 350 
the box incubator to avoid condensation on the template.  351 



   

 352 
The straight channel geometry was exploited to pattern stationary-phased cells (Figure 4A) of a 353 
fluorescent E. coli strain (MG1655 prpsM-GFP). Bacteria were deposited in 83% of the 5,000 354 
analyzed traps. The cells were first placed in the traps according to the presented protocol and 355 
subsequently grown for 4 h at 37 °C in LB flushed at 10 mm/min. Patterned bacteria resumed 356 
growth at different times within 1.5 h from when the channel was filled with fresh LB (Figure 4B–357 
I), with the median at 44 min. Once growth is resumed, single bacterial cells start forming 358 
individual colonies, which expand (Figure 4B–II) until a surface layer is formed (3.5 h) and single-359 
cell resolution is lost (Figure 4B–III).  360 
 361 
This proof-of-concept experiment shows that capillarity-assisted assembly in a microfluidic 362 
channel can be used to pattern a surface with thousands of viable single-bacteria cells. Eleven 363 
replicates show that patterned cells grew in 45.5% of cases within a 7 h window. Four tests 364 
conducted adding propidium iodide (PI), a live-dead stain19, to the fresh LB flushed into the 365 
channel after the deposition proved that non-growing, patterned bacteria did not get stained. As 366 
PI binds to DNA but cannot penetrate cells with an intact membrane, the PI staining experiment 367 
shows that neither the patterning process nor the desiccation and rehydration processes 368 
damaged the cells’ membrane. 369 
 370 
The three-section channel geometry was used to produce linear colloidal arrays with different 371 
compositions by performing sequential patterning of colloidal particles. Figure 5 shows the 372 
different colloidal arrays formed through sequential patterning, including dimers (Figure 5A,B) 373 
and trimers (Figure 5C), containing two and three sequentially trapped particles, respectively. 374 
Green and red fluorescent polystyrene particles were used to assemble both dimers and trimers. 375 
Analysis conducted over 55,000 traps show that green-red (G-R) dimers (Figure 5A,B) made by 376 
particles with 2 µm and 1 µm in diameter were formed in 93% and 89% of analyzed traps, 377 
respectively. Green-red-green (G-R-G) trimers (Figure 5C) were formed in 52% of the 55,000 378 
analyzed traps11. Dimers and trimers were assembled by running sequential depositions, with the 379 
colloidal suspensions moving in the same direction across all sequential depositions (Figure 3B). 380 
As a result, particles trapped in each deposition step are in direct contact with those trapped in 381 
the previous one. 382 
 383 
Precise positioning of particles does not require direct contact between deposited particles. The 384 
distance between patterned particles can be precisely controlled by performing two depositions 385 
in opposite directions, thus trapping such particles at the opposite ends of each trap (Figure 5D). 386 
The distance between the trapped particles can be tuned by designing traps with the desired 387 
length. An additional possibility offered by the platform is chemical patterning of the surface with 388 
micrometric precision. This result can be achieved by patterning the template with chemically 389 
functionalized particles11. 390 
 391 
FIGURE AND TABLE LEGENDS: 392 
 393 
Figure 1: Microfluidic channels’ geometries and patterning process. (A) Schematic of a side-view 394 
section of the microfluidic channel during patterning of colloidal particles. The liquid suspension 395 



   

evaporates inside the microfluidic channel, and convective currents transport suspended 396 
particles toward the air-liquid interface. Particles are thus accumulated and form the 397 
accumulation zone. The syringe pump pulls the liquid suspension, prompting it to recede, and 398 
individual particles get trapped during the liquid recession on the template. The arrow represents 399 
the direction in which the suspension is moving. (B) Schematic of the channel geometry used to 400 
pattern colloidal particles on the PDMS template. The channel is 23 mm long and 17 mm wide 401 
and consists of three sections: a central one that is 7 mm wide and two lateral ones that are 5 402 
mm wide. The template is on the channel’s floor, within the central section. The cross-section 403 
shows that the central section of the microfluidic channel, where the liquid suspension is 404 
confined throughout the patterning process, is the shallowest part of the channel and is 500 µm 405 
high, while the two lateral sections are both 1 mm high. (C) Schematic of the straight channel 406 
geometry used to pattern bacteria. The microfluidic device consists of a 20 mm-long, 3 mm-wide, 407 
and 500 µm-high straight channel. The rectangular section of this microfluidic device, shown in 408 
the cross-section, simplifies the filling process of the channel with medium. The SEM image shows 409 
a small portion of the PDMS template with 2 µm-long, 1 µm-wide, and 500 nm-deep traps 410 
microfabricated on it. Scale bar = 2 µm. Abbreviations: PDMS = polydimethylsiloxane; SEM = 411 
scanning electron microscopy.  412 
 413 
Figure 2: Schematic of the platform for sequential capillarity-assisted assembly in a microfluidic 414 
channel. (A) Box incubator. The box incubator maintains a uniform and constant temperature 415 
(here, 30 °C) inside the microfluidic channel. (B) Syringe loaded with liquid suspension. The 416 
syringe is controlled by a syringe pump (not shown) and is used to control the motion of the liquid 417 
during the patterning process. (C) Heated glass plate. The heated glass plate is placed underneath 418 
the microfluidic channel and ensures a uniform temperature (here, 30 °C) across the template, 419 
which is critical to avoid condensation in the vicinity of the air-liquid interface. (D) Microfluidic 420 
chip loaded with a liquid suspension. The microfluidic chip’s floor bears the traps in which 421 
bacteria and colloids get patterned during the patterning process. (E) Microscope. The heated 422 
glass plate and the microfluidic chip are placed on a microscope stage, granting full optical access 423 
during the patterning process and all the following steps.  424 
 425 
Figure 3: Schematic of the steps involved in bacterial and colloidal patterning. Each panel shows 426 
an inner view of the microfluidic channel and only includes a small portion of the PDMS template. 427 
(A) Patterning of bacteria through capillarity-assisted assembly. (I) The bacterial suspension 428 
evaporates inside the microfluidic channel, causing convective currents to transport suspended 429 
bacteria to the air-liquid interface, thus forming the accumulation zone. Meanwhile, the 430 
suspension is pulled by the syringe pump and recedes on the template. The arrow represents the 431 
direction in which the bacterial suspension is moving. The receding suspension sweeps across the 432 
template, and individual cells get deposited into the microfabricated traps. (II) Deposited bacteria 433 
are exposed to air until the channel is flushed with fresh medium. The deposition process is over 434 
when the liquid suspension reaches the end of the template. (III) The microfluidic channel is 435 
flushed with fresh medium (i.e., LB). The arrow represents the direction in which the fresh 436 
medium is flushed. (B) Patterning of colloidal particles through sequential capillarity-assisted 437 
assembly. (I) The colloidal suspension recedes on the template while evaporating, and particles 438 
accumulate at the air-liquid interface, forming the accumulation zone. Individual particles are 439 



   

deposited into the traps microfabricated on the template. The arrow represents the direction in 440 
which the colloidal suspension is moving. (II) The deposition process is complete when the liquid 441 
suspension reaches the end of the template. (III) A second deposition is run in the same direction 442 
as the first deposition to place a second particle into each trap on the template. (IV) Once the 443 
second deposition is over, the template is patterned with dimers of one green and one red 444 
particle. Abbreviations: PDMS = polydimethylsiloxane; LB = Lysogen broth. 445 
 446 
Figure 4: PDMS template patterned with E. coli (strain MG1655 prpsM-GFP) cells. (A) SEM image 447 
of individual E. coli cells trapped in 2 µm-long, 1 µm-wide, and 500 nm-deep traps. Cells were 448 
trapped after one single deposition. Scale bar = 2 µm. (B) Epifluorescence images of a small 449 
portion of the PDMS template (approximately 80 µm x 80 µm) with trapped cells of E. coli after 450 
the microfluidic channel is filled with culture medium (Lysogen broth) at an initial speed of 1.3 451 
mm/min, which is then increased to 10 mm/min. Trapped cells grow and divide multiple times 452 
for 4 h, eventually merging with cells from neighboring traps and covering the surface. Scale bars 453 
= 10 µm. Abbreviations: PDMS = polydimethylsiloxane; GFP = green fluorescent protein. 454 
 455 
Figure 5: Colloidal clusters assembled through sequential capillarity-assisted particle assembly 456 
in the microfluidic platform (first channel geometry). Epifluorescence microscopy image of (A) 457 
15 dimers assembled from polystyrene particles with 2 µm in diameter with two sequential 458 
depositions. (B) Dimers (n = 15) assembled from polystyrene particles with 1 µm in diameter with 459 
two sequential depositions. (C) Trimers (n = 15) assembled from polystyrene particles with 1 µm 460 
in diameter with three sequential depositions. (D) Traps (n = 15) with particles patterned at the 461 
extremities of each trap by running two sequential depositions in opposite directions. The 462 
distance between particles in a trap is 2 µm. Scale bars = 4 µm. 463 
 464 
DISCUSSION: 465 
The microfluidic platform described here allows the patterning of micro-sized objects, such as 466 
colloids and bacteria, into prescribed spatial arrangements on a PDMS substrate. The full control 467 
over environmental conditions offered by microfluidics and the ability to pattern cells with 468 
micrometric precision granted by sCAPA technology makes it a very promising platform for future 469 
physiology and ecology studies. 470 
In the experiments presented in this work, the silicon master was realized using the photoresist 471 
reported in the Table of Materials. However, any photoresist suited to produce features in the 472 
size range described and usable with PDMS molding could be used. The same applies to the 3D 473 
printing resin used to prepare the microchannel mold. Any resin capable of producing features 474 
of the described dimension and compatible with PDMS molding could be used. 475 
 476 
In this protocol, storing the microfluidic chips at 70 °C for 5 days optimizes the surface 477 
hydrophilicity (contact angle falling between 30° and 60°) when Tween 20 is added to the 478 
bacterial or colloidal suspension. This procedure ensures the best reproducibility for the receding 479 
contact angle under these experimental conditions; however, other storing times and 480 
temperatures may work as well. 481 
 482 
Two applications of this microfluidic technique have been presented: 1) bacterial patterning 483 



   

involving individual depositions of bacterial cells into the traps on the PDMS substrate, and 2) 484 
colloidal patterning involving sequential depositions of colloids, obtaining colloidal arrays of 485 
different compositions. This platform has been fully optimized to ensure high yields of bacterial 486 
deposition, with thousands of cells patterned on the PDMS template. The combination of 487 
capillarity-assisted assembly and microfluidics ensures single-cell resolution and stable flow of 488 
nutrients for several hours, with full optical access throughout the process. The patterned cells 489 
are capable of resuming growth once the microfluidic channel is flushed with fresh medium, 490 
although the viability of the patterned cells still needs to be optimized.  491 
 492 
Currently, the major limitation of this technique is the lack of growth of patterned cells in 54.5% 493 
of experiments within a 7 h window. This aspect may be related to the specific bacterial species 494 
and needs to be further investigated to determine the root cause of the stress that prevents cells 495 
from regrowing. Air exposure and the force exerted by the meniscus during the patterning 496 
process may be among the major contributors to bacterial stress. Several possible solutions can 497 
be implemented to reduce such sources of stress, including the use of deeper traps to reduce the 498 
force applied on cells by the meniscus during the patterning process. An additional option to 499 
reduce the stress associated with air exposure would be to decrease the temperature of the 500 
heated glass plate. A temperature of 30 °C ensures a sufficient evaporation rate of the liquid 501 
suspension during the patterning process and would reduce the heat bacteria are exposed to 502 
after they are patterned on the template before medium is flushed.  503 
 504 
Once fully optimized, we envision that this platform will be used in a variety of biological studies 505 
involving quantitative single-cell analysis. The high-throughput nature of the technique allows 506 
patterning of thousands of cells, providing large statistics within the same experimental arena. 507 
Full optical access enables tracking the behavior, growth, and molecular activities of large 508 
numbers of single microorganisms over time, thus providing major advantages in the study of 509 
phenotypic heterogeneity under homogeneous environmental conditions. The microfluidic 510 
nature of this platform ensures full controllability over environmental conditions such as media 511 
composition, flow rate, and temperature, just to name a few.   512 
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Reply to editorial comments. 

 

[Reviewer and editorial comments are included in italics. Changes in the Manuscript and in 

the Supplementary information are reported in red.] 

 

Editorial changes 

 

We thank the editor for the numerous comments, which we address in detail below. We 

would like to stress that the sections we would like to film are:  

Step 3: Fabrication of the Microfluidic Chip 

Step 4: Bacterial Patterning 

Step 5: Colloidal Patterning.  

 

Changes to be made by the Author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. 

 

The manuscript was thoroughly proofread and no spelling or grammar issue was found. 

 

2. Please revise the following lines to avoid previously published work: 38-42, 83-84, 106-

108,120-124, 141-144, 161-163, 189-190, 217-220, 242-243. Please refer to the iThenticate 

report attached. 

 

We have carefully checked the data reported in the iThenticate report. It is shown that 504 

words are in common with our group’s website (stockerlab.ethz.ch) where only a brief 

description (less than 50 words) of our Lab on a Chip paper (ref 16, Pioli et al.) is reported. 

Since we could not understand where the repetition came from, we did not edit this part. If 

edits are needed, we will ask for further guidance. Regarding the 102 words that are in 

common with the Lab on a Chip paper, they include grant numbers, affiliations and nouns, 

which we did not change. We revised, whenever possible, the related scientific part.  

 

3. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" 

etc.). 

The text was revised and any personal pronoun and adjective were removed from the 

protocol. Personal pronouns and adjectives were left in the discussion section in compliance 

with other papers published in JoVe.(i.e. Carrara, F., Brumley, D.R., Hein, A.M., Yawata, Y., 

Salek, M.M., Lee, K.S., Sliwerska, E., Levin, S.A., Stocker, R. Generating Controlled, 

Dynamic Chemical Landscapes to Study Microbial Behavior. J. Vis. Exp. (155), e60589, 

doi:10.3791/60589 (2020)). 

 

4. Please define all abbreviations upon first use. For example, PDMS, MOPS, etc. 

 

The manuscript has been thoroughly proofread and all abbreviations have now been defined 

upon first used. 

 

5. JoVE cannot publish manuscripts containing commercial language. Please remove all 

commercial language from your manuscript and use generic terms instead. All commercial 
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products should be sufficiently referenced in the Table of Materials. For example: AZ400K 

developer, etc. 

 

Commercial names such as the AZ400K developer were removed from the manuscript. 

 

6. Please provide an appropriate citation(s), wherever applicable, for the following lines: 54-

64, 86-87 

 

Citations have now been added to both sections. 

 

7. Use SI units as much as possible and abbreviate all units: L, mL, µL, cm, kg, etc. Use h, 

min, s, for hour, minute, second. Please use centrifugal force (x g) for centrifugation speed. 

 

We replaced all centrifugation speeds with centrifugation forces. 

 

8. Please add more details to your protocol steps. Please ensure you answer the “how” 

question, i.e., how is the step performed? Alternatively, add references to published material 

specifying how to perform the protocol action. Readers of all levels of experience and 

expertise should be able to follow your protocol. 

 

9. Step 1.2, 1.3, 1.5, 1.6,1.7,1.9: How were these steps done? Please remember that our 

scripts are directly derived from the protocol text. Please include all actions associated with 

each step. 

 

The silicon master preparation step will not be included in the filming script as it is a well-

established method and is not unique to this manuscript, nor this is the only method that can 

be used to print microscopic features. Our protocol is resumed from a paper (Geissler et al), 

which was cited in the introductory section to the silicon master preparation step to provide 

details and further information to the readers. We could also directly refer to Geissler et al 

and avoid including details on the protocol to increase the consistency between scripts and 

protocol text.  

 

10. Step 1.4: Does chrome etchant refer to chromium etchant. If yes, please use chromium 

etchant instead of chrome etchant. Also, please provide all the steps associated which 

describe how this was done. 

 

Yes, chrome etchant refers to chromium etchant and has now been changed.  

 

11. Step 2.1, 2.2: How was the channel designed, sliced, and printed? If this step needs to be 

filmed, please make sure to provide all the details such as “click this”, “select that”, 

“observe this”, etc. Please mention all the steps that are necessary to execute the action item. 

If using long scripts, please include them as a supplementary file. 

 

The microchannel mold preparation will not be included in the filming script as it is a 

standard 3D printing protocol. We have provided additional details to increase the 

reproducibility, but we did not go into the level of details needed for the filmed protocol. 

 

12. Step 2.3: How was the washing of the printed channel done? What was used for washing? 

How long was the washing step? Please provide all steps associated. 
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We provided additional information on the washing step in the step 2.3 of the Microchannel 

Mold Preparation protocol. 

  

13. Step 2.5: What was the concentration of silane used? How was the vapor deposition 

done? What was the concentration of ethanol used for rinsing? Is vapor deposition done 

using any established method? If so, consider adding a citation. 

 

We have added details for the process at step 2.5 in the manuscript.  

 

14. Step 3.2, 3.3,3.4: How was degassing and spin coating of PDMS done? Please provide all 

associated steps. 

 

We have added details for the process at steps 3.2, 3.3 and 3.4 in the manuscript.  

 

15. Step 3.8: What was the concentration of soap and isopropanol used? For how long were 

the samples dried and at what temperature? What was the pressure of the compressed air 

used? 

 

We have added details in step 3.8.   

 

16. Step 3.9: How was the plasma treatment and bonding done? 

 

We have added details in step 3.9.   

 

17. Step 4.4: What is the concentration of potassium phosphate? What was the volume of 

MOPS added for re-suspending the pellet? 

 

We have added both information to step 4.4. 

 

18. Step 4.5: How was a secure connection ensured between the syringe and the tubing? 

 

We have added this information in step 4.5.  

 

19. Step 4.7: What was the flow rate used in this study, how was it determined? How were the 

images acquired? Please elaborate on the steps for acquiring images. If this step needs to be 

filmed, please make sure to provide all the details such as “click this”, “select that”, 

“observe this”, etc. 

 

The flow rate used in the reported experiment (shown in Figure 4) was 15 µl/min. We have 

added this information to step 4.7. We note that this is the flowrate used in our study but it is 

by no means necessary to specifically use this flow rate. The flowrate was set via the pump 

controlling software. Images were taken via microscope software (NIS Elements). This step 

does not need to be filmed since it is not relevant to the patterning process itself or to the 

growth.  

 

20. Step 5.3, NOTE: Do the author mean steps 5.1 to 5.3? If yes, please correct this. 

 

Yes, thanks for raising the issue. We corrected the steps numbers. 

 

21. Please provide all the actions steps associated, so that a reader may replicate your 
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analysis including buttons clicked, inputs, screenshots, command lines, etc. Please keep in 

mind that software steps without a graphical user interface (GUI) cannot be filmed. 

 

There is no software that needs to be filmed for the analysis, so we did not add further details. 

 

22. In the JoVE Protocol format, “Notes” should be concise and used sparingly. They should 

only be used to provide extraneous details, optional steps, or recommendations that are not 

critical to a step. Any text that provides details about how to perform a particular step should 

either be included in the step itself or added as a sub-step. Please consider moving some of 

the notes about the protocol to the discussion section. 

 

We have revised the use of notes according to the instructions and moved some to the 

discussion.  

 

23. Please include a one-line space between each protocol step and then highlight up to 3 

pages of the Protocol (including headings and spacing) that identifies the essential steps of 

the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive 

story of the Protocol. Remember that non-highlighted Protocol steps will remain in the 

manuscript, and therefore will still be available to the reader. 

 

We have highlighted the essential steps of the protocol for the video in yellow in the 

manuscript.  

 

24. Please remove the embedded figure(s) from the manuscript. All figures should be 

uploaded separately to your Editorial Manager account. Each figure must be accompanied 

by a title and a description after the Representative Results of the manuscript text. 

 

We have removed the figures from the Manuscript and left the figure title and the caption.  

 

25. As we are a methods journal, please ensure that the Discussion explicitly covers the 

following in detail in 3-6 paragraphs with citations: 

a) Critical steps within the protocol 

b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 

d) The significance with respect to existing methods 

e) Any future applications of the technique 

 

26. Please remove trademark (™) and registered (®) symbols from the Table of Equipment 

and Materials. 

 

We removed trademark and registered symbols from the Table of Equipment and Materials. 

 

27. Figure 1: Please label the figure to make it more informative. 

 

We added labels indicating evaporation and laminar flow in Figure 1. The figure is reported 

below. 
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Reply to Reviewer #1 

 

The paper by Pioli et al describes a protocol for micropatterning of colloids or micro-

organisms through capillary assembly. 

 

The protocol is based on a previously developed and tested method (termed sCAPA) but has 

been improved and made more robust. The methodology uses a micropatternd PDMS surface 

integrated in a microfluidic channel. When a meniscus of a particle loaden liquid is receding 

over the pattern the microparticles are deposited into the surface wells. Sequential assembly 

permits to deposit for example two different particles into each well. The proposed protocol 

is very versatile as the microparticle properties play a negligible role in the deposition 

process. This methodology is very appealing as it enables not only full control of the 

geometric pattern, but subsequently also control over the environment and can as such be 

used for the investigation of the physiology of single microbes or microbe-microbe 

interactions. 

 

The protocol is well described, and first experiments demonstrate its feasibility and 

robustness for passive colloids as well as micro-organisms. The prepared figures are clear 

and visually appealing. 

 

I am convinced this methodology will be very useful for other groups working on colloidal 
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science, microbiology or biomedical applications. I thus think that this submission is a very 

good fit for JoVE and I recommend its acceptance. 

 

We thank the reviewer for the appreciation of our work. 

 

 

Reply to Reviewer #2 
 

In this work, Pioli et al describe a microfluidic system to pattern micron-scale objects 

(bacteria or colloidal particles) using capillary-assisted deposition of single objects onto 

traps. The approach results in very interesting patterns of different configurations that could 

be used for a variety of studies of individual behavior or cell-cell or object interaction. This 

clever idea has been previously used by the authors, and sharing details on the approach is 

important, as this seems like a platform with wide applicability. The manuscript is well 

described and easy to follow, and the level of detail is enough to enable others to reproduce 

it, for the most part. I recommend this manuscript for publishing, although clarification of a 

few points is recommended. 

 

Major Concerns: 

1) Details regarding the scaling of the trap relative to the cell or particle of interest are not 

provided. Is there an optimal size matching? For example: would a 5 um trap work with a 1 

um particle, or would the opposite be true? 

 

We thank the Reviewer for the positive feedback on our work. The patterning mechanism is 

described in detail in the cited papers (Refs 13 – 16 in the manuscript). We have added a 

sentence to inform the reader on where to find a detailed discussion on the patterning 

parameters. The patterning process is based on a purely geometric effect, where if the 

particle’s radius is in the order of magnitude of the trap’s depth, due to an interplay of forces 

between the particles and the receding meniscus, one particle is trapped per trap. In the 

scenario described by the reviewer, i.e. 5 µm trap with a 1 µm particle, the outcome would 

depend on the depth of the trap in question. In case of a 500 nm deep trap, one single particle 

would be trapped. The results presented in the paper focus on this scenario, where the depth 

of the trap is equal to the radius of the particle.  

 

2) Is the use of a positive photoresist necessary? I imagine this could be performed with other 

photoresists as long as it can be used for PDMS molding? 

 

The Reviewer is right. Any photoresist suited to produce features in the size range described 

and usable with PDMS molding could be used. The replication with PDMS requires a 

negative of the template in the form of a photoresist mold (or of any other material). 

 

3) Overnight UV and 80C treatment are necessary for the 3D mold. I imagine this is specific 

to the material the authors used for 3D printing, but there is a wide variety of available 

printing materials. Can the authors provide information on which material(s) work? And 

which one needs the UV/80C treatment? 

 

The resin we used to print the mold is Prusa resin, Tough for 3D Printing, Prusa, Azure Blue. 

We have added this information and a detailed description of the curing process to the 

manuscript. The resin was chosen because is the one routinely used in our lab, but any resin 
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capable of producing features of the described dimension and compatible with PDMS 

molding could be used.  

 

4) Can the authors clarify why two different devices are needed? Should both be able to 

accomplish the same purpose? 

 

Both devices can be used to successfully pattern particles and bacteria on the PDMS 

template. The second geometry consists of a straight channel, which is easier to fill when 

flushed with culture media without forming bubbles and air pockets. Since bacterial 

patterning requires flushing the channel after bacteria have been successfully patterned, the 

second device is preferred to the first since it is easier to fill with media. We now discuss this 

aspect at the beginning of the Results section.  

 

5) What bacterial/particle concentration is needed? Does this affect patterning? 

 

Thanks for raising the point. We have now commented on this point in the manuscript (step 

4.4). The typical concentration range used in the literature is between 0.1 and 1 vol% for sub-

micron particles and from 0.0002 to 0.05 vol% for sub-100 nm particles (see ref 13: Ni, S., 

Isa, L., Wolf, H. Capillary assembly as a tool for the heterogeneous integration of micro- and 

nanoscale objects. Soft Matter. 14 (16), 2978-2995 (2018)). This concentration range ensures 

that an extended accumulation zone can be created without the aggregation of particles onto 

the substrate and away from the meniscus, which may hinder the controlled motion of the 

latter.  

The same is true for bacteria. We have now added a comment in step 4.4.  
 

6) Regarding lack of growth, did the authors test cell viability after patterning? I know this 

might be out of the scope of this work, but if it is known, it would be useful to state it. 

 

We have tested cell viability by injecting LB with the addition of propidium iodide (PI), a 

dead-life staining agent. PI  binds to DNA, but cannot penetrate into cells with an intact 

membrane. Consequently, cells that uptake PI and become fluorescent are dead, while alive 

cells with an intact membrane will not be stained.  Non-growing patterned cells did not get 

stained by PI, showing that neither the patterning process nor the desiccation and rehydration 

processes damaged the cells’ membranes. We discuss this aspect in the Results section.  

 

Minor Concerns: 

1) It is unclear why the PDMS chips need to be stored at 70C for 5 days (3.10), if the system 

is treated afterwards with etOH (for bubble avoidance) and then with TWEEN20. Is the 5-day 

treatment really necessary? 

 

We found that storing the device at 70°C for 5 days helps ensuring the optimal surface 

hydrophilicity (contact angle falling between 30° and 60°) when TWEEN 20 is added to the 

bacterial or colloidal suspension. We found this ensures the best reproducibility for the 

receding contact angle under our experimental conditions, but we cannot exclude that 

different procedures may work as well.  

 

2) "patterning process from 6.1 to 6.3 in series". Do the authors refer to 5.1 to 5.3? 

 

Thanks for raising the issue. We meant 5.1 to 5.3 and changed the nomenclature in the 

manuscript. 



ARTICLE AND VIDEO LICENSE AGREEMENT 
 

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051. 

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-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/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. 

 

 

Patterning of microorganisms and microparticles through sequential capillarity-assisted
assembly.

Roberto Pioli, Roman Stocker, Lucio Isa, Eleonora Secchi

Author License Agreement Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Pioli_Patterning of

https://www.editorialmanager.com/jove/download.aspx?id=1392129&guid=b0cb3efd-6dad-485e-8fea-7145755ae1e0&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1392129&guid=b0cb3efd-6dad-485e-8fea-7145755ae1e0&scheme=1
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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. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
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 
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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 
discretion and without 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 contamination due 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, 
JoVE 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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