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Digital bioassays, popularized by digital PCR, provide some of the most robust and accurate methods for nucleic acids quantification. In this chapter, we detail a protocol for digital, isothermal and multiplex detection of microRNAs, which relies on a recently developed amplification method. Our approach uses Programmable Ultrasensitive Molecular Amplifiers (PUMA) to reveal the presence of target microRNAs randomly isolated in picoliter-size microfluidic droplets. Nonspecific amplification in droplets that do not contain a target is eliminated by an active threshold mechanism. Multiple circuits can be assembled for the multiplex digital detection of up to three targets. We finally present the option of using fluorescent dropcodes to streamline the assay and analyze more than a dozen samples in parallel.

Introduction

Digital bioassays rely on the splitting of a reaction mixture into thousands to millions of partitions (e.g. microdroplets or microchambers), small enough that the random distribution of the target molecules in compartments becomes essentially digitalized [START_REF] Vogelstein | Digital PCR[END_REF][START_REF] Sykes | Quantitation of targets for PCR by use of limiting dilution[END_REF]. An amplification reaction, in many cases based on an exponential chemistry, classically reveals the target-containing compartments and allows for the accurate computation of the initial concentration. The digital format (e.g. digital PCR) offers multiple advantages compared to its analog counterpart (e.g. quantitative PCR): it provides an absolute quantification and does not require a calibration curve based on known standard samples, because the target concentration is directly computed from the number of positive partitions; as a consequence, a single end-point measurement is required, as opposed to the need for continuous monitoring in analog, real-time format; it can provide higher precision and sensitivity; and the measured concentrations do not depend on the amplification efficiency -which itself depends on background effects, contaminants or pipetting noise, introducing significant quantification biases and decreasing reproducibility. For the detection of microRNAs, digital RT-PCR (dRT-PCR) is recognized as a gold-standard technology [START_REF] Stein | Steps to achieve quantitative measurements of microRNA using two step droplet digital PCR[END_REF], with a number of commercial instruments and kits now available. dRT-PCR nevertheless suffers from several drawbacks, including the need for thermal cycling, high temperature-induced droplet coalescence or quantification biases brought by an inaccurate reverse transcription step. These weaknesses have encouraged the development of digital bioassays using isothermal amplification techniques, but experimental demonstrations are still scarce [START_REF] Cohen | Digital direct detection of microRNAs using single molecule arrays[END_REF][START_REF] Zhang | Digital quantification of miRNA directly in plasma using integrated comprehensive droplet digital detection[END_REF]. We have recently reported an isothermal alternative based on Programmable Ultrasensitive Molecular Amplifier (PUMA) [START_REF] Gines | Isothermal digital detection of microRNA using background-free molecular circuit[END_REF]. This approach leverages a molecular programming language referred as the PEN-DNA toolbox [7,[START_REF] Baccouche | Dynamic DNA-toolbox reaction circuits: A walkthrough[END_REF]. A typical PUMA isothermal amplification scheme is composed of 4 DNA templates, each performing a specific function with the support of a 4enzyme machinery (Figure 1A):

-A conversion template (cT) converts the targeted microRNA into a signal strand (e.g. α)

-An amplification template (aT) exponentially amplifies the signal strand -A pseudotemplate (pT) deactivates a fraction of the signal strand, therefore guarding the system against nonspecific amplification.

-A reporter template (rT) translates the amplified signal strand into a fluorescent signal. We have also shown that PUMA amplification is compatible with a digital format using microdroplets.

Singleplex digital PUMA assays can be multiplexed by designing a different set of four templates for each target microRNAs [START_REF] Rondelez | Multiplex digital microRNA detection using cross-inhibitory DNA circuits[END_REF]. These sets are then complemented with killer templates (kT, Figure 2A): upon amplification happening in one set (e.g. α), its kTs (e.g. αkβ) will produce inhibitors of the other sets (e.g. β). This mechanism prevents cross-activation between amplification reactions running in parallel, which are quickly observed in absence of kT. This chapter recapitulates into detail the procedure for a droplet digital PUMA duplex assay (Figure 2B). 

Materials

All buffer and dilutions were performed in ultrapure nuclease-free water (resistivity at 20°C 5.9 MΩ cm). All oligonucleotides including DNA templates and synthetic microRNA targets were ordered freeze-dried and resuspended in 1X Tris-EDTA buffer solution (Sigma). 

PUMA reaction mixture

Incubation and droplet imaging

1. Quantitative PCR instrument (CFX96 touch from Bio-Rad or QuantStudio from Thermofisher Scientific) 2. Novec 1720 (3M) 3. Epifluorescence or confocal microscope 4. Coverslips 22x22x0.17 mm 5. 10 µm polystyrene microspheres (Polysciences) 6. Glass slide

Methods

Microfluidic mold

This section recapitulates a generic procedure for microfluidic mold fabrication by soft lithography (Figure 3). For generating ~10 µm droplets, we designed a step-emulsification device (Figure 4) that consists of two layers of photoresist deposition: the first layer (~ 10 µm in height) for the nozzle and filters; the second layer (~30 µm in height) for microfluidic channels, inlets and outlets.

1. Dry a 4-inch silicon wafer on a hot plate set 200°C for at least 15 min and let it cool down to room temperature (see NOTE 1) 2. Spin-coat the wafer with the photoresist (~4 mL of photoresist for a 4-inch wafer) 3. Follow the soft bake, UV exposure, postexposure bake and development procedure provided by the photoresist supplier. 4. Wash the device with isopropanol and dry it using an air gun. 5. Repeat steps 2 and 3 for multilayer devices and use a mask aligner for channel alignment. 

Microfluidic device

1. Blow air on the mold to remove any dust. 2. Place the mold onto an aluminum foil and fold the edges to form a cup. 3. Prepare the PDMS mixture by thoroughly mixing 40 g of PDMS with 4 g of curing agent. 4. Pour the mixture onto the mold. 5. Degas the PDMS by placing the mold in a vacuum chamber. 6. Bake the chip for 2 h at 70 °C. 7. Remove the aluminum foil and gently peel off the PDMS slab (see NOTE 2). 8. Place tape on both sides to avoid dust. 9. Cut the slab to the glass slide dimension (approximatively 70 x 50 mm) and punch the inlets and outlets on a cutting mat using the biopsy puncher. 10. Clean a 1 mm thick glass slide with acetone and isopropanol. 11. Proceed to the bounding of the PDMS slab onto the glass slide by activating the surfaces with an oxygen plasma using a plasma cleaner. 12. Bake the chip for 5h at 200 °C to make the channel hydrophobic (see NOTE 3). 

DNA template design

Rules about template design can be found in [START_REF] Gines | Isothermal digital detection of microRNA using background-free molecular circuit[END_REF][START_REF] Baccouche | Dynamic DNA-toolbox reaction circuits: A walkthrough[END_REF][START_REF] Rondelez | Multiplex digital microRNA detection using cross-inhibitory DNA circuits[END_REF]. We provide below a brief summary (Figure 5):

1. The conversion template is divided in three parts: the 3' input sequence, complementary to the microRNA sequence; the 5' sequence, complementary to the output; the Nt.BstNBI nicking site, inserted in-between. The output sequence (e.g. α-2+2) corresponds to the 10 3' bases of the signal sequence plus 2 bases that match the amplification template. Addition of these two extra bases increases the affinity for the amplification template and avoids that the output sequence gets deactivated by the pseudotemplate. 2. The amplification template is composed of a repeat sequence of 12 nucleotides complementary to the signal sequence (e.g. α). By design of the signal sequences, the template includes the Nb.BsmI nicking site. The input site (3' extremity) is shortened by 2 nucleotides so that the signal strand has more affinity for the pseudotemplate than for the amplification template, which is essential for the suppression of background amplification [START_REF] Montagne | Boosting functionality of synthetic DNA circuits with tailored deactivation[END_REF]. Note that the duplex obtained after elongation of the signal strand on the amplification template may be either nicked by Nb.BsmI or restricted by BsmI, both enzymes being in competition. The amplification reaction therefore produces a spike a signal strands, since the aT is at the same time catalytic (cleavage by the nicking enzyme) and stoichiometric (cleavage by the restriction enzyme). The proportion of the two enzymes have been adjusted so that enough signal strands are produced to quantitatively activate the reporter template. 3. The pseudotemplate has a 3' sequence fully complementary to the signal sequence. The 5'

sequence is composed of a few nucleotides (here, a pentathymidylate sequence) that serves as a template for the polymerase to append a short nucleic tail to the 3' of the signal sequence. This 5' sequence should be short enough to allow for the release of the deactivated trigger after elongation, restoring the pseudotemplate functionality and ensuring its catalytic mechanism.

Because of its 3' tail, the released extended signal strand is unable to activate the amplification template. 4. The reporter template has a hairpin-shaped structure at 50°C with a 6-nucleotide stem whose extremities are functionalized by a fluorophore (5') and a quencher (3'). The 3' sequence (including the stem and a part of the loop) is complementary to the 11 3' bases of the signal strand, followed by the BsmI restriction site. Upon binding of the signal strand, the stem is denatured, and the signal strand is elongated along the template to form a stable duplex. The cleavage of the duplex by BsmI leads to the irreversible generation of a fluorescence signal. As for the amplification template, the duplex may also be nicked by Nb.BsmI, resulting in a futile cycle. 5. The killer template has the same input sequence (3') as the amplification template (i.e. complementary to 10 bases of the signal strand), followed by the nicking site of Nt.BstNBI. The output part is complementary to a pseudotemplate sequence for the other signal strand(s) of the system. The length of the pseudotemplate tail is chosen empirically provided that i) the production rate of the output pseudotemplate (which also depends directly on the concentration of killer template) is fast enough (the longer the tail, the higher the melting temperature, the slower the production) and ii) the output pseudotemplate has a catalytic turnover fast enough to prevent the nonspecific amplification of other(s) signal strand(s), but slow enough to still enable their amplification in presence of the corresponding target. 

Digital PUMA procedure

The volumes indicated below correspond to the preparation of 6 samples of 25 µL each (see NOTE 4, Figure 6).

1. Prepare the continuous phase by mixing the HFE-7500 oil with 1 % w:w fluorosurfactant. Use gentle mixing for proper solubilization of the surfactant (see NOTE 5). 2. On ice, prepare the mastermix containing the buffer (25% of the final volume, 40 µL), DNA templates (10 % of the final volume, 16 µL) and the enzymes mixture (9.7 % of the final volume, 15.5 µL) and complete to 90 % of the final volume (72.5 µL), or 86 % if using fluorescent dropcodes (66.1 µL, see Note 6). The pipetting order is usually water, buffer, DNA template and finally enzymes. 3. Vortex thoroughly for 10 s to homogenize. 4. Aliquot the mastermix (22.5 µL or 21.5 µL if using dropcodes, see NOTE 6) and add the microRNA containing sample (10 % of synthetic spike-in RNA, see NOTE 7, RNA extract, etc., 2.5 µL) and optionally 4 % of dropcode (1 µL). ) and complete the volume to 100 % with deionized water. 5. Mount the microfluidic chip on a microscope. 6. Turn on the pressure pumps and connect the continuous oil phase inlet to the oil solution and the disperse aqueous phase inlet to the sample (or sample changer). 7. Set the pressure on each channel to start generating droplets (typically, 800 mbar on each channel for the device reported in [START_REF] Gines | Isothermal digital detection of microRNA using background-free molecular circuit[END_REF], which corresponds to a production rate of ~ 30 kHz). 8. Measure the droplet diameter (see NOTE 8). If needed, adjust the pressure of the continuous and/or disperse phase to reach a droplet diameter of ~10 µm (see NOTE 9). 9. Place a 200 µL tip on the outlet to collect the droplets. 10. At the end of the generation, put the droplets in a PCR tube. 

Droplet incubation and imaging

1. Incubate the droplets at 50 °C in a qPCR machine until the reporter fluorescence signal reaches a plateau (around 3 hours). 2. Wash the glass slide with isopropanol and use an air gun to dry them and remove any specks of dust. 3. Make the glass slide and coverslip hydrophobic by dipping them in Novec 1720. Other treatments can be used for making glass slides hydrophobic (see NOTE 10). 4. On the glass slide, place a few ~1 µL drops of a suspension of 10 µm microsphere (suspended in deionized water) at positions that will later support coverslip (e.g. the four corners of a square slightly smaller than the coverslip) and put the glass on a hot plate at 100°C until complete evaporation (see NOTE 11). 5. Wait until the glass slide cools down to room temperature 6. In the center of the microsphere spots, pipet 8 µL (for a 22x22 mm coverslip) of pure emulsion (only the creamy part of the mixture, get rid of the excess of oil by letting the droplets move upward in the tip after pipetting) 7. Let the excess oil evaporate for 10 s and gently place the coverslip on top. Let the emulsion spread between the two slides to obtain a crystalline monolayer. 8. Seal the coverslip using epoxy glue (e.g. Sader, see NOTE 12). 9. Image the droplets using transmission microscopy (brightfield image, see NOTE 13) and epifluorescence microscopy (for reporter template and barcode monitoring).

Droplet analysis

Many softwares including Matlab, ImageJ, Python or Mathematica may be used to analyze the droplet fluorescence. We developed a Mathematica script (available upon request) that performs the following tasks (Figure 7):

1. Import an image, including brightfield and all fluorescence channels (see NOTE 14).

2. Subtract the fluorescence background (if available, see NOTE 15) for each channel.

3. Segment all droplets from the defocused brightfield image. 4. For each droplet, extract the fluorescence from all channels. 5. Optional: Group the droplets populations according to their respective dropcode. 6. Calculate the fraction of positive droplets (𝐹 𝑝𝑜𝑠 ) for each population 7. Compute the microRNA concentration using the formula:

[𝑚𝑖𝑅𝑁𝐴] = -ln (1 -𝐹 𝑝𝑜𝑠 ) 𝑁 𝐴 . 𝑉 , where 𝐹 𝑝𝑜𝑠 is the fraction of positive droplets for a given barcoded droplet population and reporter channel, 𝑁 𝐴 the Avogadro number and 𝑉 the droplet volume. 

Notes

1. Skipping this step may result in an improper adhesion of the photoresist layer and premature degradation of the mold. 2. The bare mold may be treated by vapor-phase silanization to avoid the PDMS slab sticking to it and facilitate its removal [START_REF] Glass | Organosilane deposition for microfluidic applications[END_REF]. 3. Other surface treatments making the channels hydrophobic are possible, such as injecting and removing Aquapel or Novel 1720 inside the channels using a syringe with a needle inserted in a piece of 1/16 inch tubing. 4. Simply adjust the volume to your number of samples. It is possible to reduce the final sample volume down to 10 µL or less. If using the sample changer device, beware of the initial volume needed to fill the tubing between the sample changer device and the microfluidic device (~ 10 µL for tubing of 200 µm inner diameter and 15 cm in length). 5. The surfactant is ordered dried and stored at room temperature. After dissolution in the fluorinated oil, the solution is stored at 4°C for up to one week. Indeed, we noted a degradation of the droplet stabilization properties when stored for longer time. 6. We developed a 3D-printed sample changer device to streamline digital bioassays and allow for multiple sample emulsification and analysis at a time [START_REF] Menezes | Streamlined digital bioassays with a 3D printed sample changer[END_REF]. Regarding the sample preparation, this only requires adding a fluorescent barcode (or dropcode), i.e. unique combinations of fluorescent dyes such as fluorescently-tagged dextran molecules [START_REF] Baccouche | Massively parallel and multiparameter titration of biochemical assays with droplet microfluidics[END_REF] that can be distinguished at the time of analysis to sort the droplet populations corresponding to different samples.

7. Target dilution is a sensitive step prone to biases depending on the utilized procedure, that could only be revealed by a digital readout (where the actual concentration is directly computed from the fraction of positive partitions). We recommend using low-bind filter tips to proceed to the dilution. The dilution can be made in low-bind tubes or on a parafilm layer: for a 10-fold serial dilution put 9 µL drops on the parafilm of a 1 X tris-EDTA solution supplemented with 1 nM of a carrier oligonucleotide (e.g. pTα). Using a low-bind filter tip, pipet 1 µL of 1 µM target solution and mix it in the first drop by multiple aspiration/flushing cycles. Using the same tip, repeat this step as many times as necessary starting from the latest dilution. Change the tip to then spike the target in each sample, starting from the lowest concentration. 8. The droplet diameter is measured near the outlet, where the height of the chamber is much larger than the droplet diameter and the droplet flow is the slowest. Make a snapshot of the droplets during the generation, using the minimum exposure time to minimize the blur effect due to the droplet velocity. The droplet volume will determine not only the Poisson parameter (𝜆 = [𝑚𝑖𝑐𝑟𝑜𝑅𝑁𝐴]/(𝑁 𝐴 . 𝑉)), but also the "quantum concentration" (𝐶 𝑞 = 1/(𝑁 𝐴 . 𝑉), i.e. the concentration in a droplet containing a single target molecule (for a 10 µm droplet, 𝑉 = 524 𝑓𝐿, hence 𝐶 𝑞 = 3.17 𝑝𝑀. Consequently, the droplet volume also determines the droplet incubation time, which is, importantly, independent of the target concentration as it solely depends on 𝐶 𝑞 : the larger 𝑉, the lower 𝐶 𝑞 , hence the slower the ignition of the amplification reaction and the longer the incubation time till reaction completion. It typically required about 100 minutes and 200 minutes for the PUMA system to amplify from 10 pM and 1 pM of microRNA target, respectively. Therefore, the droplet incubation time would be around 3 hours to reach completion, i.e. until all target-containing compartments become positive. 9. Water-in-oil droplets imaging requires a hydrophobic imaging chamber to avoid droplet coalescence caused by surface wetting. Other treatments may be used such as wiping the slides with Aquapel®, vapor-phase silanization (using for instance octadecyltrichlorosilane) or spincoating the slides with Cytop (Asahi glass, cat. no. CTL-809M) [START_REF] Baccouche | Massively parallel and multiparameter titration of biochemical assays with droplet microfluidics[END_REF]. Wear adequate laboratory clothing and use within a fume hood. 10. The microspheres of known size provide appropriate spacing between the bottom slide and the coverslip. This is important to avoid squeezing the droplets (space too narrow) and multilayers of droplets (space too wide). 11. As it is commonly used for sealing microscope samples, we tried using different nail polishes.

However, we noticed that the solvent it contains triggers the aggregation of DNA inside droplets, which results in images unusable for the analysis. 12. For the bright field image, it is recommended to set an offset of a few microns from the selected focal plan. This makes the outline of the droplets thicker and more contrasted, which eventually facilitates the segmentation of the droplets during the analysis. 13. The number of channels depends on the number of targets in a multiplex format and the number of fluorescent molecules used for dropcodes. In a duplex assay, green (e.g. OregonGreen-modified rT) and red (e.g. Atto633-modified rT) channels are used for monitoring the amplification reaction, orange (e.g. TexasRed-labeled dextran) and blue (e.g. CascadeBlue-labeled dextran) are used for the dropcodes. These may be changed according to the microscope light sources and filters. 14. One option to obtain the fluorescence background is to run the "Z-project" algorithm (Image > Stack > Z-project) from the ImageJ software on the stack of images. Select the "Min intensity" option to obtain a background image for each fluorescent channel.
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 1 Figure 1. Programmable Ultrasensitive Molecular Amplifier and its simplified representations.

Figure 2 .

 2 Figure 2. (A) Molecular program for duplex assay. miR-1 triggers the amplification of an α signal strand which binds to a green reporter template (rTα); miR-2 triggers the amplification of a β signal strand, revealed by red fluorescence (rTβ). Cross inhibitory templates (αkβ and βkα) counteract nonspecific activation of one amplificator by the other (B) Digital duplex assay workflow.

Figure 3 .

 3 Figure 3. Microfluidic mold and device fabrication.

Figure 4 .

 4 Figure 4. Microfluidic device design and brightfield microscopy images. Insets represent the filter (top), the nozzle (middle) and the outlet (bottom). Scale bars correspond to 100 µm.

Figure 5 .

 5 Figure 5. Example of template design for the detection of let-7a with the α amplificator. Sequences are aligned with respect to the α signal sequence. "*" denotes the substitution of a phosphate bond by a phosphorothioate in the nucleic acid backbone. "p" represents a 3' phosphate modification. "Q" and "F" stand for quencher and fluorophore, respectively. Light blue and dark blue highlight the Nt.BstNBI (NNNNNGACTC) and (Nb.)BsmI (GAATGCN), respectively.

Figure 6 .

 6 Figure 6. Experimental workflow of the digital-PUMA workflow.

Figure 7 .

 7 Figure 7. Droplet analysis procedure.

Table 1 .

 1 Examples of DNA templates used for multiplex and digital microRNA detection. "*" denotes phosphorothioate modifications to protect the strands from degradation by the exonuclease; p denotes 3' phosphate. Nb.

	1. 4X Buffer: 80 mM Tris-HCl pH 8.9, 40 mM (NH4)2SO4, 160 mM KCl, 40 mM NaCl, 40 mM MgSO4,
	100 μM each dNTP, 0.4% (w/v) synperonic F104, 8 μM netropsin
	2. Enzyme mixture: BSA (20 mg.mL -1 , 10 µL) , Nb.BsmI (10 u.µL -1 , 20 µL) , BsmI (10 u.µL -1 , 7 µL) ,
	Vent(exo-) (2 u.µL -1 , 35 µL), 10-fold dilution in Diluent A (New England Biolabs) of Nt.BstNBI (1 u.µL -
	1 ,10 µL), home-brewed ttRecJ[10] (1.5 µM, 15 µL)

4. Mask aligner (e.g. MJB4 from SUSS MicroTec) 5. Microfluidic chip masks 6. Propylene glycol methyl ether acetate (PGMEA) developer 7. PDMS Sylgard 184 and curing agent (Dow Corning) 8. PTFE tubing (1/16"x0,2mmID, Cluzeau Info Lab) 9. Biopsy punch diameter 1.5 mm (Integra Miltex) 10. Glass slide 76x52x1 mm (Paul Marienfeld GmbH & Co) 11. Plasma Cleaner 12. Microfluidic pumps 13. Source of a pressurized, non-corrosive, nonexplosive gas (air, N2, Ar, O2) at ~1,000 mbar. 14. Fluorinert HFE-7500 oil 15. Fluorosurfactant (e.g. Fluosurf from Emulseo or FluoroSurfactant from RAN biotechnologies)
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