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Digital droplet reactors are useful as chemical and biological containers to discretize reagents into
picolitre or nanolitre volumes for analysis of single cells, organisms, or molecules. However, most DNA
based assays require processing of samples on the order of tens of microlitres and contain as few as one
to as many as millions of fragments to be detected. Presented in this work is a droplet microfluidic
platform and fluorescence imaging setup designed to better meet the needs of the high-throughput and
high-dynamic-range by integrating multiple high-throughput droplet processing schemes on the chip.
The design is capable of generating over 1-million, monodisperse, 50 picolitre droplets in 2—7 minutes
that then self-assemble into high density 3-dimensional sphere packing configurations in a large viewing
chamber for visualization and analysis. This device then undergoes on-chip polymerase chain reaction
(PCR) amplification and fluorescence detection to digitally quantify the sample’s nucleic acid contents.
Wide-field fluorescence images are captured using a low cost 21-megapixel digital camera and macro-
lens with an 8-12 cm? field-of-view at 1x to 0.85x magnification, respectively. We demonstrate both
end-point and real-time imaging ability to perform on-chip quantitative digital PCR analysis of the
entire droplet array. Compared to previous work, this highly integrated design yields a 100-fold
increase in the number of on-chip digitized reactors with simultaneous fluorescence imaging for digital

PCR based assays.

Introduction

Lab on a chip devices continuously strive to provide more
information and function in ever smaller packages. This becomes
evident when considering the growth of on-chip microarrays and
micro/nanoreactors for massively parallel or high-throughput
processing."™ On-chip nanowells and droplet reactors have
gained attention in the field of digital biology for applications
like single-cell analysis®*’ and single-copy nucleic acid detection
including: digital quantification of DNA,*'” monoclonal
template amplification for bead-based gene sequencing,'®2°
reverse transcriptase (RT-PCR) for detection of single RNA
fragments,?** and multiplexed digital PCR.'** Digital PCR
platforms benefit from each reactor having its own microenvi-
ronment where the amplification in one reactor does not interfere
with that of another. This provides a digital output of nucleic
acid concentrations with increased quantitative resolution.**
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Furthermore, single DNA molecules can be quantified even in
the presence of competing template sequences, which would
otherwise skew traditional qPCR results.>>*’

Unfortunately, the dynamic-range of on-chip digital PCR lags
behind its analog counterparts by three to four orders of
magnitude due to the lack of compartmentalized reactors and
limited volume throughput.®*'*?! This is further compounded by
Poisson distribution behavior of single molecule encapsulation,
which requires low concentrations of DNA relative to reactor
number.®!>?® In addition, many nucleic acid processing schemes
benefit from real-time fluorescence measurements, which provide
temporal information about PCR amplification, but few high-
throughput platforms provide this ability.!!15:21:23.2932 [y this
work, we aim to increase real-time imaging throughput as much
as possible using techniques that process greater droplet numbers
and avoid serial processing. Previous work by the authors
present a means to increase droplet array packing density and
utilize 100% of the imaging area.'* The technology helps increase
reactor imaging throughput while reducing the total area.

Presented in this work is a more highly integrated design that
provides real-time imaging and high-throughput processing of
over 1-million droplets. This is accomplished by integrating rapid
droplet generation, on-chip thermocycling, and wide-field fluo-
rescence imaging on a single microfluidic platform. Droplet
generation rates of 3-8 kHz frequencies are achieved using a 256
droplet-splitter design. The 256 channel outlets also favor high
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water/oil (w/o) volume ratios and uniform filling of a large
viewing chamber. Wide-field fluorescence imaging of an 8-12 cm?
area is achieved using a 21-megapixel camera and 100 mm
macro-lens with 1x to 0.85x magnification, respectively. The
combined process enables digital PCR quantification of 1-million
droplets consisting of a 50 pL PCR sample volume and DNA
template numbers up to 100 000 copies. The combined process-
ing scheme results in a 100-fold increase in digitized reactor
number for real-time imaging, which simultaneously increases
throughput and dynamic-range of digital PCR assays.**4*!

Materials and methods
Microfluidic devices

Microfluidic devices were fabricated using glass slides and
polydimethylsiloxane (PDMS) patterned using standard soft
lithography processes as illustrated in Fig. 1A.3%3 Single-height
microfluidic master molds of 78-80 pum thick SU-8 structures
were fabricated on 3" silicon wafers in a clean-room facility.
Sylgard-184 PDMS (Dow Corning) was cast on top of the SU-8
molds and a 1 mm thick glass slide cut to 2" x 2" was embedded
inside the PDMS layer spaced 225 um above the viewing
chamber using 30 awg Kynar wire. The embedded glass served to
reduce deformation of the microfluidic chamber and create
a vapor barrier to reduce oil and PCR reagents from evaporating
during PCR thermocycling.’*3* The PDMS was then cured in
a 60 °C oven for 4-6 hours, released from the mold, inlet and
outlet holes were cored, then bonded to 1 mm thick 2" x 3" glass
slides (Corning, USA) using air plasma treatment (Harrick
Plasma, USA). Finally, the entire device was placed in a 120 °C
oven overnight to return the material to its native hydrophobic
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state. Fig. 1B shows the mask design used to pattern the SU-8
molds. The design consists of oil and PCR sample inlets, a flow
focusing droplet generator, 256 droplet-splitting channels, and
a 27 mm x 40.5 mm droplet viewing chamber.

256 Droplet splitter. Droplet generation was achieved using
a single PCR sample inlet and oil inlet feeding into a flow
focusing droplet generator to form a large ~13 nL parent
droplet. This droplet then split 8 times to form 256 daughter
droplets as shown in Fig. 1C and Video S11. High w/o volume
ratios and stable droplet generation were achieved using heavy
white mineral oil (Fisher Scientific) combined with the stabilizing
surfactants 3% w/w Abil EM 90 (Degussa/Goldschmidt) and
0.1% w/w Triton X-100 (Sigma-Aldrich). The first parent channel
was designed with a width of 240 um followed by 8 bifurcation
junctions at 45° angles, with /2 width reductions between junc-
tions 2 and 7, resulting in a final width of 30 um at the outlet.
Droplet generation was typically performed at flow rates of 8 uL
min~' PCR solution and 4 pL min~' oil resulting in droplet
generation frequencies of 2.66 kHz and 66% water/oil (w/o0)
volume ratios. Faster flow rates up to 25 pL min~' PCR solution
and 25 pL min~' oil were also achieved resulting in a droplet
generation frequency of 8.33 kHz and a 50% w/o volume ratio.
Based on previous work published by the authors, w/o volume
ratios ranging between 50% and 66% are favorable for various
high-density single or double-layer droplet array packing
configurations.?

PCR reagents. Tagman PCR solutions were prepared using
a standard protocol of Amplitaq Gold Fast PCR Master Mix,
UP (2x) PCR kit (Applied Biosystems). Proprietary sequences of
template chlamydia DNA (150-300 bp), forward/reverse primer

Outlet

27 x405mm |
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T

vertical su ppoﬂs"';
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27 mm x 40.5 mm x 78 pym 5 mm

Fig. 1 Schematic illustration and images of the PCR microdevice: (A) fabrication process, (B) mask design of the droplet array with sample inlets,
droplet generator, 256 splitter, viewing chamber and outlet. (C) The picture of droplet generation and 256 splitter filling the 27 mm x 40.5 mm viewing

chamber.
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pairs (15-20 nt), and FAM labeled probes (20-25 nt) were
supplied by Beckman Coulter Inc. (USA) and ordered in high
purity from Advanced Biotechnologies Inc. Solutions were
prepared as 50 pL reactions with the following final concentra-
tions: forward/reverse primers (0.9 uM), probe (0.3 uM), 1x
PCR master mix, and DNA template dilutions ranging from 20—
100 000 copies per reaction. BSA (1 pg uL~") was added to the
solution to reduce surface adsorption of DNA or enzymes to
surfaces and further stabilize the emulsion and PCR.3¢*® Other
surface treatments/additives may also be used to reduce surface
adsorption and stabilize the assay.?’*%*!

Droplet array chamber. In order to increase reactor number
and throughput as much as possible, a combination of factors
were taken into consideration including droplet size, imaging
area, and imaging resolution. Ultimately, a low cost imaging
solution was selected that consisted of a consumer grade 21-
megapixel digital camera. Based on this camera’s sensor, a PCR
assay of approximately 1 million droplets was chosen to provide
a minimum resolution of no less than 15-20 pixels per droplet.
For high throughput volume processing we chose a large 50 nL
PCR reaction discretized into 1 million 50 pL droplets with
46 pum diameters. The minimum chamber area that could contain
I-million 46 pm spheres for visualization was theoretically
determined to range from 18.3 cm? for traditional single layer
close-packed droplets to only 6.1 cm? using a three-layer cubic
close packed scheme.'* For purposes of droplet visibility and
optimal usage of the imaging area, a double layer (100) lattice
like droplet packing configuration was chosen. This formation
yields on average 945 drops mm 2, requiring a total imaging area
of ~10.58 cm?, an optimal chamber height of ~78 um, and a w/o
volume ratio of ~61.5%."*

With these parameters in mind, a chamber area of ~11 cm?
was designed with 27 mm x 40.5 mm dimensions following the
2 : 3 aspect ratio of the camera’s imaging sensor. Two strips of
vertical support structures were designed into the droplet
chamber to prevent collapse during plasma bonding and to help
maintain a more uniform height throughout the device during
filling and thermocycling. This design provided a remaining
chamber area of ~10.7 cm? with an ~83.7 uL volume capacity.
Depending on the actual w/o volume ratio, chamber height,
droplet size, and droplet packing arrangements, an estimated
1.03 x 10° £+ 0.1 x 10° total droplets were expected to reside in
the holding chamber. For accuracy, the total area processed
during image analysis was adjusted to approximate a 1-million
droplet region or 50 uL sample volume.

Wide-field fluorescence imaging

To view the ~11 cm? area in a single snapshot, both a large field
of view optical setup and a high-resolution imaging setup were
required to adequately resolve all 1-million droplets. As illus-
trated in Fig. 2, large field of view images were captured using
a Canon 5D Mark II digital single lens reflex (dSLR) camera with
a 21 megapixel CMOS sensor and a 100 mm f/2.8 USM Macro
Lens (Canon Inc., USA). The dSLR camera and lens were
mounted to a photocopy stage and positioned 6-8 inches above
a thermocycling setup with the microfluidic device on top.
Fluorescence imaging ability was added using an Omniprint-
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Fig. 2 Wide field of view fluorescence imaging setup.

1000 350W portable light source with a 3 mm fiber-optic cable
(Omnichrome, USA), and a commercial GFP-3035 Brightline®
filter set (Semrock, USA) with 25 mm excitation and 32 mm
emission filters. A fiber optic wand with focusing objective and
excitation filter was placed 5-8 inches above the device, at a 30-
45° angle, to illuminate an area 1 cm wider than the chamber’s
longest diagonal or ~5 to 6 cm. The 32 mm emission filter was
positioned on the front of the lens.

The macro-fluorescence imaging setup is capable of imaging
8.6-17.2 cm? areas at 1 x to 0.5x magnification, respectively. The
Canon 5D Mark II sensor contains a 36 mm x 24 mm 3:2
format 3 color RGB CMOS sensor in an RGBG Bayer mosaic
filter pattern with 6.4 pm pixel pitch and individual microlenses
per pixel providing greater quantum efficiency. Image capture
settings were typically taken at f/2.8 aperture, ISOi 400-800,
0.85x magnification, ~6.5"" working distance, and 4-8 s expo-
sure in RAW image format with long exposure noise reduction
enabled. The 100 mm macro-lens provides a 6" working focal
distance from the front of the lens to the imaging plane and
a focal depth of >100 pm at f~number, f/2.8 and 1x magnifica-
tion. At this focal length, the camera has an equivalent numerical

1 ISO represents the “International Organization for Standardization”
and is a measure of sensitivity of the camera sensor to light. The higher
the ISO the greater the gain of the signal for the same amount of light
absorbed by the sensor.
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aperture, NA, of ~0.089 as detailed in the ESIf.** Uniformity
measurements of the fluorescence imaging system are detailed in
the ESI to show the behavior of the lens, fluorescence filters, and
excitation light source. With these imaging parameters, 20-40
pixels per droplet resolution could be achieved for the 1-million
droplet array.

On chip PCR thermocycling

Thermocycling of the microfluidic device was achieved using
2 39.7 mm x 39.7 mm thermoelectric cooler (TEC) and a FTC-
100 controller (Ferrotec Inc., USA) controlled using manufac-
turer software. Temperature feedback control was accomplished
by inserting a 1 mm thick 2" x 2" copper plate between the
microfluidic device and TEC unit with an embedded TR-1(2245)
thermistor (Ferrotec Inc., USA). A custom-fabricated liquid-
cooled aluminium block was placed beneath the TEC device to
dissipate waste heat. Finally, a 3" silicon wafer was placed
between the copper plate and microfluidic device to help equalize
heat distribution and provide a better optical surface for imaging
as shown in Fig. 2. Two-step PCR thermocycling was initiated
with a 10 minute “hot start” at 95 °C to activate the Tag-poly-
merase then 40-45 cycles of ramping between 58 °C and 95 °C
using 30 second hold times and 2-3 °C s~' thermal ramp rates.
The total PCR thermocycling reaction time required ~65
minutes. The ability to perform on-chip thermocycling of drop-
lets was necessary to be able to perform real-time observation of
the entire droplet reactor array during PCR amplification.

Digital PCR quantification and image processing

Image] software and custom Matlab code were used to syste-
matically detect and quantify fluorescent droplets and analyze
their size, packing geometry, density, and fluorescence intensity
using methods similar to that presented in previous work.!
Background subtractions, contrast enhancement, and flatfield
corrections were performed as needed for quantification of
digital PCR results. A first level background correction was
performed using the camera’s built-in peripheral illumination
correction and long-exposure time noise correction. For digital
PCR quantification, Fast Fourier Transfer (FFT) filtering was
employed to quickly filter out unwanted spatial frequencies in
intensity. This allowed a simple thresholding or local maxima
detection scheme to quantify the digital PCR results. Positive
droplets were detected using a maximum entropy or Otsu’s
method thresholding,*® then their intensity could be measured
from the original image. FFT analysis was also used to determine
droplet lattice orientation and average droplet size, see ESI{ for
more information. The quantification results were then
compared to the expected number of positive droplets for serial
dilutions ranging from 20-100 000 copies per reaction.

Results and discussion
Wide-field fluorescence imaging

Bright field and fluorescence imaging of the droplet devices were
performed directly in place to visualize droplet generation,
chamber filling, and digital PCR amplification in real-time while
PCR thermocycling was taking place. The fluorescence image in

Fig. 3 shows ~1 million 50 picolitre drops in a 78-80 um tall,
11 cm? viewing area. The droplets in these devices were suffi-
ciently stable to undergo 40 or more cycles of on-chip thermo-
cycling with less than 5% coalescence. Real-time fluorescence
imaging of PCR amplification is demonstrated in Fig. 4 showing
cycles 15-40 displayed in 5 cycle increments. These images were
captured at 1x magnification using a smaller 4.5 cm® x 50 um
tall device with droplets arranged in a single layer hexagonal
packing configuration. See Videos S2 and S3t of the real-time
PCR amplification observed between cycles 15 and 44 captured
once every cycle. Fig. S8+ shows a plot of real-time fluorescence
intensity vs. cycle number.

Due to all droplets containing only a single copy number, the
absolute PCR efficiency of the assay could not be readily deter-
mined using standard calibration curves.**** It is possible to use
other methods for calculating PCR efficiencies based on intensity
changes alone but these were difficult to implement due to the
noise in cycle to cycle fluorescence intensity.***” However, the
digital nature of the PCR assay does enable a comparison
between amplification curves that can be used for qualitative/
semi-quantitative evaluation of amplification efficiencies within
droplets. An example where this would be useful is measuring
amplification efficiency across the entire device to determine
thermocycling uniformity. Other advantages gained from real-
time imaging include more sensitive detection of positively
amplified droplets due to better background subtraction
schemes, monitoring crosstalk of DNA among droplets, detec-
ting droplet coalescence, tracking droplets, optimizing PCR cycle
times, and others.

As common with any optical imaging system, sensitivity,
uniformity, and resolution must be balanced against field-of-
view, depth-of-focus, and cost. The techniques employed in this
paper have overcome wide-field of view fluorescence imaging
challenges in two ways. First, by packing the droplets in higher
density, the illumination area is greatly reduced. This results in
brighter excitation intensity and consequently, stronger fluores-
cence signals from the PCR amplified droplets. Likewise, using
3D droplet packing allows higher pixel/droplet resolution
because the droplet overlap and 100% sensor area coverage allow
more efficient usage of the sensor.”® Second, the 1x magnifica-
tion values and longer working distances provide greater depth
of focus to view the 3D droplet lattices. This also reduces
working angles of the optics to provide more even illumination
and image capture of large areas by allowing the use of higher
contrast interference filters. A more detailed discussion of the
influence of incidence angles on the interference filters used in
this imaging setup is provided in the ESIf.

The 21-megapixel CMOS sensor in the dSLR camera has
a very high resolution and is relatively inexpensive, making it
a useful off-the-shelf camera setup for capturing a large field of
view. With this high resolution, a 20-40 pixels per droplet ratio
could be achieved for a 1-million droplet array. Further increases
in droplet number will require even greater pixel numbers to
maintain a sufficient 15-20 pixels per droplet ratio required to
resolve each independent droplet’s fluorescence signal. This limit
is determined based on the need to adequately resolve and detect
round droplets for fluorescence imaging, accommodate droplet
misalignment with the pixel grid, and compensate for the color
filters on the sensor.

This journal is © The Royal Society of Chemistry 2011
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Fig. 3 Macro-fluorescence image of 1-million PCR amplified droplets in a 27 mm by 40.5 mm by 78-80 um droplet chamber (highlighted by dashed
white line) imaged on a 21-megapixel dSLR camera. The inset is an enlarged section for enhanced visualization.

Although cooled CCD sensors have been historically chosen
over their CMOS counterparts due to less noise and higher signal
gains, recent improvements in CMOS technology*® have favored
their growth and appearance in research for bioassays** and
fluorescence detection.’**' For example, due to the camera’s
CMOS sensor having small 6.4 um pixels with individual RGBG
Bayer color filters, it is more prone to noise and requires a larger
number of pixels for signal averaging. This has been improved by
the incorporation of convex microlenses on each pixel to increase
the quantum efficiency and sensitivity of the sensor. Further-
more, improved image processing schemes and CMOS readout
techniques have helped to further reduce noise in the final digi-
tized output. Some newly developed functions of modern dSLR
cameras that we were able to utilize include: long-exposure noise-
reduction, peripheral illumination correction, and high ISO gains

15 20 25

with less noise. Similar improvements have been observed in the
quality and variety of dSLR lenses. Overall the combination of
a large field of view and low cost fluorescence imaging setup
required for this application was beneficial, compensating for the
losses in sensitivity and image quality compared to typical fluo-
rescence microscopes.

Droplet generation and 256 splitter

Using the 256 droplet splitter design we were able to achieve
rapid droplet generation at rates as high as 8.33 kHz with flow
rates of 25 uL min~! PCR solution and 25 pL min~! oil flow rates
creating 1-million droplets in just two minutes. In order to
achieve higher w/o volume ratios for purposes of 3D droplet
packing and to reduce satellite droplet formation in the splitting

Fig. 4 Real-time imaging of PCR amplification between cycles 15-40. The small lower-left inset shows a bright field image of the droplet array before

thermocycling began (scale bars 500 um).
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regions, generation was typically limited to 2-3 kHz production
rates with consistent droplet uniformity and CV values of less
than 8% (n = 500 000). At these rates, generation of 1-million
droplets and filling of the chamber area could be achieved in less
than 7 minutes. For multi-junction droplet splitting, interfacial
tension and shearing rates are important, not only for droplet
stability during droplet generation, but also for stabilizing the
emulsion when packed into high density arrays. Reducing the
interfacial tension too low resulted in poor parent droplet
shearing rates and excessive satellite droplet formation. Alter-
natively, high interfacial tension in the droplets prevented them
from splitting through all 8 channel bifurcations and made them
prone to coalescence during thermocycling. For these experi-
ments, the use of 0.1% Triton X-100 and 3% Abil EM 90
provided both a stable droplet emulsion and sufficient compa-
tibility with the PCR assay.

Droplet packing and thermocycling

While exiting the 256 droplet splitter, droplets flowed evenly into
the large viewing chamber as seen in the ESI, Video S1f. The
even flow profile out of the 256 splitter made filling of the
chamber easier and would tend to force out air bubbles that may
have been trapped in the device during the initial sample filling
stage. In earlier experiments, air bubbles remained behind in the
chamber and caused problems during PCR thermocycling, as
they would expand and contract dramatically and act as nucle-
ation sites for sample evaporation. Ensuring tubing was free of
bubbles and pre-filling the device with surfactant free oil helped
to greatly reduce this problem to less than 5% failure rates in
experiments.

Controlling droplet size, w/o volume ratio, and chamber
height enabled predictive 3D droplet self-assembly into square
packing (100) lattice orientations.'* However, due to the
deformability of droplets and PDMS, combined with variations
in SU-8 mold height and actual droplet size, coexistence of both
(100) square packing and (111) hexagonal packing formations
would frequently occur. This is largely due to the nature of 3D
droplet self-assembly requiring very small changes in height to
switch between the (100) and (111) lattice configurations. In
addition, w/o volume ratios were typically higher than optimal
conditions which would cause droplets to deform and pack closer
together. These possible sources of error in determining droplet
number for digital PCR quantification were compensated for by
measuring the actual droplet size and density from the image.
The image area analyzed was then adjusted to accurately reflect
1-million droplets or a 50 pL. sample with less than 8% error.
Future modifications to reduce these problems would be to
reduce channel heights to ~75 pm and decrease w/o volume
ratios to prevent (111) lattice formations.

Digital PCR quantification

Digital quantification of the PCR amplified droplets seen in
Fig. 3 was calculated and found to have a positive droplet fluo-
rescence count of ~7450 that closely matched the expected value
of 1 in ~133 positive droplets and a total of 7500 expected with
less than 5% error. This device was estimated to contain
~1 100 000 droplets in the chamber based on calculations from

a chamber volume of ~83 L, droplet size of 46 um, and PCR/oil
volume ratio of 66.6%. The total PCR volume processed was
~55 uL of solution. Further analysis of corresponding bright
field images showed average droplet sizes and packing densities
with a total droplet count in good agreement with the theoretical
volume based estimation having less than 5% error. Sensitivity of
the system to detect and quantify droplets relied on fluorescence
signal to noise levels, DNA concentration, and degree of droplet
overlap.

The minimum threshold required to detect droplets was based
on thresholding schemes that maximize the entropy of the
histogram. Using real-time analysis actually helps to improve
detection sensitivity because it allows a reference frame to
subtract background noise compared to a single end-point
frame. The temporal information also helps to differentiate
between amplified signal and noise because the rate at which the
intensity changes can be expected to follow a gradual increase
from frame to frame, allowing another parameter by which to
detect positive droplets. An example would include the change in
intensity due to a piece of auto-fluorescent debris, or shrinking/
evaporation of a droplet, resulting in a more concentrated
solution over time. However, lattice shifting and droplet motion
from frame to frame posed problems with the implementation of
this scheme. Future work to fix the droplet lattice would prove
advantageous.

A series of serial PCR dilutions from 20 to 100 000 copies per
reaction were performed for 50 uL sample volumes and their
total DNA content quantified and plotted in Fig. 5. As seen in
the graph, even with the slight variations in droplet size or
number from run to run, the total DNA concentrations closely
match the predicted outcomes with average errors of less than
15% (N = 10). Considering well performed qPCR experiments
can estimate original DNA concentrations to just fewer than

Digital PCR Results
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Fig. 5 Digital PCR experimental results of 1-million droplet arrays
containing digital PCR dilutions at concentrations ranging from 2 x 10’
to 1 x 10° copies per 50 pL reaction. Fluorescence images from the 21-
megapixel digital camera were processed to quantify the total copy
number present per 50 uL volume reaction. Relative standard error 15%.
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1 cycle number variation, providing 150-200% error in original
concentration estimations,>>5 this is still a more than advanta-
geous level of performance for digital PCR.?* Furthermore, the
resulting quantification errors are still comparable with the
amount of error one would predict from Poisson distribution
probabilities, 5-10% variation. For DNA concentrations lower
than 10 copies per reaction, Poisson distribution probabilities
predict that quantification errors would exceed 10% due to lack
of statistically relevant events.

As long as the total PCR volume analyzed is relatively
constant, and the DNA template concentration is relatively low
compared to droplet number, with less than 1 in 10 positive
droplets, very little quantification error would be expected even
with moderate changes in droplet size or number. Based on this
performance, an advantageous digital PCR quantification can be
achieved over the range of 10-100 000 copies for 1-million
droplets without the need for real time qPCR amplification
curves or Poisson distribution corrections. This results in a reli-
able DNA detection sensitivity of 10-copies/50-puL rxn, with
a possible detection sensitivity as low as 1-3 copies/50-pL rxn.
Compared to other works on digital PCR, this system of 1-
million droplets yields a 100-fold increase in non-serial digital
PCR reactor number, and is the first to integrate a 1-million
droplet array throughput with real-time imaging ability on
a single microfluidic device.* 42!

Image quantification required on average 0.5-1.5 hours
depending on several factors including droplet lattice uniformity,
fluorescence intensity uniformity, degree of droplet overlap and
the percentage of the total droplets that were amplified. Single
layer droplet arrays with low positive numbers required much
simpler image processing techniques due to low levels of overlap.
Non-uniform droplet lattices and high copy numbers required
more complex image processing and lengthened analysis times.
Real-time imaging analysis was especially time consuming due to
the added number of image frames and the need to track droplets
from frame to frame.

On average, an entire PCR sample could be completed in
2-4 hours with the longest steps being thermocycling at 1-
1.5 hours and image processing at 0.5-1.5 hours. Improving these
two processes would further improve the speed and efficiency of
the high-throughput design. A future design to improve droplet
lattice uniformity and reduce image processing complexity could
be to pattern high and low spots in the chamber area for droplets
to settle into, resulting in more uniform and fixed droplet arrays.
Thermocycling efficiency could be reduced to 30 minutes or less
by reducing the hot start time and using a more efficient ther-
mocycling process such as a rapid air thermocycler.'*>*

Conclusions

We have presented a useful approach to significantly increase the
dynamic-range, throughput, and imaging ability of droplet
arrays for on-chip digital PCR applications. This was achieved in
a high throughput manner by integrating rapid droplet genera-
tion, thermocycling, and wide-field fluorescence imaging of 1-
million droplets on a single microfluidic device. Our design
enables both end-point and real-time analysis of droplets in an 8—
12 cm? area during active PCR thermocycling. We demonstrate
a 100-fold increase in reactor number over previous digital PCR

arrays and maintain confidence levels of 15% for quantifiable
results. The time saving benefits of this approach and novel
integration of a variety of techniques to overcome small number/
volume microfluidics should prove useful for the digital biology
community.
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