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Abstract 11 

 12 
Time-resolved cryo-EM (TRCEM) makes it possible to provide structural and kinetic information on a reaction of 13 
biomolecules before the equilibrium is reached. Several TRCEM methods have been developed in the past to obtain key 14 
insights into the mechanism of action of molecules and molecular machines on the time scale of tens to hundreds of 15 
milliseconds, which is unattainable by the normal blotting method. Here we present our TRCEM setup utilizing a 16 
polydimethylsiloxane (PDMS)-based microfluidics chip assembly, comprising three components: a PDMS-based, 17 
internally SiO2-coated micromixer, a glass-capillary microreactor, and a PDMS-based microsprayer for depositing the 18 
reaction product onto the EM grid. As we have demonstrated in recent experiments, this setup is capable of addressing 19 
problems of severe sample adsorption and ineffective mixing of fluids, and leads to highly reproducible results in 20 
applications to the study of translation. As an example, we used our TRCEM sample preparation method to investigate 21 
the molecular mechanism of ribosome recycling mediated by High frequency of lysogenization X (HflX), which 22 
demonstrated the efficacy of the TRCEM device and its capability to yield biologically significant, reproducible 23 
information. This protocol has promise to provide structural and kinetic information on pre-equilibrium intermediates in 24 
the 10 -1000 ms time range in applications to many other biological systems. 25 
 26 

Key features 27 

 28 
● Design and fabrication of high-performance splitting-and-recombination-based micromixer and planar 29 

microsprayer.  30 
● Protocol for SiO2 coating on the PDMS surface and fabrication of the microfluidic chip assembly. 31 
● Preparation of time-resolved cryo-EM sample in the time range of 10 – 1000 ms. 32 
● Data collection on EM grid covered with droplets from the microsprayer. 33 
 34 
Keywords: Microfluidics, Micro/nanofabrication, Single-particle cryo-EM, Time-resolved cryo-EM sample preparation 35 
 36 
This protocol is used in: Cell (2024), DOI: 10.1016/j.cell.2023.12.027 37 
 38 

Background 39 

 40 
Time-resolved cryo-electron microscopy (TRCEM)[1] is on the way to become a key technique to unlock the dynamics 41 
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of biomolecular reactions by providing occupancies (i.e., kinetic data) and structural manifestations of intermediate 42 
states in the approximate time range of 10 to 1000 ms. The setup of a TRCEM experiment must ensure sufficiently 43 
thorough mixing of the reactants, precise control of reaction time, and fast vitrification, such that reaction intermediates 44 
can be trapped and subsequently visualized by single-particle cryo-EM.  45 
 46 
Over the past two decades, many TRCEM methods have been developed[2-10]. These can be grouped into two main 47 
categories, spraying/mixing and mixing/spraying. In the first category, a sprayer or dispenser device deposits a reactant 48 
onto an EM grid that is pre-covered with another reactant. Both mixing and reacting occur on the EM grid, which is then 49 
rapidly plunged into the cryogen for fast vitrification. In this case, the length of the reaction time is controlled solely by 50 
the duration of the plunging. However, the uniformity of the reaction is not ensured as it relies on the efficiency of 51 
diffusive mixing on the grid and is affected by uncontrolled processes at the air-water interface. In the second category, 52 
a microfluidic chip combining the functions of mixing, reacting and spraying is used for controlling the reaction and the 53 
deposition of the reaction product onto the grid. Here the plunging time is kept very short to keep the on-grid time to a 54 
minimum. Most importantly, mixing and reacting can be separately manipulated, and the reaction time is defined mainly 55 
by the residence time of the sample in the microfluidic chip. 56 
 57 
For the reasons stated, we have opted for the mixing/spraying, microfluidics-based sample preparation method in our 58 
development of the TRCEM technology. This development was driven by the need for migrating from silicon, in the 59 
initial version of the microfluidic chip[8], to plastic polymers as more versatile and cost-effective material for the 60 
fabrication of microfluidic chips[4,5,10]. However, this migration faced an important obstacle since polymers such as 61 
IP-S and IP-Q photoresins and PDMS are intrinsically hydrophobic and prone to adsorption of biomolecular samples, 62 
thereby impairing the control over the reactions. Another problem we needed to address – this one shared with silicon-63 
based chips – was ineffective mixing of fluids due to limited micromixer performance in the laminar flow regime.  64 
 65 
In our attempt to overcome these problems we upgraded our TRCEM setup with a PDMS-based microfluidic chip 66 
assembly comprising three modules [11]: 1) a PDMS-based splitting-and-recombination-based (SAR) micromixer with 67 
3D self-crossing channels, which is able to efficiently mix the solutions for uniform initiation of a reaction; 2) a 68 
polyimide-coated glass capillary tubing, which ensures precise flow-rate control of liquids, to serve as the microreactor 69 
whose dimensions define the reaction time; 3) a PDMS-based microsprayer (with a design improved from our previous 70 
microsprayer [12]) employed to spray out the droplets of the reaction product onto the EM grid. This sprayer has been 71 
demonstrated in our work to be efficient for preparing cryo-EM grids with vitreous ice of controllable, highly consistent 72 
thickness. The details of fabrication of these three modules, their integration into a functioning assembly mounted in the 73 
TRCEM apparatus, and the testing of the entire setup with biological samples are described in the following.  74 
 75 
We believe that the protocol contains sufficient detail to allow other teams with appropriate scientific and engineering 76 
skills to fabricate the microfluidic chips, assemble the entire functioning apparatus, and duplicate the experiments 77 
described. 78 
 79 

Materials and reagents 80 

 81 

Biological materials 82 
 83 
Note: Since this protocol is focused on the preparation of TRCEM grids, the purification of biological materials (E. coli 84 
70S ribosome and HflX) will not be explained here. Note that HflX is known as a universally conserved protein for 85 
prokaryotic cells, a GTPase that functions as a rescue factor which splits the 70S ribosome into its 30 S and 50S subunits 86 
in response to heat shock or exposure to antibiotics. For details, the reader is referred to ref.[11] and literature cited 87 
therein. 88 
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 89 
1. E. coli 70S ribosome (1 mM in the buffer solution) 90 
2. HflX (5 mM in the buffer solution) 91 
 92 

Reagents 93 
 94 
1. GTP (Invitrogen Cat# 18332015). 95 

2. Methylene blue (Sigma-Aldrich Cat# 457250) 96 
3. Tris Base (Fisher Scientific Cat# BP152-1) 97 

4. Ammonium chloride (NH4Cl) (Sigma-Aldrich Cat# 09718) 98 
5. Magnesium acetate (Mg(OAc)2) (Sigma-Aldrich Cat# M5661) 99 
6. 2-Mercaptoethanol (βME) (Sigma-Aldrich Cat# M6250) 100 

 101 

Solutions 102 
 103 

1.  Methylene blue solution (see Recipes). 104 

2.  Buffer solution (see Recipes). 105 

 106 

Recipes 107 
 108 
1. Methylene blue solution (10 mL) [Used within 3 years, and stored at room temperature] 109 

Reagent Final concentration Quantity or Volume 

Methylene blue 

DI water 

Total 

4% (w/v) 

 n/a 

1% (w/v) 

2.5 mL 

7.5 mL 

10 mL 

 110 
2. Buffer solution (10 mL) [Used within one week, and stored at 4°C] 111 

Reagent Final concentration Quantity or Volume 

Tris-HCl (1M, pH 8.0) 

NH4Cl (5M) 

Mg(OAc)2 (2M) 

βME (14.3 M) 

DI water 

20 mM 

100 mM 

10 mM 

4 mM 

n/a 

200 µL 

200 µL 

50 µL 

2.8 µL 

9.55 mL 

Total n/a 10 mL 

 112 

Laboratory supplies 113 
 114 
1. Silicon Wafer with diameter of 100mm (UniversityWafer, Inc. Category: Silicon, ID: 452) 115 
2. Tweezers (Electron Microscopy Sciences, Item number: 0508-L5-PO, 116 

https://www.dumonttweezers.com/Tweezer/TweezerStyle/42) 117 
3. AB glue (Loctite, Epoxy, Dries clear, SKU: 1943587, https://www.loctiteproducts.com/products/central-118 

pdp.html/loctite-clear-epoxy/SAP_0201OIL029V3.html)  119 
4. Single-sided tape (Scotch Magic Tape, 0.75 in. x 650 in., https://www.amazon.com/Scotch-Dispensers-120 

Applications-Invisible-Engineered/dp/B0000DH8HQ?ref_=ast_sto_dp)  121 
5. Double-sided tape (Scotch Double Sided Tape, 0.75 in. x 300 in., https://www.amazon.com/Scotch-Double-122 
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Dispenser-Standard-237/dp/B0000DH8IT)  123 
6. Aluminum foil (Reynolds, heavy duty, https://www.reynoldsbrands.com/products/aluminum-foil/heavy-duty-foil)  124 
7. Scissors (Fine Science Tools, Surgical Scissors - Sharp-Blunt, Item No. 14001-12, 125 

https://www.finescience.com/en-US/Products/Scissors/Standard-Scissors/Surgical-Scissors-Sharp-Blunt/14001-126 
12)  127 

8. PDMS hole punchers (Ted Pella, Inc, Harris Uni-Core, Hole 1.0mm and Hole 0.5mm)  128 
9. Cutting Mat (https://alvindrafting.com/products/hobby-mat-blue-gray, Item No.: HM1218) 129 
10. Glass Cutter Tool Set 2mm-20mm Pencil Style Oil Feed Carbide Tip (Manufacture: MOARMOR, 130 

https://www.amazon.com/gp/product/B07Y1D243H/ref=ppx_yo_dt_b_search_asin_title?ie=UTF8&psc=1 ) 131 
11. Sandpaper (S&F STEAD & FAST: https://www.steadandfast.com/ S&F STEAD & FAST 6 inch Sanding Discs 132 

Hook and Loop 24 Pcs, SKU:SA-SC-005) 133 
12. EM grids (TED PELLA, INC., Quantifoil R 0.6/1 holey carbon copper grid, Product No.: 659-300-CU) 134 
13. Tubings (Polymicro Technologies, TSP180350 with Outer diameter (O.D.) 360 µm and inner diameter (I.D.) 180 135 

µm; TSP100170 with O.D. 170 µm and I.D. 100 µm; TSP075150 with O.D. 150 µm and I.D. 75 µm) 136 
14. Pipette tips (1. BRANDTECH, 0.5 - 20 µl, colorless, Category No.: 732104, 137 

https://shop.brandtech.com/en/pipette-tips-0-5-20-l-pp-colorless.html; 2. BIOTIX, 20 μL Racked, Sterilized, Part# 138 
63300005 https://biotix.com/products/pipette-tips/xtip4-lts-compatible-pipette-tips/20-%CE%BCl-racked-139 
sterilized-2/)       140 

15. Pipette (Eppendorf, 0.1-5 µL) 141 
16. Ethane gas (Airgas, grade level: research purity) 142 
17. Liquid nitrogen (Airgas, gas grade: Industrial) 143 
18. Vitrification dewar (Nanosoft, SKU: 21021005, https://www.nanosoftmaterials.com/product-page/vitrobot-dewar ) 144 
19. Tubes (Thermo Scientific, 15 mL Conical Sterile Polypropylene Centrifuge Tubes, Model No.: 339651, 145 

https://www.thermofisher.com/order/catalog/product/339651) 146 
20. Blades (https://www.garveyproducts.com/product/7097, Model No.: CUT-40475) 147 
21. Photo mask (Fineline Imaging, Inc. https://www.fineline-imaging.com/ ) 148 
22. 500g weight (AMERICAN WEIGH SCALES, model No.: B00SSK3YNO) 149 
23. A polyimide-coated, fused silica capillary tubing (Polymicro Technologies, TSP075150 with O.D. 150 µm and I.D. 150 

75 µm.) 151 
24. SU-8 2050 (KAYAKU ADVANCED MATERIALS INC. SU-8 2050 500ML glass bottle with a cap, Catalog 152 

No.: NC0060520, https://www.fishersci.com/shop/products/NC0060520/NC0060520 ) 153 
25. SU-8 developer (KAYAKU ADVANCED MATERIALS INC. Photoresist developer solution, Catalog No.: 154 

NC9901158, https://www.fishersci.com/shop/products/su-8-developer-4l/NC9901158 ) 155 
26. Polydimethylsiloxane (PDMS; Dow Corning, Sylgard 184, Manufacturer SKU: 4019862)  156 
27. Acetone (Pharmco-Aaper, Midland Scientific, catalog number: 329000000CSGF) 157 
28. Isopropanol (Fisher Chemical, catalog number: BP26184) 158 
29. Acid piranha (a 3:1 mixture of concentrated sulfuric acid (H2SO4) with hydrogen peroxide (H2O2), special protection 159 

equipment is required for preparing acid piranha[13], and a formal training is highly recommended and required 160 
for the sake of safety.)  161 

30. Nitrogen Spray Guns with 0.80 Filter  (Cleanroom World, Product Code:TA-NITRO-4-FT, 162 
https://cleanroomworld.com/cleanroom-equipment/nitrogen-spray-guns/90-degree-angle-gun-with-hose-163 

assembly-half-inch-tubing) The nitrogen is house-generated in Columbia clean room, the grade level is industrial. 164 
31. Polyimide Tape (MYJOR, Model number: B07RZYY2T1, https://www.amazon.com/MYJOR-Temperature-165 

Protect-Printer-Professionals/dp/B07RZYY2T1?th=1)  166 
32. PEEK tubing (INDEX HEALTH & SCIENCE, Yellow, 1/16” x 0.007” x 5 ft, Part no.: 1536, https://www.idex-167 

hs.com/store/product-detail/peek_tubing_yellow_1_16_od_x_007_id_x_5ft/1536)  168 
 169 
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Equipment 170 

 171 
1. Optical microscope 1 (Leica, model: LEITZ DM IL) with a digital camera (AmScope, model number: MU 1803-172 

HS) 173 
2. Optical microscope 2 (Nikon, model: ECLIPSE ME600L) 174 
3. Optical microscope 3 (Nikon, model: ECLIPSE LV100ND) with a digital camera (Nikon, model: DS-Ri2) 175 
4. Syringe pump (Cole Palmer Instrument Co., catalog number: 78-0200C) 176 
5. Vacuum system (ZENY™ 3.5CFM 1/4HP Pump: https://www.zeny.us/collections/air-vacuum-pump/, Model: VP 177 

125+; Stainless Steel SlickVacSeal Vacuum Chamber: slickvacseal.com, Brand: SlickVacSealTM) 178 
6. Glow-discharge machine (Ted Pella, Inc. Model: 91000S PELCO easiGlow™ Glow Discharge system for Cryo 179 

EM) 180 
7. Plasma processing system for plasma-enhanced chemical vapor deposition (PECVD) (Oxford Instruments 181 

Nanotechnology Tools Limited, Model: PlasmaPro®NGP80) 182 
8. Time-resolved apparatus for liquid pumping and pneumatic plunging (developed by Dr. Howard White, Eastern 183 

Virginia Medical School). More details about the apparatus can be seen in Section Procedure Subsection D. 184 
Preparation of sample for TRCEM and in Figure 13. 185 

9. Hot plate 1 (VWR International, LLC., catalog number: 97042-634) 186 
10. Hot plate 2 (Electronic Micro Systems Ltd., model: 1000 PRECISION HOT PLATE) 187 
11. Hot plate 3 (Electronic Micro Systems Ltd., model: 1000-1 PRECISION HOT PLATE) 188 
12. Spincoating station (ReynoldsTech Fabricators, Inc., programmable FS5.0 spincoating station) 189 
13. Mask aligner (SÜSS MicroTec, SUSS MA6) 190 
14. Plasma System (ANATECH USA https://anatechusa.com/, model: Anatech SCE110) 191 
15. Ultrasonic Cleaner (Branson Ultrasonics Corp., Model No.: B1510R-DTH) 192 
 193 

Software and datasets 194 

 195 
1. Nikon NIS-Elements (version 5.21.03, together with Microscope 2, purchased by Columbia University clean room) 196 
2. Fiji/ImageJ (version 2.1.0/1.53c or another version, free and open source) 197 

3. L-Edit (Win32 8.30, license is required), L-Edit is a mask layout editor for Windows-based platforms. For 198 
more details about the software, please contact the SIEMENS company: https://eda.sw.siemens.com/en-199 
US/ic/ic-custom/ams/l-edit-ic/. 200 

4. The Electron Microscopy Data Bank (EMDB) (https://www.ebi.ac.uk/emdb/) EMD-29681, EMD-29688, EMD-201 
29687, and EMD-29689 202 

 203 

Procedure 204 

 205 

A. Fabrication of SAR micromixer 206 
 207 
Our micromixer is based on the 3-D splitting and recombination (SAR) principle. For 3-D models of the SAR 208 
micromixer and its mixing performance, please see the previous work by Feng et al. [14,15]. The fabrication of this 209 
PDMS-based micromixer is detailed in the following: 210 
 211 

1. Mask design  212 
 213 
For the fabrication of the micromixer, the conventional soft lithography method is employed. Two layers of 214 

microchannel structure (Figure 1A) are required to form a 3-D micromixer, as illustrated by the geometrical model 215 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 9, 2024. ; https://doi.org/10.1101/2024.12.08.627437doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.08.627437
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

6 
 

 

 

 

in Figure 1B. Based on the design of micromixer and numerical calculations [11,14], we designed the mask shown 216 
in Figures 1C and 1D using the software L-Edit. The photo mask we designed (Figure 1C) has 62 units and they 217 
all share the same channel structure as the one shown in Figure 1D, so after the soft lithographic process, we are 218 
able to obtain 62 PDMS copies of the same channel structure. When we rotate one layer to make its channel facing 219 
the channel of the other layer, we have the two layers shown in Figure 1A. 220 

       221 
Figure 1. The design of the photo mask. A. Two layers of microchannel structure, which are made by the same 222 
photoresist and are thus identical. B. Geometrical model of the 3-D micromixer. C. A photo mask with 62 units. D. One 223 
unit of the mask (C) zoomed in, where the inlet with a microfilter was designed to capture big particles. 224 

 225 
2. Printing of Photo Mask 226 
 227 
The mask (Figure 2A) was printed in high resolution (10um @ 32K DPI) by the company Fineline Imaging, 228 

a printing company offering the highest-quality laser photoplot films and film photomasks on the market. Its 229 
website is: https://www.fineline-imaging.com/. By attaching the photomask film to the glass slide (Figure 2B), we 230 
have the mask ready for the following UV lithography. (Note that the Supplementary Mask we designed can be 231 
seen in the supplementary information) 232 

 233 

 234 
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Figure 2. Photo mask printed by high-resolution printer from Fineline Imaging. A. Photo mask . B. Glass slide. 235 
C. The photo mask attached to the glass slide. 236 

 237 
3. Fabrication of the microchannels on PDMS material (Note: this process should be conducted in the 238 

Yellow Room which is illuminated with yellow light, causing the room to appear yellow and the lamp is 239 
designed to filter out harmful UV wavelengths so unwanted exposure of light-sensitive materials such as 240 
photoresist is prevented.) 241 

 242 
a. Substrate Preparation: the substrate wafer should be clean and dry to achieve good process reliability. For 243 

best results, the silicon wafer is immersed in a piranha solution for 20 mins, followed by a de-ionized (DI) 244 
water rinse. 245 

b. SU-8 coating: 1.) Dispense 5ml of SU-8 photoresist on the wafer and slowly spread it on the wafer by 246 
manually tilting the wafer; 2.) Spin at 500 rpm for 10 seconds with acceleration of 100 rpm/second; 3.) 247 
Spin at 4000 rpm for 30 seconds with acceleration of 300 rpm/second to achieve a 40µm-thick SU-8 film 248 
coating on the wafer. Spincoating station as listed in Equipment section is used in this step. 249 

c. Soft Bake: put SU-8 coated wafer on the hotplate and heat up first to 65°C for 3 min and then up to 95°C 250 
for 6 min, then cool down to room temperature. 251 

d. Exposure: use the photomask (Figure 2C) and apply exposure dose of 160 mJ/cm2 using Mask aligner 252 
(SÜSS MicroTec, SUSS MA6). 253 

e. Post-Exposure Bake: put the wafer on the hotplate and heat up to 65°C for 1 min, then up to 95°C for 6 254 
min, then cool down to room temperature. 255 

f. Development: spray KAYAKU SU-8 developer onto the SU-8 wafer within 5 min, then clean and clear 256 
structures coming up. 257 

g. Rinse and Dry: spray and wash the developed image with fresh solution of Isopropyl Alcohol (IPA) for 258 
10 seconds. Air-dry in a gentle way with nitrogen gas. 259 

h. Hard-Bake (final cure): bake temperature 160°C for 10 minutes. The SU-8 mold is obtained as shown in 260 
Figure 3A. 261 

i. Use aluminum foil to form a container with the SU-8 mold on the bottom, use the polyimide tape to 262 
surround the edge of the wafer and to fix it in place (Figure 3B).  263 

j. 30g base and 3g curing agent are mixed in a cup and the mixture (~30.5g) is poured into the container 264 
mentioned above.  265 

h. Put the container into the vacuum for degassing and cure it on the hotplate at 100°C for 1 hour and then 266 
cool down the PDMS. 267 

i. Peel off the cured PDMS replica from the SU-8 mold as shown in Figure 3C. (Note: the SU-8 mold can 268 
be reused for a couple of years if it is properly preserved) 269 

j. Follow the boundary of each PDMS unit, as highlighted in Figure 3C and cut the PDMS replica into pairs 270 
of PDMS slabs with the same microchannel structure as shown in Figure 1D, and each pair (Figure 3D) is 271 
ready for the micromixer fabrication. (Note: one PDMS replica (Figure 3C) from the SU-8 mold produces 272 
31 pairs of PDMS slabs, which ideally enables us to obtain 31 micromixers.) 273 
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      274 
Figure 3. Fabrication of the microchannels from PDMS material. A. SU-8 mold. B. Container with SU-8 mold on 275 
the bottom. C. PDMS replica peeled off from the SU-8 mold, with the boundary of a PDMS unit highlighted. D. Example 276 
of seven pairs of PDMS slabs. (Note that the white areas in A, B and C are from the reflection of the ceiling light, not 277 
from patterns on the mold). 278 

 279 
4. Alignment and bonding of Micromixing channel  280 

 281 
a. Clean the surface of the PDMS with tape. 282 
b. Plasma-treat the surfaces of two PDMS slabs with the microchannel side up (15s Ar at 100W and 1min 283 

O2 at 100W). 284 
c. Apply a drop of Deionized (DI) water (4µL) on the surface of the bottom layer for lubrication. 285 
d. Align the microchannels on the PDMS slabs under the microscope as shown in Figure 4. (Note that a lot 286 

of practicing is required, and the alignment should be completed within 1 min for best bonding quality). 287 
e. Put the aligned PDMS slabs in vacuum (<50 mtorr) for 2 mins after alignment to remove extra water in 288 

between the PDMS slabs; this procedure pre-bonds the PDMS slabs.  289 
f. Check if misalignment has occurred as a result of the exposure to the vacuum.  290 
g. Cover the pre-bonded PDMS slabs with small pieces of aluminum foil (Figure 5A). 291 
h. Bake pre-bonded PDMS slabs on the hotplate at 120°C for 10 min with a 500g weight on it (Figure 5B) 292 

to further strengthen the bonding, and then check the alignment under the microscope. This is the fully 293 
formed micromixer. 294 

i. Apply plasma treatment to the surfaces of small glass slide and the micromixer (15s Ar at 100W and 1min 295 
O2 100W). 296 

j. Apply a small drop of DI water (2µL) on the surface of the glass slide for lubrication.  297 
k. Put the bonded PDMS slab onto the surface of the glass slide and move it to its center. 298 

l. Bake at 120°C for 2 min. 299 

m. Cut the tubing (O.D.: 150 µm and I.D.:75 µm) into pieces (Figure 5C) and sand the openings using 300 
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sandpapers (3000 grit and then 4000 grit) such that the ends will become smooth and flat (Figure 5D).  301 
n. Insert well-polished tubings (Figure 5D) into the two inlets and the outlet of the micromixer (Figure 5E). 302 

Here a polyimide-coated, fused silica capillary tubing (O.D. 150 µm; I.D. 75 µm) is used. Note that another 303 
type of tubing O.D. 170 µm; I.D. 100 µm also can be used for this step, and the length of the tubing 304 
depends on the time point desired. Note that the tubings with 2.5 mm, 4.5 mm, and 5 mm in length are 305 
used according to our need. 306 

o. Apply a very tiny amount of AB glue (size of bead: ~ 1 mm in diameter) on the areas between the tubing 307 
and the micromixer. The area is marked by the dashed curve (Figure 5E-F). The glue is filled between the 308 
tubing and the PDMS channel, as shown in Figure 5H-J. (Note that after mixing the AB glue, wait for 1 309 
min before applying it to the target area to prevent the glue from flowing too quickly and entering the 310 
tubing, thereby blocking it).  311 

 312 
 313 

Figure 4. Alignment during the fabrication of the 3-D PDMS micromixer. A, B. Top and bottom layer of 314 
microchannel. C. Misalignment in the beginning. D. Move top layer to align the microchannel with reference to inlets 315 
and outlet. E. Well-aligned microchannel. 316 

 317 
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       318 

Figure 5. Fabrication of the micromixer. A. Cover the aligned PDMS slabs with small pieces of aluminum foil. B. Put 319 
a 500g weight on the aligned PDMS slabs during baking. C. Raw tubing (O.D.: 150 µm and I.D.: 75 µm) with coarse 320 
opening. D. Sanded tubing (O.D.: 150 µm and I.D.: 75 µm); the length depends on the need. E. Application of a bead of 321 
glue onto the corner between the tubing and PDMS surface, as marked by the dashed curve. F. The glue covers the 322 
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corner after application. G. Examples of six micromixers with inlet and outlet tubings inserted and glued. H, J. Two 323 
tubings are inserted and connected to the microfilters and well glued. I. One glass capillary tubing is inserted, connected 324 
to the outlet and well glued. 325 
 326 

5. SiO2 coating 327 
 328 
a. Put the PDMS micromixers (as shown in Figures 5C and 6A) into the chamber of the PlasmaPro®NGP80 329 

PECVD machine. 330 
b. Stabilize the stage temperature at 300°C. 331 
c. Let in the source gasses SiH4 (170 sccm) + N2O (710 sccm) at a vacuum pressure of 200 mTorr. 332 
d. Apply high radio frequency (RF) power (50W) to create plasma inside the process chamber. Set the coating 333 

strike time for 20 min. 334 
e. Vent and open the chamber, and store the coated micromixers in petri dish in normal room for future use.  335 

 336 

 337 
Figure 6. SiO2 coating. A. Examples of four micromixers fabricated following above-mentioned step 4. B. The PECVD 338 
machine of model PlasmaPro®NGP80. C. Monitoring of the coating process. 339 

 340 
6. Testing of the micromixer 341 

 342 
a. Use the IDEX PEEK tubing of 6 mm in length as connector to connect one end of the polyimide tubings 343 

(O.D. 150 µm; I.D. 75 µm, 30 cm in length) to inlet of the micromixer (Figure 7A) and the other end is 344 
inserted into another piece of the IDEX PEEK tubing of 4 cm in length, which will be used to be connected 345 
to the syringes pump, and apply the AB glue on the junction regions – the process is similar to the step as 346 
shown in Figure 5E. 347 

b. Build the setup for testing, which includes a syringe pump and a microscope with a camera and laptop 348 
(Figure 7B). 349 

c. Connect the micromixer inlets to the syringes via glass tubings with O.D. 150 µm and I.D. 75 µm.  350 
d. Connect the micromixer outlet to a tube that collects the mixture solution. 351 
e. Introduce the dye solution (or fluorescent solution) and DI water into the micromixer. 352 
f. Run the total flow rates at 2, 4, 6, 8, 9 µL/s (Figure 8B-F) and capture mixing status for each setting. 353 
g. Check if there is evidence of any expansion in the mixing area of microchannels at 9 µL/s (540 µL/min), 354 

which is 50% higher than the intended working flow rate (6 µL/s). 355 
h. Check if there is obvious leakage at 9 µL/s. 356 
i. Measure the intensity distribution across the outlet area (marked by dash lines in Figure 8B-F). As one 357 
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example, based on Figure Figure 8D, we obtained the intensity distributions at inlet and outlet at a total 358 
flowrate of 6 µL/s as shown in Figure 8G. We found that the intensity at the outlet becomes uniformly 359 
distributed after mixing. For the calculation of the mixing efficiency, we refer to Feng et al.[14]. 360 

j. Run each flow rate (as shown in Figure 8B-F) five times, each time for four seconds, to check if the 361 
micromixer is durable enough. 362 

k. Use only those micromixers that pass this high flow-rate quality check. Discard the others. 363 
 364 

      365 

 366 
Figure 7. Setup for testing the micromixer. A. Fabricated micromixer with tubings for connection to the syringe pump. 367 
B. Equipment required for testing, comprising of a syringe pump, a microscope, a camera and a laptop. 368 

 369 
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      370 
Figure 8. Testing of micromixer. A. The micromixing channel at flowrate of 0 µL/s.  B, C, D, E, and F images of 371 
mixing statuses at flowrates of 2, 4, 6, 8, and 9 µL/s, respectively. G. Intensity distributions at inlet and outlet when the 372 
flowrate is 6 µL/s as shown in Figure 8D. H, I. Microfilters at the inlets, for capturing big particles above 20 µm in 373 
diameter. 374 
 375 
 376 

B. Fabrication of microsprayer  377 
 378 

1. Cut the PDMS into small pieces of PDMS slab (length x width x thickness: 6 x 5 x 4 mm) and use PDMS 379 
punchers to make holes to accommodate sprayer outer tube, liquid tube and gas tubes (Figure 9A). (Note: 380 
1–the PDMS slab used here is plain, without any microfluidic channel. 2–some practicing will be required 381 
for cutting PDMS and punching holes with PDMS hole punchers of 1 mm and 0.5 mm in diameter, 382 
respectively.) 383 

2. Cut the normal glass slide (length x width x thickness: 75 x 25 x 1 mm) into small pieces with length x 384 
width x thickness: 25 x 7 x 1 mm (Figure 9B) using a glass cutting tool. (Note: different glass cutters 385 
tools can be used, and some practicing will be required)  386 

3. Apply plasma treatment to the surface of PDMS slab (Figure 9A) and small glass slide (Figure 9B) (2min, 387 
15mA at air in EasiGlow cleaning machine). 388 

4. Apply a small drop of DI water (2µL) on the surface of small glass slide for lubrication. Align the PDMS 389 
slab on the glass slide as illustrated in Figure 9C and then bake the assembly on hot plate at 100°C for 2 390 
min for strong bonding. 391 

5. Cut the BRANDTECH pipette tips into a shape as shown in Figure 9D and insert them into the side holes 392 
of the PDMS slab. They will serve as gas inlets for the microsprayer. After plasma treatment on it (2min 393 
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15mA at air in EasiGlow cleaning machine), apply some glue (size of bead: ~ 5 mm in diameter) on the 394 
junction area of the connection (Figure 9E) and wait for the glue to dry. 395 

6. Cut the tubing (O.D.: 350 µm and I.D.: 180 µm) into pieces with length of 6 mm (Figure 9F) and sand 396 
the openings using sandpapers (3000 grit and then 4000 grit) such that the ends will become smooth and 397 
flat (Figure 9G). In the following we refer to the tubing obtained as “tubing 1”. 398 

7. Insert tubing 1 into the hole of the PDMS slab as shown in Figure 9H. Then apply a tiny amount (approx 399 
bead size: ~ 1 mm in diameter) of glue on the junction area between the PDMS and tubing 1 and wait for 400 
the glue to dry. (Note: there is one raw tubing (O.D.: 170 µm and I.D.: 100 µm) inside tubing 1, which is 401 
used to check if tubing 1 is roughly concentric with the hole. It will be removed later.) 402 

8. Cut the tubing (O.D.: 170 µm and I.D.: 100 µm) into pieces with length of 10 mm (Figure 9I) and sand 403 
the openings using sandpapers (3000 grit and then 4000 grit) such that the ends will become smooth and 404 
flat (Figure 9J). In the following we refer to the tubing obtained as “tubing 2.” 405 

9. Insert tubing 2 into tubing 1 and move tubing 2 until 1 mm of it protrudes outside PDMS on nozzle side, 406 
then apply a tiny amount (size of bead: ~ 3 mm in diameter) of glue on the junction area between tubing 407 
1 and tubing 2 (Figure 9K), and wait for the glue to dry. Figure 9L shows several copies obtained by 408 
repeating the steps above.  409 

10. Cut the BRANDTECH pipette tips into a shape with length of 2mm as shown in Figure 9M, to be used 410 
as the microsprayer outer tube. In the following we refer to the tubing obtained as “tubing 3.” 411 

11. Insert tubing 3 into the hole of PDMS slab (Figure 9N) and carefully align tubing 3 with tubing 2 under 412 
the microscope to make them concentric, as shown in Figure 9O. (Note: tubings 2 and 3 form the 413 
microsprayer, with tubing 2 for the liquid and tubing 3 for the driving gas.) 414 

12. Follow step 11, plasma treatment on sprayer assembly (2min 15mA at air in EasiGlow cleaning machine), 415 
apply some glue (bead size: 1mm in diameter) to the junction area between tubing 3 and rim of PDMS 416 
hole and wait for the glue to dry. Figure 9P shows several copies obtained by repeating the steps above. 417 

13. Cut the soft tubing (O.D.: 2.4 mm and I.D.: 0.8 mm) into pieces with length of 15 cm. And cut the 418 
BRANDTECH pipette tip with a length of 8mm and bend them to be in a curved shape. Assemble the 419 
soft tubing and the curved tip as shown in Figure 9Q. In the following we refer to the tubing obtained as 420 
“gas tubing.” 421 

14.  Insert the two gas tubings into the two gas inlets of the microsprayer (Figure 9R) and apply some glue 422 
(bead size: ~ 4 mm in diameter) to the junction area between gas tubings and gas inlets, and wait for the 423 
glue to dry.  424 

15. Now the microsprayer is ready to be used in the fabrication of the entire chip assembly with time point 425 
longer than 20ms. 426 

 427 
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       428 
Figure 9. Process of microsprayer fabrication. A. Trimmed PDMS slab with holes for holding the gas inlet tubings, 429 
liquid inlet tubing, and micro-sprayer nozzle. B. Small pieces of glass slide. C. Bonding of the PDMS slab on the glass 430 
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slide. D. Insertion of gas tubings into the PDMS slab. E. Application of glue to seal the connection area between the gas 431 
tubings in the PDMS slab. F. Raw tubing (O.D.: 350 µm and I.D.: 180 µm) with coarse opening. G. Sanded tubing (O.D.: 432 
350 µm and I.D.: 180 µm, length: 6 mm, named: tubing 1), which is used for holding the tubing 2. H. Insertion of tubing 433 
1 into the hole of the PDMS slab, with one raw tubing (O.D.: 170 µm and I.D.: 100 µm) inside tubing 1. This procedure 434 
is used to check if tubing 1 is roughly concentric to the PDMS hole. I. Raw tubing (O.D.: 170 µm and I.D.: 100 µm) 435 
with coarse opening. J. Sanded tubing 2 (O.D.: 170 µm and I.D.: 100 µm, length: 6 mm) serving as the liquid tubing. K. 436 
Insertion of tubing 2 into tubing 1. L. Example of seven copies obtained by repeating the steps above. M. Outer tubing 437 
3 of microsprayer with a length of 2 mm. N. Insertion of tubing 3 into the PDMS slab to form the microsprayer nozzle. 438 
O. Tubings 3 and 2 are aligned to be concentric and the tubing 2 as the inner tube for the liquid and tubing 3 as the outer 439 
tube for the driving gas. P. Example of seven microsprayers obtained by repeating the steps above.  Q. Gas tubings. R. 440 
Assembled microsprayer ready for use. 441 
 442 

C. Fabrication of the microfluidic chip assembly 443 

 444 

C1: For time points longer than 20 ms 445 

1. Choose proper glass capillary tubing to connect the micromixer with the microsprayer. Here for 446 
demonstration a tubing with O.D. 350 µm and I.D. 180 µm is used and cut to a length of 83 mm, and we 447 
will call it the microreactor tubing. (Note: since the reaction time is related to the volume of the 448 
microreactor tubing, the length and diameter of the microcapillary tubing can be changed to achieve 449 
different time points. The micromixer outlet tubing and microsprayer inlet tubing must be changed in size 450 
for proper connection.) 451 

2. Insert the outlet tubing of the micromixer (O.D. 170 and I.D. 100 µm) into the microreactor tubing (O.D. 452 
350 µm and I.D. 180 µm) on one end and insert liquid tubing of the microsprayer into the microreactor 453 
tubing (O.D. 350 µm and I.D. 180 µm) on the other end. Thus the micromixer, the microreactor, and the 454 
microsprayer are now connected to each other into the complete assembly (Figure 10).  455 

3. Apply a tiny amount (bead size: ~ 1 mm in diameter) of glue to the connection area between the 456 
micromixer and the microreactor, and the area between the microreactor and microsprayer, and then wait 457 
for the glue to dry. (Note: after mixing the AB glue, wait for 1 min to reduce the fluidity of the glue before 458 
applying it to the areas of interest, to prevent the glue from clogging the microreactor tubing. Regarding 459 
the timing for applying the glue, first do some testing on separate raw tubings with the same diameters as 460 
specified in steps 1 and 2 is required to check how the glue flows inside the gap between the tubings and 461 
when it stop s flowing). 462 

4. Estimate and calculate the reaction time based on the design of the fabricated chip. As we stated in our 463 
work[11], the total reaction time is comprised of the mixing time in the micromixer, the reaction time in 464 
the micro-capillary reactor, the spraying time, the plunging time, and the reaction time during the 465 
vitrification process. In this example (Figure 10), a total reaction time of 350 ms will be obtained. (Notes: 466 
1–the volume taken up by the inserted tubing on the connection region needs to be subtracted. 2–In our 467 
work[11], following this process, we fabricated a group of chips with three time points: 25 ms, 140 ms, 468 
and 900 ms.). 469 

5. Check the sample adsorption with the E. coli 70S ribosome by using the setup as depicted in Figure 13. 470 
Collect the sample before and after passing the device, and measure the concentration by using our 471 
Nanodrop UV-Vis Spectrophotometer. In this testing, 94% of the initial concentration can be retained 472 
using the SiO2-coated chip. (Gas pressure for the spray is 8 psi and the total liquid flowrate is 6 µL/s; for 473 
more details on different coatings see ref[11]). 474 

 475 
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       476 
Figure 10. The fabrication of microfluidic chip assembly with time points longer than 20ms. 477 

 478 

C2: For time points shorter than 20 ms 479 

1. Follow the step shown in Figure 9A to prepare the PDMS slab with holes (one front hole, two side holes 480 
and one back hole), and trim it to have a smaller size: length x width x thickness: 5 x 4 x 2 mm. Here we 481 
call this PDMS slab a nozzle PDMS slab. The front hole is used for accommodating the sprayer outer 482 
tube, the back hole is for the liquid tube, and the side holes are for gas tubes (Figure 11A). 483 

2. Cut the BRANDTECH pipette tip with a length of 8 mm and bend them into a curved shape. Then insert 484 
the tip into each side hole of the nozzle PDMS slab as shown in Figure 11B. 485 

3. Take one micromixer with a liquid tube as its outlet (Figure 5G), and insert the liquid tube into back hole 486 
of the nozzle PDMS slab, then the two surfaces of the nozzle PDMS and micromixer PDMS slab can 487 

make contact with each other as shown in Figure 11C. 488 

4. Apply plasma treatment to assembly of micromixer and nozzle PDMS slab (Figure 11C) (2 min, 15 mA 489 
at air in EasiGlow cleaning machine). Then fix the micromixer on the side of table to ensure that the 490 
front hole of nozzle PDMS slab faces up (Figure 11D), and apply some AB glue (bead size: 1 mm in 491 
diameter) a few times until the AB glue will cover the corner between the nozzle PDMS and micromixer 492 
PDMS slab, as dash-circled in Figure 11E. After the glue becomes dry, the nozzle PDMS is attached to 493 

the micromixer (Figure 11F). 494 

5. Cut the BRANDTECH pipette tips into a shape with length of 2.5 mm as shown in Figure 11G, to be 495 
used as the microsprayer outer tube. 496 

6. Insert the outer tube into the front hole of the PDMS slab (Figure 11H) and carefully align the outer 497 
tube with the liquid tube under the microscope to make them concentric, as shown in Figure 11I.  498 

7. Fix the micromixer on the side of a table to ensure that the outer tube of the microsprayer faces up (Figure 499 
11J), and apply some AB glue (bead size: 1 mm in diameter) a few times until the AB glue will cover 500 
the corner between outer tube and the nozzle PDMS slab (Figure 11K). After the glue becomes dry, the 501 
outer tube is attached to nozzle PDMS slab and a microsprayer is formed. 502 

8. Cut the IDEX PEEK tubing (O.D. 1/16”, I.D. 0.007”) into pieces with length of 6 mm, which serve as 503 
liquid tubing connector, and put two pieces on the inlets of the micro-mixer as shown in Figure 11L. 504 
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9. Cut the soft tubing (O.D.: 2.4 mm and I.D.: 0.8 mm) into pieces with length of 15 cm. And cut the 505 
BIOTIX pipette tip with a length of 5 mm. Assemble the soft tubing and the tip (as shown in Figure 11M) 506 
to serve as gas tubing.  507 

10. Insert the two gas tubings into the two gas inlets of the micro-sprayer (Figure 11N). 508 
11. Use tubings (O.D. 150 µm; I.D. 75 µm) with proper length (30 cm) as liquid tubing, and insert one end 509 

into liquid tubing connectors for connection to inlets of the micromixer (Figure 11O). 510 
12. Apply some glue (bead size: ~ 4 mm in diameter) to the junction area between gas tubings and gas inlets, 511 

to the junction area between micro-mixer and liquid tubing connectors, and to the junction area between 512 
liquid tubing connectors and liquid tubing, as dash-circled in Figure 11P, and wait for the glue to dry.  513 

13. Insert the other end of the liquid tubing into a piece of the IDEX PEEK tubing of 4 cm in length (Figure 514 
11R), which will be used to be connected to the syringes pump, and apply the AB glue on the junction 515 
regions, and the process is similar to the step as shown in Figure 5E. 516 

14. At last we now have the microfluidic chip assembly with time point shorter than 20 ms (Figure 12). 517 
(Note that in our work[11], following this process, we fabricated the chip assembly with a time point of 518 

10 ms.) 519 
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 520 
Figure 11. The fabrication of microfluidic chip assembly with time points shorter than 20 ms. A. Prepare smaller 521 
nozzle PDMS slab (5 mm x 4 mm x 2 mm) with holes for holding the gas inlet tubings, liquid inlet tubing, and micro-522 
sprayer nozzle. B. Insert gas tubes into the PDMS slab. C. Insert outlet liquid tubing into the back hole of the nozzle 523 
PDMS slab. D. Fix the micro-mixer on the side of a table to ensure that the front hole of the nozzle PDMS slab faces up. 524 

E. Apply glue to seal the contact area between the micro-mixer and the nozzle PDMS slab. F. The nozzle PDMS glued 525 
together with the micromixer. G. Outer tube with a length of 2.5 mm for the microsprayer. H. Insert the outer tube into 526 
the front hole of the nozzle PDMS slab to form the microsprayer. I. Outer tube and inner tube (i.e. outlet liquid tubing 527 
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of the micro-mixer) are aligned to be concentric. J. Fix the micro-mixer on the side of a table to ensure that the outer 528 

tube of the micro-sprayer faces up and apply the AB glue to seal the connection between the outer tube and the nozzle 529 
PDMS slab. K. The micro-sprayer nozzle with AB glue covered on the corner between the outer tube and the nozzle 530 
PDMS slab. L. Put PEEK tubings on the inlets of the micro-mixer. M. Gas tubings. N. Insert the gas tubings into the gas 531 
tubes. O. Insert the liquid tubings into the connector PEEK tubings. P. Application of the AB glue to the dash circled 532 
areas.  Q. Assembled microfluidic chip assembly with time point shorter than 20 ms, ready for use. 533 

      534 

Figure 12. The entire view of the fabricated microfluidic chip assembly with time points shorter than 20 ms. 535 

D. Estimation of the reaction time obtained using this protocol 536 

Based on our previous study[11], the total reaction time can be estimated as 𝑡=𝑡𝑚+𝑡𝑟+𝑡𝑓+𝑡𝑝+𝑡𝑣, where 𝑡𝑚 is the mixing 537 
time in the micromixer, 𝑡𝑟 is the reaction time in the micro-capillary reactor, 𝑡𝑓 is the flight time in the spray, 𝑡𝑝 is the 538 

plunging time, and 𝑡𝑣 is the reaction time during the vitrification process. Briefly, each part is described as follows: 539 

1. 𝑡𝑚 is estimated by the equation: 𝑡𝑚=𝑉𝑚/𝑈𝑓, 𝑉𝑚 is the volume of micromixer, 𝑈𝑓 is the total flowrate of the 540 
solutions introduced into the micro-mixer. Here 𝑉𝑚 is 2.80 nL for this micromixer, and 𝑈𝑓 is 6 μL/s, so the 541 
mixing time is estimated to be ∼0.47 ms. 542 

2. 𝑡𝑟 is estimated by the equation: 𝑡𝑟=𝐿𝑟/𝑉, where 𝐿𝑟 is the length of the microcapillary reactor, 𝑉 is the mean 543 
velocity of the fluid. 544 

3. 𝑡𝑓 is estimated by the equation: 𝑡𝑓=𝐷𝑓/𝑉𝑑, 𝑉𝑑 is the averaged velocity of the droplets, and 𝐷𝑓 is the distance 545 
from the micro-sprayer orifice to the EM grid, fixed at 3.5 mm for our implementation. When liquid flowrate 546 
is 6 μL/s and gas pressure is around 8psi, 𝑉𝑑 is around 6.4 m/s[11], so that we obtain a mean droplet flying 547 
time of ∼0.55 ms. 548 

4. 𝑡𝑝 is estimated by the equation: 𝑡𝑝=𝐻𝑝/𝑉𝑝, where 𝑉𝑝 is the plunging speed and 𝐻𝑝 is the plunging height from 549 
the micro-sprayer orifice to the liquid ethane surface. In this protocol, 𝑉𝑝=1.9 m/s at N2 gas pressure of 40 psi, 550 
and 𝐻𝑝 is 10 mm or 15 mm. At 𝐻𝑝 of 10 mm, 𝑡𝑝 is ~5.26 ms;  at 𝐻𝑝 of 15 mm, 𝑡𝑝 is ~7.89 ms. 551 

5. 𝑡𝑣 is estimated by the equation: 𝑡𝑣=(𝑇𝑟oom−273.15)/CCR, where 𝑇𝑟oom is the room temperature, and CCR is the 552 
critical cooling rate, which is ∼105 K/s. So we can estimate the reaction time in the vitrification process, which 553 
amounts to ∼0.23 ms.  554 

For this protocol, four chip assemblies are fabricated, and time points, and all the key materials and the parameters about 555 
the chip assemblies are listed in Table 1. Based on the above-mentioned equation, the reaction times using our chip 556 
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assemblies could be achieved at 10, 25, 141, and 899 ms, respectively (To be simple, we round them to 10, 25, 140, and 557 

900 ms). 558 

Table 1. Materials and parameters for the fabrication of the four chips used in this TR study 559 

Microfluidic 

Chips 

Capillary tubing 

(as microreactor) 

inner diameter 

(I.D.) and length 

(μm/mm) 

Tubing (between 

micromixer and 

microreactor) 

I.D. and length 

(μm/mm) 

Tubing (between 

microreactor and 

sprayer) I.D. and 

length (μm/mm) 

Sprayer-grid 

distance (mm) 

Sprayer-cryogen 

distance (mm) 

Plunging velocity 

(m/s) 

Chip 1 (10 ms) 75/5.0 N/A N/A 3.5 10 1.9 

Chip 2 (25 ms) 200/2.0 75/2.8 75/5.0 3.5 15 1.9 

Chip 3 (140 ms) 200/24.0 75/3.0 75/5.4 3.5 15 1.9 

Chip 4 (900 ms) 300/75.0 75/2.6 75/5.5 3.5 15 1.9 

Note: this table was reported as table S1 in our previous study[11]. 560 

E. Preparation of sample for TRCEM  561 

Before the preparation of sample for TRCEM, we would highly recommend doing non-EM kinetic experiments which 562 
will save much effort and resources. For this study, as detailed in our previous work[11], we chose different reaction 563 
time points according to our peer researchers’ non-EM kinetic results[16], where they followed the kinetics of ribosome 564 
dissociation with HflX in stopped flow, by using light scattering as a reporter. In recent years, single-molecule FRET 565 
(smFRET) has been used to capture the dynamic process of a reaction system by measuring distances between 566 
fluorescence tags within single molecules even at nanometer scale [17], and results from such experiments can guide 567 
the choice of time points in the TR experiment, as well. 568 

The entire setup for time-resolved grid preparation, based on the computer-operated liquid-pumping and grid plunging 569 
apparatus developed by Howard White (Eastern Virginia Medical School)[18], is depicted in Figure 13. As the key 570 
component of the TRCEM apparatus, the microfluidic chip assembly is mounted next to the pneumatic plunger (Figure 571 
13), which are both placed in an environmental chamber[19] that maintains the temperature and humidity. The plunger, 572 
which is pneumatically driven and controlled, holds the tweezers on which the EM grid is mounted for fast plunging 573 
into liquid ethane after passing the spray cone. In addition, the apparatus contains the pumping system for introducing 574 
the solutions into the micromixer and the nitrogen gas into the gas inlets of the microsprayer. Finally, it also includes 575 
the computer for controlling both the pumping system and the plunger.  576 

Before each spraying experiment, the tweezers are adjusted in a way that the grid held at their tip passes the nozzle, and 577 
then plunges into the cryogen cup. In all our experiments, the condition inside the chamber was maintained at 80%–90% 578 
in relative humidity by a humidifier connected to the chamber, and kept at a temperature in the range of 24°C–26°C. 579 
Compressed nitrogen gas, humidified by passing through two consecutive water tanks, is fed into the microsprayer at a 580 
manually-regulated gas pressure. Once the gas flow is stable, the solutions are injected into the microfluidic chip 581 
assembly by syringe pumps under computer control, and the total liquid flow rate is set at 6 µL/s. At this point the 582 
sprayer starts spraying. Lastly, the EM grid passes through the spray cone and plunged into liquid ethane. In detail, the 583 
procedure of the experiment is as follows: 584 

1. Open the environmental chamber and put the microfluidic chip assembly onto the supporting platform.  585 
2. Mount the tweezers on the plunger and move the plunger up and down to check if the tip of the tweezers will 586 

pass through in close vicinity of the opening of the microsprayer nozzle.  587 
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3. Align the sprayer nozzle with the tip of the tweezers and move the chip assembly forward and backward (i.e., 588 
left and right inside the environmental chamber on Figure 13) to adjust the distance between the sprayer nozzle 589 
and the tip of the tweezers to 3.5 mm. After alignment, fix the position of the microfluidic chip using pieces 590 
of tape (Fisherbrand™ Labeling Tape). 591 

4. Connect the chip assembly to the syringes 1 and 2 with the tubing (O.D.:150 µm; I.D.: 75 µm) for feeding the 592 
sample solution (Figure 13). (Note: the narrow tubing (O.D.:150 µm; I.D.: 75 µm) is used to reduce the dead 593 
volume of the sample). 594 

5. Connect the chip assembly with the nitrogen gas tank using the tubing (O.D.: 2.4 mm and I.D.: 0.8 mm) for 595 
feeding the gas. There is a gas valve between the gas tank and the microsprayer. 596 

6. Load DI water into the syringes. (As shown in Figure 13, the ports A and B for each syringe valve can be used 597 
for withdrawing and dispensing liquid, respectively).  598 

7. Run the syringe pumps for 3 rounds of DI to clean the system. Each time the total volume to be dispensed is 599 
set at 20 µL.  600 

8. Turn on the N2 gas and at same time run the syringe pumps with DI water. Each time the total volume to be 601 
dispensed is set at 20 µL. Increase the gas pressure from 4 to 16 psi and check if the microsprayer keeps 602 
working in good condition as shown in Figure 14. (Notes: 1--normally we use 8 or 12 psi as working gas 603 
pressure; 2--a laser pointer pen is used to check the spray cone).  604 

9. Discharge the DI water from the syringes, load buffer solution into them, and repeat steps 7 and 8. Check 605 
whether the microsprayer works using buffer solution. (Note: check each connection area on the microfluidic 606 
chip assembly for possible leakage. It is wise in the planning of an experiment to have one extra chip for 607 
backup). 608 

10. Turn on the N2 gas tank, which is connected to the plunger. We set the gas pressure for operation of the 609 
plunging at 40 psi. 610 

11. Observe and check if the plunger is driven by the N2 gas by turning the plunger valve on and off three times 611 
using the laptop computer interface.  612 

12. Discharge the buffer solution from the syringes and load two reactant solutions into the empty syringes. 613 
13. Clean the EM-grid with the easiGlow machine to make the grid hydrophilic (15 mA, 35s, and vacuum 614 

pressure: 0.26m Torr.) 615 
14. Hold the EM grid by the tweezers. 616 
15. Mount the tweezers on the plunger. 617 
16. Align the EM grid with the sprayer nozzle and adjust the distance in horizontal direction from the nozzle to 618 

the EM grid. 619 
17. Turn on the humidifier to increase the humidity inside the environmental chamber and wait for the humidity 620 

to stabilize at around 90%. 621 
18. Turn on the N2 gas for the plunger and the N2 gas for the microsprayer. 622 
19. Move the container with the liquid ethane into the correct position beneath the sprayer nozzle. 623 
20. Turn on the syringe pump and activate the microsprayer to spray. After waiting for the spray plume to stabilize, 624 

activate the plunger by the computer, which causes the EM grid to pass through the spray cone and rapidly 625 
immerse into the liquid ethane for fast vitrification. (Note that in our experiments we wait 3s to allow 626 
stabilization of the spray) 627 

21. Turn off the nitrogen gasses and the humidifier. 628 
22. Unmount the tweezers from the plunger and move the EM grid into a grid box in liquid nitrogen. (Note that 629 

for the action of transferring the grid from liquid ethane to liquid nitrogen, the faster the better. As in the 630 
blotting method, a lot of practicing is needed for mastering fast transfer.)  631 

23. Repeat steps 13-22 to prepare additional grids using the same microfluidic chip assembly. We normally 632 
prepare four grids for use with one chip of a specific reaction time point. 633 
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24. Unmount the microfluidic chip assembly and mount a new one with a different reaction time point, then follow 634 
the same procedure described above.  635 

25. (Notes: 1–both prior and subsequent to a TR experiment, the microfluidic chip assembly needs to be pumped 636 
with DI water for cleaning. 2–Buffer solution is always pre-sprayed to ensure the sprayer chip is in a good 637 
working state. 3–Each microfluidic chip assembly is used for one given biological reaction only to avoid cross 638 
contamination.) 639 

 640 

      641 
Figure 13. The entire setup with the mounted microfluidic device. (Note that more information can be also seen in 642 
Figure S1 and Video S1 in our previous work.[11]) 643 
 644 
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 645 
Figure 14. Testing of the entire setup with the microfluidic device. When increasing the gas pressure from 4 to 16 646 
psi (from A to D), good spray performace can be found at 8 and 12 psi. (Notes that a laser pointer pen is used to check 647 

the spray cone) 648 
 649 

Data analysis 650 

 651 
The data analysis method we employ already appears in sufficient detail in our published paper[11], so a brief 652 

summary suffices here. Four respective reactions of 10, 25, 140, and 900 ms were prepared via the TRCEM 653 
experimental procedure, and 3452, 3598, 3530, and 3603 good micrographs were collected, respectively, using a 654 
commercial high-resolution transmission electron microscope. We always pool together all micrographs from an entire 655 
series of TRCEM experiments for data processing (see ref. [3]). After correction of beam-induced motion using 656 
MotionCor2 [20] and estimation of the contrast transfer function (CTF) for each micrograph using CTFFIND4 [21] in 657 
Relion-4.0 [22], particle picking was performed using Topaz [23]. The entire dataset for the four time points contained 658 
around 1 million “good” particles. After further rounds of 2D classification, 802,562 particles were selected, which were 659 
used to generate a 3D initial model for 3D auto-refinement in Relion-4.0. CTF refinements were done to correct for 660 
magnification anisotropy, fourth-order aberrations, per-particle defocus, and per-particle astigmatism, followed by 661 
another 3D auto-refinement. Then 3D classification was performed on the entire pooled dataset without re-alignment, 662 
using the angular information from the previous 3D auto-refinement. Seven different classes were found: (1) rotated 70S 663 
lacking HflX (r70SnoHflX, 56,894 particles); (2) non-rotated 70S ribosomes lacking HflX (nr70SnoHflX, 96,898 664 
particles); (3) 70S-like intermediate-I bound with HflX (i70SHflX-I, 140,682 particles); (4) 70S-like intermediate-II 665 
bound with HflX (i70SHflX-II, 138,296 particles); (5) 70S-like intermediate-III bound with HflX (i70SHflX-III, 666 
113,038 particles); (6) 50S subunit bound with HflX (50SHflX, 62,558 particles); and (7) 30S subunit (58,952 particles) 667 
with total of 667,318 particles. For this pooled dataset, a mixture of particle populations with a reaction time range of 668 
10 ms - 900 ms co-exists in each class, and each picked particle was labeled by the time point of the micrograph it 669 
originated from, so percentages of particles of different time point contributing to each class can be calculated with 670 
respect to the total of 667,318. The detailed description of the analysis can be found in the Cryo-EM data processing 671 
Section of the Method Details, or Figure S4D in our work[11]. 672 
 673 
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Validation of protocol 674 

 675 
[This protocol or parts of it has been used and validated in the following research article(s)]: 676 

● Authors Bhattacharjee et al. (2024). Time resolution in cryo-EM using a PDMS-based microfluidic chip 677 
assembly and its application to the study of HflX-mediated ribosome recycling. Cell [11] (Figure 1; Figure 2; 678 
Figures S1-S2; Figure 3 panel M). 679 

We stored the prepared grid in a liquid nitrogen dewar for future imaging. In this study, after the screening check, we 680 
obtained around 2 grids on average for each time point. For data collection, we used 3, 1, 2, 1, and 1 grid(s) for 10 ms, 681 
25 ms, 140 ms, 900 ms, and control, respectively. 682 
 683 
All the data were collected using a 300-kV Titan Krios (Thermo Fisher Scientific, Waltham, MA) equipped with a K3 684 
direct detector camera (Gatan, Pleasanton, CA). In contrast to normal blotted grids, the droplet-covered TRCEM grids 685 
require manual hole and exposure targeting to pick up collectible droplets and avoid thick-ice areas based on the intensity 686 
in the hole images, as shown in the left and middle column panels of Figure 15. Some example high-resolution 687 
micrographs from TR grids are shown in the right-column panels of Figure 15. All other details about the data collection 688 
can be found in the article referenced above[11]. As a result, we were able to collect 3452, 3598, 3530, and 3603 high-689 
resolution micrographs for 10, 25, 140, and 900 ms, respectively, sufficient for investigating the time course of HflX-690 
mediated ribosome recycling. 691 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 9, 2024. ; https://doi.org/10.1101/2024.12.08.627437doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.08.627437
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

26 
 

 

 

 

 692 
Figure 15. Data collection. The left column panels are micrographs for hole targeting; the middle column panels are 693 
micrographs for exposure targeting; and the left column panels are the desired high-resolution micrographs. 694 
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 695 
Figure 16. Validation of the protocol. A. Initial opening of the 70S ribosome from i70SnoHflX (blue) to i70SHflX-696 
I (brown), forced by the interaction with HflX. B, C. Motion of the 30S subunit from i70SHflX-I (brown) to i70SHflX-697 
II and to i70SHflX-III (yellow), as the 70S ribosome opens stepwise by the action of HflX. The maps of i70SnoHflX, 698 
i70SHflX-I, i70SHflX-II and i70SHflX-III are deposited in the public database as EMD-29681, EMD-29688, EMD-699 
29687 and EMD-29689, respectively. In (A) through (C), all reconstructions are aligned on the 50S subunit. D. 700 
Kinetics of the splitting reaction in terms of the number of particles per class (or occupancy of the corresponding 701 

state) as a function of time, obtained by 3D classification. Figure 16D was reported as Figure 2M in ref.[11] 702 
 703 
As a result of the data processing, we found that the HflX in the presence of GTP interacts with the 70S ribosome and 704 
recycles it by splitting it into its 30S and 50S subunits. Three intermediates (Figure 16 A-C) whose occupancies are 705 
short-lived yet stretch over two or three time points (Figure 16D) show a stepwise clam-like opening of the 70S ribosome, 706 
which allowed us to infer the temporal sequence in which the intersubunit bridges are disrupted. As the density maps 707 
were resolved at resolutions around 3 Å, we could build atomic models, allowing the detailed molecular action 708 
mechanism of HflX to be inferred. The results demonstrate that this protocol is well adapted to resolve a biological 709 
reaction process in the stated time range of 10 to 1000 ms. For more information about the biological story, we refer to 710 
the original article [11]. 711 

           712 

General notes and troubleshooting 713 

 714 

General notes 715 
 716 
1. Over the course of three months, we tested the fabricated microfluidic chip assembly and found it can be 717 

reused multiple times to prepare TRCEM grids if it is properly cleaned and preserved after each experiment. 718 
2. During the microfabrication, the volume of the PDMS AB mixture used for curing may vary and thus the 719 
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thickness of the PDMS slab for the sprayer may vary from case to case, and therefore the distance between 720 
the sprayer nozzle and ethane cup needs to be measured for each new chip assembly to estimate the plunging 721 
time. 722 

3. Copper quantifoil EM grids are preferred as they withstand the force of the spray while gold grids tend to be 723 
bent. 724 

 725 

Troubleshooting 726 
 727 
Problem 1: Compared with conventional blotting method, the TRCEM method requires a substantially bigger 728 
volume of sample (10 µL versus 3 µL) for each grid 729 
Possible cause: (1) “dead volume”: there is a minimum quantity of fluid required to reside in the whole microfluidic 730 
system for ensuring a stabilized spray; (2) much of the spray is wasted in the present setup with a single EM grid 731 
as target. deposition of the sample from the spray plume onto the grid is inefficient and a lot of the material is 732 
wasted.  733 
Solution:While the dead volume problem is difficult to overcome, the waste of active spray can be mitigated by 734 
the development of a plunger with multiple pairs of tweezers, or a specially designed tweezer manifold, to hold 735 
several grids at once such that they pass successively through the plume. 736 
 737 
Problem 2: Compared with the conventional blotting method, the TRCEM method requires a larger volume of 738 
sample (10 µL) for each grid. 739 
Possible cause: The tubings to connect the chip and pump syringe need to be filled with the sample and, compared 740 
with the conventional blotting method, a larger volume of sample is required to stabilize the spray before the 741 
plunging. 742 
Solution: It is essential to develop a plunger with multiple pairs of tweezers or a specially designed tweezer 743 
manifold to hold several grids at once.  744 
 745 
Problem 3: Data collection on droplet-covered TRCEM grids still relies on manual selection, which is time-746 
consuming.  747 
Likely cause: The droplets have variable sizes and are randomly and often sparsely distributed on the grid surface, 748 
and ice thickness can vary from one droplet to another, or even within a droplet (see also Problem 4). 749 
Solution: Deep-learning-based programs may be able to enhance the effectiveness of the data collection on droplet-750 
sprayed EM grids.  751 
 752 
Problem 4: Collectible regions of droplets for high-quality images are limited to the narrow regions that touch the 753 
grid bar, which limits the amount of data one can obtain from a single EM grid. 754 
Possible cause: the fast plunging and surface tension of the liquid influence the spreading of the droplet on the EM 755 
grid. 756 
Solution: Some specialized EM grids, such as self-wicking or nanowire grids [24], ultraflat graphene EM grids 757 
[25] are possible options to increase the areas with suitable ice thickness, but these grids need to be strong enough 758 
to withstand the force of the gas-assisted spray. 759 
 760 
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