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SUMMARY: 24 
This protocol describes high-throughput plasmid transfection of mammalian cells in a 384-well 25 
plate using acoustic droplet ejection technology. The time-consuming, error-prone DNA 26 
dispensing and multiplexing, but also the transfection reagent dispensing, are software-driven 27 
and performed by a nanodispenser device. The cells are then seeded in these prefilled wells. 28 
 29 
ABSTRACT:  30 
Cell transfection, indispensable for many biological studies, requires controlling many 31 
parameters for an accurate and successful achievement. Most often performed at low 32 
throughput, it is moreover time-consuming and error-prone, even more so when multiplexing 33 
several plasmids. We developed an easy, fast, and accurate method to perform cell transfection 34 
in a 384-well plate layout using acoustic droplet ejection (ADE) technology. The nanodispenser 35 
device used in this study is based on this technology and allows precise nanovolume delivery at 36 
high speed from a source well plate to a destination one. It can dispense and multiplex DNA and 37 
transfection reagent according to a predesigned spreadsheet. Here we present an optimal 38 
protocol to perform ADE-based high-throughput plasmid transfection which makes it possible to 39 
reach an efficiency of up to 90% and a nearly 100% cotransfection in cotransfection experiments. 40 
We extend initial work by proposing a user-friendly spreadsheet-based macro, able to manage 41 
up to four plasmids/wells from a library containing up to 1,536 different plasmids, and a tablet-42 
based pipetting guide application. The macro designs the necessary template(s) of the source 43 
plate(s) and generates the ready-to-use files for the nanodispenser and tablet-based application. 44 
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The four-steps transfection protocol involves i) a diluent dispense with a classical liquid handler, 45 
ii) plasmid distribution and multiplexing, iii) a transfection reagent dispense by the 46 
nanodispenser, and iv) cell plating on the prefilled wells. The described software-based control 47 
of ADE plasmid multiplexing and transfection allows even nonspecialists in the field to perform a 48 
reliable cell transfection in a fast and safe way. This method enables rapid identification of 49 
optimal settings for a given cell type and can be transposed to higher-scale and manual 50 
approaches. The protocol eases applications, such as human ORFeome protein (set of open 51 
reading frames [ORFs] in a genome) expression or CRISPR-Cas9-based gene function validation, 52 
in nonpooled screening strategies. 53 
 54 
INTRODUCTION: 55 
The method presented here describes in detail how to perform DNA plasmid multiplexing and 56 
transfection in mammalian cells at high throughput using an acoustic-based liquid nanodispenser 57 
in a 384-well plate, even for nonspecialists in the field. This recently published method1 allows 58 
performing as much as 384 independent plasmid DNA multiplexing and transfection conditions 59 
in one experiment, in less than 1 h. Single or cotransfection experiments were successful, 60 
reaching a near 100% cotransfection within the transfected cells population. This protocol makes 61 
transfection easier because most of the tedious, time-consuming, and error-prone steps are now 62 
software driven (see Figure 1 for a general overview). Further efforts have been made to develop 63 
dedicated tools to enhance the ease of use while avoiding human errors during the overall 64 
process and to promote successful transfection even for nonspecialists in the field. The described 65 
protocol includes a “user-friendly” macro spreadsheet that we developed in order to manage 66 
384 independent transfection conditions with multiplexing possibilities of up to four plasmids in 67 
each well. The macro automatically generates templates of the source plate(s) to load the 68 
expected DNA plasmid volume from starting stock solutions and the files required to drive the 69 
nanodispenser software upon the experimental design that has been inputted. As the manual 70 
dispensing of DNA in a 384-well source plate is tedious and error-prone, we also developed a 71 
dedicated tablet-based application to guide the user while dispensing DNA solution according to 72 
the template. 73 
 74 
[Place Figure 1 here.] 75 
 76 
Many cell-based experiments start with plasmid DNA transfection, and even if many dedicated 77 
reagents have been and are still being developed to enhance transfection efficiency and/or ease 78 
the procedure, much remains to be done2–4. DNA plasmid cell transfection involves several steps 79 
to reach high efficiency, such as an initial complex uptake, endosomal escape, and cytoplasmic 80 
transport to the nucleus5,6. In addition to calcium precipitation or physical techniques such as 81 
electroporation or microinjection using dedicated devices7, modern chemical methods have 82 
focused on enhancing DNA cell delivery while lowering the cell cytoxicity8,9. The use of lipids or 83 
cationic polymers forming liposome-like complexes and, more recently, nonliposomal polymeric 84 
chemistry systems has made transfection easier and more efficient10. Despite these 85 
developments, cell transfection still requires specific skills to be accurately performed as most of 86 
these physical or chemical transfection protocols require scientists to manually prepare each 87 
DNA transfection reaction condition, thus impairing the throughput. To circumvent this problem, 88 



   

reverse transfection protocols have been developed using chemical transfection reagents11–13, 89 
enabling the user to test or combine several plasmids in a faster way. In these protocols, nucleic 90 
acid complexes with transfection reagents are formed before seeding the cells on the complexes. 91 
However, these reverse protocols are still limited by the manual handling of DNA solutions and 92 
by the combination of each of the independent conditions. Although it is feasible to perform 93 
them in a 96-well plate format, the DNA preparation and dispenses will be tedious, and there 94 
likely will be mistakes. When different amounts of several DNA plasmids are required and 95 
multiplexed with each other, cell transfection becomes even harder to achieve and more time-96 
consuming, and human errors become quite inevitable. Scaling up to the 384-well plate format 97 
in a reverse transfection approach, in spite of few multiplexed DNA transfection conditions, 98 
becomes an impossible challenge due to the following reasons. i) The DNA amounts, transfection 99 
reagent, or reaction mixture volumes to manage are lower than 1 µL for each well. ii) The 100 
multiplexing of plasmids for 384 independent conditions becomes extremely complicated. The 101 
delivery in each of the 384 wells is also iii) highly time-consuming and iv) error-prone. Indeed, 102 
dispensing the right solution in the expected wells is hard to manage because the low volumes 103 
already dispensed do not allow visual monitoring between the empty and already filled wells. v) 104 
Finally, there is a high risk of drying the mixture by evaporation before the cells are added due to 105 
the time needed to perform the necessary dispensing steps. In summary, the limiting factor to 106 
set up high-throughput DNA plasmid transfection assays appears to be the miniaturization of the 107 
assay, which implies low-volume multiplexing and managing that cannot be handled manually 108 
anymore but are also hardly achievable in a reliable way by classical peristatic liquid handlers. 109 
 110 
As a proof of difficulty to automatize such assays and gain high-throughput, only a few attempts 111 
to automate transfection have been published so far: a 96-well plate format using a commercial 112 
liquid handling device and calcium phosphate precipitation14 and, more recently, a lipoplex 113 
reagent, and a microfluidic chip enabling 280 independent transfections15 but requiring 114 
specialized skills in this field. Another method, acoustophoresis, allowing liquid levitation and 115 
leading to fluid manipulation and mixing, was used to perform DNA transfection in 24- to 96-well 116 
plate formats16. Although feasible, this approach suffers from an extremely low throughput as 117 
the mixing of cells with DNA transfection mixture requires a 60 s incubation for every single point 118 
before seeding. This implies a duration of at least 96 min for a complete 96-well plate. 119 
Furthermore, this protocol is far away from being amenable to the overall biologists’ audience as 120 
this work was done with an in-house designed and manufactured device which is currently not 121 
available on the market. On the contrary, in the last few years, an easy to use software-driven 122 
acoustic-based dispensing technology has emerged with nanovolume dispenser devices. Using 123 
focused acoustic energy, these devices allow the tightly controlled ejection of small liquid 124 
volumes from 2.5 nL to 500 nL from a source plate to a destination one17. This technology, called 125 
(ADE), has numerous advantages: it is fully automated, contactless, tipless, accurate, precise, and 126 
highly reproducible, and it has a high throughput18. First devoted to delivering dimethyl sulfoxide 127 
(DMSO) solutions, settings have been enhanced to dispense aqueous buffers19. Acoustic 128 
nanodispensers, then, seem suitable for reverse cell transfection protocols and could circumvent 129 
most of the above-mentioned manual limitations. As no plasmid transfection attempts were 130 
previously described using this technology, we recently evaluated the suitability of an acoustic-131 
based dispensing system to perform reverse cell transfection. 132 



   

 133 
Taking advantage of the nanodispenser throughput and ease of use, we optimized a reverse 134 
transfection protocol for HeLa cells by cross-testing several parameters that can influence DNA 135 
transfection on a 384-well, single plate, namely, the total DNA amount and source DNA starting 136 
concentration, diluent volume, transfection reagent, and number of spread cells. The developed 137 
protocol circumvents the above-described manual limitations of cell transfection and presents 138 
several advantages over other automated transfection attempts. First, it is miniaturized, thus 139 
allowing for cost-effective transfection reagent by saving DNA plasmid preparations and 140 
transfection reagent. Secondly, it is much more high-throughput and reproducible than the 141 
manual protocol (even for beginners), as transfection of an entire 384-well plate can be achieved 142 
in less than 1 h. Finally, it is software-driven, allowing the control of the dispensed DNA amount 143 
and the multiplexing of several plasmids. Indeed, thanks to the nanodispenser software (Table 144 
of Materials), the user can elaborate a study plan to control the volumes to be dispensed from a 145 
defined source well plate to a destination one. 146 
 147 
The protocol presented here is mainly intended for those who have access to a nanodispenser 148 
and would like to set up transfection experiments at high throughput, but also for those who 149 
want to rapidly optimize their transfection parameters for a given cell type by applying this 150 
protocol to cross-test several parameters at high throughput. Indeed, we have shown that 151 
optimized parameters identified with this nanoscale protocol can be transposed to larger-scale 152 
and manual transfection experiments. Finally, as the transfection reagent used in the present 153 
protocol allows DNA or siRNA transfection according to the manufacturer, the protocol is also of 154 
interest to those aiming at performing array approaches for gene overexpression or knockdown. 155 
The destination plates prefilled with DNA can be conserved up to 7 days before use in a 156 
transfection assay without loss of efficacy, which is another advantage of the following protocol 157 
for this kind of application. 158 
 159 
PROTOCOL: 160 
 161 
1. Advance preparations 162 
 163 
1.1. Preparation of the peristaltic liquid handler programs 164 
 165 
NOTE: For the diluent and cell dispensing steps of the protocol, a dedicated program must be 166 
prepared, taking into account the height of the dispensing head to the plate used and the step 167 
intent.  168 
 169 
1.1.1. For the 1 µL diluent dispense step, mount a 1 µL cassette and prepare a program with the 170 
settings as described in steps 1.1.1.1 and 1.1.1.2. 171 
 172 
1.1.1.1. Adjust the flow rate parameter to High for the best throughput as no biological material 173 
damage is expected in this step. Adjust the dispense height to 0.6 mm (according to the cell 174 
culture plate used, Supplemental Figure 1) to allow the 1 µL drop to touch the bottom of the 175 
wells during dispensation. 176 



   

 177 
NOTE: This step is crucial to avoid the retention of the droplets on the dispensing head until 178 
reaching a sufficient volume to drop. 179 
 180 
1.1.1.2. Adjust the plate clear height to 5.5 mm to allow a free displacement of the dispensing 181 
head over the plate after dispensing each row. Visually control the proper settings of the 182 
peristaltic liquid handler head height: make sure no drops are retained on the dispensing tips 183 
while dispensing and verify that the head is high enough to allow displacement of the head after 184 
dispensing each row. 185 
 186 
NOTE: Avoiding drop retention is a crucial parameter as it will impair the accuracy of the volume 187 
of the dispensation. 188 
 189 
1.1.2. For dispensing the 40 µL cell suspension, mount a 40 µL cassette and prepare a program 190 
with the settings as described in steps 1.1.2.1–1.1.2.3. 191 
 192 
1.1.2.1. Adjust the flow rate parameter to Low to dispense cells with a low speed to avoid 193 
promoting potential damages to the cells by shear stress and high impact on the bottom of the 194 
wells. 195 
 196 
1.1.2.2. Adjust the dispensation height to 11.4 mm (according to the cell culture plate used), high 197 
enough to lower the cell impact on the bottom of the wells during the dispensing process but 198 
low enough to avoid retention of the droplets on the dispensing head. Adjust the plate clear 199 
height to 16 mm to allow free displacement of the dispensing head over the plate after dispensing 200 
each row. 201 
 202 
1.1.2.3. Visually control the proper settings of the peristaltic liquid handler head height: make 203 
sure no drops are retained on the dispensing tips while dispensing and verify that the head is 204 
high enough to allow displacement of the head after dispensing each row. 205 
 206 
NOTE: Avoiding drop retention is a crucial parameter as it will lead to dispensing an unreliable 207 
cell number. 208 
 209 
1.2. DNA plasmid preparation (classical miniprep extraction protocol) 210 
 211 

1.2.1. Grow a transformed DH5αbacteria strain in LB medium supplemented with 125 µg/mL 212 
ampicillin selection antibiotic (Table of Materials) overnight at 37 °C and under gentle agitation 213 
(200 rpm) on an orbital shaker (Table of Materials). 214 
 215 
1.2.2. Harvest 2 mL of the culture, pellet the cells by centrifuging for 5 min at 6,000 x g, and 216 
discard the supernatant. 217 
 218 
1.2.3. Resuspend the cell pellet with 250 µL of resuspension buffer containing RNase A (Table of 219 
Materials). Add 250 µL of lysis buffer and incubate for 5 min at room temperature, according to 220 



   

the manufacturer’s instructions. 221 
 222 
1.2.4. Stop the lysis reaction by adding 300 µL of neutralization buffer (Table of Materials). 223 
Centrifuge the tubes for 5 min at 11,000 x g. 224 
 225 
1.2.5. Place a new plasmid minicolumn (Table of Materials) in a 2 mL collection tube and decant 226 
the supernatant in the column by centrifuging for 1 min at 11,000 x g. 227 
 228 
1.2.6. Discard the flow-through and place the minicolumn back in the collection tube. 229 
 230 
1.2.7. Wash the plasmid minicolumn with 500 µL of optional washing buffer (Table of Materials) 231 
and centrifuge for 1 min at 11,000 x g, according to the manufacturer’s instructions. 232 
 233 
1.2.8. Discard the flow-through and place the plasmid minicolumn back in the collection tube. 234 
 235 
1.2.9. Add 700 µL of washing buffer (Table of Materials) supplemented with ethanol and 236 
centrifuge for 1 min at 11,000 x g, according to the manufacturer’s instructions. 237 
 238 
1.2.10. Discard the flow-through and centrifuge the plasmid minicolumn and its collection tube 239 
1x more for 2 min at 11,000 x g to dry the silica membrane. 240 
 241 
1.2.11. Place the dried plasmid minicolumn in a new 1.5 mL tube and add 30 μL of distilled water 242 
prewarmed at 60 °C, incubate it for 2 min at room temperature, and then, centrifuge it for 1 min 243 
at 11,000 x g. 244 
 245 
1.2.12. Discard the plasmid minicolumn and keep the eluate containing the purified DNA plasmid.  246 
 247 
1.2.13. Measure the DNA concentration of the eluted DNA using a microvolume 248 
spectrophotometer (Table of Materials). 249 
 250 
1.2.13.1. Turn on the spectrophotometer and choose the DNA measurement settings. 251 
 252 
1.2.13.2. Raise the sampling arm of the spectrophotometer and pipette 1 µL of water onto the 253 
measurement pedestal to perform a blank calibration. 254 
 255 
1.2.13.3. Lower the sampling arm, start the blank measurement, and wait for completion. 256 
 257 
1.2.13.4. Raise the sampling arm and wipe the sample from the upper and lower pedestals. 258 
 259 
1.2.13.5. Pipette 1 µL of the DNA solution onto the lower pedestal to measure it. 260 
 261 
1.2.13.6 Lower the sampling arm, start the DNA concentration measurement, and wait for 262 
completion. 263 
 264 



   

1.2.13.7. Raise the sampling arm and wipe the sample from the upper and lower pedestals. 265 
 266 
1.2.13.8. For further DNA concentration measurements, repeat steps 1.2.13.5–1.2.13.7. 267 
 268 
1.2.14. Once the measurements are finished, store the DNA solutions at 4 °C until use. 269 
 270 
2. Experimental design and generation of the picklists to drive the ADE-based dispenses 271 
 272 
NOTE: A dedicated “user-friendly” spreadsheet macro was developed to manage DNA amounts 273 
and mix up to four plasmids in a 384-well plate format. Based on the entered experimental 274 
design, this macro generates the necessary files to drive the ADE-based DNA transfection 275 
protocol by nanodispenser. In order to generate these files, several fields have to be filled in the 276 
Template Sheet as shown in Figure 2. 277 
 278 
[Place Figure 2 here] 279 
 280 
2.1. Enter the nanodispenser protocol parameters in the pink fields. Set the transfection reagent 281 
(TR) mixture value to 500 nL. Set the minimal volume value in the source plate wells to 4 µL. Set 282 
the maximal volume in the source plate wells to 11.5 µL. 283 
 284 
NOTE: The nanodispenser used here can only transfer a maximum of 500 nL in one run of ADE.  285 
These pink fields are prefilled with the recommended values but can be modified according to 286 
the user needs. 287 
 288 
2.2. Enter 100 ng/µL DNA starting concentrations in the blue fields corresponding to the 289 
underlying DNA.  290 
 291 
NOTE: This value is the optimal concentration previously defined but can, however, be modified 292 
for different user needs. 293 
 294 
2.3. Enter the desired DNA amount in the grey/green fields. Enter the amounts and plasmid 295 
names for the 384 wells, ensuring the same spelling if the same plasmid is used in several wells.  296 
 297 
2.4. Generate the source plate design, the picklists file, and 384-well pipetting guide files. Click 298 
on Generate Picklists to allow the macro to generate the 384-well dispensing guide, the DNA-299 
picklist file, and the TR-picklists file from data collected on the corresponding sheets. If requested, 300 
correct the orange-filled cell values as it indicates errors or volumes that cannot be handled by 301 
the nanodispenser. 302 
 303 
2.5. Print the template(s) from the Source Plate sheet. Plasmid names and minimal volume to fill 304 
in the wells are indicated. Likewise, transfection reagent mixture volumes that will next have to 305 
be filled in the following wells are indicated as TR and highlighted in green. 306 
 307 
3. DNA source plate preparation using the 384-well pipetting guide application 308 



   

 309 
3.1. Dilute the stored DNA plasmid from step 1.2.14 to 100 ng/µL using distilled water. 310 
 311 
3.2. Calibrate the 384-well grid to the plate dimensions: open the 384-well pipetting guide 312 
application on a tablet (Figure 3). Place the source plate on the grid on the lower screen, and in 313 
the upper left calibration menu, click + or - (or use the red cursor) to enhance or reduce the size 314 
of the grid and wells in order to adjust the green wells to the four corner wells of the plate. 315 
 316 
[Place Figure 3 here] 317 
 318 
3.3. Using double-sided tape, mount the 3D-printed plate adapter on the screen to avoid source 319 
plate movements while dispensing. If needed, move the calibrated grid using the rotation arrows 320 
and Up/Down/Right/Left buttons to adjust the grid on the screen to the plate position. Once the 321 
grid and well sizes are properly calibrated and located, tick the Lock calibration box. 322 
 323 
3.4. Click on FILE and open the 384 wells pipetting guide.csv file. Follow the screen instructions 324 
to manually dispense the indicated volume of the indicated plasmid at the indicated 325 
concentration in the white highlighted well corresponding to the proper target destination of the 326 
expected plate. Use - or + arrows to go back or further in the DNA dispensing process. Stop 327 
dispensing when reaching the first Transfection reagent solution to load. 328 
 329 
3.5. Once the DNA dispensations are finished, remove the source plate from the adapter. If 330 
several source plates have to be filled, then place a new source plate on the adapter and follow 331 
the dispensing instructions. Once the DNA dispensation has finished, centrifuge the DNA-filled 332 
source plate(s) (at 1,500 x g for 2 min) to ensure proper liquid leveling and to remove bubbles 333 
leading to inaccuracy in the ADE-based transfers. 334 
 335 
4. Peristaltic liquid handler-based 1 µL diluent dispensation in the destination plate 336 
 337 
NOTE: Perform steps 4.1–4.5 in a biological safety cabinet. 338 
 339 
4.1. Disinfect the 1 µL cassette head by spraying it with a spray disinfectant (Table of Materials), 340 
and allow it to enter the tip holder. Absorb the remnant disinfectant on absorbing paper. Mount 341 
the 1 µL cassette on the peristaltic liquid handler device. Turn on the device and make sure the 342 
cassette type setting is correct (1 µL), as well as the plate format (384 wells). 343 
 344 
4.2. Disinfect the entire lumen of the tubing: insert the tube organizer (holding the eight tubes 345 
together) in a sterile vessel and fill it with 5 mL of 70% alcohol. Using the priming function of the 346 
peristaltic liquid handler, first flush the alcohol in the tubing and then rinse it by passing 5 mL of 347 
distilled water and 5 mL of serum-free medium (Dulbecco’s modified Eagle’s medium [DMEM] 348 
supplemented with 100 U/mL penicillin-streptomycin; Table of Material), successively filling in 349 
the same vessel.  350 
 351 
4.3. Prime the tubing with serum-free medium by filling a new sterile vessel with 10 mL of 352 



   

prewarmed serum-free medium and diving the tube organizer in it. Press the prime button of the 353 
peristaltic liquid handler for about 10 s. Make sure the tip is not clogged by visually inspecting 354 
the flow from the dispensing head. 355 
 356 
4.4. Fill the plate with 1 µL of diluent. Place a sterile 384-well culture plate (destination) on the 357 
peristaltic liquid handler plate carrier and remove its lid.  358 
 359 
4.5. Run the precalibrated program to dispense 1 µL in each well of the 384-well plate.  360 
The dispensing time is approximately 8 s. Then replace the lid of the 384-well plate.  361 
 362 
NOTE: Alternatively, this step can be handled manually, in a safety cabinet, using a multichannel 363 
micropipette. 364 
 365 
5. Performance of a survey to control the manually dispensed volumes  366 
 367 
NOTE: For details, see Figure 4. 368 
 369 
5.1. Run the nanodispenser program, go to the diagnostic tab, tick the source plate Out box, load 370 
the source plate on the plate holder, and tick In to enter the plate. 371 
 372 
5.2. Select Survey in the Miscellaneous menu and click on Launch. Set the nanodispenser to the 373 
aqueous buffer dispensing mode by selecting 384LDV_AQ_B2, and press Ok. Select the prefilled 374 
wells to analyze and click on the Go button. Verify that the measured volumes match the 375 
expected ones and ensure no wells have been loaded with volumes of more than 12 µL as this 376 
will avoid transfers. 377 
 378 
[Place Figure 4 here] 379 
 380 
6. ADE-driven DNA dispensation into the destination plate 381 
 382 
6.1. Run the picklist software, set the 384-well source and destination plate types to 384_LDV 383 
and Greiner 384PS_781096, respectively (Figure 5). Set the device to aqueous buffer dispensing 384 
mode by selecting 384LDV_AQ_B2. 385 
 386 
[Place Figure 5 here] 387 
 388 
6.2. Click on Import, select the DNA-Picklist.csv file, and save the protocol. Click on Simulate to 389 
perform a simulation of the programmed dispensations to make sure that the picklist matches 390 
the expected experimental design. Click on the Run button to start the dispensing program: when 391 
asked, insert the requested source plate (DNA solutions manually filled) and the destination plate 392 
(diluent-filled) in the nanodispenser.  393 
 394 
NOTE: The dispensing time is approximately 5–20 min for a complete 384-well plate, depending 395 
on the selected volumes and the total number of dispensations in the experimental design. 396 



   

 397 
6.3. Alternatively, pause the protocol here as the diluent- and DNA-filled plates can handle dry 398 
or frozen storage for up to 7 days. For dry storage, let the plates dry on the bench at room 399 
temperature and then store them the same way. Thaw and centrifuge (at 1,500 x g for 2 min) 400 
frozen and stored plates before use in a transfection step (section 7). 401 
 402 
7. ADE-driven transfection reagent dispensation 403 
 404 
7.1. In a biosafety cabinet, extemporaneously dilute lipopolyplex transfection reagent in serum-405 
free medium to a 1x final concentration. Vortex and immediately dispense this transfection 406 
reagent mix according to the predefined source plate(s) designed by the macro and using the 407 
precalibrated 384-well pipetting guide application as described in step 3.4. 408 
 409 
NOTE: Do not centrifuge the source plate once it is loaded with the reagent as no transfection is 410 
noticed after centrifugation. 411 
 412 
7.2. Run the nanodispenser program to perform a “survey” as described in section 5, in order to 413 
control the volumes of all the manually filled TR wells of the source plate(s) to avoid dispensing 414 
errors due to volumes exceeding 12 µL. 415 
 416 
7.3. Perform a reset of the DNA picklist in the picklist software, and verify that the device 417 
parameters are still set to aqueous buffers and to the source and destination plate types used, 418 
as in step 6.1. 419 
 420 
7.4. Click on Import and choose the TR-Picklist.csv file. Save the protocol when prompted, and 421 
(this is optionally but strongly recommended) perform a simulation of the programmed 422 
transfection reagent mixture dispensations to ensure proper design of the dispensations by 423 
clicking on the Simulate button. 424 
 425 
7.5. Click on the Run button to start the dispensing program: as requested, place the source 426 
plate(s) (TR-mixture-filled) and the destination plate (diluent- and DNA-filled) in the 427 
nanodispenser.  428 
 429 
NOTE: The dispensing time is approximately 15–20 min for a complete 384-well plate when 430 
dispensing 500 nL of TR mixture.  431 
 432 
7.6. Incubate 15–30 min at room temperature after adding the TR to the DNA as indicated by the 433 
manufacturer’s protocol. 434 
 435 
8. Peristaltic liquid handler-based cell dispensation 436 
 437 
8.1. Prepare the peristaltic liquid handler for dispensing cells. Disinfect a 10 µL cassette head by 438 
spraying it with Aniospray Surf 29 Disinfectant and absorbing the remnant on paper. Mount the 439 
cassette on the peristaltic liquid handler device, change the cassette type setting to 10 µL, and 440 



   

make sure the plate format is set to 384 wells. 441 
 442 
8.2. Disinfect the 10 µL cassette tubing as previously described in step 4.2. Dive the tube organizer 443 
in a sterile vessel and flush the tubing with 5 mL of 70% alcohol, then with 5 mL of distilled water, 444 
and finally, with 5 mL of serum-free medium, successively filling in the same vessel and until each 445 
tube is empty. 446 
 447 
8.3. Prepare the cell suspension to dispense. From a confluent HeLa cell B10-culture dish, wash 448 
the cells 1x with 1x phosphate-buffered saline (PBS) solution, and then dissociate the cells with 449 
trypsin/EDTA for 5 min at 37 °C. 450 
 451 
8.4. Verify the cell dissociation under a microscope and stop the trypsin/EDTA action by adding 452 
10 mL of complete medium (DMEM supplemented with 10% fetal bovine serum and 100 U/mL 453 
penicillin-streptomycin; see the Table of Material) in the culture dish. Harvest cells in a 50 mL 454 
tube and count the cells under the microscope, using a Malassez cell or an automatic cell counter. 455 
 456 
8.5. Prepare at least 25 mL of HeLa cell suspension at a concentration of 37,500 cells/mL in 457 
complete medium (i.e., 1,500 cells/40 µL) for a complete 384-well plate, to ensure tube priming 458 
and 40 µL/well dispensation. 459 
 460 
8.6. To dispense the cells, fill a new sterile vessel with the prepared cell suspension and stir it to 461 
avoid sedimentation leading to inaccuracy in the cell density of the dispensation. Insert the tube 462 
organizer in this solution and press the Prime button until the cell suspension is starting to flush 463 
from the dispensing head. Make sure the tip is not clogged by visually inspecting the flow from 464 
the dispensing head while flushing, and ensure each tube is loaded with cell suspension. 465 
 466 
8.7. Load the DNA and TR-filled 384-well destination plate on the peristaltic liquid handler plate 467 
carrier and remove its lid. Run the precalibrated program to dispense 40 µL of the cell suspension 468 
on the complete 384-well plate (i.e., 1,500 cells/well). The dispensing time is about 8 s. Replace 469 
the lid of the 384-well plate. 470 
 471 
NOTE: Alternatively, this 40 µL can be manually dispensed using a multichannel micropipette. 472 
 473 
9. Custom biological assay (cell transfection efficiency monitoring) 474 
 475 
NOTE: Following the experimental settings and intent of the experiment, use the required 476 
methods for luminescence, fluorescence, high-content screening, and reverse transcription 477 
quantitative polymerase chain reaction (RT-qPCR). In this section of the protocol, cell transfection 478 
efficiency is evaluated by automated fluorescence microscopy and image analysis. 479 
 480 
9.1. Incubate the plate at 37 °C with 5% CO2 in a water-saturated atmosphere and until proper 481 
protein expression.  482 
 483 
NOTE: Here, a 48 h incubation time is used for HeLa cells to monitor the transfection efficiency, 484 



   

using tdTomato- and mVenus-expressing plasmids. 485 
 486 
9.2. Remove the culture medium 48 h posttransfection by inverting the plate, add 30 µL/well of 487 
10% formalin using the peristaltic liquid handler (10 µL cassette), and incubate for 15 min at room 488 
temperature. 489 
 490 
9.3. Remove the formalin by inverting the plate; then, incubate the cells for 15 min at room 491 
temperature with 0.1 ng/mL Hoechst diluted in 1x PBS solution.  492 
 493 
9.4. Wash the cells 3x for 15 min with 80 µL of 1x PBS adjusted to pH = 8 in order to recover the 494 
high fluorescence signal lost by the 6.9 pH of the formalin solution incubation step. 495 
 496 
9.5. Using an automated fluorescent microscope, acquire images of two or three fluorescent 497 
channels (Hoechst, tdTomato, and mVenus) sequentially with 10x objectives and a proper 498 
emission filter set (4′,6-diamidino-2-phenylindole [DAPI], dsRed, and fluorescein isothiocyanate 499 
[FITC], respectively). 500 
 501 
9.6. To evaluate transfection efficiencies, use image analysis software to determine the 502 
transfection efficiencies using script analysis based on nuclei staining. 503 
 504 
REPRESENTATIVE RESULTS:  505 
In order to determine if the ADE technology could be used for an automated reverse transfection 506 
protocol, we monitored cell transfection efficiency by fluorescence microscopy, using a red 507 
fluorescent tdTomato expressing plasmid. First aiming at determining the best transfection 508 
parameters, different diluent volumes and total amounts of DNA were cross-tested. Diluent 509 
volume was used to allow the DNA droplets, once dispensed, to spread all over the wells to 510 
circumvent inhomogeneous transfection observed in preliminary experiments (i.e., only in the 511 
center of the wells). As shown in Figure 6A, the transfection of HeLa cells using lipopolyplex 512 
reagent20 was successful. Interestingly, by using a 1 µL diluent volume, DNA amounts ranging 513 
from 5 to 30 ng showed the same efficiency and up to 90% cell transfection compared to higher 514 
amounts, such as 50 and 100 ng, for which an abrupt decrease was observed. We tried various 515 
diluent volumes ranging from 15 nL to 4 µL and identified 1 µL to be the best condition, as 516 
significantly exemplified here using 30 ng of DNA. 517 
 518 
[Place Figure 6 here]. 519 
 520 
In order to further enhance the throughput of this protocol, we next examined if a source plate 521 
storage prefilled with DNA and diluent solutions could be stored and used at a later stage. Two 522 
ways of efficiently storing DNA were tested, namely dry storing the plate by letting it dry on the 523 
bench or frozen storage (at -20 °C). Both storage methods did not lead to significantly different 524 
results than freshly dispensed DNA solution stored for up to 7 days (Figure 6B), and both methods 525 
made it possible to perform transfection from stored DNA prefilled plates, such as a bank of 526 
plasmids. 527 
 528 



   

Finally, as plasmid transfection most often occurs using at least two different plasmids, we next 529 
examined the DNA multiplexing ability of the protocol presented here using the best identified 530 
conditions (1 µL of diluent and 30 ng of DNA). The previously used tdTomato red-fluorescent-531 
protein-expressing plasmid was modified to express mVenus, a bright yellow fluorescent protein, 532 
and both were then used in cotransfection attempts. Red- or green-fluorescent-positive cell 533 
analysis (Figure 6C) showed the transfection efficiency to be about 80%; however, in the red 534 
population, nearly 100% of the cells were also cotransfected with the mVenus-expressing 535 
plasmid as can be seen in the representative software-based image analysis of Figure 6D.  536 
 537 
FIGURE AND TABLE LEGENDS:  538 
 539 
Figure 1: Experimental workflow. Schematic representation of the optimal automated high-540 
throughput reverse transfection protocol (from experimental design to custom biological assay). 541 
Manual steps are indicated by the hand symbol and the approximate time for each step is written 542 
in a red box. 543 
 544 
Figure 2: Generation of the picklists to drive the ADE dispensation using the spreadsheet macro. 545 
Several parameters have to be filled, namely (1) the transfection reagent (TR) and the 546 
minimal/maximal volumes to be used in the source plate, (2) the initial plasmid concentrations 547 
to be dispensed in the source plate, and (3) the whole-plate design, including the expected 548 
plasmid amounts and multiplexing in each of the 384-wells. (4) Generate Picklists activation 549 
allows the different fields to be verified and, once properly filled, picklists for DNA and TR 550 
dispensation and the necessary source plate template are automatically generated. 551 
 552 
Figure 3: Use of the 384-well pipetting guide application. (1) Calibration of the 384-well grid to 553 
the plate size; (2) mount of a universal 3D-printed plate adapter used to attach to the tablet using 554 
double-sided tape; (3) placement of the plate on the adapter; (4) displacement of the grid to 555 
center it to the mounted plate. (5) Lock of the calibration step. (6) Opening of the 384 wells 556 
pipetting guide.csv file. (7) Given the file list, the application will indicate the expected source 557 
plate name, reagent (DNA or transfection reagent), the concentration, and the volume to 558 
dispense into the target wells, which will be illuminated one by one. (8) Left and right arrow 559 
buttons allow the user to follow the pipetting guide to easily dispense the reagents according to 560 
the spreadsheet macro source plate template(s). 561 
 562 
Figure 4: Defining the survey software parameters. (1) Start the nanodispenser program. (2) 563 
Open the Diagnostics tab. (3) Insert the source plate by checking Out for the source plate and, 564 
then, In. (4) In the Miscellaneous box, select Survey in the drop-down menu. (5) Launch the 565 
survey program by clicking on Launch. (6) Define the source plate type in the menu. (7) Select 566 
the prefilled wells to measure. (8) Start the analysis by clicking on Go. (9) Once the survey is 567 
performed, the measured volumes are written in the corresponding selected wells. 568 
 569 
Figure 5: Performance of the picklist-based dispensations. (1) Start the nanodispenser software. 570 
In the Protocol tab, select (2) the sample plate format and (3) the destination plate type. (4) Select 571 
the Pick List tab. (5) Click on Import and select the proper *.csv file (DNA-PickList or TR-Picklist). 572 



   

(6) Once selected, click on Import. (7) Perform a dispensation simulation by clicking on Simulate. 573 
(8) Start the programmed dispensation by clicking on Run. 574 
 575 
Figure 6: Representative results. (A) Impact of the DNA amount and diluent volume on the 576 
transfection efficiency. HeLa cells were reverse transfected using the nanodispenser device and 577 
lipopolyplex, using a 1x concentration as recommended by the manufacturer. Of the 578 
recommended diluent (serum-free medium), 15–4,000 nL was used with 10–100 ng amounts of 579 
red-fluorescent-expressing plasmid (tdTomato). Transfection efficiencies were determined 48 h 580 
posttransfection using image-based analysis software. The results are expressed as a percentage 581 
of transfected cells for the increasing DNA amount, and the diluent volume shows the optimal 582 
conditions: 30 ng of total DNA with an increasing diluent volume and 1 µL of diluent with 583 
increasing DNA amounts. The error bars represent the SEM with n ≥ 4. Two-way ANOVA and 584 
Bonferroni post-test were used for statistical analysis. *p < 0.05 compared to other dots. (B) 585 
Stability of the prepared DNA plates. Diluent (1 µL) was dispensed using the peristaltic liquid 586 
handler, and 30 ng of DNA was dispensed and immediately transfected using lipopolyplex reagent 587 
dispensed by ADE (control) or either stored at room temperature once dry or frozen at -20 °C. At 588 
days 0, 2, or 7, dry DNA was rehydrated with 1 µL of diluent dispensed using the peristaltic liquid 589 
handler, and frozen plates were thawed at room temperature. Cells were then seeded using the 590 
peristaltic liquid handler according to the described protocol. The error bars represent the SEM 591 
with n ≥ 3. Two-way ANOVA and Bonferroni post-test were used for statistical analysis. ns = 592 
nonsignificantly different. (C) Plasmid DNA cotransfection efficiency. HeLa cells were transfected 593 
with 30 ng of mVenus- and tdTomato-expressing plasmid loaded in two separate source wells 594 
(using a 1.7 ratio of mVenus over tdTomato in order to level their relative fluorescence output). 595 
Transfection efficiencies were compared 48 h posttransfection using image-based analysis 596 
software and were expressed as a percentage of transfected cells and a percentage of 597 
cotransfected cells within the transfected population. The percentage of cotransfected cells was 598 
determined by calculating the green-fluorescence-expressing cell number in the red fluorescent 599 
population cells. The error bars represent the SEM with n ≥ 3. Two-way ANOVA and Bonferroni 600 
post-test were used for statistical analysis. ns = nonsignificantly different. (D) Representative 601 
fields of fluorescence microscopy from the image acquisition shown in panel C using three 602 
fluorescent channels (Hoechst, tdTomato, and mVenus) sequentially acquired by an imaging 603 
platform (Table of Materials), using 10x objectives and a proper emission filter set (DAPI, dsRed, 604 
and FITC, respectively). This figure has been modified from Colin et al.1. 605 
 606 
Supplemental Figure 1: Diagram showing a suitable dispense height for the drop to touch the 607 
bottom of the well to avoid its retention on the dispensing tip. On the left, proper settings allow 608 
the drop to spread on the well surface avoiding its retention on the dispensing tips. On the right, 609 
bad settings lead to droplet retention that can be observed during the head movement to the 610 
next raw. 611 
 612 
DISCUSSION: 613 
The establishment and optimization of an accurate high-throughput transfection method for a 614 
given cell line require scientists to follow some key parameters described in this section. We 615 
strongly encourage starting with the recommended values throughout the protocol as these 616 



   

settings optimized for HeLa cells also proved to be efficient for HEK cells. However, as the best 617 
parameters may depend on the cell lines and transfection reagents, optimal conditions can be 618 
defined by the varying cell number, diluent volume, total DNA amount, and transfection reagent 619 
nature, concentration, or even volume used as was the case during the optimization of this 620 
protocol for HeLa cells1. 621 
 622 
The overall protocol presented here has been developed and further optimized to allow cell 623 
transfection even by novices in the field. In order to reach this goal, key tools to render the 624 
protocol as simple as possible and avoid human errors have been developed: a user-friendly 625 
spreadsheet macro to easily design the experiment and a tablet application to guide the user to 626 
properly fill the source plate(s). 627 
 628 
Thus, to ensure the reliability of the protocol, only a few critical steps have to be controlled: i) a 629 
proper experimental design; ii) the proper peristaltic dispensations from the classical peristaltic 630 
liquid handler; iii) the proper DNA and transfection reagent acoustic-based dispensations; iv) 631 
avoiding the centrifugation of the source plate before the transfection reagent dispensation as 632 
that seemed to impair transfection. Following these few recommendations would ensure the 633 
efficient transfection of the cells. 634 
 635 
Proper experimental design 636 
The experimental setup has been rendered user-friendly by the development of the macro 637 
spreadsheet which just has to be filled with the expected DNA plasmids and some key parameter 638 
values. Once filled, the macro first analyzes the entered parameters to detect potential errors, 639 
such as suitable minimal and maximal volumes of the content of the source wells and the 640 
transfection reagent dispensation volume. Furthermore, based on the DNA concentrations 641 
entered in each of the four possible rows and the plasmid quantity entered in the underlying 642 
fields, the macro verifies if the expected volumes to dispense are multiples of 2.5 nL (volume of 643 
the drops dispensed by the nanodispenser). Once a check for any errors has been performed, the 644 
macro calculates the total amount of each DNA sample that will have to be dispensed and, then, 645 
designs the source plate template (by sorting the DNA names in alphabetical order). The volumes 646 
indicated in the source plate(s) take into account the working volumes expected in a source well 647 
(calculated from the minimal and maximal volume values filled in the template sheet). All the 648 
expected DNA dispensations in each of the wells are then written on the DNA-picklist sheet. The 649 
list of DNA-transfected wells is then used to write the TR-picklist sheet using the transfection 650 
reagent volume indicated on the template sheet. The volumes calculated on the source plate 651 
sheet are then transferred to the 384-well pipetting guide sheet. Data from the DNA-picklist, TR-652 
picklist, and 384-well pipetting guide are then used to generate the corresponding files in the 653 
*.csv format. 654 
 655 
Proper DNA and TR dispensation on the source plate 656 
As dispensing on a 384-well source plate and, more specifically, locating the target well can 657 
promote errors and are furthermore time-consuming, we have developed a dedicated tablet-658 
based application similar to iPipet21. Unlike iPipet, the one described here can be used with 659 
Android (only Android version 4.4 and up is supported). Based on the 384-Wells-Pipetting-660 



   

Guide.csv file generated by the macro spreadsheet, it helps the user in the overall dispensing 661 
process. Whereas its use for a few dispensations is not worth it, it can be interesting to save time 662 
and avoid errors if a large number of DNA and TR dispensations are expected. The .csv file must 663 
contain well, plate, name, concentration, and volume information. This application could then be 664 
used for other applications, such as dispensing solutions (reagents, dye, compound, etc.) in the 665 
target well, according to a user dedicated csv file. Furthermore, it allows the user to illuminate 666 
an entire row or line by entering the relevant information into the target well column using this 667 
expected format: Row_1 (to 24) or Line_A (to P). 668 
 669 
Troubleshooting poor cell transfection efficiency 670 
Several parameters described below may impair cell transfection in the described ADE-based 671 
protocol and would have to be individually checked and circumvented in case of efficiency 672 
problems. 673 
 674 
One of the first important parameters for transfection is the quality of the cells and the density 675 
used during sowing. Although each cell type will require different parameters, some of them 676 
must be respected to ensure a successful transfection. First of all, the cell suspension must be 677 
prepared extemporaneously from a subconfluent plate to avoid cell stress before transfection, 678 
and they should not be left lying on the bench for too long (2 h maximum). Second, the seeding 679 
density of the cells must be low enough for two reasons: to avoid cellular contacts and promote 680 
a high cell surface once spread but also because actively dividing cells better take up foreign 681 
nucleic acid22,23. Unfortunately, the optimal cell density for transfection varies depending on cell 682 
types and transfection technology and has to be determined for each cell line. These are crucial 683 
parameters for ensuring effective transfection. 684 
 685 
Another important parameter that can modulate transfection efficiency is the cell passage 686 
number24. Indeed, cells in culture are continually subjected to evolution due to competition and 687 
natural selection. It is well known that differential gene expression between low and high cell 688 
passage numbers is expected in most cell lines due to dedifferentiation as the passage number 689 
increases. Following this phenomenon, transfection efficiency may also be affected. However, 690 
passage-related effects have been demonstrated to be heavily dependent on the cell line and the 691 
culture conditions. On top of that, what is considered a “high” passage level varies from one cell 692 
line to another. This means that the passage number range under which a set of experiments can 693 
be reliably performed has to be determined for each given cell line. 694 
 695 
Another parameter which enhances the difficulty in determining the best conditions for 696 
transfection is that culture medium composition also plays a crucial role since the presence of 697 
serum and/or antibiotics modulate transfection efficiency. Indeed, most commercial protocols 698 
recommend the use of serum-free medium during the transfection step to enhance efficiency or 699 
circumvent problems of poor efficiency3,25–27. However, this parameter is indeed more complex 700 
to apprehend as it has been shown that, for a given cell line, early versus late passages may 701 
enhance or lower efficiency depending on serum presence or absence in the culture medium28. 702 
Other researchers preconize the use of antibiotic-free medium for the passage before the 703 
transfection when culturing cells, in order to obtain high-quality cells for transfection29. To 704 



   

conclude, when optimizing transfection conditions for a given cell type, each of these parameters 705 
should be tested: early or late passage cells and the use of medium with or without serum during 706 
the last passage before harvesting the cells and/or during the transfection step itself. 707 
 708 
During the optimization of the protocol presented here, two kinds of reagent were used: a 709 
liposomal reagent forming liposome-like complexes and lipopolyplex reagent, a nonliposomal 710 
polymeric compound1. Whereas we had success for years manually transfecting HeLa cells with 711 
the first one, poor transfection efficiency was observed in the current automated protocol. This 712 
was probably due to a required vortexing step when mixing DNA with transfection reagent that 713 
cannot be performed in the 384-well plate format. The lipopolyplex does not need such a step 714 
and, therefore, led to higher transfection efficiencies in all the settings tested. Although this has 715 
not been confirmed in the current study, avoiding transfection reagents that require a physical 716 
mixing step such has pipetting or vortexing will probably lead to better results. 717 
 718 
We also recommend the use of a transfection reagent compatible with reverse transfection as 719 
the presented protocol is based on a reverse transfection. Some cells are known to be difficult to 720 
transfect and some dedicated chemical compounds are developed to promote higher 721 
transfection efficiency30,31. If aiming at transfecting hard-to-transfect cells, we recommend 722 
testing the given cell-type or cell-line-dedicated transfection reagents, assuming reverse 723 
transfection is feasible with these ones. 724 
 725 
Several parameters detailed in the underlying paragraphs may have an impact and somewhat 726 
impair the ADE dispensing process, possibly ruining the final experiment. 727 
 728 
The nanodispenser was developed to dispense 2.5 nL droplets from source wells filled with 3–12 729 
μL of aqueous buffer (i.e., 9 μL working volume). The nanodispenser device used in this study 730 
integrates a dynamic fluid analysis technology for the determination of the fluid composition and 731 
liquid height in the source plate in order to control the power needed to eject 2.5 nL droplets19. 732 
While filling the source plate manually or by the classical peristaltic liquid handler, the volumes 733 
are most often not so accurate than those determined by the dynamic fluid analysis. This is a 734 
crucial point to take into account as the device is not able to dispense from source wells loaded 735 
with more than 12 µL. Thus, their presence would compromise the experiment. Of course, a list 736 
of the performed dispensations can be generated at the end of the program but this requires the 737 
user to adjust volumes and run a program to recover the missed dispensations only. To avoid 738 
these disagreements, it is recommended to perform a “survey” once the DNA plasmids have been 739 
loaded to verify the expected volume in each concerned well. 740 

 741 

A crucial parameter for droplet ejection is the variation in liquid surface tension17,32. Water DNA 742 
solutions are known for their viscosity; this might impair the dispensing process by ADE. Whereas 743 
the physical parameters were not determined in our previous study1, higher DNA solution 744 
concentrations in the source plate resulted in lower transfection efficiency, even for the same 745 
total amount of DNA dispensed, probably because of this phenomenon. Thus, we recommend 746 
using a plasmid dilution of 100 ng/µL for best results, although other concentrations might be 747 
tested for user convenience. To ensure proper ADE with the user-needed DNA concentration, a 748 



   

colorant can be added to the solution to monitor the droplet ejection in the wells or, even better, 749 
on the plate lid. As the presented protocol’s first goal was to gain high throughput, cheap 750 
minicolumn-based plasmid DNA minipreparation kits compatible with plate-based high-751 
throughput plasmid purification protocols were used. Whereas it worked properly during the 752 
performance of the experiment, in case of low efficiency and poor cell viability after transfection, 753 
it is recommended to use higher-grade DNA purification methods such as midi- or maxi-754 
preparations or even endotoxin-free commercially available kits that would ensure a better DNA 755 
purity and lower toxicity for the cells33. 756 
 757 
Troubleshooting inhomogeneous cell transfection over the well surface 758 
First attempts when setting up the protocol led to cell transfection in the center of the wells, 759 
where the drops were sent by ADE. Indeed, we noticed that the DNA and transfection mixture 760 
was drying before cell addition due to the low volumes dispensed (barely 500 nL). To circumvent 761 
this problem, a diluent dispensing step was added to allow the DNA/TR mixture to spread all over 762 
the wells before cell addition. This resulted in a homogeneous cell transfection in the well. Thus, 763 
when reproducing the experiment and the DNA/TR mixture does not spread all over the wells, 764 
the diluent volume may be adjusted according to the user’s needs. 765 
 766 
As the acoustic liquid handler can distribute volumes in the nanoliter range, the described 767 
method potentially does not have any technical limitations. However, we noticed that aqueous-768 
solution-filled wells are subject to evaporation, which could represent a limitation. If the exact 769 
volumes to be dispensed are lowered by this evaporation, the nanodispensing will not be 770 
performed to the expected end. In this case, an error report is generated by the nanodispenser. 771 
To circumvent this problem, use higher volumes than expected while staying in the acceptable 772 
upper range (indeed, lower than 12 µL). However, if evaporation leads to the impairment of some 773 
dispensations, an error report is generated by the nanodispenser. This file can be used to fill the 774 
source plate with new reagent to be dispensed on the concerned destination wells. Doing this in 775 
a short time interval did not seem to impair the transfection efficiency. 776 
 777 
The protocol described here is the first one to obtain such throughput for independent DNA 778 
plasmid transfections. Best rates reached before were for 288 different conditions that required 779 
highly specialized skills to be performed simultaneously15. This, apart from its high throughput, 780 
the current protocol has other significant advantages as the overall process has been optimized 781 
to allow its use by nonspecialists and tools have been developed to avoid errors, namely i) a 782 
dedicated spreadsheet macro allowing the easy design of the experimental template, ii) the 783 
automatic generation of the corresponding DNA and transfection reagent source plate(s) 784 
template by this macro, iii) the generation of two ready-to-use files to control the software-785 
driven dispensations of DNA and transfection reagent by the nanodispenser device, and iv) the 786 
export of a “384-well pipetting guide” file corresponding to the source plate(s) designed, to be 787 
used by a dedicated tablet-based application also developed in order to avoid human errors while 788 
dispensing in the 384-well source plate(s). 789 
 790 
Future improvements of the protocol 791 
In order to enhance throughput and reproducibility, the source plate filled with plasmids could 792 



   

be stored at 4 °C or frozen as usual for DNA stock solutions. Furthermore, we showed that the 793 
preloaded destination plate prefilled with DNA can also be stored dry or frozen for at least 7 days 794 
before adding the transfection reagent and cells, leading to the enhancement of the overall 795 
throughput and ease of the protocol. DNA conservation for more than 4 years has previously 796 
been reported using optimized media34 and should, therefore, be tested in the context of this 797 
protocol as it will push it a step further, enabling the long-term storage of plates prefilled with 798 
banks of plasmids and ready-to-use in transfection experiments. 799 
 800 
We previously showed that the identified optimal transfection conditions could be transferred 801 
to higher-scale experiments, from 96-well to 10 cm culture dishes1, by calculating the DNA 802 
amount, transfection reagent volume, and cell density that should be used based on the 803 
optimized 384-well plate protocol. As 1536-well plate dispensation is manageable by the 804 
nanodispenser too, the protocol can also be performed at a lower scale, thus enhancing its 805 
throughput. However, a major limitation to reach this format is the ability to dispense cells and 806 
manage the final read-out in this format. Cell dispensing by ADE has already been successfully 807 
performed in the 1536-well plate format35 using a solution of neutral density that prevented cell 808 
seeding and ensured equal cell density in time. Based on the cell number used here and the 809 
surface ratio of 384 (0.056 cm2) versus 1536 wells (0.025 cm2), 500–650 cells would be dispensed 810 
in this last format. Such a cell dispensation number range has been shown to be highly reliable if 811 
14%–18% concentrated solution of neutral density is used. Under these settings, 100 nL of cell 812 
suspension would be distributed over 1536 wells. With a working solution of 5–8 µL in such wells, 813 
adding 5–8 µL of culture medium using classical peristaltic liquid handlers would dilute the 814 
antiseeding solution to less than 0.3%, thus allowing proper cell seeding. Transfecting cells on 815 
such a low scale thus seems technically possible; however, the residual concentration effect on 816 
transfection efficiency remains to be determined by further work. 817 
 818 
Using source plate types bearing higher working volumes to dispense cells, such as 384-well 819 
polypropylene source plates having a working volume of 45 µL, would allow 100 nL cell solution 820 
dispensations from only four source wells for an overall 1536-well plate. Furthermore, new 821 
nanodispensers are able to dispense drops of 25 nL instead of the 2.5 nL that was used in this 822 
protocol. This drop size, then, divides 10-fold the dispensing time but imply to use multiple of 25 823 
nL volumes which, however, stay compatible with the different volumes dispensed in the 824 
protocol presented here. 825 
 826 
Based on these latest works and technological improvements, a further ADE cell dispensing step 827 
to achieve a 1536-well plate transfection could be easily added to the current protocol. However, 828 
reaching such miniaturizations is only worth it if the bioassay is concomitantly feasible in such a 829 
miniaturized format. 830 
 831 
In conclusion, we developed an easy, high-throughput and accurate transfection method bearing 832 
several advantages due to miniaturization: (1) lowering the costs of transfection reagent; (2) 833 
reducing the waste of DNA preparations; (3) ensuring that even beginners can successfully 834 
perform cell transfection. Indeed, it requires only a few easy manual steps, namely diluting DNA 835 
to 100 ng/μL, dispensing it on a source plate (one plasmid/well) according to the spreadsheet-836 



   

generated template and using the tablet-based pipetting guide, and preparing the cell suspension 837 
before seeding. The ADE-based nanodispenser is in charge of the time-consuming and error-838 
prone dose delivery and multiplexing of the plasmids, according to the given template of the 839 
experiment. 840 
 841 
Furthermore, whereas this protocol could ensure most of the basic biological intents of classical 842 
transfection experiments, it could also open up new ways for array-based experiments. For 843 
example, expressing or knocking down each human protein-coding gene from the human 844 
ORFeome collection36 or CRISPR-Cas9 library-based approaches37, respectively, would require 845 
less than 24 h on a dedicated automated platform (53 x 384-well plates), rather than 2–3 days of 846 
human work, assuming the use of a DNA-preloaded plate bank. Due to its high efficiency and 847 
high-throughput performance, the protocol presented here might even be able to achieve new 848 
nonpooled approaches for CRISPR-Cas9 based-studies with gRNA libraries/CRISPR-Cas9-849 
expressing plasmids. Indeed, mild cellular phenotype changes, which currently cannot allow the 850 
required cell-sorting step, would finally be manageable, as one well would represent one knocked 851 
gene. 852 
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384LDV Microplate Labcyte

384-well Microplate μClear Black Greiner
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Android Tablet Samsung

Aniospray Surf 29 Anios

Columbus software Perkin Elmer
Dulbecco's Modified Eagle Medium (DMEM), high glucose, 

GlutaMAX Supplement, pyruvate
Thermo Fisher Scientific

Echo Cherry Pick 1.5.3 software Labcyte

Echo550 Labcyte

Fetal Bovine Serum Thermo Fisher Scientific

Formalin solution, neutral buffered, 10% Sigma-Aldrich

HeLa cells ATCC

Hoechst 33342, Trihydrochloride, Trihydrate Thermo Fisher Scientific

INCell Analyzer 6000 GE Healthcare

LB medium
Thermoischer Scientific

LB Broth Base (Lennox L Broth Base)®, powder

Lysis Buffer (A2) Macherey-Nagel

MicroFlo 10µL cassette Biotek Instruments Inc

MicroFlo 1μL cassette Biotek Instruments Inc

MicroFlo Dispenser Biotek Instruments Inc

Microvolume spectrophotometer Denovix
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NucleoSpin Plasmid kit Macherey-Nagel

Optimal-Modified Eagle Medium (Opti-MEM) Medium Thermo Fisher Scientific

optional Wash bufferWash Buffer (A4) Macherey-Nagel

orbital shaker incubated large capacity shaker

Penicillin-Streptomycin Thermo Fisher Scientific

Phosphate-Buffered Saline Thermo Fisher Scientific

Plasmid mini-columns Macherey-Nagel

Resuspension Buffer (A1) Macherey-Nagel

RNAse A Macherey-Nagel

tdTomato-N1 plasmid Addgene

TransIT-X2 Dynamic Delivery System Mirus Bio

Wash Buffer (AW) Macherey-Nagel

3D printer Creality



Blender Software 
 https://www.blender.org/

Free software under GNU General Public License (GPL).



Catalog Number Comments/Description

LP-0200

781906

A9393-5G
Selection antibiotic for bacteria transformed with 

ampicilin expressing vector

Galaxy Note 8
used to guide the user while the source plate

manual dispense

2421073 disinfectant to clean the MicroFlo head

image analysis software

10566032 cell culture medium

Software enabling ADE-based dispenses by

the Echo550 device from a *.csv file;

nanodispenser software
ADE-based dispenser

16000044 to add in cell culture medium

HT501128-4L to fix cell

HeLa (ATCC® CCL-2™)

H3570 10 mg/mL Solution in Water

29043323
automated laser-based confocal imaging

platform

12780052 culture medium for bacteria growth

740912.1
Buffer from the NucleoSpin Plasmid kit used to 

prepare plasmid from bacterial culture

7170013 to use with the Microflo Dispenser

7170012
to use with the Microflo Dispenser

  

7171000 peristaltic pump-based liquid handler device

DS-11 Spectrophotometer Measure the DNA concentration of samples



Vector type: Mammalian Expression, Fusion

Protein: mVenus

740913.1
Buffer from the NucleoSpin Plasmid kit used to 

prepare plasmid from bacterial culture

740588.50 used to prepare plasmid from bacterial culture

31985070

740914.1
Buffer from the NucleoSpin Plasmid kit used to 

prepare plasmid from bacterial culture

444-7084
Used to grow bacteria under gentle agitation

and 37°C

15140122 10,000 U/mL

10010001

740499.250
Silica membrane mini-column to prepare plasmid 

from bacterial culture

740911.1
Buffer from the NucleoSpin Plasmid kit used to 

prepare plasmid from bacterial culture

740505
Enzyme from the NucleoSpin Plasmid kit used to 

prepare plasmid from bacterial culture

Plasmid #54642
Vector type: Mammalian Expression, Fusion

Protein: tdTomato 

MIR 6000

740916.1
Buffer from the NucleoSpin Plasmid kit used to 

prepare plasmid from bacterial culture

CR10S used to print the plate adapter



version 2.79b used to design the plate adapter
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Dear JoVE editorial Board,  
Please find here all the answers to reviewer’s comments.  
Kinds regards. 
C. Couturier 
 

Reviewers' comments: 
 

Reviewer #1: 
 
Manuscript Summary: 
This is a well written manuscript. As transfections are routinely utilised in biological research, the 
protocol described in the manuscript will appeal to many readers. 
 

Major Concerns: 
None. 
 
Minor Concerns: 
Line 33: replace cells transfection with cell transfection.  
Line 34: replace multiplexes DNA with multiplex DNA. 
Line 358: replace (T-R.) with (T.R.). 

All these minor changes have been done in the text. 

  

Rebuttal to reviewers Click here to access/download;Rebuttal Letter;Answer to
reviewers 30-01.docx
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Reviewer #2: 
 
Manuscript Summary: 
The use of dispensing by ADE to streamline the assembly of transfection reactions is very exciting. Its 
ability to increase throughput, reduce reagent consumption, and speed condition optimization 
should have a broad and significant impact on the conduct of experiments requiring transfection. The 
use of a spreadsheet macro to elicit the picklist generation makes the experimental setup more 
straightforward and reduces the potential for manual error. The introduction of this spreadhsheet 
tool extends the work beyond that described by the authors in their SLAS Discovery 2018 publication. 
 
Minor Concerns: 
I support proceeding with publication of this work in the form of a video demonstrating the methods. 
Please see below for some comments, questions, and minor recommended modifications. 
 
Will the macro be made available to the journal audience? 
The macro has been developed to further enhance the ease of conducting high throughput 
transfection experiments and was of course intended to be made available to the readers. Since first 
submsission to JOVE, a new tool has been developed to facilitate our DNA dispenses in the source 
plate and would also be made available to the readers. 

As written, the manuscript would benefit from editing of the grammar. Although I could figure out 
the authors' intentions in most cases, there were some instances in which it was not so clear. For 
example, the second sentence in lines  

412-414 is not readily understandable. Additionally, there are many cases in which subtle word 

changes may improve clarity.  

This paragraphe has been modified and we hope it became clearer for the reader. 

For example on line 57, would the words easy, straightforward, or simple better convey the authors' 

message than does obvious?  

The sentence has been modified to “ Plasmid DNA transfection is the starting point of many cell-

based experiments but whereas many dedicated reagents have been and are nowadays still 

developed to enhance transfection efficiency and ease, it is still not so simple” 

on line 330 suitability in place of ability 

This change has been performed, and also line 80 dealing with the same thing. 

on line 450 recommend in place of preconize may be more readily comprehensible.  

This has been modified 

 

The authors should cite their own publication (reference 8) in the introduction. In fact, citing it at the 

end of line 98 would provide the reader/viewer with a reference for parameter optimization using 

the approach described in this work. 

The introduction has been modified and the way to optimize parameters using our recently published 

work has been implemented in the new version of the introduction. 

 

Line 81: it would be helpful for the authors to delineate what they see as the limitations of manual 

cell transfection.  

The introduction has been drastically modified and these points were more detailed.  

 

Line 108: the suggested adjustments for dispense speed and height are vague. It would be helpful to 



provide examples of suitable values for the conditions and destination plates described in the 

method.  

We agree with you and whereas it can only be applied to the Microflo liquid handler, the head 

dispense and displacements heights have been added in the corresponding paragraphs that have 

furthermore been rewritten in a more detailed way (1.1 to 1.2.5).  

Line 109: a picture or diagram showing a suitable dispense 

height and configuration required for the drop to touch the 

bottom of the well would be helpful. The right embedded figure 

has been added in supplemental figure 1 and we propose to 

film this crucial setting point in the video. 

 

Lines 113-114: similar examples of suitable dispense speed and 

dispense height (with a picture or diagram) would be useful.  

In this step of diluent dispense, the setting to higher speeds is 

just intended to gain higher throughput as no biological impact is expected. The sentence has then 

been modified to clarify this point : “adjust the speed to higher values to enhance the throughput, 

and the height of the dispense to the cell culture plate used, in order to allow the 1 µL drop touch the 

bottom of the well during the dispensing process. 

“Lines 115-116: it is not clear how dispense height should be adjusted to avoid drop 
retention.  
The right above embedded figure should be added but instead, we propose to film this 
crucial setting point in the video. Jove editorial board members may require both of them 
for enhanced clarity. 
 
Line 157: Please provide specific examples of input values and the corresponding DNA-
Picklist.csv, T.R.-picklist.csv, and source plate design. Such examples would provide 
transparency to the calculations and operations being conducted through the spreadsheet 
macro. Additionally, it would highlight the information that is required in the picklists. 
We have filled the fields with current value we use as an example of experimental design 
using the macro spreadsheet. 
 
Lines 205-206: It is helpful to provide the manual alternative to the MicroFlo. 
We agree, as we performed it manually without any loss of efficiency in our hands. That is 
the reason why we added this alternative in the protocol for users that do not have access or 
do not want to use such liquid handlers. 
 
Lines 209 and 220-221: The recommendations to run a source plate survey and a simulation 
prior to the actual experiment are indeed valuable precautions that will help prevent 
experimental errors! 
We agree, and furthermore highlighted this point in 2.4.1.2 step. 
 
Line 231: are there particular conditions that are used to dry the DNA? 
No particular conditions have been used to dry DNA, as we let it dry on the bench at room 
temperature. We added this precision in the paragraph 2.4.5. : “For dry storage, let the plates 
dry on the bench at room temperature and then store them the same way. Thaw and 
centrifuge (1500 g, 2 min) frozen stored plates before use in transfection step 2.5.” 



 
If opting for dry storage, is it still beneficial to add the initial 1 uL diluent? 

As explained in the “Troubleshooting inhomogeneous cell transfection over the well surface” 

section of the discussion, the 1 µl diluent is indeed used to spread DNA and transfection mixture on 

the overall surface of the well to allow homogeneous transfection all over the well instead of the 

center of the wells as we noticed while develloping the assay. 

Lines 237-239: Is there a specified timeframe that the T.R. is usable for after vortexing? 

According to the manufacturer protocol no information is provided except “Prepare co-transfection 

complexes (Immediately before transfection) “and “. Warm TransIT-X2 to room temperature and vortex 

gently before using”. Once added to the DNA mixture, an incubation of 15 to 30 minutes is 

recommended before cell addition.  However as the dispense time is about 20 minutes, we did not let 

more incubation time except that needed to prepare cell dispense that in turn comply to the 

recommended range. Agreeing with you, we modified the manuscript to add this point in 2.5.7 step: 

“Respect a 15 to 30 minutes incubation after transfection reagent addition on DNAs, as indicated in the 

manufacturer protocol”. 

Line 242: Perhaps "Do not centrifuge" should be highlighted, because the results of this operation are 

fatal to the experiment. 

We agree and used bold letter for this sentence, however, Jove Editorial board members may have 

another point of view. 

 

Line 278: complete medium should be defined either here or in the Table of Materials. 

This has been added in the table of materials. 

 

Lines 316-317: What is the volume of Hoechst in PBS per well? 

This missing information has been corrected : “…, then incubate cell for 15 min with 40 µL of 0,1 ng/mL 

Hoechst diluted in 1X phosphate-buffered saline (PBS) solution.” 

 

Lines 319-320: It would be helpful to understand how pH 8 leads to recovery of lost fluorescence signal. 

Whereas fluorescent proteins were readily observable in live cells, we chose a 4% paraformaldehyde 

cell fixation protocol as it is widely used in many applications such as screening assays in which our 

transfection protocol would be benefit. However, while controlling each steps of our experiments, 

after cell fixation, a clear decrease in fluorescence intensity was noticed using fluorescence 

microscopy. Trying to understand and circumvent this problem, we found that GFP and YFP 

chromophore could be protonated in resin medium due to acidic pH (Gang, Y. et al. 2017 doi: 

10.3389/fnins.2017.00121): Embedding and Chemical Reactivation of Green Fluorescent Protein in the 

Whole Mouse Brain for Optical Micro-Imaging). The authors were able to circumvent this problem by 

chemical reactivation of GFP using alkaline buffer incubation. As the commercially available 

paraformaldehyde solution has a 6.9 pH (lower than most fluorescent protein pKa) we then tried to 

use alkaline PBS (ph8 to 8.5) to rinse the fixative medium. Although this was not quantified, as this was 

not the topic here, it led to recovery of fluorescence when compared to the use of native PBS. This 

notion has now been added in the manuscript in 3.4.s ection: “Wash the cells 3 times for 15 min with 

80 µL 1X PBS adjusted to pH8 in order to recover high fluorescence signal lost by the 6.9 pH of the 

formalin solution incubation step”. 



 

Page 8, Table of Materials: NucleoSpin Plasmid does not occur elsewhere in the manuscript.  

It has now been implemented in the new version of the text in section  

Additionally, it would be helpful to specify in the comments column that the role of Aniospray Surf 29 

as is a disinfectant for cleaning the MicroFill cartridge(thus you do not need it if adding diluent and 

cells manually). 

This has been done in the requested xls table of material.  

 

Line 383: I believe that the T.R. addition step is missing after addition of diluent and before addition 

of cells. This is presented in the 2.5. Step5: ADE driven Transfection reagent dispense and more 

precisely in paragraph 2.5.6. 

 

Lines 497-498: Although ADE has been used to dispense cell solutions, this is from a solution of neutral 

density (Histodenz™) that allows the cells to remain suspended. Would such a solution be compatible 

with transfection? Additionally, would the cell volume to be dispensed fall below the 500 nL that the 

authors describe as the upper limit of the Echo's dispense capability.  

The corresponding paragraph has been modified to be more precise and answer yours questions. 

 

Line 504: The methods described in this manuscript ensure successful transfection only if the 

conditions are pre-optimized such has been the case with the described plasmids and HeLa or HEK 

cell lines. Success in transfection can vary with DNAs and cell line. 

The overall manuscript has been rewrite and the necessity to optimize several parameters to succeed 

in transfecting given cell types/lines has been much more highlighted in the new version of the text.  

 

Figure 4 C: Please clarify how % of co-transfected cells is determined.This has now been added in the 

manuscript: “Percent co-transfected cells was determined by calculating Green fluorescence 

expressing cell number in the red fluorescent population cells”. 

  



Reviewer #3: 
 

Manuscript Summary: 
The manuscript by Couturier et al. describes a high-throughput method for transfecting cells using a 

acoustic droplet ejection technology. The method uses low volumes of reagents/DNA and can 

multiplex several plasmids. 

 

Major Concerns: 

NONE 

 

Minor Concerns: 

- In the troubleshooting section, the authors may also want to include the following parameters that 

could influence transfection: passage number, serum in media, and antibiotics in media.  

As requested, these parameters have been added. 

 

- The manuscript should be proofread for small syntax errors. 

This has been done and we hope the new version of the manuscript satisfy your expects. 

  



Reviewer #4: 
 

Manuscript Summary: 
The manuscript submitted by Colin and colleagues, titled „ High-Throughput DNA Plasmid 

Transfection Using Acoustic Droplet Ejection Technology" introduces a protocol for the expression of 

recombinant proteins in eukaryotic cells, based on contactless, acoustic reagent handling. 

The work proposes the following major results: 

* Multiplex transfection and co-transfection (two plasmids) on model eukaryotic cell line. 

* Fully automated processing of biological reagents 

*High expression efficiency for the chosen fluorescent proteins. 

 

Altogether, the paper reads too much as a commercial validation for an available device (the LabCyte 

ECHO550) and does not bring sufficient novelty on the general topic of contactless molecular biology 

or DNA transfection. For the following major reasons: 

 

1. Acoustic-based DNA transfection in eukaryotic cells has been already reported. This implies that the 

basic concept reported here is not novel, but mostly an improved version with higher efficiency. Which 

is however appreciable in terms of commercial upscaling, yet lacking any breakthrough novelty. In 

addition, the authors do not cite the previous reports on Acoustophoretic-based DNA transfection. 

We agree with you: the aim of our protocol was to develop high throughput transfection using 

available device on the market and not to develop a new method for liquid handling. Our method is 

new as it is the first to use the ADE technology for cell DNA transfection and furthermore to reach the 

384 wells plate format and in such a high throughput. It is furthermore promising for the 1536 upper 

scale level.  

On the other hand, accoustophoresis or liquid levitation is not a ADE method. It allows fluid 

manipulation and mixing and was used to perform DNA transfection in up to 96 wells plate formats. 

However, this method can not be compared to the ADE-based nanodispenser whose usability is far 

away from that of a in house developed device still unavailable to the scientist community, and 

furthermore suffering from a very low throughput. Such as nanodispenser, this method of DNA 

transfection might be interesting in the future due to its tip-less approach and low volume 

management (in the range of µL in this transfection application), but will have to be improved. In its 

current state, it requires a 60 seconds incubation of cells and DNA mixture for each single point before 

seeding, implying at minima 1.6  hours for a complete 96 well plate and 6.4 h even if not amenable yet 

for a 384 wells plate format.  

This method being however promising it has been added in the new version of the introduction. 

2. Based on point 1 above, the work strength should be on the flexibility and efficiency of the new 

method. However, one relatively easy case is reported, i.e. the transfection of HeLa cells with 

fluorescent proteins. 

We agree Hela cells are generally easy to transfect, and that is the reason why we made this choice for 

our proof of concept instead of choosing hard to transfect cells. As transfection is dependent of cells 

type, one would optimize conditions for its given cell type of interest as we did for HeLa cells in our 

initial work. Using our fast and reliable 384 wells plate format transfection protocol, one could easily 

compare efficiencies of given cell-type or cell-line dedicated transfection reagents, DNA amount, 

diluent nature and volume, and the proper incubation time to detect the reporter used. This was not 



our goal to be exhaustive and test all commercially available kits or reagents for all given cell types but 

rather prove that nanodispenser and its high throughput would be benefit to transfection of DNA 

plasmids too. 

We used Fluorescent proteins expressing plasmid in order to quantify the positive cells easily, but 

whereas it worked properly, fluorescence is not a strong readout as no amplification of the signal is 

expected (one fluorophore lead to one amount of fluorescence whose strength is relative to its 

brightness and quantum yield). That mean that protein expression has to raise the detection limit level 

to be monitored by the imaging system. In most transfection reagent developer companies, 

bioluminescent protein expressing plasmids are used in their demonstrations as the luciferase catalytic 

activity lead to signal amplification and allow to raise huge signal to noise ratios and lower the 

transfected DNA amount. In our lab, using our protocol with bioluminescent plasmids forced us to 

lower DNA amounts (and complete with mock plasmid to reach the 30 ng total amount) due to huge 

signals. However using bioluminescent approach, we would not have been able to distinguish between 

a low amount of cells highly transfected and expressing high amount of luciferase or a high amount of 

cells transfected and each expressing a low amount of the reporter. Using fluorescent proteins was the 

simplest way to quantify positives transfected cells in the wells but is definitively not the best option 

as reporter. 

No comparison to other, standard methods is given, and in my experience, I expect that very similar 

results could be obtained with other commercial kits. 

What do you mean by commercial kits? Other device to 
peform nanodispensing or other transfection reagent? If this 
last, of course, several transfection reagents were tested in 
preliminary experiments when developing our protocol, but 
focusing on reagent efficient in reverse transfection 
protocol: JetPEI and JetPrime from polyplus, and TransITX2 
and LT1 from Mirus. As you can see in the embedded figure, 
they led to different transfection efficiencies. JetPEI and the 
TransIT-X2 reagents were then chosen as best to represent 
two kind of transfection reagents (respectively liposomal 
and nonliposomal) and then further used. TransIT reagent 
leading to best transfection efficiency was then chosen for 
this optimized protocol. We agree that testing other 
reagents and other cell types would gain to other results 
(with better or lower efficiencies). However, our goal in the 
present protocol was not to find the best way to transfect all 
cell types and testing all the transfection reagents available 
on the market, but rather prove the concept that ADE could 
be used to perform DNA multiplexing and transfection at 
high speed and furthermore easily even for non specialists.  

The authors should challenge their new protocol with cells and/or plasmids which are transfected at 

low efficiency with state-of-the-art approaches and show a significant improvement. 

What do you mean by a plasmid transfected to low efficiency? Is it a plasmid prepared using non 

optimal protocol and of poor quality including some bacterial debris? is it a large plasmid that hinders 

its management by the transfection reagent and impair the DNA passage into the cell? Or is it a plasmid 

bearing a reporter with low signal readout or low efficiency promoter?.  



Indeed, low transfection efficiency is rather a matter of cell line biology rather than of plasmid that 

transfect at low efficiency. In a work dedicated to understand which steps were involved in the 

difference of transfection efficiency, thus using a hard versus an easy to transfect cell lines, it has been 

shown that the discrepancy mainly involve initial complex uptake and cytoplasmic trafficking to the 

nucleus (Figueroa, E. et al. 2017). 

Here we used plasmids prepared from cheap silica mini-columns mostly used for molecular biology 

rather than transfection experiments. One can be sure that using midi- or maxi-preparation and even 

endotoxins free DNA preparation kits would ensure better results than we observed. This has now 

been more precised in the manuscript. 

As most biologist who experienced it knows, transfection efficiency is generally inversely proportional 

to the DNA size and in order to succeed in our proof of concept, we effectively used quite small 

plasmids (5443bp for tdTomato and 4823bp for mVenus expressing plasmids). However, this protocol 

is now routinely used in our lab and CrisprCas9 expressing plasmids with higher size (more than 10,2kb) 

have been also transfected successfully. However, a mild decrease in efficiency has been noticed for 

these one but as they were also prepared using cheap minicolumns based purification, one could 

expect better results using higher DNA purification quality grade. Furthermore, such bigger plasmids 

would benefit to test other commercially available reagents more specifically developed for this 

purpose. 

What do you mean by state-of-the-art approaches? We focused on reagent enabling reverse 

transfection protocol as we developed a high throughput reverse transfection-based method. Whereas 

it was not fully described in the present protocol whose first goal is to present the optimized protocol, 

in our initial work, results gained with our ADE protocol was compared with manual handling and 

gained same results in 384 wells plate format. As an improvement, the nanodispenser throughput is 

far away what can be achieved by hand which is furthermore more error prone than a nanodispenser 

performing not only the tedious work of dispensing but most of all 

the multiplexing according to the generated pickilist. To show our 

protocol could be used to set up conditions that would be used in 

larger scale, the optimized conditions worked successfully in higher 

well sizes and in cell culture dishes in transfection experiments 

handled manually. 

3. Cell viability is not reported.  

We did not study cell viability more precisely as every transfection 
method is a balance between cell transfection and cell mortality. 
Indeed we did not notice drastic cytotoxic effect and cell stress in the 
experiments we performed, as can be seen on the acquired images 
48h post-transfection. Data analysis from our previous SLAS 
published work did not showed significant differences in cells number 
at 48h comparing 4 different transfection reagents leading to low or 
high transfection efficiencies. However, as 1500 cells were seeded 
during the transfection process, and the growth rate of Hela being 
more than 32h (Stangegaard M et al 2006), higher cell number was 
expected at 48h. That then means that our transfection protocol led 
to lowering growth rate or some cell mortality indeed happened. This 
important parameter was then added in the present version of the 
manuscript. 



Dear editor,  
Find below the answers to your editorial comments. Please note that all changes made in the 
manuscript are highlighted in blue in the current revised version. 
I added a comment as I don’t know how to manage one request without commercial terms. 
Kinds regards.  
C. Couturier 

Editorial comments: 
1. Please note that the editor has formatted the manuscript to match the journal's style. Please 

retain the same. The updated manuscript is attached and please use this version to incorporate 

the changes that are requested. We worked from this version. 

 

2. Please obtain explicit copyright permission to reuse Figure 6 from a previous publication. 

Explicit permission can be expressed in the form of a letter from the editor or a link to the 

editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to 

your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, 

i.e. “This figure has been modified from [citation].” 

We obtain the SLAS explicit copyright permission to reuse data form our previous figures and 

the file has been loaded a .docx file by copying these informations from their RightLinks 

website as their official document was sent in pdf format (we loaded it too on your 

submission website). 

The figure legend has been modified: “Figure 6: This figure has been modified from [Colin, 

et al. 20181].” 

3. Please revise lines 789-791 to avoid previously published text. 

The text has been change to : “In conclusion, we developed an easy, high throughput and 

accurate transfection method bearing several advantages due to miniaturization: (1) lowering 

the costs of transfection reagent; (2) reducing the waste of DNA preparations; (3) ensuring 

even beginners to successfully perform cell transfection.” 

4. Please address specific comments marked in the attached manuscript. 

All these comments have been addressed. 

5. For culture media and buffer, please spell out at first use and provide composition. If they 

are purchased, please cite the Table of Materials. 

Complete and serum-free media compositions, and reference to table of material have been 

added. 

6. As we can only film 2.75 pages of the protocol, please review and shorten the highlighted 

portion to 2.75 pages. For example, some of the shorter Protocol steps can be combined so 

that individual steps contain 2-3 actions and maximum of 4 sentences per step. Note that the 

highlighted content should be continuous and contain 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. 

Most of the important steps have been combined in bigger step with a maximum of 4 

sentences as requested. 

7. 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. 

Notes cannot usually be filmed and should be excluded from the highlighting. 

This has now been done this way. 

Rebuttal to editorial Click here to access/download;Rebuttal Letter;Editorial
Comments.docx

https://www.editorialmanager.com/jove/download.aspx?id=970582&guid=5e37bdf4-1e3c-4477-a0dc-8c1fa5ed6985&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=970582&guid=5e37bdf4-1e3c-4477-a0dc-8c1fa5ed6985&scheme=1


 

8. 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.  

The highlighted parts have been changed to faithful your requests. 

 

9. Please note that the numbering of protocol steps has been updated according to JoVE 

guidelines. Please review for accuracy and update the specific step numbers mentioned in the 

protocol or labeled in figures (Figure 2-5). 

We kept your numbering style but as several steps have been combined and then rewritten, 

numbering has changed. We then updated the correct numbering in all the figures. 

10. Figure 1: Please change the time unit “sec” to “s”. Is “MicroFlo” a commercial product? If 

so, please replace it with a generic term. 

This has been changed to “s” and microflo to “peristaltic liquid handler”. 

 

11. Figures 2-5: Please update the specific step numbers labeled in these figures. 

The steps numbers have been updated in the figures. 

12. Please upload supplemental Figure 1. 

Supplemental figure 1 has been loaded. 

13. Table of Materials: Please ensure that it has information on all relevant supplies, reagents, 

equipment and software used, especially those mentioned in the Protocol. Please sort the 

items in alphabetical order according to the name of material/equipment. 

All relevant supplies/equipments have been added to the Table of Material, and furthermore 

sorted in alphabetical order as requested.  

 



Bottom  
of the wells

Supplemental Figure 1 :  Diagram showing a suitable dispense height for the drop
to touch the bottom of the well to avoid its retention on the dispensing tip: On the
left, proper settings  allow  the drop to spread on the well surface  avoiding its 
retention on the dispensing tips. On the right, bad settings lead to droplet retention
that can be observed during the head movement to the next raw.

Supplemental Figure 1 Click here to access/download;Supplemental File (Figures, Permissions,
etc.);Supplemental Figure 1.ai

https://www.editorialmanager.com/jove/download.aspx?id=970573&guid=490e9b8d-ba1a-476e-95d0-5e6af2348b83&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=970573&guid=490e9b8d-ba1a-476e-95d0-5e6af2348b83&scheme=1


Transfectant Reagent volume/Well (µl) :   500

Minimal volume to use in Source Well (µl) : 4

Maximal volume ti use in Source Well (µl) : 11,5

[source well C°] 

(ng/µL)

PLASMID 1

Well
Well 

number

Quantity 

(ng)
Plasmid Name

A01 1 +

B01 2 +

C01 3 +

D01 4 +

E01 5 +

F01 6 +

G01 7 +

H01 8 +

I01 9 +

J01 10 +

K01 11 +

L01 12 +

M01 13 +

N01 14 +

O01 15 +

P01 16 +

A02 17 +

B02 18 +

C02 19 +

D02 20 +

E02 21 +

F02 22 +

G02 23 +

H02 24 +

I02 25 +

J02 26 +

K02 27 +

L02 28 +

M02 29 +

N02 30 +

O02 31 +

P02 32 +

A03 33 +

MACRO Template Click here to access/download;Supplemental File (Figures,
Permissions, etc.);MACRO Template JOVE.xlsm

https://www.editorialmanager.com/jove/download.aspx?id=970584&guid=e3faa9d7-49b5-450a-85ff-b744e1aec611&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=970584&guid=e3faa9d7-49b5-450a-85ff-b744e1aec611&scheme=1


B03 34 +

C03 35 +

D03 36 +

E03 37 +

F03 38 +

G03 39 +

H03 40 +

I03 41 +

J03 42 +

K03 43 +

L03 44 +

M03 45 +

N03 46 +

O03 47 +

P03 48 +

A04 49 +

B04 50 +

C04 51 +

D04 52 +

E04 53 +

F04 54 +

G04 55 +

H04 56 +

I04 57 +

J04 58 +

K04 59 +

L04 60 +

M04 61 +

N04 62 +

O04 63 +

P04 64 +

A05 65 +

B05 66 +

C05 67 +

D05 68 +

E05 69 +

F05 70 +

G05 71 +

H05 72 +

I05 73 +

J05 74 +

K05 75 +

L05 76 +

M05 77 +

N05 78 +



O05 79 +

P05 80 +

A06 81 +

B06 82 +

C06 83 +

D06 84 +

E06 85 +

F06 86 +

G06 87 +

H06 88 +

I06 89 +

J06 90 +

K06 91 +

L06 92 +

M06 93 +

N06 94 +

O06 95 +

P06 96 +

A07 97 +

B07 98 +

C07 99 +

D07 100 +

E07 101 +

F07 102 +

G07 103 +

H07 104 +

I07 105 +

J07 106 +

K07 107 +

L07 108 +

M07 109 +

N07 110 +

O07 111 +

P07 112 +

A08 113 +

B08 114 +

C08 115 +

D08 116 +

E08 117 +

F08 118 +

G08 119 +

H08 120 +

I08 121 +

J08 122 +

K08 123 +



L08 124 +

M08 125 +

N08 126 +

O08 127 +

P08 128 +

A09 129 +

B09 130 +

C09 131 +

D09 132 +

E09 133 +

F09 134 +

G09 135 +

H09 136 +

I09 137 +

J09 138 +

K09 139 +

L09 140 +

M09 141 +

N09 142 +

O09 143 +

P09 144 +

A10 145 +

B10 146 +

C10 147 +

D10 148 +

E10 149 +

F10 150 +

G10 151 +

H10 152 +

I10 153 +

J10 154 +

K10 155 +

L10 156 +

M10 157 +

N10 158 +

O10 159 +

P10 160 +

A11 161 +

B11 162 +

C11 163 +

D11 164 +

E11 165 +

F11 166 +

G11 167 +

H11 168 +



I11 169 +

J11 170 +

K11 171 +

L11 172 +

M11 173 +

N11 174 +

O11 175 +

P11 176 +

A12 177 +

B12 178 +

C12 179 +

D12 180 +

E12 181 +

F12 182 +

G12 183 +

H12 184 +

I12 185 +

J12 186 +

K12 187 +

L12 188 +

M12 189 +

N12 190 +

O12 191 +

P12 192 +

A13 193 +

B13 194 +

C13 195 +

D13 196 +

E13 197 +

F13 198 +

G13 199 +

H13 200 +

I13 201 +

J13 202 +

K13 203 +

L13 204 +

M13 205 +

N13 206 +

O13 207 +

P13 208 +

A14 209 +

B14 210 +

C14 211 +

D14 212 +

E14 213 +



F14 214 +

G14 215 +

H14 216 +

I14 217 +

J14 218 +

K14 219 +

L14 220 +

M14 221 +

N14 222 +

O14 223 +

P14 224 +

A15 225 +

B15 226 +

C15 227 +

D15 228 +

E15 229 +

F15 230 +

G15 231 +

H15 232 +

I15 233 +

J15 234 +

K15 235 +

L15 236 +

M15 237 +

N15 238 +

O15 239 +

P15 240 +

A16 241 +

B16 242 +

C16 243 +

D16 244 +

E16 245 +

F16 246 +

G16 247 +

H16 248 +

I16 249 +

J16 250 +

K16 251 +

L16 252 +

M16 253 +

N16 254 +

O16 255 +

P16 256 +

A17 257 +

B17 258 +



C17 259 +

D17 260 +

E17 261 +

F17 262 +

G17 263 +

H17 264 +

I17 265 +

J17 266 +

K17 267 +

L17 268 +

M17 269 +

N17 270 +

O17 271 +

P17 272 +

A18 273 +

B18 274 +

C18 275 +

D18 276 +

E18 277 +

F18 278 +

G18 279 +

H18 280 +

I18 281 +

J18 282 +

K18 283 +

L18 284 +

M18 285 +

N18 286 +

O18 287 +

P18 288 +

A19 289 +

B19 290 +

C19 291 +

D19 292 +

E19 293 +

F19 294 +

G19 295 +

H19 296 +

I19 297 +

J19 298 +

K19 299 +

L19 300 +

M19 301 +

N19 302 +

O19 303 +



P19 304 +

A20 305 +

B20 306 +

C20 307 +

D20 308 +

E20 309 +

F20 310 +

G20 311 +

H20 312 +

I20 313 +

J20 314 +

K20 315 +

L20 316 +

M20 317 +

N20 318 +

O20 319 +

P20 320 +

A21 321 +

B21 322 +

C21 323 +

D21 324 +

E21 325 +

F21 326 +

G21 327 +

H21 328 +

I21 329 +

J21 330 +

K21 331 +

L21 332 +

M21 333 +

N21 334 +

O21 335 +

P21 336 +

A22 337 +

B22 338 +

C22 339 +

D22 340 +

E22 341 +

F22 342 +

G22 343 +

H22 344 +

I22 345 +

J22 346 +

K22 347 +

L22 348 +



M22 349 +

N22 350 +

O22 351 +

P22 352 +

A23 353 +

B23 354 +

C23 355 +

D23 356 +

E23 357 +

F23 358 +

G23 359 +

H23 360 +

I23 361 +

J23 362 +

K23 363 +

L23 364 +

M23 365 +

N23 366 +

O23 367 +

P23 368 +

A24 369 +

B24 370 +

C24 371 +

D24 372 +

E24 373 +

F24 374 +

G24 375 +

H24 376 +

I24 377 +

J24 378 +

K24 379 +

L24 380 +

M24 381 +

N24 382 +

O24 383 +

P24 384 +



384-WELL TRANSFECTION TEMPLATE

[source well C°] 

(ng/µL)

[source well C°] 

(ng/µL)

PLASMID 2

Quantity 

(ng)
Plasmid Name

Quantity 

(ng)
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Well Plate Name

A01 Source Plate 1 mVenus

B01 Source Plate 1 tdTomato

C01 Source Plate 1 Transfection Reagent

D01 Source Plate 1 Transfection Reagent



Concentration Volume Well,Plate,Name,Concentration,Volume

100 7.6 A01,Source Plate 1,mVenus,100,7.60

100 7.6 B01,Source Plate 1,tdTomato,100,7.60

11.5 C01,Source Plate 1,TR,100,11.50

8.5 D01,Source Plate 1,TR,100,8.50



Well,Plate,Name,Concentration,Volume

A01,Source Plate 1,mVenus,100,7.60

B01,Source Plate 1,tdTomato,100,7.60

C01,Source Plate 1,TR,100,11.50

D01,Source Plate 1,TR,100,8.50
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