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SUMMARY:
[bookmark: OLE_LINK685][bookmark: OLE_LINK686][bookmark: OLE_LINK682][bookmark: OLE_LINK683][bookmark: OLE_LINK684][bookmark: OLE_LINK722][bookmark: OLE_LINK687][bookmark: OLE_LINK688]The overall goal of the protocol is to prepare over one million ordered, uniform, stable, and biocompatible femtoliter droplets on a 1 cm2 planar substrate that can be used for cell-free protein synthesis. 

ABSTRACT:
[bookmark: OLE_LINK718][bookmark: OLE_LINK719][bookmark: OLE_LINK731][bookmark: OLE_LINK732][bookmark: OLE_LINK819][bookmark: OLE_LINK1077][bookmark: OLE_LINK1088][bookmark: OLE_LINK693][bookmark: OLE_LINK694][bookmark: OLE_LINK695][bookmark: OLE_LINK696][bookmark: OLE_LINK691][bookmark: OLE_LINK692][bookmark: OLE_LINK697][bookmark: OLE_LINK698][bookmark: OLE_LINK703][bookmark: OLE_LINK704][bookmark: OLE_LINK714][bookmark: OLE_LINK715][bookmark: OLE_LINK716][bookmark: OLE_LINK717][bookmark: OLE_LINK701][bookmark: OLE_LINK702][bookmark: OLE_LINK1097][bookmark: OLE_LINK1098][bookmark: OLE_LINK699][bookmark: OLE_LINK700][bookmark: OLE_LINK720][bookmark: OLE_LINK721][bookmark: OLE_LINK727][bookmark: OLE_LINK728][bookmark: OLE_LINK712][bookmark: OLE_LINK713][bookmark: OLE_LINK729][bookmark: OLE_LINK730][bookmark: OLE_LINK817][bookmark: OLE_LINK818][bookmark: OLE_LINK710][bookmark: OLE_LINK711][bookmark: OLE_LINK1076][bookmark: OLE_LINK1080][bookmark: OLE_LINK1078][bookmark: OLE_LINK1079]Advances in spatial resolution and detection sensitivity of scientific instrumentation make it possible to apply small reactors for biological and chemical research. To meet the demand for high-performance microreactors, we developed a femtoliter droplet array (FemDA) device and exemplified its application in massively parallel cell-free protein synthesis (CFPS) reactions. Over one million uniform droplets were readily generated within a finger-sized area using a two-step oil-sealing protocol. Every droplet was anchored in a femtoliter microchamber composed of a hydrophilic bottom and a hydrophobic sidewall. The hybrid hydrophilic-in-hydrophobic structure and the dedicated sealing oils and surfactants are crucial for stably retaining the femtoliter aqueous solution in the femtoliter space without evaporation loss. The femtoliter configuration and the simple structure of the FemDA device allowed minimal reagent consumption. The uniform dimension of the droplet reactors made large-scale quantitative and time-course measurements convincing and reliable. The FemDA technology correlated the protein yield of the CFPS reaction with the number of DNA molecules in each droplet. We streamlined the procedures about the microfabrication of the device, the formation of the femtoliter droplets, and the acquisition and analysis of the microscopic image data. The detailed protocol with the optimized low running cost makes the FemDA technology accessible to everyone who has standard cleanroom facilities and a conventional fluorescence microscope in their own place. 

INTRODUCTION: 
[bookmark: OLE_LINK1081][bookmark: OLE_LINK1082][bookmark: OLE_LINK543][bookmark: OLE_LINK544][bookmark: OLE_LINK547][bookmark: OLE_LINK548][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK545][bookmark: OLE_LINK546][bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK999][bookmark: OLE_LINK1000][bookmark: OLE_LINK1001][bookmark: OLE_LINK577][bookmark: OLE_LINK578][bookmark: OLE_LINK996][bookmark: OLE_LINK997][bookmark: OLE_LINK998][bookmark: OLE_LINK1008][bookmark: OLE_LINK1009][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK1074][bookmark: OLE_LINK1075][bookmark: OLE_LINK708][bookmark: OLE_LINK709][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK50][bookmark: OLE_LINK705][bookmark: OLE_LINK706][bookmark: OLE_LINK707]Researchers use reactors to carry out bio/chemical reactions. There are significant efforts that have been made to reduce the size of the reactor and increase the experimental throughput in order to lower the reagent consumption while improving the work efficiency. Both aspects aim to liberate researchers from a heavy workload, decreasing the cost and speeding up research and development. We have a clear historical roadmap about the development of the reactor technologies from the viewpoint of reaction volumes and throughput: single beakers/flask/test-tubes, milliliter tubes, microliter tubes, microliter 8-tube strips, microliter 96/384/1536-well plate, and microfluidic nanoliter/picoliter/femtoliter reactors1-7. Analogous to downsizing the feature size of transistors on integrated circuit chips in the semiconductor industry in the past decades, bio/chemical microreactors are going through volume reduction and system integration. Such small-scale tools have had a profound impact on cell-based or cell-free synthetic biology, biomanufacturing, and high-throughput prototyping and screening8-12. This paper describes our recent effort on the development of a unique droplet array technology and demonstrates its application in CFPS13, a fundamental technology for synthetic biology and molecular screening communities14. In particular, we intentionally provide an optimized and low-cost protocol to make the FemDA device accessible to everyone. The low-cost and easy-to-handle protocol for the miniaturized device would contribute to the educational purposes of universities and help spread the technology.

[bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK558][bookmark: OLE_LINK559][bookmark: OLE_LINK243][bookmark: OLE_LINK244][bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: OLE_LINK123][bookmark: OLE_LINK124][bookmark: OLE_LINK158][bookmark: OLE_LINK159][bookmark: OLE_LINK1099][bookmark: OLE_LINK156][bookmark: OLE_LINK157][bookmark: OLE_LINK117][bookmark: OLE_LINK118][bookmark: OLE_LINK946][bookmark: OLE_LINK947][bookmark: OLE_LINK173][bookmark: OLE_LINK174][bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK162][bookmark: OLE_LINK163][bookmark: OLE_LINK464][bookmark: OLE_LINK465][bookmark: OLE_LINK412][bookmark: OLE_LINK413][bookmark: OLE_LINK192][bookmark: OLE_LINK193][bookmark: OLE_LINK186][bookmark: OLE_LINK191][bookmark: OLE_LINK175][bookmark: OLE_LINK185][bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK194][bookmark: OLE_LINK197][bookmark: OLE_LINK511][bookmark: OLE_LINK512][bookmark: OLE_LINK551][bookmark: OLE_LINK549][bookmark: OLE_LINK550][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK202][bookmark: OLE_LINK203][bookmark: OLE_LINK630][bookmark: OLE_LINK631][bookmark: OLE_LINK556][bookmark: OLE_LINK557][bookmark: OLE_LINK554][bookmark: OLE_LINK555][bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK552][bookmark: OLE_LINK553][bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK198][bookmark: OLE_LINK201]FemDA prepares femtoliter droplets at an ultrahigh density of 106 per 1 cm2 on a planar glass substrate. We coated a hydrophobic polymer, CYTOP15, on the glass substrate and selectively etched (removed) CYTOP at predefined positions to generate a microchamber array on the substrate. Thus, the resulting microchamber is composed of a hydrophobic sidewall (CYTOP) and a hydrophilic bottom (glass). When sequentially flowing water and oil over the patterned surface, the water can be trapped and sealed into the microchambers. The hydrophilic-in-hydrophobic structure is vital for repelling water outside the microchambers, isolating individual microreactors, and retaining a tiny aqueous solution inside the femtoliter space. The unique property was successfully applied for the preparation of water-in-oil droplets and lipid bilayer microcompartments16,17. Compared to the prototype device16, we first optimized the microfabrication process to realize a complete removal of the CYTOP polymer as well as a full exposure of the glass bottom. CYTOP is a special fluoropolymer featuring extremely low surface tension (19 mN/m) lower than that of conventional microreactor materials such as glass, plastics, and silicone. Its good optical, electrical, and chemical performance have already been utilized in surface treatment of microfluidic devices18-24. In the FemDA system, to achieve good wetting of the oil on the CYTOP surface, the surface tension of the oil must be lower than that of the solid surface25. Otherwise, the liquid oil in contact with the solid surface tends to become spherical rather than spreading over the surface. Besides, we found that some popular perfluorocarbon oils (e.g., 3M FC-40)16 and hydrofluoroether oils (e.g., 3M Novec series) can dissolve CYTOP as a result of the amorphous morphology of CYTOP, which is fatal to quantitative measurement and would be questionable in terms of cross-contamination among droplets. Fortunately, we identified a biocompatible and environmentally friendly oil exhibiting lower (< 19 mN/m) surface tension13. We also found a new surfactant that can dissolve in the selected oil and function in a low concentration (0.1%, at least 10-fold lower than previously reported popular ones26,27)13. The resulting water/oil interface can be stabilized by the surfactant. Because of the high evaporation rate of the oil, following the flush with the oil, we applied another biocompatible and environmentally friendly oil to replace the first one to seal the microchambers. We call the first oil (Asahiklin AE-3000 with 0.1 wt % Surflon S-386) the “flush oil” and the second oil (Fomblin Y25) the “sealing oil,” respectively. 

[bookmark: OLE_LINK97][bookmark: OLE_LINK98][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK61][bookmark: OLE_LINK64][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK236][bookmark: OLE_LINK237][bookmark: OLE_LINK238][bookmark: OLE_LINK632][bookmark: OLE_LINK733][bookmark: OLE_LINK734][bookmark: OLE_LINK735][bookmark: OLE_LINK738][bookmark: OLE_LINK736][bookmark: OLE_LINK737][bookmark: OLE_LINK599][bookmark: OLE_LINK600][bookmark: OLE_LINK241][bookmark: OLE_LINK242][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK239][bookmark: OLE_LINK240][bookmark: OLE_LINK739][bookmark: OLE_LINK740][bookmark: OLE_LINK245][bookmark: OLE_LINK252][bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK741][bookmark: OLE_LINK742]The two-step oil-sealing strategy can realize a robust formation of the femtoliter droplet array within minutes and without sophisticated instrumentation. Due to the evaporation problem, it has been considered challenging to generate microreactors smaller than picoliter volumes28. FemDA addressed this issue by systematically optimizing the materials and processes used for the preparation of microreactors/droplets. Several noteworthy features of the resulting droplets include the high uniformity (or monodispersity), stability, and biocompatibility at the femtoliter scale. The coefficient of variation (CV) of the droplet volume is only 3% (without vignetting correction for the microscopic images), the smallest CV among droplet platforms in the world, which ensures a highly parallel and quantitative measurement. The femtoliter droplet is stable for at least 24 hours without cross-contamination among droplets at room temperature, which is valuable for a reliable time-course measurement. Regarding the biocompatibility, we succeeded in synthesizing various proteins from a single-copy template DNA in the femtoliter droplet, which had previously been considered difficult or inefficient29,30. It would be worthy of elucidating why some proteins capable of being synthesized in the FemDA cannot be synthesized in other droplet systems. FemDA was not merely a technical advancement, but also realized an unprecedentedly quantitative measurement that can correlate the protein yield (as reflected by the fluorescence intensity of the droplet) to the number of template DNA molecules in each droplet. As a result, the histogram of the fluorescence intensity of droplets from FemDA-based CFPS showed a discrete distribution that can be nicely fitted by a sum of Gaussian distributions of equal peak-to-peak intervals. Moreover, the probability of occurrence of droplets containing different numbers of DNA molecules was a perfect fit to a Poisson distribution31. Thus, the different protein yield in each droplet can be normalized based on the discrete distribution. This critical feature allows us to separate the enzymatic activity information from the apparent intensity, that has not been available with other microreactor platforms yet. Existing microfluidic cell/droplet sorting systems are skilled in fully automatic sorting and good at concentrating samples but sometimes can only output a relatively broad or long-tailed histogram in the analytical aspect32,33. Our highly quantitative and biocompatible FemDA system sets a new benchmark and a high analytical standard in the field of microreactor development.

[bookmark: OLE_LINK272][bookmark: OLE_LINK273][bookmark: OLE_LINK216][bookmark: OLE_LINK219][bookmark: OLE_LINK220][bookmark: OLE_LINK274][bookmark: OLE_LINK275][bookmark: OLE_LINK278][bookmark: OLE_LINK279][bookmark: OLE_LINK280][bookmark: OLE_LINK276][bookmark: OLE_LINK277][bookmark: OLE_LINK281][bookmark: OLE_LINK282][bookmark: OLE_LINK291][bookmark: OLE_LINK292][bookmark: OLE_LINK285][bookmark: OLE_LINK286][bookmark: OLE_LINK283][bookmark: OLE_LINK284][bookmark: OLE_LINK287][bookmark: OLE_LINK288][bookmark: OLE_LINK289][bookmark: OLE_LINK290][bookmark: OLE_LINK293][bookmark: OLE_LINK294][bookmark: OLE_LINK299][bookmark: OLE_LINK300][bookmark: OLE_LINK295][bookmark: OLE_LINK296][bookmark: OLE_LINK301][bookmark: OLE_LINK745][bookmark: OLE_LINK297][bookmark: OLE_LINK298][bookmark: OLE_LINK743][bookmark: OLE_LINK744][bookmark: OLE_LINK306][bookmark: OLE_LINK307][bookmark: OLE_LINK723][bookmark: OLE_LINK724][bookmark: OLE_LINK314][bookmark: OLE_LINK315][bookmark: OLE_LINK1056][bookmark: OLE_LINK1057][bookmark: OLE_LINK312][bookmark: OLE_LINK313][bookmark: OLE_LINK1044][bookmark: OLE_LINK1045][bookmark: OLE_LINK1072][bookmark: OLE_LINK1073][bookmark: OLE_LINK316][bookmark: OLE_LINK317][bookmark: OLE_LINK319][bookmark: OLE_LINK746][bookmark: OLE_LINK308][bookmark: OLE_LINK309][bookmark: OLE_LINK310][bookmark: OLE_LINK311][bookmark: OLE_LINK318][bookmark: OLE_LINK320][bookmark: OLE_LINK321][bookmark: OLE_LINK322][bookmark: OLE_LINK747][bookmark: OLE_LINK750][bookmark: OLE_LINK751][bookmark: OLE_LINK752][bookmark: OLE_LINK323][bookmark: OLE_LINK324][bookmark: OLE_LINK748][bookmark: OLE_LINK749]The oils and surfactants that could be used for the preparation of droplets are still very limited34. The combination of ASAHIKLIN AE-3000 and SURFLON S-386 established in FemDA is a new member of the growing arsenal of the physiochemical interface between the aqueous phase and the oil phase13. The new interface in FemDA is physically stable, chemically inert, and biologically compatible with the complex transcription, translation, and post-translational modification machinery for many sorts of proteins13. It would be rather attractive to find a protein that cannot be synthesized in the droplet settings instead. Besides, the cost saving of reagents is more evident in the femtoliter droplet system than that in nanoliter and picoliter reactor systems35,36. In particular, there would often be a large dead volume, which is mainly caused by tubing or external supplies, in microfluidic droplet generation systems but not in our FemDA. The array format is also favored by repeated and detailed microscopic characterization (similar to so-called high-content analysis) for every single reactor37, rather than only a single snapshot for a fast-moving object. The femtoliter scale enabled the integration of over one million reactors on a finger-sized area, while the same number of nanoliter reactors (if it exists) requires over square meter area, which would be undoubtedly impractical to manufacture or use such system.

PROTOCOL: 

1. [bookmark: OLE_LINK36][bookmark: OLE_LINK37]Microfabrication of the femtoliter microchamber array substrate

NOTE: Conduct the following microfabrication experiment in a cleanroom. Wear gloves and a cleanroom suit before entering the cleanroom.

1.1. Cleaning cover glass substrate

1.1.1. [bookmark: _Ref21538005][bookmark: _Hlk28687929][bookmark: OLE_LINK79][bookmark: OLE_LINK80]Set the cover glass on a cover glass staining rack. Sonicate the cover glass in 8 M sodium hydroxide (NaOH) for 15 min at room temperature (RT).

[bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK81][bookmark: OLE_LINK82]CAUTION: NaOH in high concentrations is highly dangerous to skin and eye. Gently handle it without any splash.
[bookmark: OLE_LINK1026][bookmark: OLE_LINK1027]
1.1.2. [bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK109][bookmark: OLE_LINK231][bookmark: OLE_LINK246]Take the rack out of the NaOH solution and rinse the cover glass using water for ten times. Keep the cover glass in the pure water. 

[bookmark: OLE_LINK394][bookmark: OLE_LINK395][bookmark: OLE_LINK398][bookmark: OLE_LINK399]NOTE: Discard the alkaline waste to the designated tank. The NaOH solution can be recycled to the original bottle and used for up to five times.

1.1.3. Dry each piece of cover glass with an air blow gun. 

1.1.4. Bake the dried cover glass on a hot plate at 200 °C for 5 min. Keep the orientation of the upper side of the glass substrate consistent during the following handling processes.

1.2. [bookmark: OLE_LINK48][bookmark: OLE_LINK49]Silanization of the glass surface

1.2.1. Reset the cleaned cover glass on a dry staining rack. 

1.2.2. [bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK101][bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK1021][bookmark: OLE_LINK815][bookmark: OLE_LINK850][bookmark: OLE_LINK851][bookmark: OLE_LINK107][bookmark: OLE_LINK108]Add 150 mL of ethanol into a PTFE beaker. Use a needle (22 G x 70 mm) equipped 1 mL syringe to draw 0.075 mL of (3-aminopropyl)triethoxysilane and immediately inject it to the ethanol (i.e., 0.05 vol %). Pull and push the syringe several times to rinse the inside of the syringe. Stir the solution with the needle to make it homogeneous.

[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK816][bookmark: OLE_LINK849][bookmark: OLE_LINK852][bookmark: OLE_LINK853]NOTE: (3-aminopropyl)triethoxysilane can be stored at room temperature and 1 atm pressure for two years with a tight sealing. Absolute ethanol should be tightly sealed after use. We do not recommend using any expired reagents.

1.2.3. Incubate the cover glass in the 0.05 vol % aminosilane solution for 1 h at RT.

1.2.4. Rinse the cover glass using pure water for five times. Keep the cover glass in the pure water.

NOTE: Discard the waste to the designated tank.

1.2.5. Dry each piece of cover glass with the air blow gun.

1.2.6. [bookmark: OLE_LINK111][bookmark: OLE_LINK112]Place all the dried cover glass on aluminum foil. Bake the cover glass on the hot plate at 80 °C for 5 min.

1.3. [bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK757][bookmark: OLE_LINK758]Spin-coating CYTOP perfluoropolymer

1.3.1. [bookmark: _Ref20927312][bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK135][bookmark: OLE_LINK136]Place the cover glass on a customized vacuum chuck of a spin coater (Figure 1A). Turn on the vacuum switch to fix the glass substrate.

[bookmark: OLE_LINK121][bookmark: OLE_LINK122]NOTE: The design of the vacuum chuck is crucial for a uniform coating of viscous polymer on the rectangular (24 mm × 32 mm) and thin (0.13-0.17 mm) substrate (Figure 1A). We found that a rectangular sample stage with multiple holes (48 holes, each with 1 mm diameter) connecting to the vacuum channel worked better than the round stage with a single central hole did.

1.3.2. [bookmark: _Ref21808330][bookmark: OLE_LINK270][bookmark: OLE_LINK271]Drop 70-90 µL of type-A CYTOP polymer at the center of the glass substrate. Immediately spin-coat the polymer (Figure 1B).

[bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK133][bookmark: OLE_LINK134][bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK129][bookmark: OLE_LINK130]NOTE: The spin-coating condition (3,400 rpm, 30 s) provides 3 m thickness. Use the micropipette designed for viscous liquid. Hold the micropipette upright to make the polymer drop near-perfectly circle on the substrate. An air bubble is often generated inside the pipette tip as the plunger moves downward. Do not drop the last drop of CYTOP with the bubble. 

1.3.3. [bookmark: _Ref20927323][bookmark: OLE_LINK137][bookmark: OLE_LINK138]Pick up the coated glass with fingers holding corners of the glass substrate, and place it on aluminum foil.

1.3.4. Repeat steps 1.3.1-1.3.3 to spin-coat all the remaining pieces of the cover glass.

1.3.5. Bake the coated glass at 80 °C for 30 min and then at 200 °C for 1 h.

[bookmark: OLE_LINK139][bookmark: OLE_LINK140]NOTE: This processing fully cures the CYTOP and covalently bond the CYTOP to the glass surface. Cover the baking area with a lid made of aluminum foil to avoid potential dust during the long-time baking process if needed.

1.3.6. Remove the CYTOP-coated cover glass from the hotplate and cool down to RT. Carefully pick up each piece of the coated glass and inspect it to see if it is properly coated. Discard the substrate exhibiting inhomogeneous coating.

[bookmark: OLE_LINK141][bookmark: OLE_LINK142][bookmark: OLE_LINK143][bookmark: OLE_LINK146][bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK149][bookmark: OLE_LINK364][bookmark: OLE_LINK144][bookmark: OLE_LINK145][bookmark: OLE_LINK150][bookmark: OLE_LINK151]NOTE: The surface of a nicely coated CYTOP should look flat without irregular rainbow-like patterns (Figure 1C). Visual inspection from a proper angle can rapidly judge the flatness as well as the coating quality. The protocol can be paused here.

1.4. Spin-coating photoresist

1.4.1. [bookmark: OLE_LINK335][bookmark: OLE_LINK336][bookmark: _Ref21520851][bookmark: OLE_LINK325][bookmark: OLE_LINK326][bookmark: OLE_LINK329][bookmark: OLE_LINK330][bookmark: OLE_LINK331][bookmark: OLE_LINK332]Place the CYTOP-coated cover glass on the vacuum chuck (see step 1.3.1) of the spin coater. Turn on the vacuum switch to fix the cover glass. 

1.4.2. [bookmark: OLE_LINK333][bookmark: OLE_LINK334]Drop 0.2-0.3 mL of photoresist at the center of the substrate. Immediately spin-coat the photoresist at 6,000 rpm for 60 s.

[bookmark: OLE_LINK432][bookmark: OLE_LINK433][bookmark: OLE_LINK434][bookmark: OLE_LINK435][bookmark: OLE_LINK436][bookmark: OLE_LINK437][bookmark: OLE_LINK759][bookmark: OLE_LINK760]NOTE: Do not drop the last drop of the photoresist with bubbles. If the spin coater supports higher spin speed, the spin speed could be up to 7,500 rpm to achieve a thinner coating. The low surface energy of CYTOP prevents most of the photoresists from being adhered to its surface. If AZ P4903 photoresist is not available, AZ P4620 photoresist is a good alternative.

1.4.3. [bookmark: _Ref21520853][bookmark: OLE_LINK221][bookmark: OLE_LINK222][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK210][bookmark: OLE_LINK215][bookmark: OLE_LINK337][bookmark: OLE_LINK338][bookmark: OLE_LINK560][bookmark: OLE_LINK561][bookmark: OLE_LINK339][bookmark: OLE_LINK340][bookmark: OLE_LINK341][bookmark: OLE_LINK342]Pick up the coated substrate with two fingers holding corners of the substrate. Wipe off the excess photoresist near the substrate edge (often called as edge bead removal or EBR) using an ethanol-soaked clean wiper (Figure 1D). Place the substrate on the aluminum foil. 

NOTE: Acetone is NOT recommended for EBR.

1.4.4. [bookmark: OLE_LINK382][bookmark: OLE_LINK383]Repeat steps 1.4.1-1.4.3 to spin-coat the photoresist for the remaining pieces of CYTOP-coated cover glass. Pick up every piece of the coated glass and inspect it to see if it is properly coated.

[bookmark: OLE_LINK583][bookmark: OLE_LINK584][bookmark: OLE_LINK302][bookmark: OLE_LINK303]NOTE: The surface of a nicely coated photoresist should look flat without irregular patterns (Figure 1D). Visual inspection from a proper angle can rapidly judge the flatness as well as the coating quality. The substrate exhibiting inhomogeneous coating can be recycled through washing with acetone, 2-propanol, and H2O in sequence, and reused. 

1.4.5. Bake the coated substrate at 110 °C for 5 min on the hotplate.

1.4.6. [bookmark: _Ref21535888][bookmark: OLE_LINK343][bookmark: OLE_LINK344][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK128][bookmark: OLE_LINK171]Remove the coated substrate from the hotplate and cool down to RT. Let stand for 30 min at a relative humidity of 40%-60% for rehydration of the photoresist. 

[bookmark: OLE_LINK370][bookmark: OLE_LINK371][bookmark: OLE_LINK353][bookmark: OLE_LINK354][bookmark: OLE_LINK347][bookmark: OLE_LINK348][bookmark: OLE_LINK349][bookmark: OLE_LINK350][bookmark: OLE_LINK351][bookmark: OLE_LINK352][bookmark: OLE_LINK365][bookmark: OLE_LINK366][bookmark: OLE_LINK367][bookmark: OLE_LINK368][bookmark: OLE_LINK369][bookmark: OLE_LINK345][bookmark: OLE_LINK346]NOTE: H2O is necessary for the following photochemical reaction. The baked photoresist lost the H2O content inside the photoresist. The rehydration process allows H2O to be absorbed from the air. Relative humidity lower than 20% or higher than 80% is not suitable for the rehydration process. 

1.5. Photolithography

1.5.1. [bookmark: OLE_LINK376][bookmark: OLE_LINK377][bookmark: OLE_LINK374][bookmark: OLE_LINK375]During the waiting time of rehydration (see step 1.4.6), start up the mask aligner. Warm up the light source. Load the chrome photomask.

NOTE: Follow the instruction manual to operate the mask aligner. The photomask can be fabricated via electron beam (EB) lithography if the EB facility is available. Alternatively, the photomask can be outsourced to a local company. 

1.5.2. [bookmark: _Ref21595140][bookmark: OLE_LINK384][bookmark: OLE_LINK385]Load the rehydrated substrate (after finishing step 1.4.6) on the chuck (Figure 1E).

1.5.3. [bookmark: _Ref21595142][bookmark: OLE_LINK172][bookmark: OLE_LINK247][bookmark: OLE_LINK378][bookmark: OLE_LINK379]Set exposure parameters. Expose the substrate for 25 s with a UV intensity of 13 mW/cm2 (h-line) in the vacuum-contact mode. Then unload the substrate and set it on the cover glass staining rack (the same rack used in step 1.1.1).

1.5.4. [bookmark: OLE_LINK380][bookmark: OLE_LINK381]Repeat steps 1.5.2-1.5.3 to expose the remaining pieces of the rehydrated substrate.

1.6. Development

1.6.1. [bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK386][bookmark: OLE_LINK387][bookmark: OLE_LINK390][bookmark: OLE_LINK391][bookmark: OLE_LINK392][bookmark: OLE_LINK393][bookmark: OLE_LINK1087][bookmark: OLE_LINK1089][bookmark: OLE_LINK388][bookmark: OLE_LINK389]Develop the substrate for 5 min to dissolve the exposed photoresist (Figure 1F). During which, gently shake the rack in the developer once at the timepoint of 4 minute.

NOTE: The developer was AZ 300 MIF. Alternative alkaline developers (e.g., AZ 400 K) are generally applicable for the development but should require optimization of development conditions (e.g., time, temperature, agitation). Do NOT use glass beakers as the developer container.

1.6.2. [bookmark: OLE_LINK28][bookmark: OLE_LINK29]Rinse the substrate using pure water for ten times. Keep the cover glass in the pure water.

NOTE: Discard the developer to the designated tank.

1.6.3. [bookmark: _Ref21607374]Thoroughly dry every piece of substrate with the air blow gun. 

1.7. [bookmark: OLE_LINK402][bookmark: OLE_LINK403][bookmark: OLE_LINK259][bookmark: OLE_LINK1022][bookmark: OLE_LINK1023]Reactive-ion etching

1.7.1. Place the dried substrate (from step 1.6.3) in the reaction chamber of the reactive-ion etching (RIE) machine.

[bookmark: OLE_LINK406][bookmark: OLE_LINK407][bookmark: OLE_LINK404][bookmark: OLE_LINK405][bookmark: OLE_LINK562][bookmark: OLE_LINK563]NOTE: According to the maintenance rule of the facility, the RIE machine can be either always on or shut down every time. If the switch was off, turn on the switch according to the manual.

1.7.2. [bookmark: OLE_LINK363][bookmark: OLE_LINK410][bookmark: OLE_LINK268][bookmark: OLE_LINK269][bookmark: OLE_LINK327][bookmark: OLE_LINK328][bookmark: OLE_LINK362]Etch the photoresist-uncovered CYTOP with the O2 plasma (Figure 1G).

[bookmark: OLE_LINK408][bookmark: OLE_LINK409][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK72]NOTE: The RIE condition was as follows. O2 gas flow rate: 50 sccm; chamber pressure: 10.0 Pa; RF power: 50 W; etching time: 27 min. The etching time was optimized for completely etching 3 m thickness of CYTOP.

1.7.3. [bookmark: _Ref21609071]Pick up every piece of substrate from the reaction chamber using the tweezer and place them on the cover glass staining rack. 

NOTE: According to the maintenance rule of the facility, the reaction chamber may require a short O2 plasma cleaning process (e.g., etching time: 5 min) to keep the reaction chamber clean after every run.

1.8. Removing photoresist and cleaning

1.8.1. Sonicate the substrate in acetone for 5 min at RT to dissolve the remaining photoresist. 

1.8.2. Sonicate the substrate in 2-propanol for 5 min at RT.

1.8.3. [bookmark: OLE_LINK85][bookmark: OLE_LINK86]Rinse the substrate using pure water for five times. Sonicate the substrate for 5 min at RT. Rinse the sample using pure water for another five times. Keep the substrate in pure water.

1.8.4. [bookmark: OLE_LINK99][bookmark: OLE_LINK100]Dry every piece of substrate with the air blow gun (Figure 1H).

[bookmark: OLE_LINK591][bookmark: OLE_LINK592]NOTE: The substrate can be stored in a plastic Petri dish. The fabricated substrate is structurally stable at RT for at least one year. The protocol can be paused here.

1.8.5. [bookmark: OLE_LINK579][bookmark: OLE_LINK580][bookmark: OLE_LINK595][bookmark: OLE_LINK596][bookmark: OLE_LINK585][bookmark: OLE_LINK586][bookmark: OLE_LINK581][bookmark: OLE_LINK582]Characterize the surface profile of the as-prepared substrate by three-dimensional (3D) laser scanning confocal microscopy, white light interferometry (or coherence scanning interferometry), or scanning electron microscopy. Use the respective software to measure the diameter and depth of the resulting microchambers.

[bookmark: OLE_LINK589][bookmark: OLE_LINK590][bookmark: OLE_LINK587][bookmark: OLE_LINK588]NOTE: The sample can be reused for other experiments after the characterization with the non-contact and non-destructive 3D laser scanning confocal microscope or white light interferometer. The protocol can be paused here.

2. Preparation of polydimethylsiloxane (PDMS) microchannel

[bookmark: OLE_LINK152][bookmark: OLE_LINK153]NOTE: Do NOT wear latex gloves to handle PDMS. Instead, wear polyethylene (PE) gloves.

2.1. Making the microchannel master

2.1.1. [bookmark: OLE_LINK176][bookmark: OLE_LINK177][bookmark: OLE_LINK597][bookmark: OLE_LINK598][bookmark: OLE_LINK160][bookmark: OLE_LINK161]Cut a double-coated adhesive Kapton film tape into a defined (3 mm x 19 mm) microchannel shape using a desktop cutter.

[bookmark: OLE_LINK763][bookmark: OLE_LINK764][bookmark: OLE_LINK164][bookmark: OLE_LINK165][bookmark: OLE_LINK416][bookmark: OLE_LINK417]NOTE: The Kapton tape was No. 7602 #25 (Teraoka Seisakusho), resulting in a channel height of 135 m. The STIKA desktop cutter uses a plugin (available from Roland website: https://www.rolanddga.com) of Adobe Illustrator to run the cutting according to the drawing in the Adobe Illustrator file. The protocol can be paused here.

2.1.2. [bookmark: OLE_LINK166][bookmark: OLE_LINK167][bookmark: OLE_LINK170][bookmark: OLE_LINK178][bookmark: OLE_LINK230]Stick every cut Kapton tape on the flat bottom of a Petri dish. The standard 90 mm Petri dish can accommodate 12 pieces of the tape. 

[bookmark: OLE_LINK765][bookmark: OLE_LINK766][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK195][bookmark: OLE_LINK196]NOTE: The relief structure serves as a master for the replica molding of PDMS. Press the tape surface gently with a tweezer if there are any air bubbles sandwiched between the tape and the Petri dish substrate. Alternatively, classical soft-lithography can be applied to prepare the master on a silicon wafer38. The protocol can be paused here.

2.2. Curing PDMS resin in the tape-patterned Petri dish

2.2.1. [bookmark: OLE_LINK359][bookmark: OLE_LINK360][bookmark: OLE_LINK361]Wear new PE gloves, and transfer 2.5 g of curing agent of SYLGARD 184 silicone elastomer using a disposable plastic pipette into the specified plastic beaker (Figure 2A).

2.2.2. Change into new gloves, and transfer 25 g of the prepolymer base of SYLGARD 184 silicone elastomer using a disposable 50 mL syringe into the above plastic beaker.

NOTE: Change the gloves herein to prevent the potential cross-contamination of the curing agent to the base.

2.2.3. Use a deaeration mixer to mix and deaerate the mixture (program: 3 min mixing followed by 2 min deaeration).

[bookmark: OLE_LINK564][bookmark: OLE_LINK565]NOTE: If the deaeration mixer is not available, a manually agitated (for about 15 min) mixture can be degassed in a vacuum chamber.

2.2.4. [bookmark: OLE_LINK372][bookmark: OLE_LINK373][bookmark: OLE_LINK400][bookmark: OLE_LINK401][bookmark: OLE_LINK414][bookmark: OLE_LINK415][bookmark: OLE_LINK179][bookmark: OLE_LINK180]Pour the PDMS mixture into the tape-patterned Petri dish (Figure 2B). Set the Petri dish in a mini vacuum chamber and deaerate the PDMS mixture for 1-3 h (Figure 2C).

[bookmark: OLE_LINK396][bookmark: OLE_LINK397][bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK181][bookmark: OLE_LINK182]NOTE: If any air remains in the PDMS mixture after 1 h, take the Petri dish out of the vacuum chamber, break the air bubble using an air blower, and then put the Petri dish back in the vacuum chamber and continue the deaeration process.

2.2.5. Place the Petri dish in an oven at 60 °C overnight to cure the PDMS (Figure 2D).

NOTE: Although increasing the temperature can shorten the curing time, the maximum temperature that can be tolerated by the polystyrene Petri dish without physical deformation is about 60 °C.

2.3. Replica molding of PDMS channel

2.3.1. [bookmark: OLE_LINK607][bookmark: OLE_LINK608][bookmark: OLE_LINK609][bookmark: OLE_LINK610][bookmark: OLE_LINK611][bookmark: OLE_LINK612]Peel off the cured PDMS elastomer from the Petri dish (Figure 2E).

2.3.2. [bookmark: OLE_LINK613][bookmark: OLE_LINK614][bookmark: OLE_LINK615][bookmark: OLE_LINK616][bookmark: OLE_LINK187][bookmark: OLE_LINK188]Cut off every piece of PDMS channel blocks using a flat-cable cutter (Figure 2F). 

2.3.3. [bookmark: OLE_LINK189][bookmark: OLE_LINK190][bookmark: OLE_LINK617][bookmark: OLE_LINK618]Place the PDMS elastomer on a cutting mat facing channel side up. Punch a hole at each end of the channel using a biopsy punch (Figure 2G).

2.3.4. Clean the surface of the PDMS channel with Scotch tape. Then wrap the PDMS resin in another piece of Scotch tape to keep it clean before use. Store the prepared PDMS channel in a clean Petri dish.

NOTE: The protocol can be paused here.

3. [bookmark: OLE_LINK355][bookmark: OLE_LINK356][bookmark: OLE_LINK357][bookmark: OLE_LINK358]Assembly of femtoliter microchamber array device

3.1. [bookmark: OLE_LINK767][bookmark: OLE_LINK768][bookmark: OLE_LINK217][bookmark: OLE_LINK218][bookmark: OLE_LINK769][bookmark: OLE_LINK770]Place some pieces of water-soaked clean wipers along the inside wall of a Petri dish to make a simplified humidifying chamber. Place the PDMS resin covered by the Scotch tape in the humidifying chamber and seal the chamber using paraffin film. Incubate for at least 3 h but no longer than a day.

[bookmark: OLE_LINK213][bookmark: OLE_LINK214][bookmark: OLE_LINK211][bookmark: OLE_LINK212]NOTE: PDMS is a porous material that allows gas to pass across the resin39. The porous structure of PDMS leads to an absorption of water molecules from the surroundings until reaching an equilibrium. This pre-treatment fills the pores of PDMS with water vapor and can significantly repress the evaporation of aqueous droplets adjacent to the edge of the PDMS channel.

3.2. [bookmark: _Ref21011758][bookmark: OLE_LINK421][bookmark: OLE_LINK466][bookmark: OLE_LINK411][bookmark: OLE_LINK420]Take the Scotch tape off the PDMS resin. Position the PDMS channel on the microchamber array area of the substrate (Figure 2H).

[bookmark: OLE_LINK223][bookmark: OLE_LINK224][bookmark: OLE_LINK225][bookmark: OLE_LINK226][bookmark: OLE_LINK619][bookmark: OLE_LINK227][bookmark: OLE_LINK228][bookmark: OLE_LINK229]NOTE: The PDMS resin reversibly adheres to the CYTOP surface. Press the PDMS block gently with a tweezer to remove any air bubbles in between the PDMS resin and the substrate if existed.

3.3. [bookmark: _Ref20989628][bookmark: OLE_LINK232][bookmark: OLE_LINK233]Insert a 200 L non-filtered pipette tip to one (as the outlet) of the holes of the PDMS channel.

[bookmark: OLE_LINK234][bookmark: OLE_LINK235]NOTE: The adhesion strength between PDMS and CYTOP is limited. To avoid physical deformation of the PDMS resin as well as detachment of the PDMS channel off the surface, do not insert the pipette tip too deep. 

4. Loading reaction solution to the assembled device

4.1. [bookmark: _Ref20994621][bookmark: OLE_LINK505][bookmark: OLE_LINK506]Put an aluminum microtube stand on the ice. Prechill the flush oil (ASAHIKLIN AE-3000 oil mixed with 0.1 wt % SURFLON S-386 surfactant) in a 1.5 mL microtube on the aluminum stand.

4.2. [bookmark: _Ref20993518]Put another aluminum block on ice.

4.3. [bookmark: _Ref20995032]Preparation of CFPS reaction solution

4.3.1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Prepare the CFPS reaction solution in a PCR tube. Mix every aliquot component of the CFPS kit, a diluted template DNA (as exemplified herein by fluorescent protein mNeonGreen40 and Escherichia coli alkaline phosphatase41) solution, and other necessary components according to the specific needs (e.g., RNase inhibitor, fluorogenic substrate, chaperone). 

[bookmark: OLE_LINK566][bookmark: OLE_LINK567]NOTE: The template DNA used for CFPS must be prepared according to the instruction of the corresponding CFPS kit. This demonstration applied a T7-based expression system42. Because the reagent consumption in the FemDA device is quite small, 10 L is large enough to fill the entire PDMS channel. 

4.3.2. [bookmark: OLE_LINK248][bookmark: OLE_LINK249][bookmark: OLE_LINK250][bookmark: OLE_LINK251]For mNeonGreen fluorescent protein synthesis, mix the components in the following order: add 2.7 L of nuclease-free H2O to a 6 L aliquot of solution A (from the CFPS kit); add 0.3 L of RNase inhibitor; add 1.5 L of diluted template DNA solution; briefly mix and transfer the mixture to a 4.5 L aliquot of solution B (from the CFPS kit). 

[bookmark: OLE_LINK1032][bookmark: OLE_LINK1033][bookmark: OLE_LINK264][bookmark: OLE_LINK265][bookmark: OLE_LINK777][bookmark: OLE_LINK778][bookmark: OLE_LINK266][bookmark: OLE_LINK267]NOTE: The total volume is 15 L. As the quantity of every aliquot is proportional to the total volume of the final mixture, a total volume less than 10 L may result in a far too small volume (< 0.2 L) of some component aliquot.

4.3.3. [bookmark: OLE_LINK438][bookmark: OLE_LINK439][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK440][bookmark: OLE_LINK441][bookmark: OLE_LINK260][bookmark: OLE_LINK261]For alkaline phosphatase synthesis, mix the components in the following order: add 1.2 L of H2O to 6 µL of solution A; add 0.3 µL of RNase inhibitor; add 0.6 L of disulfide bond enhancer 1 and 2 (from a kit); add 0.3 L of 5 mM 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP); add 1.5 L of DNA solution; briefly mix and transfer the mixture to 4.5 L of solution B. 

[bookmark: OLE_LINK775][bookmark: OLE_LINK776][bookmark: OLE_LINK442][bookmark: OLE_LINK443]NOTE: In the assay of alkaline phosphatase, the fluorogenic substrate DiFMUP can produce highly fluorescent 6,8-difluoro-7-hydroxy-4-methylcoumarin (DiFMU) upon enzymatic cleavage of the terminal phosphate group.

4.4. [bookmark: _Ref21011658]Draw up 10 L of the mixture using a 200 L non-filtered pipette tip. Insert the pipette tip to the inlet hole (refer to step 3.3) of the PDMS channel. Push down on the plunger to inject the solution to the channel until it overflows from the outlet (where another pipette tip has already been inserted at step 3.3).

4.5. Separate the pipette from the pipette tip and keep these two pipette tips still inserted to the inlet and outlet.

NOTE: Avoid generating air bubbles during the pipetting. Do not leave the thumb from the plunger until separating the pipette from the pipette tip to prevent the backflow of the solution inside the PDMS channel.

5. Generating femtoliter droplet array (FemDA) for CFPS

5.1. [bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK950][bookmark: OLE_LINK951]Transfer the whole set of the assembled device to the pre-chilled aluminum block (see step 4.2). Carefully confirm that the microchamber array area quickly turns from translucent (Figure 2I) to transparent (Figure 2J).

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]NOTE: The CFPS reaction solution cannot straightly enter into the microchambers. The solubility of air in water is in inverse proportion to the temperature. The trapped air will dissolve into the solution after the device was moved from RT to the low temperature. The transparency change is a convenient visual indicator to judge whether the solution enters into the microchambers.

5.2. [bookmark: _Ref21012608]Draw 30 L of the pre-chilled flush oil (see step 4.1), and immediately transfer the oil into the inlet-inserted pipette tip from its upper opening. The flush oil moves into the channel and extrudes the excess reaction solution located outside the microchambers. Every microchamber is isolated by the flush oil.

[bookmark: OLE_LINK1116][bookmark: OLE_LINK1117]NOTE: The moving interface between the reaction solution and the flush oil is visible, which helps the people to observe the movement of the fluid inside the channel. The extruded solution can be collected into the previous tube, stored at 4 °C, and reused for another FemDA device or a parallel bulk reaction (in the microtube or a microtiter plate). 

5.3. [bookmark: _Ref21012291]Pre-draw 30 L of sealing oil (Fomblin Y25) to a 200 L filtered pipette tip. Hang the pipette upright somewhere.

5.4. Simultaneously remove the two inserted pipette tips (see steps 3.3 and 4.4) from the device. Immediately move the device from the aluminum block to parafilm.

[bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK93][bookmark: OLE_LINK94]NOTE: Use a tweezer to fix (but keep away from the channel area) the device on the aluminum block during the period of removing the pipette tips.

5.5. [bookmark: _Ref21810486]Immediately insert the ready pipette tip containing the sealing oil (see step 5.3) into the inlet of the PDMS channel, and inject the oil into the channel until it overflows from the outlet.

[bookmark: OLE_LINK1118][bookmark: OLE_LINK1119]NOTE: Carry out this step as soon as moving the device to RT. To prevent the backflow inside the channel, do not leave the thumb from the plunger until the sealing oil overflows from the outlet. The flush oil evaporates immediately after moving out of the outlet of the channel, while the following sealing oil accumulates in the outlet because of its extremely low evaporation loss.

5.6. [bookmark: OLE_LINK87][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK92]Separate the pipette from the pipette tip and then remove the pipette tip from the device. Clean the PDMS surface using a piece of the clean wiper and then apply a new drop of sealing oil to the inlet and outlet, respectively. The femtoliter droplets are sealed in individual microchambers by the oil.

NOTE: Use a tweezer to fix (but keep away from the channel area) the PDMS channel on the substrate during the period of removing the micropipette tip.

5.7. Wipe the moisture accumulated on the lower surface of the cover glass. The as-prepared FemDA device is now ready for incubation and microscopy imaging.

6. Microscopy imaging

6.1. [bookmark: OLE_LINK418][bookmark: OLE_LINK419][bookmark: _Ref21794014]Start up an inverted fluorescence microscope. Wait for the stabilization (cooling) of the camera. Use a 60x or 100x oil immersion objective lens. Set the FemDA device on the motorized stage. Set the imaging parameters 

NOTE: The imaging parameters include the file path, imaging channels, filters, exposure times (in general, 100 ms is enough; shorter or longer time is also possible according to the specification of the camera), and light intensity.

6.2. [bookmark: OLE_LINK781][bookmark: OLE_LINK782][bookmark: OLE_LINK779][bookmark: OLE_LINK780][bookmark: OLE_LINK424][bookmark: OLE_LINK425]Find the focal plane. Adjust the z-axis position of the objective lens and fix the focal plane using an internal autofocus system. Set the region of interest (ROI; i.e., x, y-axis) to be imaged.

[bookmark: OLE_LINK783][bookmark: OLE_LINK784][bookmark: OLE_LINK422][bookmark: OLE_LINK423][bookmark: OLE_LINK426][bookmark: OLE_LINK427][bookmark: OLE_LINK430][bookmark: OLE_LINK431][bookmark: OLE_LINK428][bookmark: OLE_LINK429]NOTE: The major microscope manufacturers (Nikon, Olympus, Zeiss, Leica) all provide the option to integrate the autofocus system with the microscope. This autofocus system is necessary for keeping the focal plane constant during the automatic multi-area imaging. The ROIs cover the FemDA area in the PDMS channel.

6.3. [bookmark: _Ref27589950][bookmark: OLE_LINK1038][bookmark: OLE_LINK1039]Capture the fluorescence images. Capture a single frame of a defocused bright-field (BF) image for every ROI. Do NOT change the order and the coordinates of the ROIs when imaging the different channels.

7. Image data analysis

[bookmark: OLE_LINK653][bookmark: OLE_LINK654]NOTE: Analyze the image data using a homemade plugin (named “FemDA”) based on Fiji (http://fiji.sc) to extract the fluorescence intensity of each droplet43. Install the correct version of Fiji according to the operating system. Fiji supports most image file formats (e.g., the nd2 file from Nikon microscope, czi file from Zeiss microscope) using a build-in plugin “Bio-Formats.” 

7.1. Plugin installation

7.1.1. [bookmark: OLE_LINK771][bookmark: OLE_LINK772][bookmark: OLE_LINK444][bookmark: OLE_LINK445][bookmark: OLE_LINK789][bookmark: OLE_LINK790][bookmark: OLE_LINK1120][bookmark: OLE_LINK1121]Copy and paste the plugin file (which is available upon inquiry to the corresponding author or via the following institutional link: https://fbox.jamstec.go.jp/public/1c6kwAhMusqA3nsBi8dvLpcJTyFGNTG7xzffsAqHVqAR) into Fiji’s “plugins” folder. 

7.1.2. Start the Fiji software; the plugin “FemDA” can be found in the drop-down menu “Plugins” of Fiji.

7.2. [bookmark: OLE_LINK1058][bookmark: OLE_LINK1059]Image data preprocessing

7.2.1. [bookmark: _GoBack]Open the defocused BF image (see step 6.3). Click Process | Subtract Background… to remove smooth continuous backgrounds of every frame of the image data (Figure 4B). Click Process | Filters | Median to reduce the noise of every frame of the image data (Figure 4C). 

7.2.2. [bookmark: OLE_LINK796][bookmark: OLE_LINK797][bookmark: OLE_LINK446][bookmark: OLE_LINK447][bookmark: OLE_LINK795][bookmark: OLE_LINK448][bookmark: OLE_LINK449][bookmark: OLE_LINK785][bookmark: OLE_LINK786]Click Image | Adjust | Threshold to check and separate the foreground (indicating the microchambers) from the background (indicating the area outside the microchambers) of every frame of the image data (magnified inserts in Figure 4A-C). 

[bookmark: OLE_LINK793][bookmark: OLE_LINK794]NOTE: Select a proper algorithm from the drop-down list in the Threshold window so that only the microchamber areas, as well as the edges of every microchamber, can be identified and highlighted as the foreground. In particular, most of the highlighted edges must be continuous without gaps. 

7.3. [bookmark: OLE_LINK1126][bookmark: OLE_LINK1127][bookmark: OLE_LINK787][bookmark: OLE_LINK788]Droplet coordinate determination

7.3.1. [bookmark: OLE_LINK800][bookmark: OLE_LINK801]Click Plugins | FemDA | FemDA Analysis to open the graphic user interface (GUI) of the customized plugin (upper half of Figure 4D). 

7.3.2. [bookmark: OLE_LINK452][bookmark: OLE_LINK453][bookmark: OLE_LINK791][bookmark: OLE_LINK792]Input the approximate minimum and maximum numbers of pixels of a single microchamber. Input the expected minimum and maximum circularity (0: arbitrary shape; 1: perfect circle) of the microchambers. Input the frame number of the start frame and the end frame. 

7.3.3. Click Generate ROI on the GUI to detect every microchamber, and the successfully detected ROIs are shown in a popup window ROITable.

7.3.4. Go back to the window FemDA Analysis and click the button Apply ROI mask to check if the microchambers over the frames were properly detected (lower left of Figure 4D). If no, modify some of them and repeat clicking Generate ROI and Apply ROI mask. If yes, go to the next step.

[bookmark: OLE_LINK450][bookmark: OLE_LINK451][bookmark: OLE_LINK798][bookmark: OLE_LINK799]NOTE: There may be a very few microchambers that cannot be well identified as the ROI (see the lower half of Figure 4D) by any algorithm of the Threshold because of the insufficient contrast between the foreground and the background. It is not problematic in the statistical viewpoint.

7.4. [bookmark: _Ref22739240]Fluorescence intensity extraction

7.4.1. [bookmark: OLE_LINK456][bookmark: OLE_LINK457]Open the fluorescence image and bring it to the front. Click Apply ROI mask again to apply the determined ROIs onto the fluorescence image (lower right of Figure 4D). 

7.4.2. [bookmark: _Ref27582162][bookmark: OLE_LINK813][bookmark: OLE_LINK814][bookmark: OLE_LINK454][bookmark: OLE_LINK455][bookmark: OLE_LINK458][bookmark: OLE_LINK459][bookmark: OLE_LINK802]Select either One-Shot for analyzing an end-point image (as exemplified with the mNeonGreen data) or Time-Lapse for analyzing a time-course data (as exemplified with the alkaline phosphatase data). 
[bookmark: OLE_LINK663][bookmark: OLE_LINK664][bookmark: OLE_LINK462][bookmark: OLE_LINK463]
7.4.3. [bookmark: OLE_LINK460][bookmark: OLE_LINK461][bookmark: OLE_LINK568][bookmark: OLE_LINK569][bookmark: OLE_LINK805][bookmark: OLE_LINK806]Input 100 in the box Number of top pixels means that only the top 100 pixels of each ROI will be used to calculate the mean intensity of the corresponding droplet. If input 0 in the Number of top pixels, all pixels of each ROI will be used to calculate the mean intensity of the corresponding droplet.

[bookmark: OLE_LINK803][bookmark: OLE_LINK804][bookmark: OLE_LINK661][bookmark: OLE_LINK662]NOTE: There may be a drift of several pixels between the BF and the fluorescence images, which means some pixels within the ROIs may belong to the background of the fluorescence image. Hence, the plugin provides an option to specify the number of top intensity-ranked pixels for the calculation of the mean intensity of every droplet.

7.4.4. [bookmark: _Ref22739022][bookmark: OLE_LINK807][bookmark: OLE_LINK808]For the analysis of the end-point image (i.e., select One-Shot at step 7.4.2), click button Measure intensity to calculate the mean intensities of all detected droplets. The ROITable is updated with the new data from the fluorescence image. Meanwhile, a histogram is displayed in a new popup window Histogram (Figure 4E). 

[bookmark: OLE_LINK467][bookmark: OLE_LINK468]NOTE: Changing the bin size in the box Bin Number can optimize the display of the histogram. A fitting to a sum of Gaussian distributions can be accomplished in the developed GUI. The popup Log window of Fiji displays the fitting results. Alternatively, export the data by clicking the button save as text and carry out various statistical analyses with other software (Figure 4F, G). 

7.4.5. [bookmark: OLE_LINK809][bookmark: OLE_LINK810][bookmark: OLE_LINK811][bookmark: OLE_LINK812]For the analysis of the time-course image (i.e., select Time-Lapse at step 7.4.2), the popup window is Intensity Time Course instead of Histogram, which contains a histogram corresponding to a specific time-point and a time-intensity plot (Figure 5). The textual data can also be exported using the File menu of the popup window.

REPRESENTATIVE RESULTS:
[bookmark: OLE_LINK836][bookmark: OLE_LINK837][bookmark: OLE_LINK840][bookmark: OLE_LINK905][bookmark: OLE_LINK906][bookmark: OLE_LINK829][bookmark: OLE_LINK830][bookmark: OLE_LINK831][bookmark: OLE_LINK827][bookmark: OLE_LINK828][bookmark: OLE_LINK1102][bookmark: OLE_LINK1103][bookmark: OLE_LINK825][bookmark: OLE_LINK826][bookmark: OLE_LINK823][bookmark: OLE_LINK824][bookmark: OLE_LINK832][bookmark: OLE_LINK833][bookmark: OLE_LINK821][bookmark: OLE_LINK822][bookmark: OLE_LINK834][bookmark: OLE_LINK835][bookmark: OLE_LINK1569][bookmark: OLE_LINK1570][bookmark: OLE_LINK1571][bookmark: OLE_LINK1572][bookmark: OLE_LINK1566][bookmark: OLE_LINK1567][bookmark: OLE_LINK1568][bookmark: OLE_LINK838][bookmark: OLE_LINK839]The microfabrication process consists of substrate cleaning, surface functionalization, CYTOP coating, photolithography, dry etching, photoresist stripping, and final cleaning. Importantly, the presented protocol allowed complete removal of the hydrophobic CYTOP polymer inside the microchambers (Figure 3A), producing a highly parallel hydrophilic-in-hydrophobic structure on a standard cover glass substrate. With the aid of the oil sealing protocol, the uniform dimension of the resulting droplets was verified by encapsulating fluorescent solution in the microchambers (Figure 3B). The fluorescence intensity extracted using the developed software is a good indicator of the droplet size. The CV of the fluorescence intensity, 3%, reflected the narrow distribution of the droplet size over the entire array (Figure 3C). The reconstructed 3D image from confocal microscopy also showed the consistent droplet volume over time (Figure 3D, Supplementary Movie 1)44. In comparison, a widely used FC-40 oil generated the droplets exhibiting a severalfold difference in the fluorescence intensity45. The formed droplets in FemDA were stable at RT for at least 24 hours (Figure 3E). The high quality of the droplets eventually formed the basis of quantitative measurement.

[bookmark: OLE_LINK893][bookmark: OLE_LINK894][bookmark: OLE_LINK895][bookmark: OLE_LINK900][bookmark: OLE_LINK886][bookmark: OLE_LINK887][bookmark: OLE_LINK888][bookmark: OLE_LINK903][bookmark: OLE_LINK904][bookmark: OLE_LINK891][bookmark: OLE_LINK892][bookmark: OLE_LINK889][bookmark: OLE_LINK890][bookmark: OLE_LINK901][bookmark: OLE_LINK902][bookmark: OLE_LINK1030][bookmark: OLE_LINK1031][bookmark: OLE_LINK898][bookmark: OLE_LINK899][bookmark: OLE_LINK896][bookmark: OLE_LINK897]High-throughput data necessitate high-throughput data-analyzing tools46,47. The developed plugin greatly simplified and speeded up the image data analysis. Based on the theory of digital image processing48, the defocused BF image can be binarized and used to provide the coordinate information of every droplet after background correction and noise reduction (Figure 4A-C). This idea made the precise localization of dark droplets possible. 

[bookmark: OLE_LINK843][bookmark: OLE_LINK844][bookmark: OLE_LINK845][bookmark: OLE_LINK846][bookmark: OLE_LINK847][bookmark: OLE_LINK848][bookmark: OLE_LINK841][bookmark: OLE_LINK842][bookmark: OLE_LINK858][bookmark: OLE_LINK859][bookmark: OLE_LINK856][bookmark: OLE_LINK857][bookmark: OLE_LINK860][bookmark: OLE_LINK861][bookmark: OLE_LINK883][bookmark: OLE_LINK884][bookmark: OLE_LINK864][bookmark: OLE_LINK865][bookmark: OLE_LINK862][bookmark: OLE_LINK863][bookmark: OLE_LINK868][bookmark: OLE_LINK869][bookmark: OLE_LINK866][bookmark: OLE_LINK867][bookmark: OLE_LINK872][bookmark: OLE_LINK873][bookmark: OLE_LINK874]The fluorescent protein mNeonGreen was synthesized in FemDA. Template DNA with a concentration of 0.05 molecules per droplet was randomly distributed into each droplet to initiate the protein synthesis with coupled cell-free transcription and translation reactions. Because the average number of DNA molecules per droplet was smaller than 1, some droplets contained zero template DNA, while others contained one or more DNA molecules. After 6 hours of incubation at RT, the end-point image was captured using the microscope. The stack image data was analyzed by the developed software with the aid of the concurrent defocused BF image (Figure 4A-E). The fluorescence intensity of each droplet is a measure of the protein yield in the corresponding droplet. The histogram of the fluorescence intensities showed a discrete distribution and was well fitted by a sum of Gaussian distributions of equal peak-to-peak intervals (Figure 4F), which strongly suggested an occupancy of different numbers of DNA molecules per droplet. Similar to the repeated coin-flipping game, the number of independent random events that occur is mathematically described by the Poisson distribution. The probability of occurrence of droplets containing different numbers (up to 3 in this example) of DNA molecules was a perfect fit to a Poisson distribution (, where  is the expected average number of DNA molecules per droplet and k is the actual number of DNA molecules in a droplet) with an average of 0.05 DNA molecules per droplet (Figure 4G)31, as expected for a random distribution of DNA molecules. Because the loading concentration of the template DNA solution was the same as the final fitted  (i.e., 0.05), the CFPS reaction efficiency in our FemDA was 100% (or near 100%). In other words, a single DNA molecule is enough to trigger the CFPS reaction in the femtoliter droplet efficiently. 

[bookmark: OLE_LINK877][bookmark: OLE_LINK878][bookmark: OLE_LINK885][bookmark: OLE_LINK875][bookmark: OLE_LINK876][bookmark: OLE_LINK879][bookmark: OLE_LINK880][bookmark: OLE_LINK881][bookmark: OLE_LINK882]The CFPS reaction of alkaline phosphatase was recorded every 5 minutes. The developed software also supports analyzing the time-course data (Figure 5). The coupled fluorogenic reaction showed a similar discrete distribution of the fluorescence intensity of the droplets at earlier time-points. The histogram results also verified an occupancy of different numbers of DNA molecules in the droplet. The fluorescence intensity eventually converged to a value along with the gradual depletion of the fluorogenic substrate DiFMUP.

FIGURE AND TABLE LEGENDS:

[bookmark: _Ref22681125][bookmark: OLE_LINK1583][bookmark: OLE_LINK1584][bookmark: OLE_LINK1585][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK966][bookmark: OLE_LINK967][bookmark: OLE_LINK968][bookmark: OLE_LINK969][bookmark: OLE_LINK964][bookmark: OLE_LINK965][bookmark: OLE_LINK970][bookmark: OLE_LINK971][bookmark: OLE_LINK972][bookmark: OLE_LINK973][bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: OLE_LINK258]Figure 1: Microfabrication process of the ultrahigh-density microchamber array substrate. (A) Technical drawing of the customized vacuum chuck. Unit: mm. (B) CYTOP film thickness vs. spin speed data. (C) Spin-coating of the perfluoropolymer CYTOP on a silanized glass substrate. The photographs showed a good example of homogenous coating and a bad example of inhomogeneous coating, respectively. The black arrow indicated the specific position of the inhomogeneous CYTOP film. (D) Spin-coating of photoresist on the CYTOP-coated substrate. After the spin-coating, the photoresist near the substrate edge must be removed using an ethanol-soaked clean wiper (middle photograph). The photographs showed a good example of homogenous coating and a bad example of inhomogeneous coating, respectively. The white arrow indicated the specific position of the inhomogeneous photoresist film. (E) Exposure of the coated photoresist using a mask aligner. (F) Development of the exposed photoresist in a developer. The exposed part of the photoresist is soluble in the developer solution. (G) Reactive-ion etching of CYTOP. The uncovered CYTOP was removed by O2 plasma. (H) Removal of the photoresist mask. The photoresist was removed by acetone. The substrate was cleaned using 2-propanol and H2O.

[bookmark: _Ref22683848][bookmark: OLE_LINK304][bookmark: OLE_LINK305][bookmark: OLE_LINK601][bookmark: OLE_LINK602][bookmark: OLE_LINK603][bookmark: OLE_LINK604][bookmark: OLE_LINK605][bookmark: OLE_LINK606][bookmark: OLE_LINK952][bookmark: OLE_LINK953][bookmark: OLE_LINK954][bookmark: OLE_LINK955][bookmark: OLE_LINK958][bookmark: OLE_LINK959][bookmark: OLE_LINK956][bookmark: OLE_LINK957]Figure 2: Preparation and use of the microchamber array device. (A) Weighing the curing agent and prepolymer of PDMS. (B) Pouring the mixed and deaerated mixture into a tape-patterned Petri dish. There were some newly generated air bubbles in the polymer mixture. (C) Deaerating the mixture again in a vacuum chamber. The air bubbles were rising and burst on the top surface. (D) The deaerated and cured PDMS resin. (E) Peeling off the cured PDMS elastomer from the Petri dish. (F) Cutting off every piece of PDMS channel blocks using a flat-cable cutter. (G) Punching holes at each end of the PDMS channel using a biopsy punch. (H) The assembled device. The PDMS resin can adhere to the CYTOP surface. (I) Translucent microchamber array area inside the PDMS channel filled with the aqueous solution before chilling. (J) Transparent microchamber array area inside the PDMS channel after chilling.

[bookmark: _Ref22743207][bookmark: OLE_LINK1028][bookmark: OLE_LINK1029][bookmark: OLE_LINK620][bookmark: OLE_LINK621][bookmark: OLE_LINK622][bookmark: OLE_LINK623][bookmark: OLE_LINK624][bookmark: OLE_LINK625][bookmark: OLE_LINK626][bookmark: OLE_LINK627][bookmark: OLE_LINK820][bookmark: OLE_LINK1579][bookmark: OLE_LINK1580][bookmark: OLE_LINK628][bookmark: OLE_LINK629][bookmark: OLE_LINK1577][bookmark: OLE_LINK1578][bookmark: OLE_LINK761][bookmark: OLE_LINK762]Figure 3: Ultra-uniform and ultra-stable femtoliter droplets. (A) 3D laser scanning confocal microscopy imaging for the fabricated substrate. The cylindrical microchambers in the example image showed a height of 3 m and a diameter of 4 m. (B) Uniform femtoliter droplets over a large area of the planar array. Only a partial area of the entire array was shown herein. A fluorescent solution (10 M ATTO-514) was sealed in each droplet. (C) The size distribution of the droplets over an entire single array. The fluorescence intensity was used as an indicator of the droplet size. The CV was only 3%. (D) Volumetric measurement using confocal z-stack time-course data. The volume of droplets over the array was given by the microscope software (NIS-Elements, Nikon). (E) Fluorescence recovery after photobleaching. After the first frame, several droplets were completely photobleached using a confined laser beam of a confocal microscope. Their fluorescence intensity was recorded for 24 h, and no fluorescence recovery was observed (red line). The fluorescence intensity of other non-photobleached droplets in the same field of view was recorded in the black line. Error bars (translucent colors) were 1 SD for every time-point.

[bookmark: _Ref22725725][bookmark: OLE_LINK637][bookmark: OLE_LINK638][bookmark: OLE_LINK633][bookmark: OLE_LINK634][bookmark: OLE_LINK635][bookmark: OLE_LINK636][bookmark: OLE_LINK643][bookmark: OLE_LINK644][bookmark: OLE_LINK639][bookmark: OLE_LINK640][bookmark: OLE_LINK641][bookmark: OLE_LINK642][bookmark: OLE_LINK647][bookmark: OLE_LINK648][bookmark: OLE_LINK677][bookmark: OLE_LINK678][bookmark: OLE_LINK645][bookmark: OLE_LINK646][bookmark: OLE_LINK679][bookmark: OLE_LINK675][bookmark: OLE_LINK676][bookmark: OLE_LINK651][bookmark: OLE_LINK652][bookmark: OLE_LINK649][bookmark: OLE_LINK650][bookmark: OLE_LINK655][bookmark: OLE_LINK656][bookmark: OLE_LINK657][bookmark: OLE_LINK658][bookmark: OLE_LINK659][bookmark: OLE_LINK660][bookmark: OLE_LINK665][bookmark: OLE_LINK666][bookmark: OLE_LINK673][bookmark: OLE_LINK674][bookmark: OLE_LINK667][bookmark: OLE_LINK668]Figure 4: Analysis procedure of the end-point microscopic image data. The defocused bright-field image was used to extract the coordinate of every microchambers/droplets. Based on the intensity difference between the edge of microchambers (as foreground) and other areas (as background), the continuous and near-circular edge can be extracted from the background. Because of the uneven background distribution across the field of view (A), some image pre-processing is generally required to improve the quality of the binarizing output. After subtracting background (B), the background of every frame was uniformized. Empirically, the input value in the “Rolling ball radius” (step 1) was 20-50 for 2048 pixel × 2048 pixel images and 10-20 for 512 pixel × 512 pixel images. The larger the value, the shorter the processing time. To reduce the noise in the background-subtracted image, apply a median filter to the image (C). In general, the input value in the Radius (step 3) was 1-2 pixels. As shown in the magnified insert, the background-subtracted and filtered image can be nicely binarized using the build-in threshold plugin so that the foreground corresponding to the edges as well as the region of interests (ROIs) can be accurately recognized. The ROIs detection for all frames of the image was carried out by using the installed homemade plugin FemDA Analysis (D). The pixel size (steps 5 and 6) and circularity (steps 7 and 8) of ROIs, the frames that we want to put into the calculation (steps 9 and 10) were manually defined according to the actual data. After clicking Generate ROI (step 11) and waiting, the coordinate of every ROI across the input frames was determined. After clicking the Apply ROI mask (step 12), every detected ROI was enclosed and highlighted by a yellow line. After opening the fluorescence image and clicking the Apply ROI mask again, the determined ROIs mask was applied to the fluorescence image. The Number of top pixels (step 14) specified the number of top intensity-ranked pixels of each ROI for the calculation of the mean intensity of the respective droplets. After clicking Measure intensity (step 15) and waiting, the histogram was generated (E). The histogram can be fitted with a sum of Gaussian distributions using the parameters available in the histogram window. Alternatively, the mean intensity data can be exported to a text file (step 16) and analyzed by other software (F). (G) The probability of occurrence of droplets containing different numbers of DNA molecules in the given array. The histogram (grey color) was nicely fitted by a Poisson distribution (red dashed line) with an average of 0.05 DNA molecules per droplet, as expected for a random distribution of DNA molecules.

[bookmark: _Ref22738818][bookmark: OLE_LINK669][bookmark: OLE_LINK670][bookmark: OLE_LINK680][bookmark: OLE_LINK681][bookmark: OLE_LINK671][bookmark: OLE_LINK672]Figure 5: Analysis of the time-course microscopic image data. The detected ROIs (following the steps 1-12 of Figure 4) was directly applied to the time-course data. In step 13 of Figure 4, select Time-lapse and input the actual time-interval (in minutes) between adjacent frames in Time-interval [min]. After clicking Measure intensity (step 15 of Figure 4) and waiting, the time-intensity plot and the histogram (the same as Figure 4E) were generated. The Hist position specified the time-point of the histogram, which was shown as a vertical red line. The plugin also supports specifying colors for every trace line. Yellow: 0 DNA; blue was 1 DNA; red: 2 DNA; black: 3 DNA. The time-course data can also be exported to a text file.

DISCUSSION:
[bookmark: OLE_LINK497][bookmark: OLE_LINK498][bookmark: OLE_LINK471][bookmark: OLE_LINK472][bookmark: OLE_LINK469][bookmark: OLE_LINK470]The highly quantitative measurement based on the highly uniform, stable, and biocompatible droplets in FemDA enabled the discrete distribution, the unique feature of our study differing from others. We systematically optimized and detailed the microfabrication and droplet formation processes in this paper. There are several critical steps in the established protocol.

[bookmark: OLE_LINK473][bookmark: OLE_LINK474][bookmark: OLE_LINK477][bookmark: OLE_LINK478][bookmark: OLE_LINK475][bookmark: OLE_LINK476][bookmark: OLE_LINK479][bookmark: OLE_LINK480][bookmark: OLE_LINK481][bookmark: OLE_LINK482][bookmark: OLE_LINK485][bookmark: OLE_LINK486][bookmark: OLE_LINK483][bookmark: OLE_LINK484][bookmark: OLE_LINK487][bookmark: OLE_LINK488][bookmark: OLE_LINK491][bookmark: OLE_LINK492][bookmark: OLE_LINK489][bookmark: OLE_LINK490]First, the uniform coating of highly viscous CYTOP polymer on the rectangular thin glass substrate largely determines the quality of the resulting substrate. Given the generally short working distance of the objective lens with high magnifications (see step 6.1), the thin cover glass must be used. A high-quality spin-coating on a thin and flexible substrate is generally tricky. We have not yet tested all possible designs but have found that the multi-hole vacuum chuck with the same rectangular dimension did work well for the spin-coating. It is important to drop the CYTOP polymer at the center of the cover glass substrate and immediately start the spin-coating (see step 1.3.2). The degree of the difficulty is less related to the shape of the substrate but the viscosity of the polymer. The CYTOP product line offers several different concentrations of the commercially available package. The accompanying diluent in the package can also be used to dilute the original product to a lower viscosity if needed. CYTOP 816 that we used in the experiment is the commercial product with the highest concentration capable of stably dissolving the polymer in the solvent. The thicker coating requires lower spin speed or multiple rounds of coating and curing. A plot of characteristic thickness vs. spin speed curve is highly recommended when using a new spin coater in a new environment.

[bookmark: OLE_LINK493][bookmark: OLE_LINK494][bookmark: OLE_LINK499][bookmark: OLE_LINK500][bookmark: OLE_LINK495][bookmark: OLE_LINK496][bookmark: OLE_LINK503][bookmark: OLE_LINK504][bookmark: OLE_LINK501][bookmark: OLE_LINK502][bookmark: OLE_LINK515][bookmark: OLE_LINK516][bookmark: OLE_LINK513][bookmark: OLE_LINK514][bookmark: OLE_LINK517][bookmark: OLE_LINK518]Second, the appropriate humidity of the cleanroom is crucial for ideal photolithography as well as the complete removal of the photoresist at the specified position. The photochemical reaction in photolithography uses H2O as one of the reactants. However, the softbake at the temperature higher than the boiling temperature of H2O removes H2O content from the coated photoresist. The “dried” photoresist must take time to absorb H2O again from the air (see step 1.4.6). This point is often overlooked. Given that many laboratories may only have some simplified cleanroom facilities without humidity control, the humidity would fluctuate dramatically over the season or be affected by the weather. A low-cost solution is to use a home-use humidifier or dehumidifier in the cleanroom. The fully exposed CYTOP layer after development can be selectively and fully removed by RIE, fully exposing the glass bottom. Eventually, the hybrid structure of the hydrophilic glass bottom and the hydrophobic CYTOP sidewall is important for stably trapping aqueous solution to the femtoliter space. 

[bookmark: OLE_LINK509][bookmark: OLE_LINK510][bookmark: OLE_LINK507][bookmark: OLE_LINK508][bookmark: OLE_LINK519][bookmark: OLE_LINK520][bookmark: OLE_LINK521][bookmark: OLE_LINK522]Third, the newly found oils (ASAHIKLIN AE-3000, Fomblin Y25) and surfactant (SURFLON S-386) showed unprecedented sealing performance for the fluoropolymer reactor13. The injection of the flush oil must be carried out on the chilled flat metal block (see step 5.2); otherwise, droplets near the inlet of the channel cannot be formed. The injection of the second sealing oil can be carried out at RT (see step 5.5). These oils and surfactants have never been used in biological research before. No better alternatives have been found for now. To expand the arsenal of the useful combination of oils and surfactants for droplet preparation, the new member of the oils (or the similar ones in the same product line) and the surfactant (or the similar ones in the same product line) are worthy of trying to be applied in microfluidic droplet systems. 

[bookmark: OLE_LINK575][bookmark: OLE_LINK576][bookmark: OLE_LINK523][bookmark: OLE_LINK524][bookmark: OLE_LINK525][bookmark: OLE_LINK526][bookmark: OLE_LINK527][bookmark: OLE_LINK528][bookmark: OLE_LINK1062][bookmark: OLE_LINK1063][bookmark: OLE_LINK1064][bookmark: OLE_LINK529][bookmark: OLE_LINK530][bookmark: OLE_LINK531][bookmark: OLE_LINK1065][bookmark: OLE_LINK1066][bookmark: OLE_LINK1067][bookmark: OLE_LINK1068][bookmark: OLE_LINK532][bookmark: OLE_LINK533][bookmark: OLE_LINK534]Here are two additional points to notice. One is the fact that there is a time lag among ROIs during the microscopy imaging. The total imaging time for one cycle is mainly dependent on the array size and the magnification of the objective lens. The exposure time, shutter speed, and the moving speed of the motorized stage are also minor factors. As a rule of thumb, imaging 106 droplets at 60× magnification would at least require 10-20 minutes. This inevitable time lag introduces some errors in data analysis, which should always be taken into careful consideration. The other one is the fact that the total number of droplets on a single substrate would not exceed 108–109, even increasing the density of the droplets or reducing the individual size of the droplet. This is because the size of the glass substrate that can be handled by the mask aligner (for 4-inch wafers) is limited. Further increasing the size of the cover glass is not recommendable because a large, thin, and fragile glass substrate is hard to handle.

[bookmark: OLE_LINK535][bookmark: OLE_LINK536][bookmark: OLE_LINK574][bookmark: OLE_LINK539][bookmark: OLE_LINK540][bookmark: OLE_LINK537][bookmark: OLE_LINK538][bookmark: OLE_LINK570][bookmark: OLE_LINK571][bookmark: OLE_LINK572][bookmark: OLE_LINK573]FemDA can be considered as a super miniaturized microtiter plate. Any biochemical reactions that have been carried out in 96-well microtiter plates could be tried to conduct using FemDA. It can surely be used for enzyme activity measurement without complicated protein purification. It could also be compatible with digital polymerase chain reaction (digital PCR) and digital enzyme-linked immunosorbent assay (digital ELISA)31,49. The small volume, large array, and high stability would bring some advantages over existing digital bioassay methods. The FemDA system capable of resolving different numbers of template DNA molecules in femtoliter droplets has already shown the power on accurate protein screening13. FemDA is a new in vitro compartmentalization system capable of rapidly evolving a variety of enzymes. With the advances in bioinformatics and library construction techniques, the era of a prompt on-demand creation of high-performance proteins will be surely coming.
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