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Abstract

MicroRNAs (miRNAs) are non-coding RNA sequences that regulate many biological processes 

and have become central targets of biomedical research. However, their naturally low abundances 

in biological samples necessitates the development of sensitive analytical techniques to conduct 

routine miRNA measurements in research laboratories. Digital PCR has the potential to meet 

this need because of its single-molecule detection capabilities, but PCR analyses of miRNAs 

are slowed by the ligation and reverse transcription steps first required to prepare samples. 

This report describes the development of a method to rapidly quantify miRNA in digital 

microwell arrays using base-stacking digital-quantitative-PCR (BS-dqPCR). BS-dqPCR expedites 

miRNA measurements by eliminating the need for ligation and reverse transcription steps, 

which reduces the time and cost compared to conventional miRNA PCR analyses. Under 

standard PCR thermocycling conditions, digital signals from miRNA samples were lower than 

expected, while signals from blanks were high. Therefore, a novel asymmetric thermocycling 

program was developed that maximized on-target signal from miRNA while minimizing non-

specific amplification. The analytical response of BS-dqPCR was then evaluated over a range 

of miRNA concentrations. The digital PCR dimension increased in signal with increasing 

miRNA copy numbers. When the digital signal saturated, the quantitative PCR dimension readily 

discerned miRNA copy number differences. Overall, BS-dqPCR provides rapid, high-sensitivity 

measurements of miRNA over a wide dynamic range, which demonstrates its utility for routine 

miRNA analyses.

INTRODUCTION

MicroRNAs (miRNAs) are short non-coding RNAs that regulate gene expression.1 The 

binding of miRNAs to messenger RNAs silences protein translation and indirectly controls 

many biological processes such as cell proliferation and differentiation.2, 3 Aberrant changes 

in miRNA concentrations have been correlated with numerous diseases including cancers,4 

autoimmune,5 neurodegenerative,6 and inflammatory diseases.7 Due to the biomedical 
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significance of miRNAs, research investigating their biological functions has increased 

in the last decade.8 Although many methods have been developed for measuring low-

abundance miRNAs, there remains a need for more accessible technology to aid researchers 

conducting routine miRNA analyses. Analytical techniques must be cost- and time-effective, 

while providing high sensitivity for the target miRNAs.

Quantitative PCR (qPCR) provides a good balance between sensitivity and cost for routine 

measurements of miRNAs, compared to techniques like next-generation sequencing.9-12 

However, sample preparation for qPCR-based miRNA analysis methods is cumbersome,13 

which detracts from its utility. miRNAs typically must first be ligated with poly adenosine 

using a Poly A polymerase enzyme to extend the miRNA sequences in a sample.14, 15 

Reverse transcription (RT) then converts the extended miRNAs into complimentary DNAs 

(cDNAs) using a reverse transcriptase enzyme.15 cDNAs are then amplified by PCR using 

a DNA polymerase enzyme. The resulting double-stranded DNA products are detected 

with a fluorescent intercalating dye, whose signal is measured after each thermocycle. The 

cycle at which the fluorescence is detectable above the background is designated as the 

quantification cycle (Cq). Lower Cq values indicate higher miRNA concentrations in the 

original sample, as fewer thermocycles are needed to generate sufficient amplicon molecules 

for detection.16

The multiple sample preparation steps and distinct enzymes required for RT-qPCR of 

miRNAs increase the cost and complexity of the analysis. Additionally, systematic ligase-

dependent biases can occur.17 Sequence-specific miRNA conformations influence ligation, 

resulting in under- or over-representation of certain miRNAs in the total cDNA products.18 

This bias affects subsequent qPCR quantitation. Stem loop RT-qPCR provides a simplified 

approach for amplifying miRNAs that circumvents some of these issues. Stem loop primers 

are used to extend miRNA sequences, which obviates the need for ligation.13, 19 However, a 

RT sample preparation step is still required. Besides challenges with ligation and RT, qPCR 

itself contributes to the biases of the analysis. In qPCR, a single contaminant or mis-priming 

event can be amplified, leading to false signal.20 Similarly, the presence of a PCR inhibitor 

can hinder the reaction, leading to underestimations of miRNA concentrations.21

To mitigate qPCR biases and enhance limits of detection, digital PCR (dPCR) can be 

used to quantify miRNAs.22, 23 dPCR first partitions a bulk sample into >103 discrete 

ultralow-volume reactions. PCR is then performed on all partitions in parallel. Partitions 

containing even a single target molecule are amplified in the ultralow volume to produce a 

readily detectable fluorescence signal;24 these partitions are classified as digitally “active”. 

Partitions without a target molecule remain nonfluorescent after PCR and are classified 

as digitally “inactive”. The percentage of active partitions is proportional to the analyte 

concentration in the original sample, which is quantified by comparing the measured digital 

signal to the Poisson distribution.25 dPCR provides higher sensitivity and lower limits of 

detection than qPCR because individual molecules are counted within the ultralow reaction 

volumes.26, 27 This performance cannot be achieved in qPCR because signal is diluted 

within the bulk reaction volume. dPCR also minimizes the effects of PCR inhibitors or 

contaminants on the analysis by partitioning these molecules into separate reactions.28, 29 
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Although dPCR provides additional analytical benefits, it still requires multiple enzymes for 

ligation and RT to form cDNAs before samples can be analyzed.

Base-stacking PCR (BS-PCR) is an alternative miRNA analysis technique that eliminates 

sample preparation by obviating both poly A ligation and RT.30, 31 Rather than using 

multiple enzymes to extend miRNA sequences and convert miRNAs into cDNAs, BS-PCR 

uses miRNA to catalyze the amplification of a DNA guide; this technique requires only a 

single DNA polymerase to complete the PCR reaction. BS-PCR begins with the assembly 

of a three-component base-stacking complex (BS-complex): a single-stranded DNA guide 

with a complementary region to the target miRNA (Figure 1, orange), the target miRNA 

(Figure 1, blue), and a forward primer (Figure 1, black/green) with only five complementary 

nucleotides to the DNA guide (Figure 1, black). In the absence of the target miRNA, 

the forward primer does not have sufficient binding energy to anneal to the DNA guide. 

However, hybridization of the miRNA onto the DNA guide stabilizes annealing of the 

forward primer to the DNA guide. This occurs due to pi-pi stacking interactions between 

the 3’ end of the primer and the 5’ end of the miRNA.32 This BS-complex (Figure 1, 

Anneal ii) is then extended by a DNA polymerase to form a full-length amplicon (Figure 1, 

red/black/green), which can be amplified by standard PCR in subsequent cycles.

BS-PCR has the potential to provide a simple and rapid means of amplifying miRNAs; 

however, it is seldom used because of the pervasive non-specific amplification observed. 

Low-concentration standards exhibit Cq values similar to the blank.30 This non-specificity 

precludes use in single-molecule digital assays because every reaction partition would 

be active with no way of discerning true positives from false positives. This manuscript 

reports the development of a base-stacking digital-quantitative-PCR (BS-dqPCR) method to 

accurately measure miRNAs in a high-sensitivity digital assay. A digital microwell array 

platform was developed to amplify miRNA while obviating the ligation and RT steps 

required by conventional miRNA PCR methods. Thermocycling conditions were optimized 

to analyze the miRNA let-7a with high sensitivity and low non-specific amplification. 

The quantitative response of BS-dqPCR was then assessed. dPCR signal increased with 

increasing let-7a concentrations while qPCR Cq values decreased, similar to theoretical 

expectations. The BS-dqPCR method developed here provides simple and sensitive detection 

of miRNA with minimal sample preparation. This work lays the foundation for a rapid, 

cost-effective platform for researchers requiring routine high-sensitivity miRNA analyses.

EXPERIMENTAL

Chemical Reagents

Nuclease-free water, DNA guide, let-7a miRNA, and PCR primers (Table S1) were 

purchased from Integrated DNA Technologies (Coralville, IA). PCR master mix (Table 

S2) was obtained from KAPA Biosystems (Wilmington, MA). Tris-hydrochloride, 10x tris-

buffered saline, 10% bovine serum albumin, Tween 20, Dynabeads M-270 streptavidin, 

ethanol, 10,000x SYBR Green, trichloro(octyl) silane, and 5% buffered oxide etchant 

were purchased from ThermoFisher Scientific (Waltham, MA). Hexamethyldisilazane was 

obtained from Integrated Micro Materials (Argyle, TX). PRS 2000 was purchased from 

Mays Chemical (Indianapolis, IN). Ammonium hydroxide and hydrogen peroxide were 
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obtained from Millipore Sigma (St. Louis, MO). Vacuum pump oil was acquired from VWR 

(Radnor, PA).

Microfluidic Microwell Array Fabrication

Detailed descriptions of the microfabrication procedure have been previously reported by 

our group.33 Briefly, microwell features were patterned onto silicon wafers (University 

Wafer, Boston, MA) using photolithography.34 Wafers were then subjected to deep reactive 

ion etching (SPTS Technologies, Newport, UK) to create recessed wells in the silicon. The 

final depths of the microwells were measured to be 4 μm using a profilometer (Bruker, 

Billerica, MA). Scanning electron microscope (SEM) (JEOL, Peabody, MA) images showed 

that the microwells had 3 μm bead-loading circles adjoined to 8 x 1.3 μm signal acquisition 

rectangles (Figure 2A). Fluidic domes (Figure S1A) were patterned onto glass (S.I. Howard 

Glass, Worcester, MA) by photolithography and then etched to a depth of 20 μm using 

buffered oxide etchant. Glass and silicon substrates were cleaned in a base piranha solution 

(5 : 1 : 1 water : ammonium hydroxide : 30% hydrogen peroxide) for 15 min at 60 °C. 

Substrates were then baked for 10 min at 110 °C and cleaned with an oxygen plasma 

(Plasma Etch, Carson City, NV). Both substrates were silanized with trichloro(octyl) silane 

under vacuum at 110 °C for 1 h. Glass and silicon substrates were then diced into individual 

units and epoxied together to form the final microwell array devices (Figure S1B).

Microfluidic dqPCR Analysis

Biotinylated DNA guides were conjugated onto streptavidin-coated beads (2.8 μm diameter) 

using our previously established protocol.33, 35 The conjugation density of DNA guides was 

varied between 3,000 and 3,000,000 molecules per bead. Microfluidic microwell arrays were 

conditioned with ethanol, water, and loading buffer (Table S2). Guide-conjugated beads 

were then loaded into array devices using a magnet to draw beads into the microwells 

(Scheme 1A). Microwells were engineered with dimensions to only contain a single bead 

(Figure 2B). The volumes of a microwell and a bead are 80 fL and 10 fL, respectively. 

PCR master mix was vacuumed into devices and allowed to sit for 3 min to enable master 

mix to passively diffuse into the microwells (Scheme 1B). Loaded microwells were then 

sealed with oil to create discrete reaction partitions (Scheme 1C). The hydrophobic silane 

surface treatment step during fabrication was included to aid device sealing by preventing 

the aqueous contents of multiple microwells from coalescing together.

PCR was performed on an AZ100 epifluorescence microscope (Nikon Instruments, Melville, 

NY) with a custom thermocycling stage.33, 35 The PCR thermocycling program contained a 

30-s hot-start step at 94 °C (Scheme 1D), a 6-s melting step at 94 °C, a variable annealing 

step (reported in the Results and Discussion), and a 10-s extension step at 69 °C. A total of 

35 PCR cycles were performed for each analysis. Fluorescence images of devices (Figure 

2C) were acquired after every PCR thermocycling step for 1 s at 470/525 nm and 8x 

magnification. An Andor Zyla sCMOS camera (Oxford Instruments, Smyrna, TN) and a 

Sola SE light source (Lumencor, Beaverton, OR) were used to collect the images. dPCR 

digital signal was calculated as the percentage of active microwells at the end of the 35 

cycles. Microwells were designated as active if their fluorescence was observable above 

the device background (S/N>1.03). qPCR curves were obtained by plotting the average 
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signal from all active microwells at each PCR thermocycle. All analyses were performed in 

triplicate with n>10,000 total analyzed beads per replicate. Figures in the manuscript plot the 

average signal from these n=3 analyses with error bars depicting ±1 standard deviation.

Conventional qPCR Analysis

qPCR was performed on a QuantStudio™ 12K Flex Real-Time PCR System (ThermoFisher 

Scientific). 20 μL of PCR master mix (Table S2) was added into a MicroAmp Optical 

96-Well Reaction Plate (ThermoFisher Scientific). A qPCR thermocycling program 

recommended by the manufacturer was used for analysis, which was similar to the program 

previously used for BS-qPCR.30 Thermocycling contained a 180-s hot-start step at 95 °C, 

40 cycles of a 1-s melting step at 95 °C, and a 30-s combined annealing and extension 

step at 60 °C. qPCR curves at each let-7a concentration were measured in triplicate, and 

normalized to the lowest fluorescence intensity. Cq values were automatically determined by 

the instrument software.

RESULTS AND DISCUSSION

Optimizing Guide Concentration

BS-PCR has been previously employed to analyze bulk miRNA samples, using qPCR 

for analyte quantitation.30 However, optimal PCR conditions in bulk assays (e.g. 20 μL) 

often differ significantly from those in digital assays (e.g. 70 fL). The 108-fold lower 

reaction volume necessitates higher reagent concentrations to ensure sufficient numbers 

of molecules are loaded into each digital reaction partition. The 103-fold higher surface 

area-to-volume ratio in digital assays also accentuates surface adsorption issues that may 

cause PCR inhibition. Therefore, translating BS-PCR assays into a digital format requires 

optimization of reagent concentrations and PCR conditions to attain robust performance. 

Let-7a was selected as the model miRNA in these studies because of its important roles in 

cell proliferation and various disease pathways.36, 37

The first method optimization parameter that was evaluated was the number of DNA guides 

available in each reaction to ensure robust formation of the BS-complex (Figure 1, Anneal 

ii). More DNA guides per reaction increases the efficiency of BS-PCR by providing more 

opportunities for the miRNA and forward primer to hybridize to a DNA guide and trigger 

RT-free amplification. However, too many DNA guides leads to non-specific amplification, 

causing false positive signals. A balance must be struck to maximize on-target signal 

while minimizing non-specific amplification. Cursory calculations determined that it was 

cost-prohibitive to add DNA guides directly into the PCR master mix because of excessive 

reagent consumption. Therefore, guides were biotinylated and conjugated to streptavidin 

beads to enable their controlled delivery into the microwells. A two-tiered signal response 

was sought for method optimization, where all microwells were either active or inactive. 

To achieve this, positive controls were prepared by adding let-7a to the PCR master mix 

at 4 copies of miRNA per microwell. Negative controls only contained master mix without 

miRNA. Positive and negative controls were expected to provide 98% and 0% digital signal, 

respectively, as predicted by the Poisson distribution.38, 39
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Digital signal was measured from positive and negative controls using between 3,000 and 

3,000,000 guides/bead. At 3,000 and 30,000 guides/bead, the percentage of active wells for 

both positive and negative controls were near zero and indistinguishable from each other 

(Figure 3). Digital signal increased when using 300,000 guides/bead but then plateaued, with 

no further improvements at 3,000,000 guides/bead. The highest ratio between the digital 

signal from the positive control and negative control (P/N ratio) occurred using 300,000 

guides/bead. However, even at this optimal guide number, considerable digital signal was 

observed in the negative control. This suggests significant non-specific priming of the 

DNA guides occurred in the absence of miRNA. This result is surprising given that the 

forward primer only has five complementary nucleotides to the DNA guide. The melting 

temperature of primer-guide binding is computationally predicted to be −5 °C (Visual 

Oligonucleotide Modeling Platform, DNA Software, Plymouth, MI); thus, no binding should 

occur at 58 °C. But the prevalence of false positives in the experimental results suggests 

that transient hybridization of the primer to the guide occurs at a sufficient frequency to be 

amplified, which is attributed to the relatively high reagent concentrations. However, this 

result is consistent with the previous BS-PCR report that observed ubiquitous non-specific 

amplification,30 which would manifest as 100% activity in digital assays. Although false 

positives in this study did not saturate the digital array, their high rate still limits the 

sensitivity of a digital BS-PCR assay, so further method optimization was needed.

Optimizing Annealing Temperature

Annealing temperature is often the main parameter in PCR optimization because it is crucial 

to the success and stringency of amplification. The importance of the annealing step is 

accentuated in BS-PCR because both the miRNA and forward primer must hybridize to the 

DNA guide. Given the high rates of false positives observed during the guide optimization 

study, non-specific binding between the forward primers and DNA guides in the absence of 

miRNA likely occurred because the annealing temperature was too low. However, annealing 

temperatures must be finely tuned as excessively high temperatures can decrease PCR yield 

by preventing on-target hybridization and negatively affect the efficiency of the assay.

Thermocycling programs with annealing temperatures between 53 °C and 69 °C were 

evaluated using 300,000 guides/bead. Digital signals for both positive and negative controls 

were observed to decrease as annealing temperature increased. Binding between primers and 

guides became less stable at higher temperatures, lowering the probability of a successful 

extension event (Figure S2). Interestingly, while digital signal from the negative control 

decreased gradually over this temperature range, signal from the positive control decreased 

sharply at 60 °C, suggesting dissociation of the on-target BS-complex. The highest P/N 

ratio occurred at 58 °C; however, the positive control still underperformed its predicted 98% 

activity because of inefficient hybridization between the DNA guide, miRNA, and forward 

primer. Similarly, the negative control exhibited prohibitively high digital signal at 58 °C, 

which was attributed to the extension of transient primer-guide hybrids due to the high 

reagent concentrations in the microwells.
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Asymmetric Thermocycling

The annealing temperature study revealed a high rate of false positives at all temperatures, 

except 69 °C where signal from the positive control was near zero and indistinguishable 

from the negative control. To increase the signal from the positive control without increasing 

signal from the negative control, an asymmetric thermocycling strategy was evaluated. In 

conventional PCR, the time and temperature of the melting, annealing, and extension steps 

are kept constant throughout each cycle. However, this scheme may be inappropriate for BS-

PCR where the first cycle requires additional considerations. The BS-complex must first be 

assembled in Cycle 1 to be extended by the polymerase and produce a full-length amplicon 

(Figure 1). Once this product has been produced, it can be amplified by conventional PCR. 

We hypothesized that the P/N ratio could be increased by tailoring conditions in Cycle 1 

to facilitate the formation of the BS-complex. Specifically, increasing the time (long-start) 

or reducing the temperature (cold-start) in Cycle 1 would favor BS-complex assembly to 

promote on-target amplification. The thermocycling conditions could then be altered in 

Cycles 2-35 to reduce the probability of non-specific amplification in subsequent cycles.

The Cycle 1 annealing time was first evaluated to determine if a long-start could 

increase on-target BS-PCR amplification. The results showed that the digital signal was 

indistinguishable between positive and negative controls with a long-start up to 600 s (Figure 

S3A). A 69 °C annealing temperature was used for these experiments because the negative 

control in the annealing study above did not produce signal, but this temperature may have 

been prohibitively high. Therefore, a second long-start study was performed at an annealing 

temperature of 65 °C to make hybridization more favorable. However, similar trends were 

observed where digital signals from positive and negative controls were indistinguishable, 

regardless of the annealing time at Cycle 1 (Figure S3B). These results demonstrated that 

kinetic factors alone were not responsible for the low BS-PCR amplification efficiency, as 

providing more time for the BS-complex to form did not increase on-target signal.

Next, the effect of decreasing the Cycle 1 annealing temperature was investigated to promote 

formation of the BS-complex. Computational calculations predicted that the guide had a 

stable secondary structure with a melting temperature of 47 °C. To ensure self-annealing 

of the guide did not hinder assembly of the BS-complex, the lowest cold-start temperature 

evaluated was 46 °C. Among cold-starts between 46 °C and 69 °C, two conditions at 

53 °C and 58 °C produced higher digital signal for positive controls than for negative 

controls (Figure S4). However, on-target signal remained significantly lower than expected, 

suggesting that lowering the Cycle 1 annealing temperature alone was insufficient to 

increase the response of the positive control. However, when both cold-start and long-start 

were combined into a single program, an improved response was observed (Figure 4). The 

program using a 300-s long-start combined with a 53 °C cold-start achieved the greatest 

performance, with a P/N ratio of 3.8. These empirical optimizations demonstrate that the 

BS-complex requires both longer times and colder temperatures to promote assembly of 

the guide, miRNA, and primer. However, even with this enhanced performance, positive 

controls remained underactive compared to their theoretical values while negative controls 

were overactive.
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A benefit of microwell arrays over other digital assay formats is that qPCR data can 

be collected in parallel with dPCR data.34, 35 Thus far, only the digital signal has been 

considered in our method optimization, so we next examined the qPCR dimension, which 

revealed insightful findings. qPCR curves of active microwells from positive and negative 

controls were obtained for the best uniform (annealing at 58 °C for 20 s) and asymmetric 

(Cycle 1 annealing at 53 °C for 300 s and Cycles 2-35 at 69 °C for 20 s) thermocycling 

programs. Under conventional uniform thermocycling, the negative and positive controls 

were indistinguishable from each other, having the same Cq of 27 (Figure 5, dashed lines). 

However, using the cold-long-start thermocycling program, the positive control exhibited 

a Cq of 13 (Figure 5, solid green line), shifting 14 cycles earlier compared to uniform 

thermocycling. This Cq shift indicated more efficient amplification, demonstrating the 

benefits of the cold-long-start program. The negative control also experienced a Cq shift 

with a cold-long-start (Figure 5, solid gray line), but the majority of active microwells 

appeared at later cycles. These false positives could be eliminated from the assay by ending 

PCR at Cycle 17. Although some active microwells from the positive control are sacrificed, 

conducting fewer PCR thermocycles increased the P/N from 3.8 to 9.7 and reduced the 

analysis time to 15 min. Assays using the cold-long-start program also exhibited active wells 

with higher analog fluorescence. This higher signal-to-noise enabled digitally active and 

inactive microwells to be more easily assigned and aided in the determination of Cq values.

Quantifying let-7a with BS-dqPCR

The optimized BS-dqPCR method above produced a high P/N ratio, although digital signals 

were lower than theoretical predictions. We attribute these results to incomplete diffusion of 

miRNA from the bulk master mix solution into the microwells (Scheme 1B) over the short 

time provided for device loading. However, even if reagent concentrations did not reach 

equilibrium between the bulk and the microwells, proportional concentration-dependent 

responses should still be observed. Thus, the quantitative performance of BS-dqPCR was 

evaluated by analyzing a series of miRNA concentrations using the optimal asymmetric 

thermocycling program established above (Cycle 1 annealing at 53 °C for 300 s and Cycles 

2-35 at 69 °C for 20 s). Digital signals were found to increase between 0 and 50 copies per 

microwell (Figure 6A, blue), proving BS-PCR digital signal is concentration dependent. No 

digital signal change was observed between 50 and 500 copies/microwell because the digital 

signal saturated at these high concentrations. However, 50 and 500 copies/microwell were 

discernable using Cq values from the qPCR dimension (Figure 6A, red). A two-cycle shift 

in Cq was observed between 50 and 500 copies of let-7a per microwell. This is below the 

expected three-cycle shift, but the general trend of higher miRNA copy numbers shifting 

Cq values to earlier cycles matches with theoretical predictions. The limit of detection for 

this free-solution BS-dqPCR assay was found to be 0.26 copies per well. Performance will 

be improved in future studies by introducing a capture step to preconcentrate miRNA onto 

beads rather than relying on passive diffusion of miRNA molecules into microwells. This 

bead capture approach has been reported to improve LODs 103-fold in the analysis of 

proteins;40, 41 similar performance gains are expected for miRNAs.

We sought to benchmark the quantitative performance of the microfluidic assay against 

a bulk analysis using a commercial qPCR instrument. Cq values were measured from 
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samples containing between 0 and 1010 let-7a copies per reaction (Figure S5) based on 

the concentrations used in the previous BS-qPCR report.30 All Cq values from bulk qPCR 

assays were indistinguishable from one another and from the blank (Figure 6B). This 

suggests that signal obtained from bulk BS-qPCR was not produced by the let-7a, but rather 

from mis-priming events between DNA guides and forward primers. It is unclear why bulk 

BS-qPCR did not yield a concentration-dependent response to the target miRNA; however, 

optimizing the bulk analysis was beyond the scope of this study. Regardless, this data 

accentuates the benefits of microfluidic BS-dqPCR, as our on-chip technique demonstrated a 

sensitive and quantitative method to measure miRNA at low copy numbers.

CONCLUSIONS

This report describes a promising BS-dqPCR method to analyze miRNA in a high sensitivity 

digital microwell array format. The use of BS-PCR to amplify miRNA eliminated the 

need for ligation and RT steps, which reduced the time, complexity, and cost of the 

analysis compared to conventional miRNA qPCR methods. The success of microfluidic 

BS-dqPCR stemmed from a unique asymmetric PCR thermocycling program that was 

developed to facilitate the formation of the BS-complex while concurrently minimizing non-

specific amplification. Additionally, the ability of our method to use qPCR data to inform 

dPCR analysis conditions resulted in the optimized method providing a high P/N ratio. 

Incorporating both dPCR and qPCR dimensions into a single assay afforded an ultrawide 

dynamic range where the dPCR dimension reliably measured low miRNA copy numbers, 

but at high copy numbers where digital signal saturated, qPCR Cq values readily discerned 

sample concentrations. Overall, the short analysis times and high sensitivity demonstrate 

that microfluidic BS-dqPCR can analyze miRNA for broad research applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cartoon showing the sequential steps in Cycle 1 of BS-PCR. All components are first sealed 

into individual microwells, and PCR is then initiated. After melting, miRNA (blue) anneals 

to the DNA guide (orange), which stabilizes annealing of forward primer (black/green) to 

the guide. DNA polymerase binds to this base-stacking complex, displaces the miRNA, and 

extends the guide sequence into a full-length amplicon (red/black/green).
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Figure 2. 
(A) Top-down SEM image of a region of a microwell array at 4,000x magnification. (B) 
Tilted SEM image of an array device loaded with beads at 4,000x magnification. The 

dimensions of the microwells permit only a single bead to be loaded into each microwell. 

(C) Top-down fluorescence image of a region of a microwell array after BS-PCR at 

8x magnification. The autofluorescence of beads is observed in every loaded microwell. 

Microwells originally containing a target miRNA also exhibit fluorescence in the signal 

acquisition region after BS-PCR amplification.
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Figure 3. 
DNA guide number was evaluated by measuring the digital signal from positive controls 

(4 copies of let-7a per microwell) and negative controls (0 copies of let-7a per microwell). 

Increasing guide numbers yielded more base-stacking complex in the positive controls 

but also caused more non-specific amplification in the negative controls. A 58 °C PCR 

annealing temperature was used in this study.
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Figure 4. 
The Cycle 1 annealing time and temperature were evaluated to determine their combined 

effect on the digital signal of a BS-PCR assay. The highest P/N ratio was attained using a 

cold-long-start where the Cycle 1 annealing time was 300 s and the temperature was 53 °C. 

Annealing for Cycles 2-35 occurred at 69 °C.
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Figure 5. 
qPCR curves for positive controls (green) and negative controls (gray) using uniform 

thermocycling (dashed lines) with annealing at 58 °C for 20 s and asymmetric 

thermocycling (solid lines) with a 300-s long-start combined with a 53 °C cold-start for 

Cycle 1 and annealing at 69 °C for 20 s for Cycles 2-35. Each trace depicts the average 

fluorescence from all active wells at each thermocycle.
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Figure 6. 
(A) Digital signal (blue circles) and Cq values (red triangles) from BS-PCR were measured 

over a range of let-7a copy numbers in microfluidic microwell arrays. Concentration-

dependent responses are observed in both the dPCR and qPCR dimensions. (B) Cq values 

from bulk BS-qPCR analyses over a range of let-7a copy numbers analyzed using a 

commercial qPCR instrument. A concentration-dependent response was not observed over 

this broad concentration range.
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Scheme 1. 
Side-view cartoon illustrating the steps of a BS-PCR assay (sizes not to scale). (A) Beads 

conjugated with DNA guides are loaded into microwells. (B) PCR master mix containing the 

target miRNA and primers is introduced into the device. (C) Loaded microwells are sealed 

with oil to create individual reaction partitions. (D) The PCR hot-start step simultaneously 

activates the PCR polymerase (as in conventional PCR) and releases DNA guides into 

solution within the individually sealed microwells.
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