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SUMMARY: 23 
We describe a simple lithographic procedure for the immobilization of gene-length DNA 24 
molecules on a surface, which can be used to perform cell-free gene expression experiments on 25 
biochips. 26 
 27 
ABSTRACT:  28 
Immobilization of genes on lithographically structured surfaces allows the study of 29 
compartmentalized gene expression processes in an open microfluidic bioreactor system. In 30 
contrast to other approaches towards artificial cellular systems, such a setup allows for a 31 
continuous supply with gene expression reagents and simultaneous draining of waste products. 32 
This facilitates the implementation of cell-free gene expression processes over extended periods 33 
of time, which is important for the realization of dynamic gene regulatory feedback systems. Here 34 
we provide a detailed protocol for the fabrication of genetic biochips using a simple-to-use 35 
lithographic technique based on DNA strand displacement reactions, which exclusively uses 36 
commercially available components. We also provide a protocol on the integration of 37 
compartmentalized genes with a polydimethylsiloxane (PDMS)-based microfluidic system. 38 
Furthermore, we show that the system is compatible with total internal reflection fluorescence 39 
(TIRF) microscopy, which can be used for the direct observation of molecular interactions 40 
between DNA and molecules contained in the expression mix. 41 
 42 
INTRODUCTION:  43 
Cell-free gene expression reactions are of great interest for various applications in biochemistry, 44 
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biotechnology, and synthetic biology. Cell-free expression of proteins was instrumental for the 45 
preparation of pure protein samples, which were the basis for numerous studies in structural 46 
biology. For instance, cell-free systems were successfully used for the expression of protein 47 
complexes1 or membrane proteins2, which are difficult to produce using cell-based expression. 48 
Notably, cell-free gene expression reactions were also used to elucidate the structure of the 49 
genetic code, starting with the groundbreaking experiments by Nirenberg and Matthaei in 19613.  50 
 51 
Recently, there has been a renewed interest in cell-free methods in biotechnology and synthetic 52 
biology4-6. Cell-free systems can be augmented with non-biological compounds, and components 53 
of diverse biological origin can be combined more easily7. Even though cell-free systems have the 54 
apparent disadvantage that they do not “grow and divide”, it is conceivable to prepare open cell-55 
free bioreactors with basic metabolic functions and let them synthesize metabolites when 56 
provided with simple carbon and energy inputs8. Within the emerging field of synthetic biology, 57 
cell-free systems promise to be a more predictable “chassis” for the implementation of synthetic 58 
biological functions. 59 
  60 
Currently, cell-free gene expression reactions are carried out either using cell extracts (from 61 
different sources such as bacteria, yeast, insects), or transcription/translation systems which 62 
were optimized for different applications (e.g., prokaryotic vs. eukaryotic gene expression, 63 
production of membrane proteins, etc.). A popular protocol for the preparation of bacterial cell 64 
extract (commonly termed TXTL) was provided recently by V. Noireaux and coworkers9. Its 65 
biophysical properties have been thoroughly characterized10, and the TXTL system has been 66 
already used successfully to perform a series of complex biochemical tasks: e.g., the assembly of 67 
functional bacteriophages via cell-free expression of the phage genome11, the synthesis of 68 
bacterial protein filaments12, or the implementation of cell-free gene circuits13,14.  69 
 70 
Another system popular in cell-free synthetic biology is the PURE system, which is reconstituted 71 
from purified components15,16. Compared to the TXTL system, it does not contain nucleases or 72 
protein degradation machinery. While degradation of linear DNA, RNA molecules or proteins is 73 
less of an issue in the PURE system, decay pathways are actually important for the 74 
implementation of dynamical functions. In order to reduce the effect of exonuclease degradation 75 
of linear gene templates in the TXTL system (through RecBCD), the end-protecting GamS protein 76 
has to be added. Both the TXTL and the PURE system are commercially available.  77 
 78 
A topic closely related to cell-free biology concerns the study of the effect of 79 
compartmentalization on biochemical reactions, and further the creation of artificial cell-like 80 
structures or protocells17-20. Research on artificial cells typically involves the encapsulation of a 81 
biochemical reaction system inside of vesicular compartments made from phospholipids or other 82 
amphiphiles. While such systems help to explore fundamental aspects of compartmentalization, 83 
or the emergence of cellularity and self-replicating structures, they face the typical problems of 84 
closed systems: in the absence of a functioning metabolism and appropriate membrane transport 85 
mechanisms, it is difficult to keep compartmentalized reactions running for extended periods of 86 
time - fuel molecules are used up and waste products accumulate.  87 
 88 



   

An interesting alternative to compartmentalization inside of such cell-mimicking compartments 89 
is the spatial organization of genetic material using photolithographic methods. Immobilization 90 
of “genes on a chip” was pioneered by the Bar-Ziv group at the Weizmann Institute more than 91 
ten years ago21. Among the major issues that had to be resolved were the non-specific adsorption 92 
of DNA and the potential denaturation of proteins on the chip surface. Bar-Ziv et al. developed a 93 
dedicated photolithography resist termed “Daisy”, which was composed of a reactive terminal 94 
silane for immobilization of the resist molecules on silicon dioxide surfaces, a long polyethylene 95 
glycol (PEG) spacer that assured biocompatibility, and a photocleavable headgroup, which was 96 
converted into a reactive amine upon irradiation with ultraviolet (UV) light. It has been shown 97 
that Daisy can be used to immobilize gene-length DNA molecules (with lengths of several kilo 98 
base-pairs (kbp)) on a chip surface. From a polymer physics point of view, the systems 99 
represented polymer brushes grafted onto a solid substrate. Due to the polyelectrolyte nature of 100 
DNA, the conformation of these brushes is strongly affected by osmotic and other ion-specific 101 
effects22,23. 102 
 103 
Most importantly, it has been shown that substrate-immobilized genes are still functional and 104 
can be transcribed and translated into RNA and protein. Gene brushes are accessible for RNA 105 
polymerases from solution24, and the complex macromolecular mixture of the 106 
transcription/translation is not denatured at the surface. One of the advantages of 107 
immobilization of genetic components on a substrate is that they can be operated in an open 108 
microfluidic reactor system that is continuously supplied with small precursor molecules and 109 
from which waste products can be removed25,26. 110 
 111 
We recently developed a variant of this method termed Bephore (for Biocompatible electron-112 
beam and photoresist)27, which was based exclusively on commercially available components 113 
and utilized sequence-specific DNA strand invasion reactions for the realization of a simple-to-114 
implement multistep lithography procedure for the creation of chip-based artificial cells. A 115 
schematic overview of the procedure is shown in Figure 1. It is based on DNA hairpin molecules 116 
containing a photocleavable group, which are immobilized on a biocompatible PEG layer. 117 
Photocleavage of the hairpin exposes a single-stranded toehold sequence, through which DNA 118 
molecules of interest (containing the “displacing” DIS sequence) can be attached via toehold-119 
mediated strand invasion. 120 
 121 
While Bephore is potentially simpler to implement, Daisy allows the realization of very dense and 122 
clean “gene brushes”, which has advantages in certain applications. In principle, however, Daisy 123 
and Bephore lithography could be easily combined. A related lithography method utilizing DNA 124 
strand displacement for structuring DNA brushes on gold was previously developed by Huang et 125 
al., but was not utilized in the context of cell-free gene expression28,29.  126 
 127 
In the following protocol we provide a detailed description of the production of DNA brushes for 128 
cell-free gene expression using the Bephore method. We describe how the gene chips are 129 
fabricated and demonstrate the use of multi-step photo-lithography for the spatially structured 130 
immobilization of genes on a chip. We also discuss the fabrication of reaction chambers and the 131 
application of microfluidics for the performance of on-chip gene expression reactions.  132 



   

 133 
PROTOCOL:  134 
 135 
Note: A time schedule for the steps in the different sections is given in the supplementary 136 
information (section 1). 137 
 138 
1. Chip Fabrication 139 
 140 
Note: As substrates, use silicon wafers (100 mm diameter, 0.525 mm thickness) with a 50 nm 141 
thick layer of silicon dioxide or glass slides (24 mm x 24 mm, no. 1.5; 22 mm x 50 mm, no. 4). 142 
Depending on the application, other sizes and thicknesses may be more suitable. 143 
 144 
1.1. Cleaning the substrates via an RCA clean procedure (water, ammonia solution NH3(aq) 30% 145 
and hydrogen peroxide H2O2 30%, at a ratio 5:1:1) 146 
 147 
1.1.1. Mix water and ammonia solution in a beaker glass and heat the mixture to 70 °C on a hot 148 
plate while stirring.  149 
 150 
1.1.2. Add the hydrogen peroxide and the substrate. For higher throughput, place multiple 151 
substrates (especially the small glass slides) in a polytetrafluoroethylene (PTFE) holder. 152 
 153 
1.1.3. After 30 min, take out the substrate, rinse it thoroughly with water from a wash bottle, 154 
and dry it with a nitrogen gun. Immediately proceed with the PEGylation of the substrate. 155 
 156 
CAUTION: Wear skin and eye protection and work in a fume hood. Do not close the waste 157 
container tightly in order to allow for gas release from the mixture. 158 
 159 
1.2. PEGylation of the substrate 160 
 161 
Note: Repeated freezing and thawing of the Biotin-PEG-Silane stock reduces the reactivity of the 162 
silane due to condensation of air moisture. Therefore, prepare 5 mL-tubes with appropriate 163 
amounts of Biotin-PEG-Silane (e.g. 10-20 mg) and fill them with dry argon before freezing them 164 
until use. 165 
 166 
1.2.1. Dissolve Biotin-PEG-Silane in dry toluene by vortexing (5 mg/mL). 167 
 168 
1.2.2. Place the substrate in a glass petri dish (120 cm diameter, 2 cm height) in a fume hood. 169 
 170 

1.2.3. Pipette the solution (200 µL for a single glass cover slip, a few mL for a large silicon wafer) 171 
onto the substrate, covering the whole surface, but avoid the solution flowing over the edge of 172 
the substrate. 173 
 174 
1.2.4. Close the petri dish. To reduce drying of the substrate, add an additional cover with a wet 175 
paper towel. 176 



   

 177 
1.2.5. After 30 min, add approximately 40 ml of isopropyl alcohol, then take out the substrate, 178 
rinse it again thoroughly with isopropyl alcohol and dry it with a nitrogen gun (for glass slides, 179 
remember the PEGylated side). Store the substrate in the dark until use. 180 
 181 
CAUTION: Wear skin and eye protection and work in a fume hood. 182 
 183 
2. Preparation of Genes for Immobilization 184 
 185 
Note: Primer sequences, DNA modifications and an exemplary PCR protocol are given in the 186 
supplementary information (sections 2-4). 187 
 188 
2.1. Use modified primers to amplify the gene of interest by polymerase chain reaction (PCR). 189 
One primer carries a fluorophore for visualization in fluorescence microscopy, and the other 190 
primer is separated from the DIS sequence by a triethylene glycol spacer in order to keep the DIS 191 
sequence single-stranded throughout the PCR. 192 
 193 
2.2. Purify the DNA using a spin column purification kit and measure its concentration using an 194 
absorption photometer. The concentration should not be much lower than 100 nM.  195 
 196 
2.3. Adjust the concentration of NaCl to 1 M using a concentrated 5 M NaCl solution. The high 197 
salt concentration facilitates the DNA brush assembly process22. 198 
 199 
3. Photolithography 200 
 201 
Note: The photocleavable DNA (PC) should be handled only in a yellow-light environment. Yellow 202 
foil for cleanrooms can be used to filter the light of conventional white light lamps. 203 
 204 
3.1. Preparation of the substrate 205 
 206 
3.1.1. Prepare the Bephore-mix (1 µM streptavidin, 1.5 µM PC DNA, 7.5 µM PH DNA in 1x PBS 207 
(phosphate-buffered saline)) and the passivation mix (10 µM unlabeled DIS DNA, 1 mg/mL BSA 208 
(bovine serum albumin), in 1x PBS). Both can be stored in the dark in the fridge for several weeks. 209 
 210 
3.1.2. Cut the substrate into smaller pieces (a few cm2) either using a glass cutter or breaking a 211 
silicon wafer along a crystal line by pressing onto an edge with a scalpel. As a simple alignment 212 
mark, create a short scratch from the center towards an edge of the substrate using the glass 213 
cutter. Blow small particles off the chip with a nitrogen gun. 214 
 215 
3.1.3. Mix two droplets of two-component silicon glue, stirring it e.g. with a pipette tip, and apply 216 
the glue to the surface of the chip, leaving the area around the tip of the scratch blank (Figure 2A). 217 
The glue provides a hydrophobic barrier that facilitates washing steps and reduces the amount 218 
of DNA required for incubations. In a later step, the glue can be easily peeled off. 219 
 220 



   

3.1.4. Incubate 10 µL (or as much as necessary to cover the chip) of the Bephore-mix at room 221 
temperature (RT) on the chip. During the incubation, place the chip in a box, e.g. a pipette tip box 222 
partially filled with water to reduce evaporation.  223 
 224 
3.1.5. After 1 h, wash the chip several times (5x with 50 µL) by pipetting with 1x PBS to remove 225 
unbound Bephore-mix. 226 
 227 
3.1.6. Take off as much buffer as possible without drying the chip and incubate 10 µL of the 228 
passivation-mix on the chip at RT.  229 
 230 
3.1.7. After 2 h, wash the chip several times (10x with 50 µL) by pipetting with 1x PBS to remove 231 
unbound passivation agents. 232 
 233 
3.2. Projection lithography 234 
 235 
Note: For lithography, an upright microscope with a 60X water immersion objective can be used. 236 
Illumination times depend on the objective, the light source, the mask, the substrate (silicon chip 237 
or glass slide) and the desired DNA surface density. With a 60X objective, typical exposure times 238 
ranged from below one minute for a two-step lithography with overlapping regions (15 s for 239 
silicon chips, 45 s for glass slides) to 2-3 min for a full exposure. Do not use a cover slip (except 240 
fused quartz) on top of the substrate, since it blocks UV light. 241 
 242 
3.2.1. Cut a printed photomask (see supplementary file with exemplary lithography masks and 243 
supplementary section 5) to an appropriate size to fit a suitable mask holder, which can be 244 
inserted at the position of the field stop (Figure 2B). For precise multi-step lithography, align the 245 
mask with alignment marks on the holder. 246 
 247 
3.2.2. Place the substrate on a microscopy slide and move it to the microscope stage. For 248 
patterning of Bephore glass slides, insert black foil (e.g. spare foil from the printed photomasks) 249 
between microscopy slide and Bephore slide to provide a dark background for lithography. 250 
 251 
3.2.3. Insert a red filter into the illumination path, focus onto the substrate surface and navigate 252 
to the region of the substrate, which will be exposed, e.g. the region at the tip of the scratch. 253 
 254 
3.2.4. Insert the mask holder, block the illumination and change to the UV filter (Figure 2C). At a 255 
low light intensity, open the shutter and use the camera to quickly focus the mask on the 256 
substrate. 257 
 258 
3.2.5. Block the light path to the camera and illuminate the substrate at a high light intensity for 259 
the desired exposure time. 260 
 261 
3.2.6. Take the sample from the microscope and carefully remove as much buffer as possible 262 
from the substrate without drying it. 263 
 264 



   

3.2.7. Add 10-20 µL of the DNA with DIS-sequence. Place the substrate in a wet box to keep it 265 
from drying. Incubate the DNA on the substrate for 2 h (oligonucleotides at a micromolar 266 
concentration) or several hours/overnight (kbp-long DNA at approximately 100 nM 267 
concentration) at RT. 268 
 269 
3.2.8. Remove the DNA from the chip and wash it several times with 1x PBS. In order to reduce 270 
the waste of DNA (especially for longer fragments), store the DNA taken from the substrate and 271 
reuse it. 272 
 273 
3.3. Multi-step lithography 274 
 275 
Note: For precise alignment of two or more exposures in a single area, keep the sample on the 276 
stage to avoid angular misalignment. Make sure the chip does not dry up. For the positioning of 277 
several DNA brushes in different regions on a substrate, use a motorized stage to drive to the 278 
designated area or use a substrate with appropriate alignment marks. 279 
 280 
3.3.1. After the first exposure (section 3.2), incubate DNA on the substrate. It is important that 281 
all binding sites resulting from the first exposure are occupied. Therefore, incubate 282 
oligonucleotides (10 µM) for approximately 3 h at RT.  283 
 284 
3.3.2. To immobilize DIS-labeled genes, place them on the substrate for several hours or 285 
overnight at RT, then wash the sample and add the passivation mix for another 2 h at RT. Proceed 286 
with the next exposure. 287 
 288 
3.3.3. For additional exposures, repeat the previous steps (3.2.3 - 3.3.2). 289 
 290 
4. PDMS Devices 291 
 292 
Note: Preferably, work in a clean-room. The fabrication of a PDMS device follows a standard 293 
protocol such as described by McDonald et al.30 294 
 295 
4.1. Fabrication of master molds via photolithography 296 
 297 
4.1.1. Clean a silicon wafer (76.2 mm diameter, 525 µm thickness) by sonication in acetone for 298 
5 min at high power and rinse with isopropyl alcohol and de-ionized water. Afterwards place the 299 
wafer on a hot plate at 150 °C for 15 min. 300 
 301 
4.1.2. Optionally, in order to improve the adhesion of resist to the wafer, add 2-3 mL adhesion 302 
promoter (Ti-prime) and spin at 3000 rpm for 30 s. Heat the wafer to 120 °C for 2 min. 303 
 304 
4.1.3. Add about 2-3 mL photoresist (see Table of Materials). Spin the wafer for 15 s at 500 rpm, 305 
then at 3000 rpm for 30 s. This should result in a 20 µm thick layer of photoresist. Let the 306 
photoresist layer relax at room temperature for 10 min. 307 
 308 



   

4.1.4. For the pre-exposure bake, place the wafer on a hot plate at 50 °C for 2 min, then at 85 °C 309 
for 5 min. 310 
 311 
4.1.5. Place the wafer under the photomask with the blueprint of the compartments. Preferably, 312 
use a mask-aligner. The photomask should have a resolution of 64,000 dpi (see supplementary 313 
file with lithography masks and supplementary section 5). 314 
 315 
4.1.6. Expose the wafer for 1 min with UV-light (I-line 5-10 mW/cm2) through the photomask.  316 
 317 
4.1.7. For the post-exposure bake, place the wafer at 50 °C for 2 min and then at 85 °C for 5 min. 318 
Let the wafer cool down and relax for 1 h at room temperature. 319 
 320 
4.1.8. Place the wafer in a dish with developer for 3 min while gently agitating the beaker. Rinse 321 
the wafer with isopropyl alcohol and dry it with a nitrogen gun. Place the wafer on a hot plate at 322 
130 °C for 45 min. 323 
 324 
4.2. Preparation of the PDMS device 325 
 326 
4.2.1. Mix PDMS base and PDMS curing agent in a 10:1 ratio and pour it onto the wafer in a closed 327 
container until a layer of about 5 mm has formed above the wafer. To obtain a PDMS device of 328 
only 1 mm thickness, instead spin coat the wafer with PDMS at 100 rpm for 2 min. 329 
 330 
4.2.2. Place the container in a desiccator and apply a vacuum (about 85 kPa) for about 30 min. 331 
Then, heat the PDMS to about 70°C for 1-2 h in an oven.  332 
 333 
4.2.3. Separate the PDMS device from the wafer. Cut the PDMS into slabs so that each piece 334 
contains one set of compartments. In case the PDMS will be connected to a microfluidic setup, 335 
punch holes (1 mm) as an inlet and outlet at the ends of the supply channel.  336 
 337 
4.2.4. Clean the PDMS with isopropyl alcohol and de-ionized water and dry it with a nitrogen gun. 338 
Store the PDMS dust-free. 339 
 340 
5. Compartmentalized Gene Expression 341 
 342 
Note: The following procedure describes the assembly of a simple holder (Figure 3) for the 343 
observation of compartmentalized gene expression on an inverted microscope with a cage 344 
incubator for temperature control. The holder was built using readily available materials and 345 
tools (3.5-5 mm thick polyvinyl chloride (PVC) plastics, screws and nuts, drill) and can be 346 
customized to fit different types of microscopes. The steps described in 5.1 and 5.2 should be 347 
performed such that both parts of the holder are ready at the same time. 348 
 349 
5.1. Bottom holder assembly 350 
 351 
5.1.1. Prepare a Bephore chip with alignment mark (e.g. a scratch) and glue it onto the chip 352 



   

holder using double-sided adhesive tape (Figure 3B). The chip should be larger than the PDMS 353 
device which will cover it. 354 
 355 
5.1.2. Immobilize one or multiple genes on the chip (see sections 2 and 3). 356 
 357 
5.1.3. Add some vacuum grease around the central hole of the bottom holder, then plug in the 358 
chip holder. 359 
 360 
Note: The chip holder now adheres to the bottom holder by means of the grease, while retaining 361 
the possibility for re-positioning of the chip in the x-y-plane. 362 
 363 
5.2. Top holder assembly 364 
 365 
5.2.1. Prepare a thin PDMS chip with compartments using the spin coating procedure in 366 
step 4.2.1. Cut the PDMS as small as possible, leaving a channel open to one side to allow for the 367 
exchange of waste and precursor molecules by diffusion. 368 
 369 
5.2.2. Clean a glass cover slip (24 mm x 24 mm, no. 1.5) and the backside of the PDMS chip (side 370 
without compartments) with oxygen plasma for 42 s (operated at 200 W and 0.8 mbar with the 371 
sample in a Faraday cage). 372 
 373 
5.2.3. Place the PDMS chip at the center of the glass slide with the compartments pointing 374 
upwards. Bake the glass with the PDMS for 1 h at 70 °C. 375 
 376 
5.2.4. Add some vacuum grease around the large hole of the top holder. 377 
 378 
5.2.5. Before starting the experiment, clean the glass slide and the PDMS chip with oxygen 379 
plasma for 42 s to render the PDMS hydrophilic. 380 
 381 
5.2.6. Place the glass slide with the PDMS onto the top holder (Figure 3C) and gently press the 382 
glass onto the grease (Figure 3C). 383 
 384 
5.3. Holder assembly 385 
 386 
5.3.1. Prepare 100 µL of a cell-free expression system and keep it on ice. 387 
 388 
5.3.2. Carefully remove the buffer from the chip and wash it once with 10 µL of cell-free 389 
expression system. Next, add 60 µL of cell-free expression system onto the chip and remove the 390 
two-component silicon glue from the edges of the chip (already removed in Figure 3B). 391 
 392 
5.3.3. Add 20 µL of expression system onto the PDMS. After placing the droplet onto the PDMS, 393 
quickly check in the stereoscopic microscope that the compartments are well wet and without 394 
air bubbles. If there are air bubbles, try to wash them off with the rest of the cell-free expression 395 
system. 396 



   

 397 
5.3.4. To assemble the two pieces of the holder and to align chambers and DNA brushes, work 398 
under a stereoscopic microscope and immobilize the bottom holder with a gripper arm, so the 399 
two screws and wingnuts are easily accessible with both hands (Figure 3D-F). 400 
 401 
5.3.5. Insert the top holder into the bottom holder and lower it until the cell-free expression 402 
system droplets fuse (Figure 3D). Check through the stereoscopic microscope whether the 403 
compartments and the alignment mark are in a similar region in the x-y-plane, otherwise pull up 404 
the top holder and re-position the glass slide on the top holder. 405 
 406 

5.3.6. From the bottom, screw up the wingnuts until they touch the bottom side of the holder. 407 
Carefully tighten the wingnuts, while aligning the compartments and the chip in the x-y-plane via 408 
the handle at the bottom of the chip holder (Figure 3E). Once in contact, tighten the wingnuts 409 
only very gently (Figure 3F). 410 
 411 
Note: This step requires some experience and depends on the experimental setup. Under the 412 
microscope, interference patterns arising from liquid between PDMS and glass can indicate that 413 
the applied force is too small, while a lower fluorescence intensity (from a DNA brush or 414 
expressed proteins) in the center of a compartment hints at a too high pressure (see also 415 
supplementary information, section 6). 416 
 417 
5.3.7. Spray the sponge in the anti-evaporation enclosure with water and insert the holder into 418 
the box. Fill a 5 mL syringe with two-component silicon glue and use it to seal the box (Figure 419 
3G). 420 
 421 
5.3.8. Transfer the box to a temperature-controlled microscope and image the DNA brush and 422 
the reaction in fluorescence microscopy. Even without illumination, the fluorescence of the DNA 423 
brush fades in a cell-free expression system. Nevertheless, the brush retains its activity, as can 424 
be shown by repeated gene expression from the same brush. 425 
 426 
Note: When using a Bephore glass slide instead of a silicon chip, the position (top/bottom) of 427 
PDMS and Bephore chip can be exchanged, allowing for the use of objectives with smaller 428 
working distances. 429 
 430 
6. Sustained Expression in Microfluidic Devices 431 
 432 
Note: The experimental setup is assembled from the parts shown in Figure 4A. Details on the 433 
assembly of the temperature-controlled stage are given in the supplementary information 434 
(section 7). 435 
 436 
6.1. Cell-free expression system and tubing 437 
 438 
6.1.1. Prepare the cell-free expression system in a sample tube (about 200 µL). Polystyrene beads 439 
labeled with fluorescent dyes can be added to later monitor the flow rate through a supply 440 



   

channel. 441 
 442 
6.1.2. Connect the tube to a pressure controller. Place the tube in a large ice reservoir that keeps 443 
cold for about 12 hours. Refill ice if necessary. 444 
 445 
Note: As an alternative to a pressure controller, a syringe pump provides a constant flow rate of 446 
cell-free expression system even if the flow resistance changes, e.g. due to air bubbles, which 447 
might help with long term experiments.  448 
 449 
6.1.3. Connect the tube containing the cell-free expression system to PTFE tubing (inner diameter 450 
of 0.8 mm), which reaches to the heated stage. Break a syringe needle (diameter of 0.9 mm) into 451 
1-2 cm pieces with blunt ends and insert one piece into the PTFE tubing. It will later serve as 452 
connector to the PDMS. Try to minimize the length of the tubing between the stage and the tube 453 
(Figure 4C). 454 
 455 
6.1.4. To cool the PTFE tubing, wrap it around larger rubber tubing that is connected to an ice 456 
water reservoir and a peristaltic pump. Tape them together with Scotch tape (Figure 4C). 457 
 458 
6.2. Top holder assembly 459 
 460 
6.2.1. Clean the flat side of the PDMS chip with oxygen plasma (42 s) and place it on a microscopy 461 
slide with holes fitting inlet and outlet of the PDMS (Figure 4B). The holes in the glass can be 462 
drilled beforehand with a glass drilling head. Make sure that the micro-chambers are not facing 463 
the glass slide. 464 
 465 
6.2.2. Apply double-sided adhesive tape to the flat side of the PDMS holder. Stick a piece of black 466 
foil (e.g. from a lithography mask) in the region between the two holes of the holder to avoid 467 
background fluorescence from the adhesive tape. 468 
 469 
6.2.3. Stick the glass slide with the PDMS chip to the holder. 470 
 471 
6.2.4. Treat the PDMS and the PDMS holder with the attached glass slide with oxygen plasma in 472 
a plasma cleaner (42 s). 473 
 474 
6.2.5. Apply vacuum grease around the large hole in the top holder and insert the PDMS holder 475 
(Figure 4B). The PDMS holder now adheres to the top holder, while retaining the possibility for 476 
re-positioning in x-y directions. 477 
 478 
6.2.6. Connect the PTFE tubing with the syringe needle connector to the inlet of the PDMS chip. 479 
To facilitate access to the PDMS through the top holder, the upper plastic plate can be briefly 480 
removed for this and the following step. 481 
 482 
6.2.7. Insert a second piece of PTFE tubing (about 5 cm) with a syringe needle connector at the 483 
outlet (Figure 4D). 484 



   

 485 
6.2.8. Position the PDMS holder in the top holder so it is free to move in all directions. Place the 486 
top holder loosely onto the heated stage like in Figure 4E without tightening any wingnuts.  487 
 488 
6.2.9. With the microscope, navigate to the position of the PDMS compartments and center them 489 
in the camera’s field of view. Do not move the stage from this point on. 490 
 491 
6.2.10. Remove the top holder with the PDMS from the stage. 492 
 493 
6.3. Heated stage and Bephore glass slide 494 
 495 
6.3.1. Set the temperature of the heated stage to 37 °C 496 
 497 
6.3.2. Glue a Bephore glass slide (no. 4) with the gene brushes to the temperature-controlled 498 
stage of the inverted fluorescence microscope using double sided adhesive tape, with the 499 
alignment mark approximately at the center of the microscope’s field of view. This positioning of 500 
the alignment mark ensures that the compartments will be lowered roughly to the same region. 501 
 502 
6.3.3. Take an image in the corresponding fluorescence channel of the gene brush and mark its 503 
position in the camera image. 504 
 505 
6.3.4. Remove the buffer from the gene brush, but do not let it go dry. Add 20 µL of the cell- free 506 
expression system to the gene brush and use tweezers to remove the silicon glue frame. 507 
 508 
6.4. Assembly of the microfluidic setup 509 
 510 
6.4.1. Add pressure to the sample tube until the cell-free expression system has filled the PTFE 511 
tubing and appears at the bottom of the PDMS device. Additionally, pipette 10 µL of cell-free 512 
expression system onto the micro-chambers on the PDMS. Make sure the compartments are free 513 
of air bubbles. 514 
 515 
6.4.2. Carefully lower the top holder onto the glass slide and align the micro-chambers with the 516 
gene brush. Before both PDMS and alignment mark reach the same focal plane, use the small 517 
screws at the back of the PDMS holder to precisely align the x-y-position and orientation of the 518 
PDMS device with the gene brush (Figure 4E). 519 
 520 
6.4.3. Hold the position and press the PDMS onto the glass slide by tightening the wingnuts along 521 
the screws that connect the top holder to the microscope stage (Figure 4E). 522 
 523 
6.4.4. Increase the pressure in the tube containing the cell-free expression system and monitor 524 
the flow of the fluorescent beads through the supply channel (flow rates between 0.5 to 5 µl per 525 
hour are recommended) (Figure 4F). If necessary, increase the pressure of the PDMS on the glass 526 
by tightening the wingnuts. 527 
 528 



   

 529 
REPRESENTATIVE RESULTS:  530 
Two-step lithography: Figure 5 shows the result of a two-step lithographic process on a glass slide 531 
with overlapping patterns of fluorescently labeled DIS strands. 532 
 533 
Expression of a fluorescent protein from a gene brush: Figure 6 demonstrates the expression of 534 
the fluorescent protein YPet from immobilized DNA. At several points in time we assessed the 535 
gene expression rate by partly bleaching the fluorescent protein and observing the recovery of 536 
the fluorescence signal, disregarding the immediate recovery, which does not result from protein 537 
expression. After the first bleaching at two hours of expression, the fluorescence intensity 538 
recovered quickly and rose above its value before the bleaching. After four and six hours, the 539 
fluorescence did not recover to its previous intensity, indicating that without the supply of fresh 540 
expression mix, the reaction terminated after approximately 3-4 h. 541 
 542 
Coupling to microfluidics: Gene expression can be sustained over longer periods of time by 543 
supplying the expression compartments with additional precursor molecules via microfluidics. 544 
Figure 7 shows such a system, enabling the expression of YPet over 10 h.  545 
 546 
TIRF observation: Bephore can also be applied to study the interaction of fluorescently labeled 547 
proteins with a DNA brush at the single molecule level. Especially in a noisy environment, 548 
lithography helps to distinguish between specific and unspecific interaction with the brush or the 549 
surface, respectively. Figure 8 gives such an example, with fluorescently labeled T7 RNA 550 
polymerase binding or adhering preferentially to the DNA brush compared to the surrounding 551 
surface. 552 
 553 
FIGURE AND TABLE LEGENDS:  554 
Figure 1: Bephore photolithography. A. A substrate with a surface of silicon dioxide (SiO2) is 555 
covered with a layer of biotinylated polyethylene glycol (PEG-bt), which is biocompatible and 556 
allows for the attachment of a photocleavable DNA hairpin via biotin-streptavidin interactions. 557 
Here, PC contains sequence domains abcb* and a photocleavable modification (purple star) and 558 
is hybridized to the strand PH with domain a*. B. Ultraviolet (UV) illumination cleaves PC, 559 
releasing a DNA fragment (cb*) into solution. C-D. The resulting single-stranded region on PC (b) 560 
aids as a toehold for the displacement of PH by a fluorescently labeled (green star) DIS strand. E. 561 
Also longer, double-stranded DNA (“Template”) can be attached to the patterned surface. Such 562 
DNA is prepared by PCR with a primer carrying a DIS sequence at its 5' end, where primer and 563 
DIS are separated by a triethylene glycol spacer to keep DIS single-stranded during PCR (see also 564 
supplementary information, sections 2-4). 565 
 566 
Figure 2: Sample preparation for photolithography. A. Place a Bephore chip with an alignment 567 
mark on a microscopy slide or another chip holder (e.g. the holder in Figure 3B). Apply two-568 
component silicon glue as a hydrophobic barrier along the edges of the chip (steps 3.1.2-3). B. 569 
Place the mask onto a mask holder. Here, we removed the iris of the field stop and modified its 570 
holder so the mask can be held by small magnets. For precise (angular) alignment in multi-step 571 
lithography, ensure that alignment marks on the holder and the mask match (step 3.2.1). C. To 572 



   

navigate on the chip and to align the mask with the alignment marks on the chip, slide in the red 573 
filter. For the UV exposure, insert the UV filter (steps 3.2.2-5). Figure reproduced from the 574 
Supporting Information of previous work27. 575 
 576 
Figure 3: Assembly of a holder for the observation of compartmentalized gene expression. A. 577 
Parts of the holder (ruler unit: cm). B-C. Top and bottom part of the holder are assembled 578 
separately, with the bottom holder carrying a patterned Bephore chip (section 5.1) and the top 579 
holder carrying a PDMS chip with compartments (section 5.2). D-F. Chip and PDMS are carefully 580 
brought into tight contact, while simultaneously observing and aligning compartments and DNA 581 
brushes in a stereoscopic microscope (steps 5.3.1-6). G. Before transferring the holder to an 582 
inverted, temperature-controlled microscope, the whole system is encapsulated in an anti-583 
evaporation box (steps 5.3.7-8). Figure reproduced from the Supporting Information of 584 
previous work27. 585 
 586 
Figure 4: Microfluidic setup and sample holder for the compartmentalized gene expression. 587 
A. Parts of the sample holder, the PDMS device, the temperature-controlled microscope stage 588 
and the Bephore glass slide (ruler unit: cm). B. A microscopy slide carrying the PDMS with 589 
compartments is glued to the PDMS holder and exposed to oxygen plasma together with the 590 
PDMS in a plasma cleaner. The PDMS is then inserted into the top holder (steps 6.2.2-5). C. The 591 
cell-free expression system tube is connected to a pressure controller and placed on ice. The 592 
tubing (red dashed line in the inset) for the cell-free expression system is cooled by rubber tubing 593 
(blue dashed line) through which ice water is pumped by a peristaltic pump (section 6.1). D. The 594 
tubing is connected to the inlet position on the PDMS device. Another piece of tubing is 595 
connected to the outlet (steps 6.2.6-7). E. The top holder is placed on the microscope stage and 596 
carefully lowered towards the Bephore slide. The PDMS holder can still be moved in the x-y-plane 597 
to align the compartments in the PDMS with the gene brush on the Bephore chip. The wingnuts 598 
are used to press the PDMS onto the Bephore chip and fix the top holder to the microscope stage 599 
(steps 6.4.1-3). F. Cell-free expression system is pumped through the micro-channels in the PDMS 600 
and gene expression from DNA brushes can be monitored in epifluorescence microscopy 601 
(step 6.4.4). 602 
 603 
Figure 5: Two-step photolithography. A-B. Fluorescently labeled oligonucleotides (green: ATTO 604 
532; red: Alexa Fluor 647) were consecutively immobilized on a Bephore glass slide via mask 605 
projection lithography with exposure times of 45 s. C. Overlay of subfigures A and B, 606 
demonstrating the precise alignment of the single exposures. Scale bars: 10 µm. 607 
 608 
Figure 6: Compartmentalized gene expression. A. A DNA brush on a Bephore glass slide (UV 609 
exposure time: 2 min), coding for the fluorescent protein YPet was aligned with a compartment 610 
on a PDMS chip (see section 5 and Figure 3). B. Gene expression in the chamber with DNA yielded 611 
a strong fluorescence signal with a protein concentration gradient forming along a channel, which 612 
connected the chamber to the expression mix outside of the PDMS device. The control chamber 613 
without immobilized genes remained relatively dark. C. Fluorescence intensity profile over time 614 
for both chambers. Every two hours the fluorescent protein was partly bleached (black arrows) 615 
to check whether the expression was still active. After 4 h, the fluorescence did not recover to its 616 



   

previous intensity, indicating that expression had terminated. Scale bars: 300 µm. 617 
 618 
Figure 7: Sustained compartmentalized gene expression. A. A DNA brush on a Bephore glass 619 
slide (UV exposure time: 2 min), coding for YPet was aligned with a compartment on a PDMS 620 
chip. The compartments are connected to a supply channel (white arrow) through which cell-free 621 
expression system is pumped (see section 6 and Figure 4). B. The compartment containing the 622 
gene brush shows a fluorescence signal from YPet expression (in green) by the cell-free gene 623 
expression system. The neighboring compartment without a gene brush remains relatively dark. 624 
Fresh components of the cell-free expression system flow through the supply channel and diffuse 625 
into the compartments, while waste products are transported away. C. Fluorescence intensity 626 
profile over time for both chambers. The fluorescent proteins were partly bleached at different 627 
points in time (black arrows) to check whether expression was still active. Due to flow in the 628 
supply channel, gene expression was maintained for at least 10 h. (The peak in the red trace 629 
marked by the red arrow was caused by an air bubble that temporarily drained the solution from 630 
the compartments). Scale bars: 50 µm. 631 
 632 
Figure 8: Single-molecule studies on Bephore glass slides in total internal reflection 633 
fluorescence microscopy (TIRFM). A. Objective-type TIRFM enables single-molecule imaging 634 
close to the glass-water interface. We immobilized fluorescently labeled genes (green, ATTO 532, 635 
UV exposure time: 2 min) with a T7 promoter along lithographically defined stripes and observed 636 
the behavior of T7 RNA polymerase (orange, labeled with Alexa Fluor 647) interacting with the 637 
surface. B. Fluorescence image showing two stripes of immobilized genes. C. T7 RNA polymerases 638 
attach specifically and non-specifically to the surface (single image, 50 ms exposure time). D. An 639 
average image obtained from all frames of a fluorescence video (5,000 frames like in subfigure 640 
C) exposes the specific interaction of the RNA polymerase with the DNA brush. Scale bars: 10 µm. 641 
 642 
DISCUSSION:  643 
Bephore lithography is a robust and versatile technique for the patterned immobilization of DNA 644 
or RNA. Yet, the procedure includes several steps, which - if changed - may be a source for failure 645 
or reduced performance of the system. 646 
 647 
A crucial step in the fabrication of Bephore chips is the PEGylation of the substrate, which 648 
provides the biocompatibility of the surface. Here, the cleaning step with an RCA procedure is 649 
important, since it also activates the surface for the subsequent silanization. During the actual 650 
PEGylation, the substrate must not dry out. Furthermore, the Silane-PEG-Biotin must be stored 651 
properly to preserve its reactivity (section 1.2) and to avoid crosslinking. To assess the outcome 652 
of the PEGylation, substrates can be incubated with fluorescently labeled streptavidin and 653 
compared to non-PEGylated controls. Successfully PEGylated substrates should bind 654 
considerably more streptavidin than the controls. 655 
 656 
Also, in later stages of the lithographic process, drying of the chip has adverse effects, resulting 657 
e.g. in the removal of already bound DNA or in a higher adsorption of DNA to unexposed regions 658 
on the substrate. 659 
 660 



   

As mentioned above (section 3.2), the resolution of the lithographic process and the necessary 661 
exposure times depend on the experimental setup (objective, light source, etc.). Therefore, in a 662 
first step, a wide range of exposure times should be tested. 663 
 664 
For gene expression experiments, the experimental setup should be customized to fit the 665 
available hardware (microscope, temperature control, etc.). We showed two such 666 
implementations, one for short experiments (4 h, section 5), where the system was encapsulated 667 
in a box to reduce the evaporation of the expression mix, and one for long observation 668 
(section 6), where a microfluidic device enabled a continuous supply of precursor molecules. In 669 
both cases, the alignment of DNA brushes on the substrate and compartments in the PDMS 670 
represented the trickiest step. We therefore recommend trying this step several times with a 671 
dummy substrate before using a patterned one (see also supplementary information, section 6). 672 
In the assembly of large systems of distinct gene brushes, long incubation times, precise angular 673 
alignment of chambers and brushes over long distances, and contamination by adsorption of 674 
DNA to non-patterned regions depending on the quality of passivation, may pose limitations to 675 
the size of practically feasible systems. 676 
 677 
An alternative to this technique was demonstrated by Karzbrun et al.25, who created 678 
compartments in a chip by inductively coupled plasma reactive-ion etching (Bosch process), 679 
followed by plasma-enhanced vapor deposition (PECVD) of a silicon dioxide layer. After surface 680 
functionalization, patterning and placement of nanoliter DNA droplets by a pipetting robot, the 681 
compartments were closed with a PDMS-covered glass slide. This procedure has the advantage 682 
that the DNA can be directly immobilized inside the compartments without the danger of 683 
contaminating nearby chambers, but it requires additional fabrication steps and laboratory 684 
equipment. 685 
 686 
The protocol presented here enables researchers working in cell-free synthetic biology to 687 
transfer their systems of study from solution-based setups to chip-based reaction containers. 688 
Utilizing DNA strand displacement as the central step during development of the resist enables 689 
labeling of exposed regions with unique DNA sequences, which provides a facile approach 690 
towards biocompatible multistep lithography. Combination with microfluidics allows the 691 
observation of gene expression processes over extended periods of time. Apart from the 692 
investigation of cell-free gene expression processes under open flow reactor conditions, the 693 
same methodology could be used to immobilize and spatially organize other biomolecules on a 694 
chip surface. This should prove useful for a wide variety of functional and biophysical studies, 695 
such as the fluorescence-based single-molecule experiments demonstrated here. 696 
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Name of Material Company Catalog Number

Silicon wafer with 50 nm silicon dioxide (Bephore substrate)
Siegert Wafer

Silicon wafer (for PDMS master mold) Siegert Wafer

Glass slides no. 4 Menzel

Glass slides no. 1.5 Assistent

Biotin-PEG-Silane Laysan Bio

Anhydrous toluene Sigma Aldrich (Merck) 244511
Streptavidin Thermo-Fisher Scientific S888

DNA Integrated DNA Technologies (IDT)

Phusion High-Fidelity PCR Master Mix with HF Buffer New England Biolabs M0531S

Wizard SV Gel and PCR Clean-Up System Promega A9281

PURExpress New England Biolabs E6800S

PDMS Dow Corning Slygard 184

FluoSpheres Thermo-Fisher Scientific F8771

PTFE tubing (ID: 0.8mm, OD: 1.6 mm) Bola S 1810-10

EpoCore 20 micro resist technology GmbH

mr-Dev 600 micro resist technology GmbH

Ti-Prime MicroChemicals

Two-component silicon glue Picodent Twinsil 

UV-protection yellow foil Lithoprotect (via MicroChemicals) Y520E212

Name of Equipment Company Catalog Number

Masks for photolithography Zitzmann GmbH

Upright microscope Olympus BX51

60x water immersion objective Olympus LumPlanFl

20x water immersion objective Olympus LumPlanFl

Camera Photometrics Coolsnap HQ

Ligtht source EXFO X-Cite 120Q

Inverted microscope Nikon Ti2-E

Table of Materials Click here to access/download;Table of Materials;Pardatscher_Materials.xls
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4x objective Nikon CFI P-Apo 4x Lambda

Camera Andor Neo5.5

Light source Lumencor SOLA SM II

Cage incubator Okolab bold line

Pressure Controller Elveflow OB1 MK3

NanoPhotometer Implen

Plasma cleaner Diener Femto



Comments/Description

Thickness (µm): 525 ±25, Diameter (mm): 100

Thickness (µm): 525 ±25, Diameter (mm): 76.2 (3”)

22 mm x 50 mm

24 mm x 24 mm

MW 5,000

PCR kit

Spin-column PCR clean-up kit

Cell-free expression system

Photoresist

Photoresist developer

Adhesion promoter

Comments/Description

64.000 dpi, 180x240 mm

Photolithography and fluorescence imaging

Used with Olympus BX51, NA 0.9

Used with Olympus BX51, NA 0.5

Used with Olympus BX51

Used with Olympus BX51

Fluorescence imaging of gene expression



Used with Nikon Ti2-E

Used with Nikon Ti2-E

Used with Nikon Ti2-E

Used with Nikon Ti2-E

DNA concentration measurement

200 W, operated at 0.8 mbar with the sample in a Faraday cage



ARTICLE AND VIDEO LICENSE AGREEMENT 

Title of Article: 

Author(s):  

Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 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.
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ARTICLE AND VIDEO LICENSE AGREEMENT 

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. 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.

9. 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.

10. 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
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
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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. 
 
11.  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. 
 
12.  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. 
 
13.  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 required per submission. 

 
CORRESPONDING AUTHOR: 

Name:   

Department:   

Institution:  

Article Title:  

Signature:   Date:  
 
Please submit a signed and dated copy of this license by one of the following three methods: 

1) Upload a scanned copy of the document as a pfd 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 02139 

 
For questions, please email submissions@jove.com or call +1.617.945.9051 
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Editorial comments: 
Changes to be made by the Author(s) regarding the written manuscript: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and 
any errors in the submitted revision may be present in the published version. 
Done. 
 
2. Please define all abbreviations before use. 
3. Please use SI abbreviations for all units: L, mL, µL, h, min, s, etc. 
4. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", 
"you", "our" etc.). 
Done. 
 
 
5. Please add more details to your protocol steps. There should be enough detail in each 
step to supplement the actions seen in the video so that viewers can easily replicate the 
protocol. 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. 
We added additional details to several steps and specifically expanded section 6, describing 
more precisely the microfluidic setup. Also, we added a few sections to the supplementary 
information, e.g. a PCR protocol or details on the assembly of a heated stage. 
 
6. 1.2.1: How large is the petri dish? 
7. 1.2.2: What volume of isopropyl alcohol is added? 
8. 2.1: Please ensure that conditions and primers are listed PCR. 
9. 2.1.1: Please add more details here. Also please specify the volume of NaCl added. 
10. 3.3.3: Please specify the previous steps repeated here. 
11. Please specify incubation conditions throughout. 
12. Please number the figures in the sequence in which you refer to them in the manuscript 
text. 
All of this information was added to the protocol.  
 
13. Please revise the Protocol steps so that individual steps contain only 2-3 actions per step 
and a maximum of 4 sentences per step. Use sub-steps as necessary. 
We split several steps into multiple sub-steps. 
 
14. After you have made all the recommended changes to your protocol (listed above), 
please highlight 2.75 pages or less 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. 
15. Please highlight complete sentences (not parts of sentences). Please ensure that the 
highlighted part of the step includes at least one action that is written in imperative tense. 
16. Please include all relevant details that are required to perform the step in the 
highlighting. For example: If step 2.5 is highlighted for filming and the details of how to 
perform the step are given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are 
provided must be highlighted. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Response to
comments.docx
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We highlighted 2.75 pages including all relevant steps of the sections 1. Chip fabrication, 3. 
Photolithography, 5. Compartmentalized gene expression. Together, these three sections 
contain the basics of the chip fabrication and patterning as well as an application of the 
technique in the context of cell-free gene expression. In contrast to our original manuscript, 
we now highlighted section 5 (and not section 6 on the microfluidic device), because we 
consider the simpler setup more accessible to researchers who have little experience with 
biochips and microfluidics (see also reviewer 3, comment 5). 
 
17. Please reference all data and figures in the manuscript. Please reference Figure 2 and 
supplemental file in the manuscript. 
Done. 
 
18. Discussion: Please also discuss any limitations of the technique. 
We added a discussion of the factors limiting the size of systems of gene brushes. 
 
19. References: Please do not abbreviate journal titles. Please include volume and issue 
numbers for all references. 
20. Reference 23: Please include the journal name. 
Done. 
 
 
Reviewers' comments: 
 
We thank all three reviewers for their positive assessment and constructive comments. 
 
Reviewer #1: 
Pardatscher et al. describe a method for photolithographically patterning long dsDNA 
templates on a surface followed by integrating this surface with a microfluidic device and 
conducting cell-free expression experiments. The method should be useful for a variety of 
researchers interested in photolithographically pattern DNA on a surface and scientist 
working in the area of cell-free synthetic biology. Overall the manuscript is well written and 
is instructive. Below are a few small comments suggestions to improve the manuscript. 
 
Is the DIS oligo with a space commercially available? Providing more detail on the sequence 
and chemical moieties for this primer would be helpful.  
Yes, it is commercially available. DNA sequences, modifications and the company providing 
them are given in the supplementary information (section 2). 
 
Section 2 is very short. Purify how? 
We added some more details to this section. Additionally, we added section 4 (PCR) to the 
supplementary information, which gives details specifically on the PCR, kit-specific 
purification, and devices used. 
 
Section 3.2.1, how are masks prepared? If bought, what type of masks are they: chrome, 
printed photomasks? 
Provide CAD designs for the microfluidic chip, DNA patterning mask, etc. (CAD drawings for 
the mechanical assembly would be potentially useful if available) 



We now mention that we used printed photomasks and refer to a supplementary PDF 
containing the masks for both types of photolithography (PDMS master mold fabrication and 
projection lithography on Bephore chips). Also, we added section 5 (Lithography masks) to 
the supplementary information, which explains the PDF file in more detail. 
As indicated in the “Note” at the beginning of section 5, the holder was not 3D-printed, but 
made from plastics, screws, a drill etc. 
 
Section 6: What flow rates are used? 
Flow rates between 0.5 to 5 µl per hour were used (now mentioned in step 6.4.4). 
 
Figure 1: 
- unclear what the green star shape is and how the green oligo is attached to the dsDNA 
template. Include a description of the Pink, green and red stars directly in the Figure? 
We now mention in the caption that the purple and green stars represent the 
photocleavable modification and fluorophores, respectively. We also mention the 
triethylene glycol spacer between oligo and dsDNA template. 
 
Figure 2, 3, 4: 
- quality and size of the images are poor / small so it is difficult to make out the details. 
Quality may be due to the pdf quality generated for review… 
At the given resolution, the images show all the relevant details. 
 
 
Reviewer #2: 
Manuscript Summary: 
In this paper, authors disclose a manufacturing scheme for genetic biochips that includes 
technical details on how to immobilize genes on a structured surface in a microfluidic 
bioreactor system using a simple-to-use lithographic technique based on DNA strand 
displacement reactions. This setup facilitates the integration of compartmentalized genes 
with the microfluidic system that allows for a continuous supply with gene expression 
reagents while simultaneous removing wastes. The detailed technical steps presented in this 
paper should be useful and beneficial to other researchers in the community. I recommend 
publication of the manuscript in JoVE. 
 
Reviewer #3:  
The authors present a protocol for nucleic acid lithography that I consider to be of huge 
interest to the field. In combining biochemistry, optics and microfluidic elements into their 
procedure, I consider this an excellent example for a JOVE manuscript. Interdisciplinary 
contributions like this one require high proficiency in several diverse areas to reproduce the 
results, an movie tutorial can be invaluable in this regard. I thus recommend accepting this 
well written manuscript, providing following concerns are addressed: 
 
1.) Figures 2 and 3 are actually identical to the ones already published in the SI of reference 
1. Would this incur copyright problems? 
No. The copyright agreement mainly affects the main paper. Regarding the supporting 
information, Wiley was only granted a non-exclusive right to publish and re-distribute. 



Wiley copyright transfer agreement, section A1: “To the extent that any Supporting 
Information is submitted to the Journal for online hosting, Wiley-VCH is granted a perpetual, 
non-exclusive license to host and disseminate this Supporting Information for this purpose.” 
 
2.) Step 2.1. The PCR method and the method for DNA concentration determination should 
me more detailed. Please specify the used kits and instrumentation in the materials table. 
How was the DNA purified (column, gel, plasmid DNA digest) to remove excess biotin-
primers? How was the DNA concentration determined? Please provide details, on how nM 
DNA concentrations where computed. For instances, does this number refer only to the 
DNA, or are biotin and fluorescent-probe included in the computation as well? Does the 
fluorescent probe interfere with A280 determination? Are there other means for quality 
control? Anything that will help the reader to correctly set-up their favourite system should 
be included. 
Similar to reviewer 1: We added some more details to this section. Additionally, we added 
section 3 (PCR) to the supplementary information, which gives details specifically on the 
PCR, kit-specific purification, and devices used. 
 
Also, please briefly explain addition of 1M NaCl. The effect of NaCl concentration on 
resulting brush density has been well documented and that information is linked in the cited 
manuscripts already. A new-comer to the field may struggle un-necessarily to find that 
connection. 
We now explain the addition of NaCl in more detail and cite a paper by the Bar-Ziv group, 
which discusses the effect of salt concentration on DNA brushes. 
 
3.) While the DNA preparation section in the current draft is overly short, the PDMS replica 
process in turn seams overly lengthy and maybe shortened. 
We shortened section 4 (PDMS devices) and refer to a review paper by McDonald et al. for 
additional information. 
 
4.) The authors should include their mask designs as well as the STL files for the 3D printed 
jig to facilitate reproducing the results by interested readers. 
Similar to reviewer 1: We now mention that we used printed photomasks and refer to a 
supplementary PDF containing the masks for both types of photolithography (PDMS master 
mold fabrication and projection lithography on Bephore chips). Also, we added section 5 
(Lithography masks) to the supplementary information, which explains the PDF file in more 
detail. 
As indicated in the “Note” at the beginning of section 5, the holder was not 3D-printed, but 
made from pieces of 3.5 – 5 mm thick polyvinyl chloride (PVC) plastics, screws etc. 
 
5.) detailed comments: 
Figures 2, 3,4 : please annotate for each section (A,B,C..) which Step from the protocol is 
shown. 
Figure captions now refer to the corresponding protocol steps or sections. 
 
line 133: Please include how much time each Section (sum of the steps) requires, maybe a 
table.. 
We added section 1 (Time schedule) with such a table to the supplementary information. 



 
line 181: Please specify yellow foil type and source in the Table of Materials 
Done. 
 
line 319: I strongly recommend to include Section 5 into the movie shot, as there are several 
steps, such as the alignment in Step 5.3 that can be challenging to reproduce from the 
text/figure alone. This is in particular the case for Step 5.3.5 (line 381).  
In contrast to our original manuscript, we now highlighted section 5 (and not section 6 on 
the microfluidic device), because we consider the simpler setup more accessible to 
researchers who have little experience with biochips and microfluidics. 
 
Given the authors note that this step requires some experience (also noted in the 
discussion), it would be great if the two cases of two-low and two-high a clamping pressure 
could be distinguished from each other. Fig 6b is referred to, but the figure 6 caption does 
not mention the over-pressure case. Please include fluorescence and bright field microscopy 
images. It is unclear to me what the authors mean by 'diffraction pattern' and providing an 
image would be nice. Are these Newton ring patterns, in which case interference may be the 
overall more popular description? 
We included section 6 (Compartmentalization – Troubleshooting) into the supplementary 
information, which shows exemplary images for the two cases (and another one for an air 
bubble) and gives indications on how to find the right settings. The stripe patterns in 
Figure S1B are indeed interference patterns similar to Newton’s rings. 
 
6.) other edits: 
There are still some typos in the script, please proof-read carefully.. 
lines 67/73/77/78/..: TX/TL vs. TXTL please chose one consistent name 
line 294: .. and dry it a ... 

Done. 
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a) DNA strands used as components in Bephore. 

b) Primers for the generation of linearized templates for fluorescent proteins. 

Modifications are colored in red. DNA strands were purchased from Integrated 

DNA Technologies Inc. (IDT). 

 

  

Name 5'                                   Sequence                                      3' 
  
a) Bephore 

 
PC CAACCGGCTTTTTPGCCGGTTGATTGATTTAGGAGTAGTGA

GCGCGATAGGCTBGAGGC 

PH GCCTATCGCGCTCACTACTCCTAAATCAAT 
DIS CTATCGCGCTCACTACTCCTAAATCAATCAACCGGC 
FL+DIS FL CTATCGCGCTCACTACTCCTAAATCAATCAACCGGC 

    
b) Primers 
Fwd (Primer) TGCCACCTGACGTCTAAGAA 

DIS+TT+S+TT+Fwd CTATCGCGCTCACTACTCCTAAATCAATCAACCGGCTTSTTT
GCCACCTGACGTCTAAGAA 

Rev (Primer) ATTACCGCCTTTGAGTGAGC 
FL+TT+Rev FLTTATTACCGCCTTTGAGTGAGC 

  B: Biotin 
 P: Photocleavable spacer, IDT 

S: Spacer 9, IDT (triethylene glycol spacer) 
FL: ATTO 532 or Alexa Fluor 647 

DNA Sequences Click here to access/download;Supplemental File (Figures,
Permissions, etc.);SI_DNA_sequences.pdf
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Gene coding for the fluorescent protein YPet (used in Figures 6-8 after PCR 
with modified primers Fwd and Rev): 
 
Fwd Primer– T7  promoter – RiboJ - RBS (BBa_B0034) - YPet – Terminator 
(ECK120033737) - Rev Primer 
tgccacctgacgtctaagaaaccattattatcatgacattaacctataaaaataggcgtatcacgaggcagaatttcagataaaa
aaaatccttagctttcgctaaggatgatttctggaattcgagtaagcccctctagaggaccacgcatcgtgatgcctatgcgcggtag
tcccaccttgtccactagaatggaagattggcacgtatcaagactttggagtagtaccataacgccgtaatacgactcactataggg
tagcgcagcgctcaacgggtgtgcttcccgttctgatgagtccgtgaggacgaaagcgcctctacaaataattttgtttaatcatgag
aaagaggagaaaactagatgtctaaaggtgaagaactgtttacgggtgtcgtgccgattctggtcgagttggacggcgacgtgaa
cggtcacaaattcagcgtgagcggcgagggcgagggtgacgcgacgtacggtaagctgactctgaagctgctgtgcaccacgg
gtaaattgccggttccgtggccgaccctggtcacgacgctgggttatggtgtacaatgttttgcacgctatccggaccacatgaaac
agcacgatttcttcaagagcgcgatgccggaaggctatgttcaggaacgtaccatctttttcaaagatgatggtaattacaaaaccc
gcgcagaagtgaagttcgagggtgacaccctggtgaaccgtattgagctgaagggtattgacttcaaggaagatggcaatattctg
ggtcacaaactggagtacaactataacagccataacgtctacatcaccgcggataagcaaaaaaatggtatcaaagcaaatttc
aagattcgccacaacatcgaagatggcggcgtgcaactggccgatcattatcagcagaataccccaatcggtgacggtccggtg
ctgttgccggataaccactacctgagctatcaaagcgcgttgttcaaagacccgaatgaaaaacgtgaccacatggttctgctgga
atttctgaccgctgcgggcatcactgaaggcatgaatgaactgtacaagacgcgtggtggcggcggttcgatgagcaagactatc
gttttgtccgtcggcgaggctacccgtaccttgaccgaaattcaatccaccgcggaccgtcaaatttttgaggaaaaagtcggtcctc
tggtgggtcgtctgcgtctgaccgcgagcctgcgccagaacggtgccaaaacggcataccgtgttaatctgaaactggatcaggc
cgacgttgtggacagcggtctgccgaaagtccgctacacccaggtgtggagccacgatgtgacgatcgttgcgaatagcaccga
agcgagccgcaagagcctgtacgacctgaccaagagcctggtggcaacgtcccaagttgaagatctggttgttaacctggtgcc
gctgggtcgttaaagcatgccggaggaaacacagaaaaaagcccgcacctgacagtgcgggctttttttttcgaccaaaggggtg
catactagtagcggccgctgcagtccggcaaaaaagggcaaggtgtcaccaccctgccctttttctttaaaaccgaaaagattactt
cgcgttatgcaggcttcctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggt
aat 
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1. Time schedule 
 
The following table provides a rough estimate for the times required to perform 
certain steps of the Bephore technique. Several steps contain long incubation times 
which do not require any action. 
 
Section/Step Time 
1. Chip fabrication Few hours 
2. Preparation of genes for immobilization 2 h 
3. Photolithography  
 3.1 & 3.2 Single step  
 Bephore mix on chip 1 h 
 Passivation 2 h 
 Oligonucleotides (10 µM) / Genes (100 nM) 2 h / several hours 

or overnight 
 3.1 & 3.3 Three steps  
 Oligonucleotides (10 µM) 1 day 
 Genes (100 nM) 2 days 
4. PDMS devices  
 4.1 Fabrication of master molds Few hours 
 4.2 Preparation of the PDMS device 2 h 
5. Compartmentalized gene expression (preparation) 1 h 
6. Sustained expression in microfluidic devices (preparation) 2 h 
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2. Oligonucleotide sequences 

 

a) DNA strands used as components in Bephore. Modifications are colored in red. 
 
Note: The last six bases of the PC strand (TBGAGGC) do not play an active role and 
can therefore be replaced by a simple 3’ biotin modification. Sequences were 
designed and analyzed using the online tool NUPACK (www.nupack.org). 
 
b) Primers for the generation of linearized templates for fluorescent proteins. 
 
DNA strands were purchased from Integrated DNA Technologies Inc. (IDT). 
 

  

Name 5'                                   Sequence                                      3' 

  

a) Bephore 
 

PC 
CAACCGGCTTTTTPGCCGGTTGATTGATTTAGGAGTAGTGAGCGCGATAGG
CTBGAGGC 

PH GCCTATCGCGCTCACTACTCCTAAATCAAT 

DIS GCCTATCGCGCTCACTACTCCTAAATCAATCAACCGGC 

FL+DIS FLGCCTATCGCGCTCACTACTCCTAAATCAATCAACCGGC 

    

b) Primers 

Fwd (Primer) TGCCACCTGACGTCTAAGAA 

DIS+TT+S+TT+Fwd 
CTATCGCGCTCACTACTCCTAAATCAATCAACCGGCTTSTTTGCCACCTGAC
GTCTAAGAA 

Rev (Primer) ATTACCGCCTTTGAGTGAGC 

FL+TT+Rev FLTTATTACCGCCTTTGAGTGAGC 

  B: Biotin dT (“Int Biotin dT”, IDT) 

P: Photocleavable spacer (“Int PC Spacer”, IDT) 

S: Triethylene glycol spacer (“Spacer 9”, IDT) 

FL: ATTO 532 or Alexa Fluor 647 
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3. Gene sequence for the fluorescent protein YPet 
 
Gene coding for the fluorescent protein YPet (used in Figures 6-8 after PCR with 
modified primers Fwd and Rev): 
 
Fwd Primer– T7  promoter – RiboJ - RBS (BBa_B0034) - YPet – Terminator (ECK120033737) - Rev 
Primer 

tgccacctgacgtctaagaaaccattattatcatgacattaacctataaaaataggcgtatcacgaggcagaatttcagataaaaaaaat
ccttagctttcgctaaggatgatttctggaattcgagtaagcccctctagaggaccacgcatcgtgatgcctatgcgcggtagtcccacctt
gtccactagaatggaagattggcacgtatcaagactttggagtagtaccataacgccgtaatacgactcactatagggtagcgcagcgct
caacgggtgtgcttcccgttctgatgagtccgtgaggacgaaagcgcctctacaaataattttgtttaatcatgagaaagaggagaaaact
agatgtctaaaggtgaagaactgtttacgggtgtcgtgccgattctggtcgagttggacggcgacgtgaacggtcacaaattcagcgtga
gcggcgagggcgagggtgacgcgacgtacggtaagctgactctgaagctgctgtgcaccacgggtaaattgccggttccgtggccgacc
ctggtcacgacgctgggttatggtgtacaatgttttgcacgctatccggaccacatgaaacagcacgatttcttcaagagcgcgatgccgg
aaggctatgttcaggaacgtaccatctttttcaaagatgatggtaattacaaaacccgcgcagaagtgaagttcgagggtgacaccctgg
tgaaccgtattgagctgaagggtattgacttcaaggaagatggcaatattctgggtcacaaactggagtacaactataacagccataacg
tctacatcaccgcggataagcaaaaaaatggtatcaaagcaaatttcaagattcgccacaacatcgaagatggcggcgtgcaactggcc
gatcattatcagcagaataccccaatcggtgacggtccggtgctgttgccggataaccactacctgagctatcaaagcgcgttgttcaaag
acccgaatgaaaaacgtgaccacatggttctgctggaatttctgaccgctgcgggcatcactgaaggcatgaatgaactgtacaagacgc
gtggtggcggcggttcgatgagcaagactatcgttttgtccgtcggcgaggctacccgtaccttgaccgaaattcaatccaccgcggaccg
tcaaatttttgaggaaaaagtcggtcctctggtgggtcgtctgcgtctgaccgcgagcctgcgccagaacggtgccaaaacggcataccgt
gttaatctgaaactggatcaggccgacgttgtggacagcggtctgccgaaagtccgctacacccaggtgtggagccacgatgtgacgatc
gttgcgaatagcaccgaagcgagccgcaagagcctgtacgacctgaccaagagcctggtggcaacgtcccaagttgaagatctggttgtt
aacctggtgccgctgggtcgttaaagcatgccggaggaaacacagaaaaaagcccgcacctgacagtgcgggctttttttttcgaccaaa
ggggtgcatactagtagcggccgctgcagtccggcaaaaaagggcaaggtgtcaccaccctgccctttttctttaaaaccgaaaagatta
cttcgcgttatgcaggcttcctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaat 
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4. PCR 
 
PCR kit: Phusion High-Fidelity PCR Master Mix with HF Buffer (New England Biolabs) 

Reaction setup: 720 µL total volume (aliquoted to 1260 µL), 500 nM primer, 100 ng 
plasmid DNA 
Extension rate: 25 s/kbp 
Tanneal=63°C (calculated with NEB Tm Calculator - tmcalculator.neb.com - for primers 
Fwd and Rev) 
 
PCR program for the amplification of the gene in supplementary section 3: 
 
1 cycle   
 98°C 30 s  
    
4 cycles   
 98°C 5 s  
ramp 66°C     -1°C / cycle 30 s  
 72°C Extension time  
    
26 cycles   
 98°C 5 s  
 63°C 30 s  
 72°C Extension time  
    
1 cycle   
 72°C 5 min  
    
1 cycle   
 4°C Forever  

 

 

Purification 
Spin column purification kit: Promega Wizard SV Gel and PCR Clean-Up System 
Note: To fit the entire PCR reaction volume into a single column, we split the volume 
in two and performed the membrane binding step twice. Also, we eluted twice with 
50 µL of nuclease-free water to retrieve as much DNA as possible. 
 
Concentration measurement 
To estimate the concentration of the PCR product after purification, we measured 
the concentration (ng/µL) of dsDNA in a NanoPhotometer (Implen) and then 

calculated the molar concentration (average mass per basepair 650 g/mol). 
 
Quality control (optional) 
Success of the PCR and purity of the sample after purification can be assessed via 
agarose gel electrophoresis. Prior to immobilization, expression of the gene from the 
PCR product can be checked in a test tube, followed by an appropriate analysis 
method (e.g. by fluorescence spectroscopy in the case of a fluorescent protein). 
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5. Lithography masks 
 
The supplementary file “SI_Lithography_masks.pdf” shows exemplary mask designs 
(drawn with Adobe Illustrator) for photolithography. These masks were used to 
create master molds for PDMS devices (top) and for mask projection lithography on 
Bephore chips (bottom). Masks were ordered as printed photolithography masks 

with a resolution of 64,000 dpi and with a size of 180 mm  240 mm. In the printed 
mask, white structures in the design appeared transparent. 
 
Top left: Compartments with a diameter and spacing of 300 µm and a channel of 
20 µm width.  
Top right: Compartments with a diameter and spacing of 300 µm. A channel of 
20 µm width and 300 µm length connects them to a 30 µm wide feeding channel. 
Inlet and outlet of 1.5 mm diameter allow for the connection to a pressure controller 
or a syringe pump. 
Bottom: Masks used in projection lithography on Bephore chips (Figures 5-7). The 
leftmost crosses can be used as alignment marks on the mask holder by cutting out 
the central region with a scalpel and gluing it to the holder (Figure 2B). 
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6. Compartmentalization - troubleshooting 
 

 
Figure S1: Fluorescence images of early attempts to align compartments and DNA 
brushes (protocol section 5, Figure 6). 
A. Air bubble caught in a chamber. Try to avoid the formation of air bubbles in the 
cell-free gene expression system by mixing its components gently. Also, plasma-
clean the PDMS right before using it, rendering it hydrophilic in order to ensure easy 
wetting of the compartments without the formation of an air bubble inside the 
chamber. 
B. If the PDMS compartments are not pressed tightly onto the Bephore chip, a liquid 
film remains between chip and PDMS. 
C. If the applied pressure is too high, the compartment ceiling is pressed onto the 
brush (dark, circular region). Furthermore, high pressure can shift the compartment 
after its first contact with the chip and scrape parts of the brush off the chip. 
 
To get alignment and pressure right, start with a test run using a chip without DNA 
brush and first practice the alignment of a chamber and a mark (e.g. a scratch) on 
the chip. Second, use a chip with DNA brush, align chamber and brush and then 
stepwise increase the pressure, imaging chamber and brush in between steps to see 
the phenomena shown in Figure S1B&C. 
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7. Temperature-controlled stage for the microfluidic setup 
 

 
 
Figure S2: Parts of the sample holder, the PDMS device, the temperature-
controlled microscope stage and the Bephore glass slide (ruler unit: cm). 
The heated stage consists of a 4 mm thick aluminum plate (central region), which 
can be mounted onto a motorized microscope stage via a larger PVC adapter plate 
(dark grey). In the center, the Bephore glass slide is glued to the aluminum plate via 
double-sided adhesive tape, with a hole in the aluminum allowing for the 

observation of the Bephore slide in an inverted microscope, e.g. using a 4 objective 
with a large working distance). 
Two pieces of foam material (e.g. from a cover slip box) act as compressible spacer 
between the stage and the top holder. 
Heating was provided by a temperature controller (JUMO di eco, LCD display visible 
at the top), which was connected to two 1.25 W adhesive heating mats (12 V, 

25 mm  50 mm, RS Pro) glued to the backside of the aluminum (only their white 
cables are visible). A Pt100 temperature sensor (RS Pro) was attached to a cable 
(colored in gold) and embedded in a block of PDMS. The sensor was then placed on a 
second hole in the aluminum plate and connected to the temperature controller. 
This setup ensures that the temperature sensor is in a similar environment as the 
compartmentalized gene brushes. 
CAUTION: Danger to life! The assembly of an electronic device must only be carried 
out by an expert. 


