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Abstract
Limiting dilution PCR has become an increasingly useful technique for the detection and
quantification of rare species in a population, but the limit of detection and accuracy of quantification
are largely determined by the number of reactions that can be analyzed. Increased throughput may
be achieved by reducing the reaction volume and increasing processivity. We have designed a high-
throughput microfluidic chip that encapsulates PCR reagents in millions of picoliter droplets in a
continuous oil flow. The oil stream conducts the droplets through alternating denaturation and
annealing zones, resulting in rapid (55 second cycles) and efficient PCR amplification. Inclusion of
fluorescent probes in the PCR reaction mix permits the amplification process to be monitored within
individual droplets at specific locations within the microfluidic chip. We show that amplification of
a 245 bp Adenovirus product can be detected and quantified in 35 minutes at starting template
concentrations as low as one template molecule per 167 droplets (0.003 pg/μL). The frequencies of
positive reactions over a range of template concentrations agree closely with the frequencies predicted
by Poisson statistics, demonstrating both the accuracy and sensitivity of this platform for limiting
dilution and digital PCR applications.

INTRODUCTION
The ability to quantify a small number of targets against a background of highly homologous
targets is central to applications ranging from environmental monitoring to clinical diagnostics.
PCR is the most sensitive method for identification of rare species in a complex sample, but
the DNA derived from the more abundant species provides a vast excess of sequences that can
compete with rare sequences for the PCR primers.1 Therefore, it is difficult to quantify the
fraction of poorly represented targets in a starting population when amplification is carried out
in bulk reactions.1,2

Limiting dilution PCR has become an increasingly useful technique for determining the total
number of initial DNA targets present in a complex mixture, such as cells isolated from a tumor
or a diverse microbial community.1–3 Using the limiting dilution PCR strategy, accurate
quantitation of targets can be achieved by serially diluting the sample and performing multiple
reaction replicates to the point that individual reactions contain single template molecules.1 A
qualitative “all or none” end point signal is used to score the positive and negative reactions,
and the number of targets present in the initial reaction can then be quantified from the
proportion of positive reactions using Poisson statistics.1 Since individual template molecules
can be separated and amplified independently using limiting dilution PCR, amplification bias
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is avoided, and products exclusively derived from a single template are generated. The limiting
dilution technique has been used to enumerate unculturable organisms in the environment3 as
well as to detect rare mutations associated with colorectal cancer via “digital PCR,” in which
fluorescent probes that discriminate the product material provide a digital readout of the
fraction of a mutant sequence in the population.2

Rigorous statistical analysis is required to establish significance using the limiting dilution
PCR technique, since positive signals should be distributed according to Poisson probabilities.
1,2 According to Poisson statistics, many empty reactions are required in order to maximize
the number of reactions containing only single-copy targets. Therefore, the limit of detection
of rare species is largely determined by the number of reactions that can be analyzed.2
Consequently, the utility of limiting dilution PCR techniques is severely limited by the low
number of reactions that can be performed by conventional PCR cyclers (thousands of
reactions/day) and the prohibitive costs associated with the large volumes of reagents (typically
> 0.1 μL/well) and large numbers of microwell plates required to perform millions of reactions.

Microfluidic systems for PCR offer the advantages of reduced reaction volumes, higher thermal
cycling speed, and decreased reagent and sample consumption, which is critical when limited
template material is available from clinical or environmental samples. The majority of such
systems utilize fabricated micro-, nano-, or picoliter reservoirs for conventional thermocycling
4–7 or a continuous-flow based approach in which the temperature is kept constant over time
at specific locations in the system, and the sample is moved between the individual temperature
zones for cycling.8,9 Substantial increases in throughput and reduced (picoliter) reaction
volumes can be achieved by emulsion PCR, in which reactions are conducted in water-in-oil
emulsions. This method was first used to amplify single DNA molecules 10 and is now used
commercially to generate clonally amplified templates from complex libraries of DNA
fragments to facilitate next-generation sequencing.11 The emulsification technique is well
suited to digital PCR applications, as each amplicon is isolated in its own droplet preventing
amplification biases due to the preferential amplification of one template over another.12–14

Current methods of bulk emulsification, however, generate droplets that are non-uniform in
size,11 and real-time analysis of individual reactions, which is critical to the digital PCR
concept, cannot be accomplished.

Alternatively, microfluidic systems can be designed to generate monodisperse droplets in a
microchannel through shearing flow at a T-junction or a flow-focusing zone.15–18 Microfluidic
systems offer increased control over droplet size, and amplification of single DNA molecules
in droplets generated by microfluidic devices has recently been demonstrated.19,20 If the
droplet generation architecture is implemented on a PCR chip, individual droplets can be
focused in the channel for optical interrogation during amplification.20–22 Here, we describe
a continuous-flow-based real-time PCR system that generates discrete, picoliter-scale PCR
reactions in a continuous stream of inert fluorinated oil. The PCR reaction droplets are
conveyed by the oil flow through channels in a microfluidic chip. Static thermal zones
controlled by heaters below the chip provide 35 cycles of two-step PCR. Periodic channel
constrictions or “neckdowns” permit a fluorescence signal to be measured in real time from
each individual droplet, providing information on amplification efficiency within each droplet.
This system provides high-throughput, low-labor DNA amplification of millions of reactions
per hour combined with real-time monitoring of individual reactions. We show that
amplification of a 245 bp Adenovirus product can be detected in 35 minutes at starting template
concentrations as low as one template molecule per 167 droplets (0.003 pg/μL). The
frequencies of positive reactions over a range of template concentrations agree closely with
the frequencies predicted by Poisson statistics, demonstrating both the accuracy and sensitivity
of this platform for limiting dilution and digital PCR applications. We discuss how this system
provides simple yet effective solutions to the challenges of sample collection, contamination,
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and processing, and generates discrete, clonally amplified products amenable to multiple
research needs.

EXPERIMENTAL SECTION
Chip Preparation

Fluidic chips were fabricated using soft lithography.23 The masters for these chips were
produced by coating 4-inch silicon wafers with SU8 photoresist (MicroChem. Corp., Newton,
MA) and exposing the desired pattern through a mask with UV light on an OAI Hybralign
Series 200 Mask Aligner (OAI, San Jose, CA). Multilevel structures were created by repeating
the above processing with layers of desired varying thickness. The droplet generation and
neckdown regions of the chip were 50 microns deep while the incubation channels on the
master had a depth of 260 microns. The body of the chip was formed by PDMS-based replica
molding 24, and the resulting 70 mm × 75 mm slab was cut from the mold, placed in an oxygen
plasma to activate the surface, and irreversibly bonded 25 to a 70 mm × 75 mm glass microscope
slide.

PCR Amplification
Experiments were conducted using a PCR primer and probe set designed for the Adenovirus
genome (pAdeasy-1 vector, Stratagene, La Jolla, CA) (See Table 1). The PCR master mix
contained 50 mM Tris/HCl (pH 8.3), 10 mM KCl, 5 mM (NH4)2SO4, 3.5 mM MgCl2, 0.2 mM
dNTP (Invitrogen, Carlsbad, CA), 0.5% Tetronics (Research Diagnostics Inc., Flanders, NJ),
0.1 mg/ml BSA (Sigma-Aldrich, St. Louis, MO), 0.2 units per μL of FastStart Taq DNA
polymerase (Roche Applied Sciences, Indianapolis, IN), 0.5 μM each of forward and reverse
primers (Integrated DNA Technologies, Coralville, IA), 0.25 μM FAM-labeled probe
quenched with a 3′ BHQ1 (Biosearch Technologies, Novato CA), and 1 μM Alexa Fluor 594
(Invitrogen, Carlsbad, CA).

Serial dilutions of the pAdeasy vector were made from a 5 nM (100 ng per μl) stock solution
to concentrations ranging from 60 to 0.0006 ng per μl. Concentrations were verified by
traditional qPCR using a Chromo4 real-time PCR machine (Bio-Rad, Hercules, CA), with a
3-minute hot start at 95°C followed by 40 cycles at 95°C for 10 seconds, 65°C for 30 seconds,
and 68°C for 30 seconds with plate reads after the 65°C and 68°C steps at each cycle. Target
concentrations for the serial dilutions were chosen to reflect specific numbers of template
molecules per 65 picoliter volume, the volume of droplets generated by the fluidic chip (See
Table 2). Seven 200 μl reaction mixes were generated, one for each of the target dilutions listed
in Table 2, spanning template concentrations from 0.006 to 600 template molecules per 65 pL.

The mixture of template and PCR reagents was delivered to the chip at a rate of 125 μL/h from
a 1 mL glass syringe controlled by a custom Harvard Syringe Pump (Harvard Apparatus,
Holliston, MA). The syringe was connected to 1/16-inch PEEK tubing, (length less than the
3m shown to interfere with qPCR),26 that had been passivated by flowing a mixture containing
5 mg/ml tRNA (Sigma-Aldrich, St. Louis, MO) in Tris-EDTA buffer to minimize DNA loss
in low concentration samples through adsorption to the tube walls. The oil/surfactant mix
(GEA, RainDance Technologies, Lexington, MA) was contained in a 5 ml glass syringe and
delivered to the chip at a rate of 500 μL/h. Reactions were infused through the chip sequentially
from lowest to highest concentration, the chip was completely flushed with oil following
amplification, and the syringes and PEEK tubing were replaced between samples.

Reaction droplets were formed via flow-focusing 27 whereby a perpendicular intersection
between the channel through which the PCR reaction mix was infused and two channels
flowing immiscible oil resulted in the generation of uniform, monodisperse droplets of
approximately 65 picoliters (50 μm diameter) (Fig. 1b). The chip was mounted on two 24 volt,
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30 watt silicon heating elements (Watlow, St. Louis, MO) that divided it into two thermal
zones, a 95°C zone and a 67°C zone (Fig. 1a). The droplets were conveyed through the chip
by the flow of oil, and the static thermal zones provided hot start activation followed by 34
cycles of two-step PCR. The velocity at which the droplets moved through the chip was
controlled by regulating the injection rate of the oil and PCR mix and could be further reduced
by extracting interstitial oil from around the PCR droplets (Fig. 1a), thereby increasing the
droplet packing and decreasing the flow rate through the channels. Using these two methods
of velocity control, droplets experienced a 3-minute, 95°C hot start, followed by 34 cycles of
a 15 second denaturation phase (95°C) and a 40 second annealing/extension phase (67°C).
Cycles 5, 6, and 7 had slightly shorter annealing/extension times (Fig. 1a).

As any given sample was amplified on the microfluidic chip, the emulsion was collected from
the exhaust line in a 1.5ml microcentrifuge tube throughout the duration of the reaction. Once
the sample had been completely processed through the chip, the emulsified drops were broken
by flash-freezing in liquid nitrogen for 10 seconds and subsequently centrifuged at 16,000 g
for 10 minutes in a benchtop mini-centrifuge. The upper, aqueous layer was removed and
analyzed both by gel electrophoresis on a 2% agarose TAE gel and simultaneously on the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) to confirm the size and
quantity of the products.

Data Acquisition and Analysis
Droplets were interrogated at specific “neckdowns”, 100 micron long regions of the chip where
the channel width and depth decreased forcing droplets into a single file. The neckdowns were
spaced periodically throughout the chip, providing fluorescence data at the time of droplet
generation as well as during the annealing and extension phase at cycles 4, 8, 11, 14, 17, 20,
23, 26, 29, 32, and 34. The fluorescent signal at both 530 and 650 nm wavelengths was
monitored at each of the 12 observation points on the chip (the nozzle and the 11 cycle
locations). A 561 nm laser (Coherent, Inc., Santa Clara, CA 300 mW) was used to excite Alexa
Fluor 594, which emitted at 650 nm and served as an internal control for droplet detection. A
488 nm laser (Coherent, Inc., Santa Clara, CA 150 mW) excited the FAM fluor, which when
released from its proximity to the Black Hole quencher on the Taqman probe by polymerase
exonuclease activity, emitted at 530 nm. Fluorescence was recorded using a custom optics
system consisting of a 20X objective lens (Carl Zeiss MicroImaging, Thornwood, NY) and
two filters (530/40 nm and 650/40 nm) (Edmund Optics, Barrington, NJ) fitted to 300–650nm,
0.1V/μA Photo-Multiplier Tubes (Hamamatsu, Bridgewater, NJ). Signals from the PMTs were
passed to a Dell Optiplex GX620 computer via a custom data acquisition board. Data was
acquired at a rate of 222,222 Hz, down-sampled 3-fold to approximately 74,000 reads per
second, and stored for subsequent analysis. The 1.5V, 100 mA 850 nm LED (OSRAM Opto
Semiconductors, Inc., Santa Clara, CA) provided non-conflicting strobe illumination that
permitted acquisition of visual images with a Guppy CCD camera (Allied Vision Technologies,
Newburyport, MA).

Fluorescence data from each neckdown on the chip was analyzed with custom software written
in Labview (National Instruments Corp., Austin, TX). Alexa Fluor 594 fluorescence values
above background were used to identify drops, and the FAM fluorescence, indicative of relative
DNA concentration, was recorded for each. Baseline levels of FAM fluorescence were obtained
from the median value of the FAM fluorescence recorded from droplets in neckdowns 0 through
11. PCR positive drops, or drops in which PCR amplification had occurred, were identified as
drops with a FAM signal greater than two standard deviations over the median baseline signal.
28 The percentage and fluorescent signal of PCR positive drops were recorded at each
neckdown for every sample. Cycle thresholds were calculated from a plot of average droplet
fluorescence versus cycle number where curves were in the exponential phase. The MPN (most
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probable number) calculation was made from the data (percentage of PCR positive droplets)
obtained at the 4 lowest dilutions of template DNA.29

RESULTS AND DISCUSSION
To address the need for high-throughput, real-time PCR, we have designed a disposable PDMS/
glass microfluidic chip that can be used to carry out continuous-flow droplet-based PCR
reactions (Fig. 1a). To generate droplets, a syringe pump was used to infuse the aqueous sample
into a channel on the chip. This channel perpendicularly intersected two channels flowing
immiscible oil, resulting in the generation of droplets with a narrow size distribution.27 Figure
1b shows the generation of droplets at the chip nozzle. The 65 picoliter droplets had an average
diameter of 50 μm and were generated at a rate of 500 per second or 1.8 million per hour.

To carry out PCR, the chip was mounted on two static heaters that divided it into two thermal
zones, a 95°C zone and a 67°C zone. The droplets were conveyed through the chip by the flow
of oil, and the static thermal zones provided hot start activation and 34 cycles of two-step PCR
(Fig. 1a). Downstream of the nozzle, the channel depth expanded from 50 μm to 260 μm,
decreasing the droplet separation and increasing the droplet density (Fig. 1c). The velocity at
which the droplets moved through the chip was controlled by regulating the infusion rate of
the oil and PCR mix and could be further reduced by extracting interstitial oil from around the
PCR droplets (Fig. 1a), thereby increasing the droplet packing and decreasing the flow rate
through the channels. Using these two methods of velocity control, droplets experienced a 3-
minute hot start activation followed by 34 cycles (95°C for 15 seconds, 68°C for 40 seconds
with slightly shorter cycle times for cycles 5, 6, and 7 as shown in Fig. 1a) resulting in a total
reaction time of approximately 35 minutes. The variation of transit time through the delay line
is estimated to be less than 5% due to a tendency for the droplets to move together through the
device. These cycling times were not optimized, and amplification of the relatively short 245
bp product could likely be achieved with shorter cycles. This would improve the system
throughput by allowing the rates of infusion of oil and PCR mix, and accordingly, the rate of
droplet generation at the nozzle to be increased.

To assess the utility of the system for quantitative PCR applications, serial dilutions of the
Adenovirus genome were made at 600, 60, and 6 template molecules per 65 picoliter droplet,
as well as at one template molecule per 2, 3, 17, and 167 droplets (0.6, 0.3, 0.06, and 0.006
copies per droplet, respectively). The concentrations of the diluted DNA were verified by qPCR
using a traditional real-time thermocycler. The reactions were infused through the chip
sequentially from lowest to highest concentration, the chip was completely flushed with oil
following amplification, and the syringes and PEEK tubing were replaced between samples to
prevent contamination that could lead to the appearance of false positives. While the chips are
disposable, they were not replaced between runs when proceeding from a low to high
concentration of the same template.

The PCR microchip was stationed above an optical system that combined a video camera with
a two wavelength laser excitation and detection system. Using this optical system, droplets
were interrogated at specific “neckdowns”, 100 micron long regions of the chip where the
channel width and depth decreased forcing droplets into a single file (Fig. 1c). Since the
diameter of the droplets was the same as the width and depth of the neckdowns, only a single
droplet could fit through a neckdown at one time, and no droplets could be missed by the lasers.
The neckdowns were spaced periodically throughout the chip, providing fluorescence data at
the time of droplet generation as well as during the annealing and extension phase at cycles 4,
8, 11, 14, 17, 20, 23, 26, 29, 32, and 34. A fluorescent dye, Alexa Fluor 594, provided a constant
signal in each droplet that was used for droplet detection without inhibiting PCR amplification
efficiency or yield (data not shown). This signal (average value of 1.5 ± 0.2 fluorescence units)
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and the peak width at half the maximum signal (average value of 156 ± 13 μs) did not fluctuate
significantly, indicating that the droplet size was uniform. In addition to the Alexa dye, a FAM-
labeled Taqman probe specific to a region of the amplified Adenovirus sequence was added
to the reaction mix (Table 1). Fluorescence of the FAM dye on the probe could be detected
under the FRET (fluorescence resonance energy transfer) process when released from its
proximity to a quencher by the exonuclease activity of the DNA polymerase, providing a
fluorescence intensity increase proportional to DNA concentration in the droplet.30 As the
emission wavelengths for the Alexa and FAM dyes did not overlap, the two dyes could be
interrogated without cross-talk, permitting accurate, simultaneous detection of both droplet
number and DNA content.

Data from the on-chip PCR reactions is presented in Figure 2. Approximately 30 seconds of
data was collected at each neckdown, resulting in the analysis of an average of 14,000 ± 2700
drops per cycle. As individual droplets passed through the excitation lasers (488 nm and 561
nm) at the interrogation neckdowns, both the Alexa Fluor 594 and FAM signals were recorded.
The observed fluorescence signals at the final neckdown (cycle 34) are plotted versus the
number of droplets in Figure 2a. The distribution of Alexa Fluor 594 signal was narrow for
droplets analyzed at all of the template concentrations. In contrast, a bimodal distribution of
FAM fluorescence was observed for droplets with starting template concentrations of less than
one molecule per droplet (Fig. 2a, panels I–IV), indicating the presence of two populations.
These populations correspond to empty droplets and droplets that supported amplification. At
the lowest template dilution (Fig. 2a, panel I), the second FAM peak corresponding to PCR-
positive droplets was small, indicating that amplification had occurred in very few of the
droplets. The size of the population with higher FAM fluorescence increased as the number of
droplets containing template was increased (Fig. 2a, panel II–V). At a starting template
concentration of 60 copies per droplet, amplification was detected in almost all of the droplets,
and a single population of droplets with high FAM fluorescence was observed (Fig. 2a, panel
VI).

The empty droplets and PCR-positive droplets are further distinguished in Figure 2b which
shows a time trace of fluorescence signals from droplets as they passed one-by-one through
the excitation lasers at the final interrogation neckdown. The Taqman probe provided a
background FAM fluorescence in all droplets (average value of 2.3 ± 0.1 fluorescence units),
but the FAM signal was increased by approximately 1.2 fluorescence units in droplets in which
amplification had occurred (average value of 3.5 ± 0.2 fluorescence units). No statistical
difference was observed (p-value =0.37) between the Alexa 594 signals recorded from droplets
exhibiting a positive Taqman signal and those that were PCR negative (Fig. 2b), indicating
that the PCR signal was independent of the Alexa Fluor signal.

For each of the Adenovirus dilutions examined, the percentage of PCR positive droplets was
plotted versus cycle number (Fig. 2c). Successful amplification was detected at Adenovirus
concentrations as low as one template molecule per 167 droplets (0.006 copies per drop). As
expected, the percentage of droplets that supported amplification increased as the starting
template copy number per drop was increased (Fig. 2a, c). Following amplification, the droplets
collected from the chip were broken and analyzed by automated electrophoresis to confirm a
product of the appropriate size (Fig. 3). Consistent with the fluorescence data, the gel showed
an increase in total product as the amount of starting material was increased.

The timing of appearance of PCR positive droplets was delayed as the concentration of starting
material was reduced (Fig. 2c). Accordingly, cycle thresholds calculated from curves of
average droplet fluorescence versus cycle number for starting template concentrations of
greater than 1 copy per droplet showed an approximately 2 to 3 cycle shift in cycle threshold
when the template concentration was increased by an order of magnitude (Table 2). A plot of
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the log of concentration versus cycle threshold showed a slope consistent with an amplification
efficiency of 2.4 (data not shown). This represents a 20% increase over the expected value and
suggests a need for optimization of the design to enhance the utility of the system for qPCR
applications in high titer regions (>3pg/μL), which could perhaps be achieved by adding more
interrogation neckdowns.

To determine the accuracy of the system for quantifying low concentrations of starting material,
the observed titers were compared with the average percentage of positive reactions predicted
for each starting template concentration by Poisson statistics and by MPN (most probable
number) (Table 3). Poisson statistics in real-time, single-copy picoliter droplet PCR and RT-
PCR was previously demonstrated, but the total droplet count was limited by the architecture,
19,31 which allowed analysis of a maximum of 1000 droplets using a static system. Due to the
continuous flow nature of the system described here, the amplification and imaging of over a
million droplets was possible in a 35-minute run, thereby overcoming the droplet count
limitation. Figure 4 shows a plot of the percentage of droplets that supported amplification
versus starting copy number compared to that predicted by Poisson (solid blue line). Very good
agreement was seen, but a small shift in slope and offset may be indicative of some sample
loss through adsorption to the tube walls. Interestingly, at the lowest template dilutions (0.006
and 0.06 copies per droplet), the PCR positive droplets were slightly overrepresented (11.7%
observed versus 5.8% expected at 0.06 copies per droplet). This observation could be indicative
of a limitation in the accuracy of serial dilutions in this range or of some false positive in the
algorithm for distinguishing amplified and unamplified droplets. It is also possible that there
was some low level of template contamination during preparation of the samples.

To estimate the actual starting concentration of template in the reactions, the MPN (most
probable number) technique that is commonly used to estimate microbial population sizes32

was employed. The MPN technique relies on the pattern of positive and negative reactions
across several serial dilution steps to derive a population estimate based on the mathematics
of Halvorson and Ziegler.33 Using this methodology, an MPN of 0.83 template molecules was
calculated for a 1 copy per droplet dilution. This calculation was based on the 4 lowest dilutions
of starting material, although the MPN could be as high as 1.1 copies if data from only the 3
lowest dilutions of template DNA was used.29 Table 3 shows the corrected template copy
numbers per droplet based on the MPN calculation. The Poisson expected PCR positive
droplets determined by the adjusted starting template concentrations were compared with the
observed values (Table 3). Even closer agreement was evident at starting template
concentrations of 0.3 (20.3% observed versus 21.6–22.4% expected), 0.6 (32.5% observed
versus 38.6–39.8% expected), and 6 copies per droplet (89.0% observed versus 99.2–99.3%
expected). Given the accuracy of the data for endpoint analysis this droplet-based strategy
appears to be ideal for quantitative PCR applications that require single molecule detection.

CONCLUSION
We have shown that on-chip PCR in picoliter droplets provides a solution to the limitations of
throughput and cost associated with limiting dilution PCR techniques that require millions of
reactions to detect single-copy target nucleic acids from a complex environment. By
partitioning microliter scale samples into discrete, picoliter droplets, this system increases the
number of reactions that can be performed from thousands of reactions per day to millions per
hour, offers great advantages in terms of reagent savings, and reduces time-costly manual
preparation steps that increase the risk of sample contamination. In addition to providing high-
throughput PCR, this platform generates droplets that are uniform in diameter, allowing for
constant reaction rates across the droplets and highly reproducible amplification, which is
difficult to achieve with bulk emulsions that have distributions in droplet diameter of up to two
orders of magnitude. In addition, the use of a microchip with periodic channel restrictions, or
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neckdowns, allows detection of individual droplet fluorescence in real time, which is not
feasible with bulk emulsion PCR. This proof of principle study demonstrates high sensitivity
(detection of template concentrations as low as 0.003 pg/μL in 35 minutes) combined with
reliable quantification of targets (close agreement with Poisson statistics over a range of
template concentrations) using the current design. These results show the great promise of this
technology for limiting dilution qPCR applications. Future efforts will focus on multiplex
library amplification, droplet merging,34 sorting of “empty” droplets,34 and including bead-
bound primers or templates within the droplets.11,19
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Figure 1.
Images of the PCR chip. (a) Schematic of the overall flow configuration. Pink-shaded regions
of the chip were maintained at 95°C, and non-shaded regions were at 67°C. The regions
highlighted in yellow correspond to the interrogation neckdowns, and the corresponding cycle
numbers are noted on the left. The nozzle is highlighted in red, and the oil extractor (OE) is in
blue. (b) Optical image of droplet generation at the nozzle. (c) Optical image of uniform
droplets in the downstream channel and flowing through one of the neckdowns.
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Figure 2.
Real-time PCR data from picoliter droplets. (a) Histogram showing the distribution of
fluorescence signal (arbitrary units a.u.) among droplets passing through the excitation lasers
(488 nm and 561 nm) at the interrogation neckdown on cycle 34. Histograms are shown for
droplets containing an average of 0.006, 0.06, 0.3, 0.6, 6, and 60 copies of template DNA in
panels I–VI, respectively. (b) Time trace (36 ms) of fluorescence signals (arbitrary units a.u.)
from droplets passing one-by-one through the excitation lasers (488 nm and 561 nm) at the
interrogation neckdown on cycle 34. The droplets on average are passing through the neckdown
at 500 per second and contain an average of 0.6 copies of template DNA. (c) Time traces (30
s) were taken at every third cycle for each template concentration, and the percentage of
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droplets with FAM fluorescence above the background level (PCR positive droplets) were
plotted versus cycle number. Cpd = copies per droplet.
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Figure 3.
Visual analysis of bulk PCR product for each template concentration by automated
electrophoresis. Lanes 1 through 7 correspond to 0.006, 0.06, 0.3, 0.6, 6, 60, and 600 starting
template copies per drop, respectively. Lane L represents the DNA ladder.
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Figure 4.
Plot of the percentage of droplets that supported amplification versus starting copynumber.
The curve represents the percentage expected from Poisson statistics (solid blue line).
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Table 1

Sequences of primers and Taqman probe
Oligo Sequence Tm

Forward 5′-ACAAAGGCTCGCGTCCAGGC-3′ 59.97
Reverse 5′-CAGCTGGCCCTCGCAGACAG-3′ 59.77
Probe 5′FAM-ACATGTCGCCCTCTTCGGCATCA-3′B HQ1 68.9
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Table 2

Picoliter droplet template concentrations and thresholds
Copies per droplet Cycle Threshold (Ct)

600 16.1
60 17.9
6 21.2

0.6 n/aa
0.3 n/aa
0.06 n/aa
0.006 n/aa

a
n/a, not applicable. For template concentrations of less than 1 copy per droplet, cycle thresholds could not be accurately computed from the average

droplet fluorescence measurement, as the reactions contained a mixture of positive and empty droplets.
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Table 3

Comparison of Observed Amplication Distribution to Poisson Statistics and MPN
Template Concentration PCR Positive Droplets

Copies per Droplet Copies per Droplet (MPN adjusted)
a

Observed Expected (Poisson) Expected (Poisson, MPN
adjusted)a

0.006 0.0050 (± 0.000082) 2.08% 0.60% 0.49–0.51%
0.06 0.050 (± 0.00082) 11.7% 5.82% 4.76–4.95%
0.3 0.25 (± 0.0041) 20.3% 25.9% 21.6–22.4%
0.6 0.50 (± 0.0082) 32.6% 45.1% 38.6–39.8%
6 5.0 (± 0.082) 89.0% 99.8% 99.2–99.4%
60 50 (± 0.82) 95.9% 100% 100%
600 500 (± 8.2) 98.2% 100% 100%
a
MPN calculation based on the 4 lowest dilutions was 0.83 ± 0.017. Adjusted values are within 95% confidence.
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