Fast prototyping microfluidics: integrating Digital LAMP for evaluation of gene expression 
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Abstract: Microfluidics (MF) is becoming the next step of integrated platforms for molecular diagnostics, where isothermal schemes allow further simplification of DNA detection and quantification protocols. MF for loop-mediated isothermal amplification (LAMP) is today the focus of a new generation of chip-based devices for molecular detection towards fast and automated nucleic acid quantification. Here, we integrated MF and digital droplet LAMP (ddLAMP) on a chip that allows droplet generation, amplification and target quantification. This multilayer 3D chip is produced using a low-cost and extremely adaptable production process using direct laser writing technology in Shrinky-dinks polystyrene plastic sheets in less than 30 minutes. ddLAMP and target quantification were performed directly on chip showing a high correlation between target concentration and positive droplet score. We validate this ddLAMP integrated chip via the amplification of targets between 5 and 500,000 copies/reaction under 60 min. Moreover, on-chip ddLAMP was performed in a 10 µL volume, with a limit of detection of 5 copies/µL of target. This technology was applied to quantify a cancer biomarker, c-MYC, but it can be further extended to any other disease biomarker.
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Introduction

The increasing demand for faster and cheaper molecular diagnostic tools towards integrated portable and point-of-care (PoC) devices has been pushed forward by integration of molecular detection approaches in microfluidics, which are the key features of Lab-on-a-chip (LOC) devices (Francesko, Cardoso, & Lanceros-Méndez, 2019). These integrated LOC devices bring numerous benefits mostly due to the scale effect, such as: enhanced sensitivity and portability while reducing costs and sample volume (Francesko et al., 2019).
Nucleic acid amplification technologies (NAATs) benefit from microfluidic integration, which allow for faster and decentralized analysis of molecular markers of disease, in particular those relying on detection and quantification of DNA/RNA molecules. From these, digital DNA amplification systems that break down the solution containing the nucleic acid target and reaction components into a large number of discrete reaction vessels (droplets), where the number of target molecules inside each droplet follows a Poisson distribution, are today changing the field of molecular sensing (Sanders et al., 2011), (Zanoli & Spoto, 2013). Following an end-point amplification, the absolute determination of initial target molecules is estimated by modeling the fraction of positive droplets (Gansen, Herrick, Dimov, Lee, & Chiu, 2012). So far, polymerase chain reaction (PCR) has been the most exploited nucleic acid amplification technology on its conventional, quantitative and digital arrangements (Kopp, De Mello, & Manz, 1998), (H. Zhang et al., 2019), (Ahrberg, Manz, & Chung, 2016), (Sreejith, Ooi, Jin, Dao, & Nguyen, 2018). However, PCR requires thermal cycling with temperatures as high as 95 °C, resulting in complex challenges in design and operation with increased costs for PoC systems. Conversely, isothermal amplification techniques remove the need for temperature control instrumentation while reducing the amplification time, making them more suitable for PoC systems (Gansen et al., 2012). From these, LAMP is the most commonly used, as it provides an outstanding specificity when compared with other isothermal amplification architectures (Notomi et al., 2000). The potential of LAMP-on-a-chip technology relies on the simplicity of system requirements, easy integration with sample preparation steps, multiple detection methods and tolerance to biological components present in clinical samples. Presently, microfluidics, paper-based and digital variants of LAMP-on-a-chip have been proposed (Pardy, Tulp, Kremer, Rang, & Stewart, 2017).
Chip-based microfluidics technology is regarded as the current gold standard for droplet generation technology for biological, biomedical and diagnostic applications (Nayak, Lam, Yue, & Sinha, 2008). Droplet-based microfluidics uses immiscible fluids to generate discrete fractions of aqueous solutions. One of the most widely used configurations is the so-called T-junction, in which the inlet channel, that contains the continuous phase, perpendicularly intersects the middle channel containing the dispersed phase (Giuffrida & Spoto, 2017). This architecture yields highly monodisperse droplets that can be used in a diverse range of applications, including the synthesis of biomolecules, drug delivery and biodetection (Zhu & Wang, 2017). This approach is commercially available (e.g. Bio-Rad QX200, Stilla Naica, Raindance Raindrop Plus). However, these technologies are costly and, for a screen of more than one target at a time, require multiple devices that are not easily integrable into a PoC scenario. Also, the use of specific proprietary materials and reagents have been limiting the adoption of this technology into a larger scale. 
Microfluidic chip fabrication and optimization has not been easily accessible to everyone. Standard production processes have been based in lithographic techniques (Alves et al., 2018), (Paige, 2003), (Bernacka-Wojcik et al., 2013). These techniques pose several limitations in a R&D environment, since they mostly rely on cumbersome, lengthy and expensive fabrication protocols, additionally they also present limited design flexibility. Recently, several methods have been developed for fast prototyping of multilayer microfluidic chips. From these, direct patterning of complex three-dimensional, stacked polystyrene (PS) microfluidic chips has been developed (Chen et al., 2008). By leveraging the inherent shrinkage properties of biaxially pre-stressed thermoplastic sheets, microfluidic channels become thinner and deeper upon heating (Grimes et al., 2007). Although these advantages make PS a very promising material to fabricate microfluidic devices, there is a need for inexpensive and fast processes that allows polystyrene micro-structure fabrication (Chen et al., 2008). On this, laser direct-writing micromachining has become a promising alternative, because of its low cost, fast speed, scalability and non-contact characteristics (Nayak et al., 2008), (Y. Zhang, Park, Yang, & Wang, 2010), (Urech & Lippert, 2010). CO2 laser systems have been widely used for rapid production of microfluidic systems with several different polymers (e.g. PS, poly(methyl methacrylate) (PMMA), polydimethylsiloxane (PDMS), polycarbonate (PC) and polytetrafluoroethylene (PTFE)) (Li, Fan, Kodzius, & Foulds, 2012), (Snakenborg, Klank, & Kutter, 2004), (Yuan et al., 2010), (Liu & Mathies, 2009), (Huft, Da Costa, Walker, & Hansen, 2010), (Qi, Chen, Yao, & Zuo, 2008), (Tolstopyatov, 2005).
Cancer is one of the leading causes of death in developed world, as estimated by WHO (Bray et al., 2018). Despite all the recent breakthroughs in the molecular mechanisms of cancer, there is still a pressing demand to develop PoC platforms specially for earlier cancer diagnosis, that combine the specificity and accuracy of molecular methods with portability, user friendly and cost-effectively features as those presented by Lab-on-a-chip technologies (Sandbhor Gaikwad & Banerjee, 2018). Cancer is generally defined as a consequence of multiple genetic events that can exert two broad effects: gain of function mutations leading to oncogenes (e.g. c-MYC, KRAS, HER2 and SRC) (Klein, 1988) and loss of function mutations resulting in the inactivation of tumor-suppressor genes (e.g.Tp53, RB1, CDKN2A) (Paige, 2003). Constitutive expression of the proto-oncogene c-MYC plays an important role in tumor progression and has been associated with a variety of hematopoietic tumors, leukemias and lymphomas, including Burkitt lymphoma, in human (Gartel & Shchors, 2003). The protein encoded by this gene controls regulation of the cell cycle and cell growth, activating genomic instability, and stimulating angiogenesis, cell transformation, and apoptosis (Gartel & Shchors, 2003). As prove-of-concept the c-MYC proto-oncogene was used in this research. 
Herein, we demonstrate a novel approach for multilayered PS-based microfluidic devices production that integrates an inexpensive and fast fabrication process based on the shrinkage properties of PS. This integration significantly increases the design flexibility while reducing the prototyping time and cost of the device. As such, we show the use of this approach for a fully functional chip-based droplet amplification system and its further application aiming at an integrated approach for droplet digital LAMP for further applications in gene expression analysis. 

Materials and Methods
Materials and reagents

The droplet generation oil for Evagreen® was purchased from Bio-Rad Laboratories, Inc., (California, US). Evagreen dye was obtained from Biotium, Inc., (California, US). dNTPs were purchased from Bioline (London, UK). Betaine and magnesium chloride were acquired from Sigma-Aldrich (St. Louis, US). The DNA size marker GeneRulerTM DNA Ladder Mix was purchased from Fermentas (Burlington, Canada). Polystyrene thermoplastic sheets “Shrinky Dinks” were obtained from K&B Innovations (Wisconsin, US). All the primers were purchased from STAB VIDA, Lda., (Caparica, Portugal).

Sample source and preparation of template DNA

Genomic DNA (gDNA) from HCT116 cell line was extracted following the phenol-chloroform method (McKiernan & Danielson, 2017). A 229-bp fragment of the human c-MYC proto-oncogene (Ac. No. NM_002467) was amplified from the extracted gDNA by PCR using the MYC-forward (5’-GCTCATTTCTGAAGAGGACTTGT-3’) and MYC-reverse (5’-GGCAGTTTACATTATGGCTAAATC-3’) primers. PCR amplification was performed on a Bio-Rad MyCycler Thermocycler in a 20 μL final volume using 1 μM of the specific primers, 2.5 mM dNTPs with 1 U Taq DNA Polymerase (GE Healthcare Europe, Germany), with the following thermal cycling conditions: initial 5 min denaturation at 95 °C, followed by 24 amplification cycles of denaturation at 95 °C for 30 s, annealing at 62 °C for 30 s, elongation at 72 °C for 30 s, and a final elongation at 72 °C for 5 min (Veigas et al., 2014). Following purification of the amplified fragment by ethanol precipitation (Weinberger, 2000), an agarose gel electrophoresis stained with GelRed 1.5x was performed and the concentration (in copies per µL) was determined by pixel intensity/counting using ImageJ imaging software (https://imagej.nih.gov/ij/) (NIH, US). Determination of the copy number of amplifications was performed by linear regression analysis, by fitting the fluorescence intensity of the amplicon band to a calibration curve based on the fluorescence intensity of ladder bands (see Supplementary Information S1).

Benchtop LAMP Amplification of c-MYC
A 229-base pair (bp) fragment of the human c-MYC proto-oncogene associated to cancer development (Miller, Thomas, Islam, Muench, & Sedoris, 2012) was LAMP amplified as described by Veigas et al., 2014. This LAMP reaction requires four specific primers: a forward outer primer (FP), a backward outer primer (BP), a forward inner primer (FIP), and a backward inner primer (BIP) (see Supplementary Information S2 for primers). LAMP primers for c-MYC were designed using Primer Explorer V4 (http://primerexplorer.jp/elamp4.0.0/). The reaction was carried out in a 10 µL reaction mixture containing 1.6 µM of FIP and BIP primers, 0.2 µM of B3 and F3 primers, 0.45 mM of dNTPs, 3 mM of MgCl2, 0.8 M of Betaine, 700 µM of dNTPs, 1x Bst Buffer, 1x Evagreen dye, 1.8 U of Bst polymerase (New England Biolabs, Beverly, MA) and template DNA. The reaction was incubated at 65 °C for 60 min in a Bio-Rad MyCycler Thermocycler.
Chip design and fabrication process
Chips were initially designed on a vector image software (Adobe illustrator, Adobe systems software, Ireland), and channels were engraved on transparent PS sheets on a computer controlled – CO2 laser machine (VLS 3.50, Universal laser systems), with a 10.6 μm wavelength and a beam diameter of 0.127 mm, 50 W of power and 0.254 m/s writing speed, at 1000 ppi (pulses per inch). As shown in Figure 1, the device is composed of three layers with two laser cutting specifications (Black: cut specification, laser power = 35 %; Red channel engraving, laser power = 8 % with a parallel line design with a 400 µm spacing (final channel width of ~200 µm after shrinkage); for channel engrave characterization see Supplementary Information S3. The top layer has two inlets and one outlet. The middle layer has a T-junction engraved channel connected to an incubation chamber of the full width of the PS sheet. Channels were produced with a width and height of 200 μm, thus, an aspect ratio of 1 (h/w = 1). The middle layer has an incubation chamber for a total volume of 300 μL. The bottom layer consisted of a flat surface to seal the incubation chamber and a bottom channel for oil overflow connected to the outlet in the two previous layers. After patterning, each layer was aligned and placed between to slabs of Teflon. The assembled unshrunk layered chip was thermally bond on a hot press for 20 minutes at 110 °C. After 20 minutes the chips were removed from the hot press and placed in an oven at 155 °C on a Teflon plate for 5 minutes. After shrinkage the chips were allowed to cool down at room temperature. An extra step of laser cutting was performed to remove the excess material around the chip frame and create an extra seal between layers. 
(Figure 1)

Droplet generation and chip operation conditions
Two syringe pumps were used to infuse two different solutions (continuous and dispersed phase) (Legato210P, KDScientific, USA). The continuous phase flow rate (Qc) and dispersed phase flow rate (Qd) were set at Qc = 20 µL/min and Qd = 1 µL/min. Small changes to the initially Qd/Qc ratio were made to modulate droplet size. The syringe pumps were connected to the chips’ inlets via microfluidics tubes (LVF-3480, Darwin microfluidics, France). Chip operation started by filling the chip with the continuous phase Qc = 20 µL/min (QX200TM Droplet generation oil for Evagreen), after which the second syringe started with a flow of Qd = 1 µL/min for a flow ratio of 1:20. The second syringe was previously filled with 10 µL of LAMP reaction with 1x Evagreen dye. A draining tube was connected to the outlet for oil overflow. After sample infusion, tubes were detached from the inlets and outlet, and then sealed with hot glue. 

On-Chip LAMP Reaction Integration

One of keys of ddLAMP technology is droplet production with a reliable control over droplet size. ddLAMP usually resort to portioning the reaction volume into 20,000 nanoliter-sized droplets with extremely low size dispersion. For this, a flow of Qc = 20 µL/min and Qd = 1 µL/min was used for the oil and sample inlet, respectively. LAMP reaction was performed by adding 10 µL of reaction volume for a range of target DNA concentrations of 5 – 500,000 copies/µL. After droplet generation the chips were sealed with hot glue and the reaction temperature kept at 65 °C (bottom plate heating) for 60 minutes. Endpoint amplification was measured with a minimum of 4 independent areas of the chip in a fluorescence microscope (Nikon Eclipse Ti-U inverted microscope, Nikon, Japan).
Data analysis

After microscope image acquisition, data were analyzed in ImageJ software by measuring the area and Grey Mean Value (GMV) parameters. For each target concentration, a minimum of two independent experiments and 400 droplets per experiment were considered. The area measurements were converted to diameter and the GMV of each droplet normalized by dividing it by the average of three GMV measurements of the image background. Next, the normalized grey mean values were plotted as a function of the correspondent droplet´s diameter. The threshold line with the equation of y=0.001x+1.14 was used to score positive droplets (droplets above the threshold) and negative droplets (droplets below the threshold). The statistical analysis of the positive droplets implies the correction of the observed fraction of positive droplets to the Poisson probability of a droplet contain zero targets following the equation  the Poisson’s probability of a droplet contain zero target molecules for each target concentration (see Supplementary Information S4).  is the number of negative droplets, N the total number of droplets and Pr(0), were ECpos gives the fraction of positive droplets corrected to Poisson’s statistics, Nneg  ECpos (%) = 1- (Nneg * Pr (0) / N). 100
Results and Discussion

Most of the microfluidic devices require complicated fabrication processes, such as photolithography, hot embossing and injection molding. Still there is a continuous need to change/optimize chip design, where the improvement of prototyping time and cost are much valued. This microfluidic chip was fabricated with a laser ablation mechanism in PS commercial sheets and further a hot press bonding technique was used to assemble the 3D multilayered chip (Cao, Bontrager-Singer, & Zhu, 2015). We used shrinkable PS sheets, allowing to increase X&Y resolution while achieving precise control over channel height. This allows for fast (under 30 min) fabrication of functional chips, while eliminating cumbersome fabrication steps. Furthermore, this fabrication technique is extremely simple, allowing to create integrated and disposable structures with lower material expenditure, thus less impact for the environment, while reducing the costs per chip (under 50 cents). 

Because we used shrinkable PS, we were able to design the channels with high precision in a “large” scale version that was then heat-shrunk to the required size for microfluidic operation. The channels presented a 200 μm width and height, that are suited to generate droplets of 150-200 μm in diameter (see Supplementary Information S3). Also, the profile of the microchannel depends on the intensity distribution of the laser beam, given by laser power, cutting speed and the number of passes of the beam on the same channel. Single line designs showed a cross section with an extremely sharp Gaussian distribution. To circumvent this effect a parallel vector design was used and optimized for a 1:1 depth/width channel ratio design (see Supplementary Information S3).
Chips were designed to an all-in-one integrated platform (droplet generation, amplification reaction and detection). This fabrication approach allows for a fully 3D chip with channels on both top and bottom sections, and full depth incubation chamber. The incubation chamber is enclosed (top and bottom) with a single sheet of PS, increasing the transparency and reducing optical defects that could interfere with fluorescence acquisition. Also, the bottom overflow channel allows for a continuous operation without loss of reaction droplets (reaction droplets float in the oil phase). The continuous phase flow rate (Qc) and dispersed phase flow rate (Qd) were controlled by a syringe pump with flows set at Qc = 20 μL/min and Qd = 1 μL/min. Small changes to the initially Qd/Qc ratio were made to modulate droplet sizes (Sontti & Atta, 2019). Generated droplets and size dispersion are shown in Figure 2. 
(Figure 2)
Flow rates were optimized to generate droplets with an average size of approximately 170 μm in diameter (corresponding to ~1.5 nL). This size range correlates directly to most used standard commercially available devices for digital droplet PCR (dd PCR), which will allow translation of reaction from these apparatus in the future (Biorad, 2018). Also, the droplets show a narrow polydispersity and a low coefficient of variation (CV=3%; defined as CV= Standard deviation/Mean). The attained CV value is close to that reported for a T-type junction droplet generation system (usually under 2%) (Xu, Li, Tan, Wang, & Luo, 2006).
Following the design and fabrication of the device, the system was used in a digital LAMP approach. Digital amplification techniques are based on the partitioning of the amplification reaction into many small reaction vessels, where amplification reaction is performed. The determination of the initial concentration of target molecules in the sample is achieved through a Poisson statistical analysis of the positive droplets (droplets holding at least one target molecule) and negative droplets (droplets with zero target molecules) (Vogelstein & Kinzler, 1999). Firstly, a threshold line for the fluorescence signal was set to allow scoring positive/negative droplets based on their fluorescence amplitude. Positive droplets inherently exhibit higher fluoresce than negative droplets due to the presence of Evagreen, a dsDNA binding dye in the amplification reaction. However, the fluorescence amplitude of Evagreen fluctuates depending on droplet size, amplicon size, amplification efficiency and primer-dimer formation (Biorad, 2018), (Košir et al., 2017). So, to define the threshold for droplet scoring, several reactions with non-template control (NTC) were assessed (Figure 3).
Target quantification from droplet intensity data requires proper separation of the two populations of droplets (positive and negative). Data show a clear correlation between fluorescence and droplet size indicating that the threshold line must relate to a two-dimensional equation with a positive slope value (Corbisier et al., 2015). Also, larger droplets show an increased probability of encompassing more than one target molecule, and, consequently, more Evagreen molecules will intercalate yielding higher basal fluorescence (Biorad, 2018). Figure 3A and 3B show that the NTC reaction does not result in a significant increase in the basal fluorescence of the droplets at end-point reaction time. The fluorescence threshold was, thus, iteratively defined taking into account all the attained baseline measurements to distinctively distinguish positive from negative droplets. To confirm that the defined threshold is suitable for discernment between an NTC and a positive control, the former solution was applied to the output of the reactions (Figures 3B and C). Results show that the defined threshold allows to differentiate positive from negative droplets, since only droplets from the positive control sample have corrected grey mean values above the defined threshold. Still, some positive control sample droplets present a fluorescence intensity below the threshold may be attributed to the Poisson distribution of target molecules, i.e. some of these droplets do not hold any target template molecules.

To evaluate the effectiveness of this chip approach for quantitative analysis of ddLAMP, several serial dilutions of a selected target DNA were used (logarithm of dilution factor ranging from -6 to -12). As model, the c-MYC oncogene was used since this is a valuable biomarker of malignant transformation leading to cancer development (Gartel & Shchors, 2003). End-point amplification reactions were conducted for the above-mentioned template dilutions, followed by fluorescence imaging and data processing. Figure 3D shows the increase of the fraction of positive droplets (Epos) as function of the logarithm of the dilution factor; by modeling the fraction of positive droplets corrected to Poisson partitioning statistics (see Supplementary Information S4). This indicates that the designed chip platform is capable to discriminate target concentrations for a dynamic range of 5 orders of magnitude. The increase of Epos occurs due to a raise in the number of target molecules, consequently the probability of a droplet containing at least one target molecule also increases. The algorithm for scoring positive droplets correlates perfectly to the defined threshold, yielding a very robust correlation to target dilution.

(Figure 3)

A similar approach was then used for direct quantification of c-MYC by using the data of positive droplet fraction for increasing target DNA concentrations. The positive droplet percentage as a function of estimated target DNA concentration provides for a robust calibration curve that allows direct interpolation of data (Figure 4). The plot of the positive droplet fraction against the target DNA concentration in copies per droplet also shows an exponential relationship predicted by Poisson distribution with a high linear correlation factor. As a result, not only is the chip design suitable for direct ddLAMP but also the provided algorithm provides a simple and straightforward quantification of target in the sample. It should be noted that the plot in figure 4 only shows a range of 4 orders of magnitude of target dilutions. Taking this into consideration, the working dilution range is theoretically constrained to 4 orders of magnitude of template dilution. If further escalation the dynamic range is desired, then the number of droplets should be increased by a 10-fold factor for each order of magnitude of template dilution.

Using this chip approach, it was possible to determine the concentration of template target DNA by assessing only a total of 400 droplets. This is a tremendous improvement compared to the commercially available devices that require the measurement of thousands of droplets/events (Pinheiro et al., 2012). As such, the device herein proposed is capable of delivering similar results but without the need for complex and expensive detection units, i.e. more suitable for PoC devices. In fact, our approach was capable to quantify target concentration down to 0.001 copies/droplet corresponding to 5 copies/μL.

(Figure 4)
Conclusions

Herein, an integrated chip for digital nucleic acid detection system relying on isothermal LAMP reaction in a digital readout strategy was presented. The reported design allows for uniform droplet generation, droplet-amplification reaction and measurement of the resulting fluorescence in a single device. This innovative chip-based ddLAMP approach exhibited an improved capability to distinguish between different target concentrations when compared to standard commercial devices, which paves the way for comparative determinations of target DNA/RNA such as those relating to gene expression and comparative genomic requirements. What is more, the ddLAMP device is well suited for precise target quantification, which is an essential feature for the quantification of nucleic acid biomarkers in cancer diagnostics.
One of the major advantages of the device is the production approach that allows for a fast-interactive development of multilayered chips under 30 minutes. The laser ablation technique together with the use of biocompatible shrink PS sheets allowed the production of a T-junction droplet generator with droplets with a coefficient of variation of 3 % with an average size of ~170 µm and a volume of ~1.5 nL. The included chamber allows for the incubation of roughly 6,000 droplets, allowing for 4 decades of target quantification working range. Some aspects should still be improved in order to enhance the score assessment, such as optimization of droplet generation to remove size dispersity, optimization of the LAMP reaction conditions (e.g. primer concentration) lowering the basal fluorescence of the droplets, use an external reference dye to normalize the initial fluorescence of the droplets. 
In the current setting, the working range is only limited by the number of droplets produced, only limited by the volume of the incubation chamber. Further optimizations (chamber size and design) are extremely easy to design and fabricate, making this an attractive alternative to the traditional fabrication processes. This approach can be further developed into a multiplex platform allowing for seamless processing of multiple samples on a single device, thus achieving true gene expression analysis capability. Also, this approach can easily be optimized for different channel sizes and shapes with minimal effort. This design was built using only 3 layers. Previous tests showed the capability of this approach to fabricate functional devices with up to 5 layers, increasing the design freedom for any forceable application.
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Figure captions

Figure 1. PS multilayer microfluidic chip fabrication. Each layer is engraved (using a CO2 laser machine) The layers are then aligned and placed in the oven for simultaneous shrinking. Left: layer design and features; Right: side view cut of the assembled chip.

Figure 2. Multilayer Chip production and performance. A) Multilayer chip before and after shrink process; B) Final chip after frame removal, this step further help sealing the edges. C) Images of in-chip droplets; Inset) bright field microscope images of produced droplets used for size dispersion analysis; D) Frequency distribution of droplet sizes. Droplets present a weighted average size of 170 μm, a coefficient of variation equals to 3% and a Standard Error of Mean (SEM) of 0.27. Plot of droplet size distribution for all the experiments (n=6000 droplets). The mean volume of each droplets is ~1.5 nL.

Figure 3. Chip-based ddLAMP. A) Threshold definition; Fluorescence measurements of droplets without template before and after end-point reaction time. (￮) Represents the NTC droplets before incubation at 65ºC and (●) Represents the NTC droplets after incubation at 65ºC. The threshold (---) equation is y = 0.001x+1.14; B) Assessment of the threshold differentiation capability. Negative/Positive droplet score. (￮) Represents the NTC droplets and (●) Represents the droplets after end-point LAMP amplification reaction; C) Fluorescence image of in-chip ddLAMP droplets after end-point amplification. Scale bar of 200 μm in length; D) Fraction of positive events attained with Poisson-based correction for different target dilutions. The fraction of positive events corrected to the Poisson statistics are represented in a logarithmic scale. The error bars correspond to the standard deviation of two independent experiments (n=2) with 400 measured droplets for each reaction; dilution factor 11 was only performed once (n=1). The trendline present an exponential equation: y= 413182e-1.589X and a R2 = 0.98. (●) Represents the 10-12 dilution, (●) Represents the 10-11 dilution (●) Represents the 10-10 dilution, (●) Represents the 10-9 dilution and (●) Represents the 10-8 dilution. Measurements results for the droplets’ area and corresponding fluorescence mean grey value obtained with ImageJ software. 

Figure 4. Target DNA quantification with ddLAMP. The plot of the positive droplet fraction against the expected DNA concentration in copies per droplet also shows an exponential relationship predicted by Poisson distribution. The trendline for the power adjustment has a R2= 0.99. Copy number for each dilution was calculated with the equation C= - ln (1 - Epos).
