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SUMMARY: 26 
The protocol presented here describes the use of Spotiton, a novel robotic system, to deliver two 27 
samples of interest onto a self-wicking, nanowire grid that mix for a minimum of 90 ms prior to 28 
vitrification in liquid cryogen. 29 
 30 
ABSTRACT: 31 
The capture of short-lived molecular states triggered by the early encounter of two or more 32 
interacting particles continues to be an experimental challenge of great interest to the field of 33 
cryo-electron microscopy (cryo-EM). A few methodological strategies have been developed that 34 
support these “time-resolved” studies, one of which, Spotiton—a novel robotic system—35 
combines the dispensing of picoliter-sized sample droplets with precise temporal and spatial 36 
control. The time-resolved Spotiton workflow offers a uniquely efficient approach to interrogate 37 
early structural rearrangements from minimal sample volume. Fired from independently 38 
controlled piezoelectric dispensers, two samples land and rapidly mix on a nanowire EM grid as 39 
it plunges toward the cryogen. Potentially hundreds of grids can be prepared in a rapid succession 40 
from only a few microliters of a sample. Here, a detailed step-by-step protocol of the operation 41 
of the Spotiton system is presented with a focus on troubleshooting specific problems that arise 42 
during grid preparation.  43 
 44 
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INTRODUCTION: 45 
The potential for cryo-EM to capture and reveal transient conformational states of proteins on 46 
the sub-second timescale (time-resolved cryo-EM) has been realized by several groups, beginning 47 
with Berriman and Unwin1 whose technique built upon the standard plunge freezing method 48 
developed by Dubochet for preparing cryo-EM grids2. They added an atomizer just above the 49 
cryogen cup that used compressed nitrogen gas to spray a fine mist of a second sample onto a 50 
plunging EM grid containing a first sample that had been applied and blotted to a thin aqueous 51 
layer. Although this system could achieve mixing times as low as 1 ms, it still demanded manual 52 
blotting of the first sample by the user—a technically challenging task—and a relatively high 53 
volume of the second sample. Moreover, in practice, it was difficult to know where mixing of the 54 
two samples had occurred, requiring the use of ferritin nanoparticles as a fiducial marker in the 55 
mixed sample. Subsequent efforts by Howard White and co-workers improved control and 56 
reproducibility of this spraying-mixing approach by incorporating computer control of the 57 
blotting and spraying steps3,4. To address how well and where the samples mix, the same group5 58 
and others6–10 have moved to a mixing-spraying approach11 in which two samples are mixed 59 
either in narrow capillary tubes under the pressure of syringe pumps or in microfabricated, 60 
microfluidic chips driven by nitrogen gas. These premixing systems not only ensure complete 61 
mixing, but also enable the fine-tuning of mixing times to increase the resolution of time-resolved 62 
studies. 63 
 64 
The introduction of piezo-electric dispensers as an alternate way to apply sample to EM grids in 65 
the Spotiton system enabled both the precise targeting of sample deposition and the 66 
requirement of a much smaller sample volume to make a grid12. Later, the use of nanowire grids 67 
and en route sample application (“on-the-fly” spotting) removed the need for a blotting step and 68 
reduced application-to-vitrification times13,14. For the new approach to time-resolved cryo-EM 69 
described here, a second dispenser along with the necessary control hardware and software 70 
upgrades were added to the Spotiton system to enable the delivery of a second sample onto a 71 
moving nanowire grid almost immediately after deposition of the first15. The two overlapping 72 
samples mix on the grid as they are wicked by the nanowires into a thin aqueous layer prior to 73 
vitrification. Mixing times as low as 90 ms can be achieved. A survey of literature suggests that 74 
this is currently the only group using a device, such as Spotiton, to conduct time-resolved studies. 75 
This protocol intends to provide practical information as to how to conduct time-resolved 76 
experiments using piezoelectric dispensing and nanowire grids. Additionally, as the hardware and 77 
software are being modified to enhance ease of use, consistency, and throughput, this protocol 78 
also serves as an up-to-date description of the previously reported method15. 79 
 80 
PROTOCOL: 81 
 82 
1. Set up the Spotiton machine and software 83 
 84 
1.1. Prepare the system to dispense (Figure 1). 85 
 86 
1.1.1. Open the main valve on the nitrogen supply tank. Ensure the system reservoir is filled 87 
with degassed, ultrapure water. Turn on the computer. Turn on the Spotiton system at the 88 
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multioutlet powerstrip.  89 
 90 
1.1.2. Click on the desktop icon (Figure 2A) to open the user interface (UI) of the Spotiton 91 
software (Figure 2B). In the Tools menu, select Initialize Stages to initialize and home the 3-axis 92 
robots (grid stage and pipette stage) and the rotating dispenser head assembly (theta stage). 93 
Ensure the dispenser tips are pointing down prior to initialization and homing. 94 
 95 
1.1.3. On the main window, click on Go to SafePosition to send the robots to the SafePosition 96 
(Figure 3).  97 
 98 
NOTE: Moving to SafePosition can be done with robots in any position without risk of collision.  99 
 100 
1.1.4. On the Aspirate tab, select Prime to flush the dispenser heads multiple times with water 101 
from the reservoir. Continue until two uninterrupted streams of water can be seen emerging 102 
from the tips.  103 
 104 
NOTE: This may need to be repeated if a significant volume of air entered the fluid lines when 105 
the tips were flushed with methanol at last shutdown.  106 
 107 
1.2. Inspect dispenser performance 108 
 109 
1.2.1. On the Inspect tab, send each tip to the inspection camera to test-fire water, and match 110 
the pattern of droplet production from the two dispensers (Figure S1).  111 
 112 
NOTE: If a tip fails to fire due to a bubble (Figure S2A) or debris, clean the tips at the wash station 113 
(Figure S2B) using the Ultrasonic Wash function accessed on the Aspirate tab. 114 
 115 
1.2.2. Adjust the firing amplitude (unitless) for each dispenser and sample to achieve a stream 116 
of discrete droplets of consistent size.  117 
 118 
1.2.3. Visually confirm equivalent droplet production by the two dispensers. 119 
 120 
1.2.3.1. Press the Record button in the upper camera monitor to record a video of Tip 1 121 
firing. Play back the video of Tip 1 firing in the right-side monitor at the same time Tip 2 is fired 122 
in the upper camera monitor (Figure S1).  123 
 124 
NOTE: Videos of each tip firing are recorded and stored.  125 
 126 
1.2.4. Dispensers are now ready to test-fire on a grid. 127 
 128 
NOTE: This protocol assumes that correct alignment of the grid and pipette stages at their 129 
respective plunge positions has been verified. Failure to confirm correct alignment could result 130 
in a collision, damaging the tips or the robots. 131 
 132 
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1.3. Test-fire water on a grid. 133 
 134 
1.3.1. Ensure robots are at the SafePosition.  135 
 136 
1.3.2. Remove the tweezers from the mount on the grid robot using the supplied Allen key. 137 
 138 
1.3.3. On a nearby benchtop, position a test grid, nanowire side up, on the edge of the grid 139 
block. Carefully grab the rim of the grid, position correctly in the tweezers (Figure S3), and 140 
remount the tweezers. 141 
 142 
1.3.4. On the Cryo tab, click on Tip to Camera to move the tips into the field of view of the upper 143 
plunge path camera (upper camera). Ensure Live is selected in the upper camera monitor, and 144 
the upper camera light is turned on (dial on front of machine cabinet (Figure 1). 145 
 146 
1.3.5. Mount the tweezers on the grid robot. Position Tip 1, visible in the upper camera monitor, 147 
by clicking the mouse within the monitor.  148 
 149 
NOTE: Only Tip 1 will be visible and will move to the location of the click. 150 
 151 
1.3.6. Click Grid to Camera to position the grid in front of the upper camera. Adjust Tip 1 152 
position as before, if needed.  153 
 154 
1.3.7. Choose either Tip1, Tip2, or Tip1 and Tip2 to select either one or both dispensers to test-155 
fire.  156 
 157 
NOTE: When test-firing the tips individually, use the mouse to position Tip 1 in the upper camera 158 
monitor at different lateral locations on the grid. This will deposit liquid stripes from the two tips 159 
in a non-overlapping pattern and allow the user to confirm each tip has fired. 160 
 161 
1.3.8. On the Cryo tab, ensure Vitrify Grid is not selected, click on Queue Target, then on 162 
Plunge.  163 
 164 
NOTE: The pipette stage will rise slightly, followed by the grid stage. The grid robot then plunges 165 
the grid past the firing dispensers and upper and lower cameras, coming to rest just above the 166 
deck. An image capture from the upper camera appears above an image capture from the lower 167 
camera on the left-hand side of the UI.  168 
 169 
1.3.9. Evaluate the upper and lower images: Did each tip fire when selected? When fired 170 
together, did the liquid from the two tips overlap fully, creating a noticeably thicker stripe than 171 
when fired individually? 172 
 173 
1.3.9.1. If either tip failed to fire, perform one or multiple ultrasonic wash cycles until clear 174 
firing is observed.  175 
 176 
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1.3.9.2. If the sample stripes do not fully overlap, adjust the lateral alignment of one of the 177 
dispensers using an Allen key to turn the lateral adjustment screw on one of the dispensers one 178 
quarter turn, and perform a test plunge. Repeat until stripes fully overlap. 179 
 180 
NOTE: If both tips fired successfully and as expected, the system is ready to prepare sample grids.  181 
 182 
2. Prepare two-sample, mixed grids 183 
 184 
2.1. Update the acceleration, deceleration, and velocity values in the Machine Parameters 185 
XML file to attain the mixing time of interest.  186 
 187 
NOTE: Tables correlating these values to mixing times have been previously reported15. 188 
  189 
2.2. Ready the sample and grids. 190 
 191 
NOTE: From this point in the protocol, 20–30 min will elapse before the first grid is prepared, and 192 
samples should be kept at an appropriate temperature during this time interval.  193 
 194 
2.2.1. Dilute two samples (i.e., protein and ligand or other interacting partner) to the desired 195 
concentrations with an appropriate buffer, ideally, the same for both. 196 
 197 
NOTE: Spotiton grids require 1.5–2 times higher concentrations of protein than typically used for 198 
automatic plunge freezers. This may be due to the minimal time the protein spends in a thin 199 
aqueous layer on the grid surface during a plunge, giving particles less opportunity to concentrate 200 
at the air-water interface. 201 
 202 
2.2.2. Fill the cryogen bowl with liquid nitrogen. 203 
 204 
2.2.3. Plasma clean 3–4 nanowire grids. Use 5 W, hydrogen and oxygen, 1.5 min as a starting 205 
point. 206 
 207 
NOTE: The most effective plasma cleaning duration and recipe may change from day-to-day 208 
based on ambient temperature and humidity and the batch of nanowire grids used. Alternative 209 
gas mixtures or a glow discharger may also be effective, but have not been tested for this 210 
purpose. As water and protein in buffer solution are often wicked at different speeds by 211 
nanowires, it is best practice to evaluate the wicking of the grids to be used that day on a plunge 212 
in which the actual sample is dispensed. 213 
 214 
2.3. Set the humidity level in the system. 215 
 216 
NOTE: In addition to the conditions used to both make and plasma clean the grids, humidity is 217 
another primary factor that impacts the wicking speed of nanowire grids. Although the target 218 
percent humidity for a particular session is determined empirically for each day and batch of 219 
grids, 90–95% is a good starting point. 220 
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 221 
2.3.1. Ensure the nebulizer is filled sufficiently with ultrapure water. Plug in the nebulizer, and 222 
observe the vapor exit the central port on the nebulizer cap. 223 
 224 
2.3.2. Observe the live humidity monitor in the main window, or open the ambient humidity 225 
tracker under Reports | Ambient (Figure S4). Check humidity levels in the two zones: Chamber 226 
and Shroud. 227 
 228 
NOTE: Chamber includes all areas within the Spotiton enclosure. Shroud is the area immediately 229 
encompassing the “at camera” positions of the grid and dispenser tips. The black resin shroud 230 
maintains the set humidity level when the enclosure doors are opened to load a grid. 231 
 232 
2.3.3. Once the target humidity values are reached, maintain these values either automatically 233 
or manually from the Humidity tab. Select Automatic control, and choose a setpoint and 234 
threshold to maintain the setpoint within the threshold limit chosen. Alternatively, select Manual 235 
control, and adjust the humidity level using the two fan controls: chamber fan and shroud fan.  236 
 237 
NOTE: Turning on the chamber fan pulls the vapor through a filter in the left port and prevents 238 
larger water droplets from entering the chamber, preventing further increase in ambient 239 
humidity. As long as the chamber doors remain closed, the humidity level will stabilize at the 240 
desired percentage. Turning on the shroud fan pulls the vapor through the right port into the 241 
shroud. This both reduces vapor release into the chamber and increases the humidity level within 242 
the shroud. 243 
 244 
2.4. Load the sample into the dispensers. 245 
 246 
2.4.1. Add 5 μL of each sample into the sample cups. 247 
 248 
NOTE: To avoid introducing bubbles, dispense the volume very carefully onto the inner sidewall 249 
of the cup, then shake down to force the sample to the bottom of the cup.  250 
 251 
2.4.2. Load the sample cups into the holding tray, the sample for Tip 1 on the left, for Tip 2 on 252 
the right. Push the tray back into the machine until it seats. 253 
 254 
2.4.3. On the Aspirate tab, select 3 μL for the volume to be aspirated by each tip. Ensure the 255 
sample tray has been seated securely, then click on Aspirate and observe how the pipette stage 256 
moves the dispenser heads into the sample cups. 257 
 258 
2.4.4. Verify successful aspiration of both samples by removing the sample cups and observing 259 
a drop in the liquid level. 260 
 261 
2.4.5. On the Inspect tab, send each tip to the inspection camera to confirm unobstructed 262 
dispensing. Adjust the amplitude as needed to match droplet formation from each tip (see 263 
section 1.2).  264 
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 265 
NOTE: Amplitude will likely need to be increased for the tip that dispenses the protein sample.  266 
 267 
2.4.6. The system is now ready to prepare a sample grid. 268 
 269 
2.5. Freeze sample grids 270 
 271 
2.5.1. Load a freshly plasma cleaned grid into the tweezers, but do not mount the tweezers yet. 272 
Ensure humidity level is elevated, ~90–95%. Fill the ethane cup.  273 
 274 
2.5.2. Perform a final test-fire of both tips in front of the inspection camera, confirming no 275 
obstruction. On the Cryo tab, click on Tip to camera. 276 
 277 
2.5.3. Fill ethane cup. If ethane ice forms, melt as needed with additional ethane gas. 278 
 279 
NOTE: Steps 2.5.4 and 2.5.5 should be completed relatively quickly (<20 s) to minimize (i) 280 
saturation of the nanowires in the high humidity of the chamber and (ii) the likelihood that the 281 
tip firing the protein sample will clog. 282 
 283 
2.5.4. Mount the tweezers with the grid onto the grid stage. On the Cryo tab, click on Grid to 284 
camera. Ensure Tip 1 is positioned correctly in the upper camera monitor (see steps 1.3.4–1.3.5).  285 
 286 
2.5.5. Click on Vitrify Grid, Queue Target, then Plunge. Click on OK when prompted to command 287 
the grid robot to hop the grid from ethane into liquid nitrogen and release it onto the submerged 288 
shelf.  289 
 290 
NOTE: The tweezers then rise back into the chamber. After the hop to liquid nitrogen, a prompt 291 
appears asking if the grid dropped from the tweezers. If it did not drop, click on No, and the 292 
tweezers will open and close several times to detach the grid.  293 
 294 
2.5.6. Examine images of the grid (Figure S5) to decide if it should be kept or discarded.  295 
 296 
2.5.7. If keeping the grid, transfer it to the pre-cooled grid box. Alternatively, spot subsequent 297 
grids and then transfer all grids at once to the grid box, taking care that each grid can be identified 298 
by its position in the resting area. 299 
 300 
2.5.8. To transfer the grid to a grid box, pre-cool fine-tipped forceps, gently grasp the grid by 301 
the edge, and place it into a grid box slot, starting with the first slot left of the notch going 302 
clockwise. 303 
 304 
2.5.9. When all the grids are loaded, attach the grid box lid to the lid tool, and precool in liquid 305 
nitrogen. Screw the lid onto the grid box, and tighten with a lid-tool or a precooled screwdriver. 306 
 307 
2.5.10. Use large forceps to quickly transfer the closed grid box to a small dewar for imaging or 308 
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long-term storage. 309 
 310 
2.6. Evaluate grid suitability for downstream EM imaging. 311 
 312 
2.6.1. Observe the images from the upper and lower plunge path cameras that are displayed on 313 
the left side of the UI immediately after a grid is plunged. Use these images to evaluate wicking 314 
speed, successful firing of both tips, and the extent of overlap of the two samples stripes. 315 
 316 
2.6.2. Review and compare the grid images from the upper and lower cameras along with the 317 
machine settings and humidity measurements at the time of the plunge using the experiment 318 
viewer: Reports | Experiment.  319 
 320 
2.6.3. Select grids for imaging in the electron microscope that demonstrate evidence of good 321 
wicking.  322 
 323 
REPRESENTATIVE RESULTS: 324 
Figure 4 shows images of grids prepared during a single time-resolved Spotiton session by mixing 325 
RNA polymerase and a 105 bp DNA oligomer carrying a promoter sequence for 150 ms prior to 326 
vitrification15. Seen in the figure are images taken by the two high-speed cameras of six grids at 327 
two timepoints following sample application. These cameras, unique among plunge-style 328 
freezers, allow the user to immediately decide whether to keep or discard a grid based on the 329 
observed extent of wicking by the nanowires and the likelihood the liquid samples were drawn 330 
into an aqueous layer thin enough for EM imaging. Although a single grid can provide sufficient 331 
ice for a complete dataset, once optimal conditions have been achieved, several grids are 332 
prepared to keep on hand in the event one or more is lost or contaminated. Of the six grids 333 
prepared in this session, the image captures show only one with suboptimal wicking (Figure 4F).  334 
 335 
The grids shown were prepared (steps 2.5.1 through 2.5.8) in succession over a period of 40 min 336 
after an hour to ready the samples and the machine as described in the protocol (steps 1.1.1 337 
through 2.4.6). Of the six grids, two were used for data collection, and the rest were saved for 338 
later analysis if needed. The pattern of ice on a vitrified grid (Figure 5C) matches closely the 339 
pattern of deposited liquid seen in the upper camera image (Figure 5B). Effective wicking of the 340 
mixed samples, made apparent by the lack of a visible liquid stripe in the lower camera image 341 
(Figure 5A), occurs along the nanowire-covered grid bars, and sample rarely overflows into 342 
squares adjacent to those in which it landed. Within ice-filled squares, the ice is typically thickest 343 
within holes at the center of the square and becomes thinner in holes closer to the grid bars 344 
(Figure 5E). Often holes immediately adjacent to the grid bars are empty due to proximity to the 345 
nanowires (Figure 5F). 346 
 347 
FIGURE AND TABLE LEGENDS: 348 
 349 
Figure 1: The time-resolved Spotiton system. 1. Operator’s workstation; 2. Environmental 350 
chamber; 3. Nitrogen supply; 4. Ethane supply 5. Backlight control for upper plunge path camera 351 
6. Piezoelectric dispenser controllers; 7. Syringe pumps; 8. Vacuum pump; 9. Wash water supply 352 
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and waste bottles. 353 
 354 
Figure 2: Spotiton software user interface. (A) Desktop icon and splash screen. (B) The main UI 355 
is composed of six areas: 1. display area for upper plunge path (“upper”) and tip inspection 356 
cameras; 2. display area for lower plunge path (“lower”) camera; 3. Playback area for tip 357 
inspection videos; 4. Multifunction tab area; 5. Live humidity monitor; 6. Live system logfile. 358 
Abbreviation: UI = user interface. 359 
 360 
Figure 3: Interior view of Spotiton chamber (robots in SafePosition). 1. Grid robot (red); 2. 361 
Dispenser robot (yellow); 3. Upper plunge path camera (pink); 4. Lower plunge path camera (light 362 
blue); 5. Tip inspection camera (orange); 6. Humidity shroud (green); 7. sample tray; 8. Nebulizer 363 
assembly (dark blue); 9. System reservoir and water lines. 364 
 365 
Figure 4: Representative system camera images from a time-resolved Spotiton grid making 366 
session. (A–F) Upper (left) and lower (right) plunge path camera images of six grids onto which 367 
RNA polymerase and a promoter DNA sequence were applied using Spotiton. Scale bar = 500 μm.  368 
 369 
Figure 5: Pattern of ice deposition on a Spotiton-prepared grid. Portions of the (A) lower and (B) 370 
upper camera images and (C) atlas of the grid shown in Figure 4F. Approximate locations of ice 371 
resulting from sample deposition and mixing are colored lavender. Areas within the square 372 
marked with a yellow arrowhead are imaged in (E–G). The region shown in (E) is boxed in yellow 373 
in (D). Representative square (E), hole (F), and (G) exposure images collected from the grid shown 374 
in (A–D). The boxed areas in the square and hole images correspond to the hole and exposure 375 
images, respectively. Scale bars = 100 μm (A–D), 5 μm (E), 2 μm (F), 100 nm (G). 376 
 377 
Figure S1: Inspection of tip firing. A live view of Tip 2 firing is seen in the upper camera monitor 378 
on the left of the User Interface, while a recording made previously of Tip 1 firing plays on a loop 379 
for comparison in the video playback area on the right. 380 
 381 
Figure S2: Ultrasonic cleaning of dispenser tips. An air bubble in the (A) tip will disrupt droplet 382 
formation and prevent tip firing. (B) Tips immersed in water at the ultrasonic cleaning station to 383 
remove an air bubble or clear dried protein blocking the tip orifice.  384 
 385 
Figure S3: Loading grid in tweezers. (A) A grid placed nanowire side up on the edge of the grid 386 
block. (B) A grid positioned correctly in the self-closing tweezers. 387 
 388 
Figure S4: Humidity tracker. The percent relative humidity in the chamber (dark blue) and shroud 389 
(light blue) as recorded during a typical grid-making session. The times of grid plunges (green 390 
squares) are plotted on the graph. 391 
 392 
Figure S5: Wicking on nanowire grids during a plunge. Representative upper (A, C, E) and lower 393 
(B, D, F) plunge path camera images of wicking on nanowire grids that is too slow (A, B), ideal (C, 394 
D), and too fast (E, F). A slight thickening (white arrowheads) indicates grid bars with nanowires 395 
that have been saturated by sample. Squares in these regions typically contain ice of appropriate 396 
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thickness for electron microscopic imaging. Scale bar = 500 μm. 397 
 398 
DISCUSSION: 399 
This protocol outlines the use of the Spotiton robotic system to prepare grids for cryo-EM imaging 400 
that carry two samples, generally a protein of interest and an activating ligand, that have been 401 
mixed for 90–500 ms. Although the workflow is straightforward, there are a few considerations 402 
the user must keep in mind to ensure a productive grid-making session. First, it is not uncommon 403 
for one of the piezoelectric dispenser tips to become clogged or blocked preventing it from firing. 404 
Such a failure will result in a liquid stripe, seen on image captures from the upper or lower 405 
camera, which is visibly narrower than that seen after both tips fired. A blockage could result 406 
from an air bubble lodging in the tip, disrupting droplet formation, or from protein sample that 407 
has dried out and sealed the narrow tip orifice. Although the aspirated sample is lost in the 408 
process, both problems can be resolved by an ultrasonic wash of the tips and re-aspiration of the 409 
sample. To prevent subsequent clogging and sample waste, it is crucial to thoroughly prime 410 
(flush) the fluid lines prior to sample aspiration and to maintain a high and consistent humidity 411 
level within the chamber and the shroud. Additionally, a protein sample with a particularly high 412 
concentration can affect tip firing despite well-maintained humidity. Although increasing the 413 
firing amplitude on the Inspect tab can partially compensate for weak firing due to high protein 414 
concentration, diluting the sample at least 1:2 will improve tip firing and avoid clogging. 415 
 416 
Second, it can be difficult to achieve the ideal wicking speed that is needed to generate ice of 417 
optimal thickness for the targeted mixing duration. Generally, faster mixing times will require 418 
faster wicking, slower mixing times require slower wicking. For the ideally wicked grid, a liquid 419 
stripe is clearly discernable in the upper camera image, while in the lower camera, only a very 420 
slight thickening of the grid bars in the location of the stripe remains visible. Slow wicking, 421 
indicated by a dark stripe on the lower camera image, generally leaves ice that is too thick for 422 
imaging. Absence of a stripe on either image indicates fast wicking that may have left no water 423 
in the holes (Figure S5). Several factors such as nanowire density, plasma cleaning settings and 424 
duration, and time of exposure to and set level of chamber humidity can affect wicking speed. 425 
Poor (slow) wicking may be the result of a sparse coating of nanowires on the grid. By slightly 426 
diluting and increasing the time of exposure to the nanowire solution16, the density and coverage 427 
of nanowires on the grid bars will increase, facilitating faster wicking. If the nanowire density is 428 
sufficient, increasing the wattage setting or duration of plasma cleaning will also improve wicking. 429 
The settings recommended here are relatively low power and long duration, but may be changed 430 
if needed.  431 
 432 
However, if both the specific batch of grids and plasma cleaning settings have worked well in a 433 
prior session, slow wicking performance may arise from excessive exposure of the nanowires to 434 
high humidity within the chamber, leading to their saturation with moisture and reduced liquid-435 
holding capacity. The grid-saturating effect of chamber humidity can be reduced by either 436 
minimizing the elapsed time between tweezer mounting and grid plunging or decreasing the 437 
system humidity level prior to a plunge. It should be noted, however, that the latter brings the 438 
associated risk that the tip loaded with protein sample will clog. To offset this risk, holding the 439 
tips in the shroud where a high humidity level is maintained, can increase the allowable amount 440 
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of time to mount tweezers holding a new grid. Finally, it should be noted that a reduced plunge 441 
time (achieved by increasing grid acceleration and/or maximum velocity) can result in grids with 442 
thinner ice without actually changing the wicking characteristics of the grid. However, as the 443 
mixing time of the two samples will also be reduced, plunge time is not a factor that is typically 444 
changed to address slow wicking. To address wicking that is too fast, resulting in ice that is either 445 
too thin or absent in the grid holes, the opposite of the measures outlined above can be taken. 446 
 447 
Spotiton presents certain advantages and disadvantages when compared to other techniques 448 
developed for subsecond time-resolved studies. As the mixed sample stripe contains only 2–4 nL 449 
of liquid from each dispenser, a single 3 μL aliquot of each sample is sufficient to prepare many 450 
grids—a key advantage when sample is limited. Additionally, observation of sample deposition 451 
using integrated cameras, although not entirely unique to Spotiton17, is not a feature of other 452 
mixing devices and allows plunged grids to be subjected to a crude pass/fail evaluation, greatly 453 
reducing screening time. One key disadvantage of the system is a minimum mixing time of 90 ms, 454 
restricted by the physical limitations of the mechanical components, that puts interrogation of 455 
faster biological reactions out of reach. By comparison, times less than 10 ms are routinely 456 
achieved on existing microfluidic systems. On the Spotiton-based, commercially available 457 
chameleon system, design and construction improvements have reduced the minimum plunge 458 
time to 54 ms and raise the possibility that addition of a second dispenser could allow faster 459 
mixing times than Spotiton can currently offer.  460 
 461 
To date, a range of experiments has been conducted to investigate early, short-lived molecular 462 
states using Spotiton, including assembly of the 70S ribosome, calcium-triggered conformational 463 
changes in a transmembrane ion channel, and constriction of dynamin in response to GTP 464 
hydrolysis15. Since the publication of these results, several changes have been incorporated to 465 
the system to enhance the throughput, reproducibility, and reporting of Spotiton grid-making 466 
sessions. These include, among others, the dual-zone, automatic humidity-monitoring and 467 
control system, the experiment viewer feature, the side-by-side tip inspection feature, and 468 
several minor upgrades to the UI. The upgraded system will better support future two-sample 469 
mixing experiments similar to those previously reported as well as rapid binding assays such as 470 
between a small-molecule therapeutic and its protein target or even antibody-antigen complex 471 
formation. While current and future time-resolved experiments involving two interacting 472 
partners will certainly continue, the addition of a third piezo dispenser and associated hardware 473 
could further broaden the range of possible experiments. For example, initial deposition of a 474 
detergent followed by the protein of interest, followed by the interacting or activating ligand 475 
could remove any potential negative impact of extended exposure to the detergent, often 476 
necessary to prevent common suboptimal imaging outcomes such as preferred orientation for 477 
the protein (or ligand). In light of both the already published work and potential future 478 
applications, Spotiton represents an important tool for the cryo-EM community to facilitate the 479 
conduct of subsecond time-resolved studies. 480 
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ethane gas TW Smith Corp. (Brooklyn, NY; USA) N/A

Grid-handling forceps EMS (Hatfield, PA; USA) 78320-5B

liquid nitrogen Airgas, Inc. (Radnor, PA; USA) N/A
liquid nitrogen reservoir with brass ethane 

cup (from FEI Vitrobot)

ThermoFisher Scientific (Waltham, MA; 

USA)

Picosystem

Hydro System and Supplies (Durham, 
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Editorial comments: 

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

are no spelling or grammar issues. 

 

The manuscript has been proofread closely again and all identified grammatical and 

formatting errors corrected, to the best of our knowledge.  

 

2. Please provide an institutional email address for each author. 

 

This has been added 

 

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

commercial language from your manuscript and use generic terms instead. All commercial 

products should be sufficiently referenced in the Table of Materials: e.g., Spotiton, 

Picosystem, Hydro System and Supplies, etc. We must maintain our scientific integrity and 

prevent the subsequent video from becoming a commercial advertisement. 

 

Specific information relating to make/model of the purified water system to the 

supplemental materials document has been moved and we do not believe any other 

references to specific products remain in the protocol. 

 

4. Lines 76-87: Please consider removing the protocol outline. 

 

This has been removed. 

 

5. Line 129-134/184-188/ 349-362: The Protocol should contain only action items that direct 

the reader to do something. Please move the discussion about the protocol to the 

Discussion. 

 

Non-instructional text from these three sections has been modified and/or relocated. 

 

6. Line 204-223: Please add more details to your protocol steps. Please ensure you answer 

the “how” question, i.e., how is the step performed? Alternatively, add references to 

published material specifying how to perform the protocol action. 

 

A change to step 2.1.1. was also requested by reviewer #2 and has been modified to a note. 

We feel that steps 2.1.2 through 2.1.4 deal with sample dilution, filling a standard cryogen 

bowl with liquid nitrogen, and plasma cleaning a grid, actions that are not specific to this 

protocol, rather fall within the realm of general cryo-EM laboratory practice. 

 

7. Please highlight up to 3 pages of the Protocol (including headings and spacing) that 

identifies the essential steps of the protocol for the video, i.e., the steps that should be 

Rebuttal Letter Click here to access/download;Rebuttal
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visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted 

Protocol steps will remain in the manuscript, and therefore will still be available to the 

reader. 

 

In the submitted Word file, roughly three pages of the protocol is highlighted in yellow as 

requested. Did this highlighting not appear in the document?  

 

I will say that this task was difficult as we view all steps as “essential” to this protocol. If the 

highlighted portion is still too much for the video, we are of course willing to work with the 

editorial staff to tweak the selection to just those steps that will appear in the video. 

 

8. Please do not use the &-sign or the word “and” when listing authors. Authors should be 

listed as last name author 1, initials author 1, last name author 2, initials author 2, etc. End 

the list of authors with a period. Example: Bedford, C. D., Harris, R. N., Howd, R. A., Goff, D. 

A., Koolpe, G. A. Quaternary salts of 2-[(hydroxyimino)methyl]limidazole. Journal of 

Medicinal Chemistry. 32 (2), 493-503 (1998). 

 

Done. 

 

9. Please reduce the number of figures presented. Some of the figures may be unnecessary 

with the video of the protocol. Please consider moving some figure to the supplementary 

figures section. 

 

Of the 18 figures submitted, I have selected 5 for the main article, 5 as supplementary 

material, and removed 8. I am not clear on the specific number that is allowed, but hope 

these adjustments are acceptable. 

 

10. Please ensure all figures showing data includes measurement definitions and scale bars 

(if applicable). 

 

Scale bars have been added to figures that warrant them. 

____________________________________ 

Reviewers' comments: 

Reviewer #1: 

1. It is not clear who is affiliated with 3Engineering Arts LLC, Arizona, USA from the author 

list. 

 

The author list and affiliations have been updated. 

 

2. It would be great if the authors could add in the introduction the method description 

paper from Frank and White (Time-resolved cryo-electron microscopy using a microfluidic 

chip S Kaledhonkar, Z Fu, H White, J Frank, Protein Complex Assembly, 59-71) and two 



 3 

relevant applications from Frank group (Late steps in bacterial translation initiation 

visualized using time-resolved cryo-EM; The structural basis for release-factor activation 

during translation termination revealed by time-resolved cryogenic electron microscopy). 

 

We thank the reviewer for suggesting the inclusion of these papers and have included 

reference to them in the introduction. 

 

3. The protocol is straightforward and clear. However, it would be great if the authors could 

address if there are practical differences comparing Spotiton and Chameleon. It would be 

more helpful for users of Chameleon to develop their time-resolved cryo-EM experiments. 

 

At this time, the conduct of time-resolved studies in the manner reported here is not 

possible using chameleon. In the discussion (lines 532-535), we raise the possibility that 

such experiments could be carried out on chameleon should a second sample dispenser be 

added. 

 

4. In the discussion, it would be nice to discuss what steps are new to improve the current 

protocol's reproducibility compared to the previous nature method paper. 

 

Additional text describing specific upgrades to the system made since the previous 

publication reporting time-resolved Spotiton (Dandey et al, 2020), has been added to the 

Discussion.  

 

Reviewer #2: 

Manuscript Summary: 

The manuscript by Budell et al. provides a detailed protocol on how to prepare cryo-EM 

grids for time-resolved studies, using Spotiton. Time-resolved cryo-EM is under active 

development and of high importance due to the additional dimension of time, missing in 

conventional cryo-EM studies. The technology on its own is of high relevance, and the 

protocol is clear and well written, however, the applicability of this step-by-step protocol is 

limited due to the limited access to the Spotiton system. Regardless of that, I would still 

recommend this protocol for publication as it provides a nice overview of the procedure and 

the troubleshooting section together with the figures of representative results may be 

useful for Chameleon users. 

 

Major concerns: 

This protocol is supposed to be focused on sample preparation for time-resolved studies, 

however, no guidelines are provided on how to control the mixing time of the two samples, 

which is the crucial aspect for such studies. 

 

Section 2.1 has been edited to describe how to modify estimated mixing times.  
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Minor concerns: 

Line 197: "1.3.11. If both tips fired successfully and as expected, the system is ready to 

prepare sample grids." But what if not? Simply repeat the procedure? It would be good to 

add troubleshooting here. 

 

Section 1.3.10 has been edited to address this concern. 

 

"2.1.1. Put aliquots of your samples on ice now for the ~20-30 minutes it will take before the 

first grid is prepared." Is this the requirement for the successful vitrification with Spotiton? 

There might be cases where scientist would prefer to keep the sample at room temperature 

or even at 37 degrees prior to grid preparation in order to activate a certain state, therefore, 

if possible, I would totally remove this sentence and allow the users to decide themselves 

how to store their samples prior to grid preparation, unless it compromises the subsequent 

protocol in some way. 

 

Section 2.2 has been edited to address this concern 

 

„2.1.4. Plasma clean 3-4 nanowire grids. Use 5W, hydrogen and oxygen, 1.5 minutes as a 

starting point." Not everyone has a hydrogen generator in the lab (ignoring the fact that 

even fewer have Spotiton/Chameleon), so from practical point of view, it would be useful to 

comment on the suitability of other mixes of gasses. Would simply glow-discharging work 

for nanowire grids as well? 

 

It is certainly likely that either plasma cleaning with an alternate mixture of gases or glow 

discharging would effectively treat the surfaces of nanowire grids for use in Spotiton. We 

have added a sentence to the note under Section 2.2.3 indicating the potential effectiveness 

of other surface treatment methods; however, for the current protocol and for all 

experimentation reported in our previous publication, we used only the treatment protocol 

described here.  Further investigation into the effect of alternative surface treatment 

protocols is of interest to us, but we feel is beyond the scope and intent of this report.  

 

Reviewer #3: 

Manuscript Summary: 

The manuscript is well written and describes many useful pieces of information for using the 

Spotiton system for time resolved studies. 

 

Concerns: 

From the images presented, the extent of specimen mixing is not clear to me. Is it possible 

that the first specimen is wicked completely by the grid bars while the second specimen 

forms the layer of ice (that doesn't contain the first specimen) observed in the figures? Can 

the authors point to other results that show that the two specimens are thoroughly mixed? 

Alternatively, it may be possible to do an Unwin & Berriman-type experiment where two 
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easily identifiable particles are used as the different specimens to show that there is 

thorough mixing on the grid. 

 

We do not feel it is possible that the first sample is wicked completely prior to application of 

the second sample. Two points support this idea: first, in our prior publication of this 

method (Dandey et al, 2020), we present EM data for 4 time-resolved experiments for which 

on-grid mixing is the only explanation for the observed results; second, were the first 

sample to wick completely in the approximately 7 ms before the second sample is applied, 

by the time the grid enters the cryogen roughly 100 ms later, the aqueous layer comprised 

of both samples would have thinned so much that the holes would be emptied of liquid. In 

light of this, we believe the second sample is hitting a bulk volume of the first already 

present on the grid and mixing between them occurs as the liquid thins on the grid until the 

cryogen is reached.  

 

The authors should make clear whether this experiment can be performed with a 

commercially available Chameleon device. Is the spotiton device used for these experiments 

modified relative to the publications describing the spotiton device? 

 

In the Discussion (lines 532-535), we indicate that chameleon is not currently capable of 

two-sample mixing experiments but could be made capable by addition of a second piezo 

dispenser. Mention of modifications to the system made subsequent to the previous 

publication reporting the time-resolved Spotiton method have been added to the 

Discussion (lines 592-596.) 

 

Reviewer #4: 

Manuscript Summary: 

This paper describes the procedures for using the Spotiton system for making cryoEM grids, 

including its exciting new capability of performing fast mixing for time-resolved 

experiments. This is an important new technique and very much warrants description in this 

way. 

 

Major Concerns: 

I'd like to see how the time delay between the two sprays is controlled, as this is a key 

feature of the protocol. Also, how did you determine the listed 90ms minimum mixing time? 

 

Both dispensers initiate and cease firing simultaneously under all conditions. The reported 

mixing times are calculated using distances between different machine components and 

conditions used when a grid is made, such as acceleration, deceleration, and maximum 

velocity of the grid robot. The adjustment of these conditions has been newly addressed in 

section 2.1. 
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Minor Concerns: 

Step 2.2. Does higher humidity decrease the wicking speed? Maybe point out. 

 

The third paragraph of the Discussion addresses the effect of higher or lower humidity on 

the speed of wicking on nanowire grids. 

 

Step 2.4.10. I take it that "hopping" the grid is done by the robot, not the user? So the robot 

deposits the grids onto the shelf. 

 

Yes. A slight edit was made to this section (now: 2.5.10) to clarify this point. 

 

Fig. 2b(3) and Fig. 6(right) is the alternating pattern of large and small drops normal? 

Desirable? 

 

This pattern of droplet size is typical and expected of this type of piezo dispenser.  

 

Fig. 9A I couldn't see the black arrow in the copy of the figure I printed from the jpeg I was 

sent. Likewise Fig. 15, I couldn't see white arrowheads. 

 

Figure 9 has been removed from the manuscript and white arrowheads have been added to 

the indicated figure. 

 

 

 

 

Reviewer #5: 

Manuscript Summary: 

This work by Budell et al present a step-by-step protocol for producing time-resolved cryo-

EM grids using the Spotiton system, following from their paper "Time-resolved cryo-EM 

using Spotiton" in Nature Methods last year. Importantly provide in depth technical detail 

on optimization and quality control while using the system which are of great importance to 

the community. To validate their protocol they provide several examples of how a high-

quality time-resolved grid can be produced using the method. 

This is important addition to their valuable body of work and clearly deserves publication 

and attention. 

In my opinion, it will be of further value to the community, if the authors could use this 

forum to further elaborate on some of the points below, which remain insufficiently 

discussed in the original paper and also are not further clarified in this work. 

 

Major Concerns: 

Unlike other time-resolved preparation methods, the technique used here practically 

combines the blotting (by means of self wicking), mixing and incubation times into one 



 7 

motion of the machine that cannot be separated easily. This raises several idiosyncratic 

issues which are worthy of further discussion: 

 

* It is my understanding that the method outlined here does not easily generalize to 

interrogate a wide range of timepoints without first optimizing every step of the grid 

making process individually for the respective reaction timepoint, potentially requiring the 

user to even go back to the initial step of making the nanowire grid to find usable 

conditions. It would be helpful, if the authors would comment on this potential issue - both 

in terms of addressing it by experts as themselves but also by independent users of the 

system. 

 

An additional sentence at the top of the third discussion paragraph connects the ideas of 

sample mixing times and wicking speed. The subsequent explanation of how adjusting 

specific factors can impact wicking speed should provide the reader guidance on the steps 

that can be taken to facilitate sample mixing of a particular duration.  

 

* Even more importantly, a more detailed discussion of the mixing of reactants will facilitate 

better judgement of the method's strengths and weaknesses. If one was to assume free 

diffusion in a aqueous layer of less than 100nm thick, it is true that mixing would be nearly 

instant, however analysis of grids prepared by spotiton using tomography have revealed 

that up to 94% of proteins tend to be associated with the air-water interface (Muench et al 

2020). This association is less of a problem for microfluidic systems where mixing and any 

potential structural rearrangements have already taken place before the sample lands on 

the grid (and likely gets stuck at the air-water interface). However here, the interaction 

between sample 1 and 2 takes place on the grid itself and it remains unclear whether the 

mobility of these proteins is sufficiently similar to the state in solution: once they have been 

blotted sufficiently, they are most likely to be stuck at the air-water interface, according to 

the above cited work, limiting their diffusion substantially. 

 

(The reviewer is also directed to our response to reviewer 3..) Briefly, we agree the on-grid 

mixing we describe here is distinct from the ‘pre-grid’ two-sample mixing that characterizes 

microfluidic systems. However, we do not feel the first sample has sufficiently thinned (been 

‘blotted’ by the nanowires) for the effects of AWI to come into play in a significant way 

before the second sample arrives. The second sample lands on, and mixes with, the first 

sample in a bulk state.  

 

* Following from this, it may be increasingly more challenging to compare data from 

different incubation times, especially with regards to comparatively very short vs very long 

time points. Beyond the conceptual concern, it would be equally valuable if the authors 

could please comment on the potential to "tune" nanowire blotting for a reaction time of 

several seconds or more. 
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We agree that such a direct comparison between particularly short or extended sample 

mixing durations presents unique experimental challenges. However, the intended range of 

mixing times using Spotiton is between 90-500ms. Experiments with timescales in the 

second or multi-second range are not possible using Spotiton due to limitations of 

nanowire grid wicking capacity, so we feel a discussion of such longer duration experiments 

is not warranted at this time. 

 

Minor Concerns: 

Lines 210-212 - The note here says that the sample does not have time to migrate into the 

holes, requiring more sample to be used. However, there is substantial evidence in the time-

resolved EM field that the concentration effect from standard blotting comes from proteins 

getting stuck at the air-water interface during blotting, e.g. Muench et al 2020, thus giving 

the appearance of more concentrated sample. In ohter words, is the simpler (and valid) 

explanation that migration into the holes is not the primary attractor. What we see in time-

resolved preparation has lower concentrations because there is not enough time for a 

denatured layer at the air-water interface, a la Glaeser, to serve as the attractor for sample 

enrichment. Given the prominence of the authors in the field, it may be a great opportunity 

to make their nuanced opinion on the matter more clear. 

 

The reviewer raises a valid point and the explanation in the note accompanying section 2.2.1 

has been modified. 
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