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ABSTRACT: Droplet digital PCR provides superior accuracy for nucleic acid quantitation. The requirement of microfluidics to
generate and analyze the emulsions, however, is a barrier to its adoption, particularly in low resource settings or clinical laboratories.
Here, we report a novel method to prepare ddPCR droplets by vortexing and readout of the results by bulk analysis of recovered
amplicons. We demonstrate the approach by accurately quantitating SARS-CoV-2 sequences using entirely bulk processing and no
microfluidics. Our approach for quantitating reactions should extend to all digital assays that generate amplicons, including digital
PCR and LAMP conducted in droplets, microchambers, or nanoliter wells. More broadly, our approach combines important
attributes of ddPCR, including enhanced accuracy and robustness to inhibition, with the high-volume sample processing ability of
quantitative PCR.

he quantitation of nucleic acids is important for basic droplet generation is a great simplification, subsequent

science and clinical applications. Quantitative polymerase quantification still requires a custom droplet reader, negating
chain reaction PCR (qPCR) measures the target concentration much of the advantage.ls_17 To realize the benefits of ddPCR
by monitoring the exponential rise of amplicons and is the gold in settings in which microfluidic instrumentation is impractical,
standard due to its specificity and superb sensitivity. By a new approach for enumerating positive droplets that uses
contrast, digital PCR (dPCR) subdivides the sample such that only common laboratory equipment and methods is needed.
partitions contain one or no target molecule; after end-point In this paper, we demonstrate accurate bulk quantitation of
amplification, positives are enumerated, yielding the target droplet digital PCR with common lab equipment. To partition
concentration.”~* Digital PCR affords numerous advantages the samples, we use bulk homogenization with a vortexer. To
over qPCR, including absolute quantitation and enhanced quantitate the samples, we compare different methods for bulk
accuracy for small concentration changes, making it especially enumeration of positive droplets, including fluorescence, gel
valuable for clinical applications.”~” It has secondary benefits, electrophoresis, and gPCR. Of these, we find qPCR detection
including increased resistance to reaction inhibition” and the of droplet products yields the highest sensitivity and accuracy

ability to differentiate intact from fragmented molecules,'”""

which are valuable in the identification of viable pathogens in
minimally processed samples.'>"?

Droplet digital PCR (ddPCR) uses microfluidics to partition
samples in water droplets suspended in oil. While the approach
is superbly accurate, the requirement of microfluidics is a
barrier to its adoption, making it costly compared to qPCR and
difficult to integrate into clinical laboratories using stand-
ardized well plate formats. Particle-templated emulsification
(PTE) partitions samples without microfluidics; the resultant
emulsions are similar in monodispersity to microfluidically
generated ones and, thus, can be used to conduct most droplet
assays, including ddPCR."* While removal of microfluidic

over the widest dynamic range. Thus, our approach combines
important attributes of ddPCR, including enhanced accuracy
and robustness to inhibition, with the accessibility and
scalability of bulk processing in well plates. We demonstrate
the method by using it to quantify SARS-CoV-2 nucleic acids.
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Figure 1. Schematic of workflow for bulk quantitation of ddPCR. (a) A mixed DNA sample is emulsified and processed for ddPCR. The target
molecules are amplified in individual droplets. (b) The number of target molecules in the starting sample is proportional to the amount of
amplification products, which are quantified by bulk measurement. gPCR quantification of the ddPCR products shows enhanced sensitivity
compared to direct qPCR by elevating the qPCR signal. (c) Size distribution of microfluidic emulsions (n = 950) shows microfluidics generate
monodispersed emulsions. (d) Fluorescence intensity distribution of microfluidic emulsions (n = 540) indicates that the assay has a nonzero

background.

While we focus on droplet dPCR, the principles of our bulk
quantitation should apply to any dPCR approach in which
amplicons can be recovered from the partitions and analyzed,
including nanoliter well and microchamber technologies."*~°

B MATERIALS AND METHODS

Bulk Readouts of ddPCR. After ddPCR, droplets were
transferred to a flat-bottom well plate and the bulk
fluorescence was measured by a microplate reader (Tecan,
Infinite 200 PRO). For BioA and Qubit measurement, 1 uL of
Proteinase K (800 units/mL, NEB, no. P8107S) was diluted in
20 uL of H,O and added to the thermocycled emulsions. The
emulsions were then broken using 10 uL of 10% (v/v) solution
of perfluoro-octanol (Sigma-Aldrich, no. 370533), followed by
gentle vortexing for S5 s and centrifugation for 1 min
(Benchmark Scientific, MyFuge Mini centrifuge). After droplet
breaking, the tubes were incubated for 10 min at 55 °C to
digest the remaining enzymes in the solution. Another
incubation of 95 °C for 10 min was used to deactivate the
Proteinase K. A volume of 1 uL of the resulting solution was
added directly to the Bioanalyzer (Agilent 2100) or Qubit
(Invitrogen, Qubit 2.0 Fluorometer) to quantify the ddPCR
products. The concentration of the peak of the correct
molecular length was read out from the Bioanalyzer. The total
DNA concentration in the sample was measured by Qubit.

For the qPCR readout, 1 uL of the PK treated solution was
taken and diluted 100 times in DNA-free water. We used a
TagMan PCR with primers and probe targeting the ddPCR
amplicon. The 20 uL qPCR reaction was assembled from 10
UL of Platinum Multiplex PCR Master Mix (Life Technologies,
no. 4464269), 1.5 uL of N2 primer set (2019-nCoV RUO Kit,
Integrated DNA Technologies, no. 10006713), 1 uL of diluted
ddPCR products, and 7.5 uL of H,O. The qPCR was
performed in a QuantStudio S real-time PCR system using the
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following parameters: 95 °C for 2 min; 40 cycles of 95 °C for
15 s, 55 °C for 1 min, and 72 °C for 30 s. C, values for each
sample were recorded as a measurement of the concentration
of the target.

Droplet Formation by Vortexing. The vortex ddPCR
reaction mix was prepared the same as for microfluidic ddPCR.
A volume of 30 uL of Droplet Generation Oil for Probes was
added to the 0.2 mL PCR tube containing 20 yL of the ddPCR
reaction mix. The tube was then placed on a vortex (Scientific
Industries, digital vortex-genie 2) and agitated at 3000 rpm for
10 min. After vortexing emulsification, the samples were
thermal cycled for ddPCR and readout by qPCR as described
above. For positive drop visualization, one ddPCR using
TaqMan primer and probe (N2 primer set) was performed.
Droplets were imaged using a EVOS microscope (Thermo
Fisher). The emulsion breaking and qPCR quantitation of
ddPCR are performed the same way as above.

B RESULTS AND DISCUSSION

An important advantage of ddPCR over qPCR is its ability to
accurately quantify small differences in target concentration,
especially near the detection limit of the assay.'>”" This benefit
arises from the linear nature of ddPCR. Because qPCR is
exponential, stochasticity in reaction initiation amplifies over
cycles to limit the precision with which small differences in
target concentration can be measured. By contrast, when
cycled to the end point, irrespective of when each droplet
amplification initiates, the number of positive droplets in
ddPCR is directly proportional to the number of input target
molecules (Figure la). This allows accurate measurement of
the target concentration,

C=D,/V (1)
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Figure 2. Bulk quantitation of microfluidic ddPCR products: (a) total fluorescence of ddPCR emulsions measured with a plate reader (Tecan), (b)
detection of stained total DNA recovered from ddPCR emulsions (Qubit), (c) quantitation of amplicon peak with gel electrophoresis
(Bioanalyzer) of ddPCR emulsions, and (d) qPCR quantitation of ddPCR amplicons. ddPCR+qPCR shifts the qPCR C, to lower cycles, allowing
enhanced sensitivity compared to qPCR alone. n = 3, error bars represent standard deviation.

where C is the target concentration, D, the number of positive
droplets, and V the total volume of the sample and is the basis
of ddPCR’s ability to obtain an “absolute” count of target
molecules, while qPCR returns only relative values unless a
standard curve is provided.9 Thus, enumerating positive
droplets is an essential step in ddPCR and is typically
accomplished using a droplet reader comprising a microfluidic
optical instrument.'®"” In addition to being costly, these
instruments are difficult to integrate into high-volume testing
because each sample must be manually processed; con-
sequently, they are reserved primarily to settings that can
bear the high labor and equipment costs.” A superior strategy
would be to infer a positive droplet number from a bulk
measurement compatible with plate-processing of samples; this
would significantly lower the barrier to adoption and enable
high-throughput processing in plates.

In principle, the total fluorescence of an emulsion provides a
straightforward way to infer the number of positive droplets
because it is the sum of the contributions of the positive F, and
negative F_ droplet fluorescence,

F=F, +F_ @)

E =2%fv, and F_= E}fjvj 3)
with f; the fluorescence density and v; the volume of the ith
positive droplet; and f; the fluorescence density and v; the
volume of the jth negative droplet. In the limit F, > F_ and
assuming each positive droplet contributes an average
quantum of fluorescence f(Figure 1c), the number of positive
droplets
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D, ~ F/f (4)

Thus, for a suitable background fluorescence, it is possible to
infer D, from bulk measurement of the fluorescence emerging
from an emulsion.”” Nevertheless, bulk fluorescence is a poor
observable due to the optical properties of ddPCR emulsions.
Unless the carrier oil is index matched to the droplets,
emulsions are opaque;””* the amount of signal detected from
a droplet deep within the emulsion may thus differ from one
near the surface. In addition, common methods for measuring
fluorescence in wells read from the bottom which limits
reproducibility, since collection efficiency will depend on
where the emulsion is in the tube and how long it has settled
before being read. Most importantly, ddPCR assays have
nonzero background (f; is not negligible compared to f;)
(Figure 1d) such that the condition F, > F_ is usually only
met when the number of positive drops is large; this limits
sensitivity for the most important low concentrations.

In addition to fluorescence, ddPCRs produce amplicons
(Figure 1b). In principle, if similar conditions are met of low
background and uniform generation from droplets, bulk
measurement of amplicons should allow inference of positives
in analogy to eq 4,

D, ~ Ala ()

where A is the total number of amplicons generated by a
ddPCR and @ the average number generated per positive
droplet. Like total fluorescence, this approximation is justified
when the number of amplicons generated by the positive
droplets is much greater than by the negatives (4, > A_). In
this respect, amplicon detection is superior to fluorescence
because well-designed PCRs generate few off-target products.

https://doi.org/10.1021/acs.analchem.1c00877
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Figure 3. Vortex emulsification qPCR readout enables accurate vddPCR. (a) The DNA sample is added to a tube, oil with stabilizing surfactant is
introduced, and the mixture emulsified by vortexing. (b) Vortexed emulsions are thermally cycled. An aliquot is amplified with TagMan probes to
enable visualization. (c) Size distribution of the vortex emulsified droplets obtained by imaging (n = 1323). (d) qPCR readout of vddPCR allows
accurate quantitation of targets over a range of concentrations. Microfluidic ddPCR, due to the uniformity of the droplets, shows slightly better
accuracy and consistency for targets below 20 molecules compared to vddPCR. The droplet reader quantitates microfluidic ddPCR but requires a

specialized instrument.

In addition, opacity of the emulsion is not a factor, and
amplicons can be measured using a variety of common and
sensitive techniques, including staining, on-chip electropho-
resis, and gPCR."**?°

To investigate whether amplicon quantitation provides a
suitable means for estimating D, in bulk, we compare the
efficacy of these methods for a dilution series of SARS-CoV-2
nucleic acids (Figure 2). We generate all ddPCR assays with
commercially available microfluidics,”” and each sample is
divided into 20000 droplets. As expected due to the high
background, bulk fluorescence poorly quantifies ddPCR
results, yielding a detection sensitivity of ~320 molecules
(Figure 2a). Recovering and staining DNA from the droplets
and quantitating with a fluorescence reader yields a sensitivity
of ~80 molecules; this technique, however, is nonspecific and
detects all recovered DNA irrespective of sequence, yielding a
suboptimal background (Figure 2b). To reduce background,
we target the amplicons for detection using on-chip gel
electrophoresis; this allows quantitation of the peak represent-
ing the correct molecular length (Figure S1). The result is an
improved detection sensitivity of ~20 molecules (Figure 2c),
which is nearly as good as direct qPCR analysis of the sample,
also having a sensitivity of ~20 molecules (Figure 2d, upper
points). The measurement becomes less accurate at high
concentrations due to multiple targets being encapsulated in
the droplets. Importantly, since electrophoresis measures the
lengths of all amplicons in the sample, it is readily multiplexed
by designing amplicons of different length.26 Moreover, when
performed in an emulsion, multiplexed reactions tend to be
robust because products do not compete for amplification.*®

Below this detection limit, gel electrophoresis is ineffective
because the recovered molecules are too few to be detected.
To increase detection sensitivity further, we thus need a more
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sensitive amplicon quantitation approach. qPCR is a sensitive
technique for quantifying nucleic acids and has the benefits of
being specific and multiplexable since primers can be targeted
to different sequences. As such, with qPCR of ddPCR
products, we achieve a detection of just ~5 molecules (Figure
2d). Below this limit, detection becomes unreliable because
there are so few molecules and there is large variability due to
statistical loading of targets in the sample.”” In concordance
with this, we observe increased standard deviation when the
sample has ~S targets. We observe amplification in no
template controls in both direct qPCR and ddPCR+qPCR,
likely due to airborne contamination or nonspecific amplifica-
tion. When targets are abundant, qPCR affords excellent
quantitation (Figure 2d). However, direct gPCR has higher C,
values because it detects targets directly, while ddPCR+qPCR
detects the amplicons generated by the droplets; the result is
that much more DNA is present at the beginning of the gPCR
analysis, yielding smaller C, values. This demonstrates that bulk
quantitation of ddPCR-generated amplicons, like direct droplet
enumeration, is ultimately limited by statistical loading of
targets in the sample and not by the assay sensitivity or
accuracy.

While ddPCR+qPCR affords the best sensitivity of all
methods we test and even surpasses qPCR, the requirement of
microfluidics to generate the emulsions is a major limitation.
Indeed, emulsions can be generated by simpler methods,
including bead beating, sonication, and pipetting.'****
Vortexing also produces emulsions, with the benefits of
being simple, fast, and amenable to parallel processing.
However, these bulk methods generate polydispersed
emulsions in which droplet size varies substantially compared
to microfluidics. While accurate ddPCR has been demon-
strated in polydispersed emulsions when droplets are imaged

https://doi.org/10.1021/acs.analchem.1c00877
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and counted,® it is unclear whether this holds for bulk
detection because, when cycled to the end point, the number
of amplicons generated in a droplet scales with its volume.
Thus, the total number of amplicons in the recovered pool will
depend on the volumes of the positive droplets, which will

vary,

A = Zay, (6)

with g; the amplicon concentration and v; the volume produced
by the ith positive droplet. In the limit of large A,, however, the
sum can be approximated in terms of the average g, simplifying
the expression to

A~ Da (7)

such that eq 5 still holds. Below this limit, statistical variation
in the droplet volume dominates the measurement. Where this
approximation holds will thus depend on the size distribution
of the droplets, such that more polydispersed emulsions will
lose their quantitativeness at higher A,. To investigate this
concept, we perform another experiment in which we quantify
polydispersed vortex ddPCR (vddPCR) emulsions generated
by vortexing (Figure 3a). As expected, the emulsions are
polydispersed, though positive droplets are clearly visible
(Figure 3b); in addition, the size distribution is much broader
than for the microfluidic emulsion (Figure 3c). When we
measure the recovered amplicons, we find excellent quantita-
tion, with minimal error down to 20 molecules. Below this,
statistical variation in droplet size increases error (Figure 3d,
right) though the measurement remains quantitative down to
~5 molecules and similar to microfluidic monodispersed
emulsions (Figure 2d). Furthermore, vortex-generated emul-
sions have smaller average droplet sizes than the microfluidic
ones and, thus, the sample is subdivided into more partitions,
increasing the dynamic range at higher concentrations.

B CONCLUSIONS

Our approach is a major advance because it allows fast and
scalable digital PCR without microfluidics, generating the
droplets by vortexing and reading out the results by common
bulk techniques, including electrophoresis and qPCR. While
bulk emulsified samples afford higher accuracy than gqPCR,
statistical variation in droplet size results in increased
measurement error for rare targets compared to mono-
dispersed emulsions. In instances in which this error is
unacceptable, PTE can generate monodispersed emulsions by
vortexing.'* This approach affords other valuable features,
including the ability to tune droplet size to optimize the
number of amplicons generated for bulk quantitation. For
example, larger droplets generate more amplicons per original
target molecule, thereby increasing sensitivity of the bulk
quantitation and overall limit of detection. Alternatively,
dividing the sample into more droplets reduces multiple
encapsulations, affording better accuracy for high input
samples. Using droplets of different sizes to analyze the same
sample increases the dynamic range.”> By implementin§
multiplexing, several targets can be detected simultaneously”
and to estimate the intactness of molecules based on how their
subsequences codistribute,'” which is important for clinical
diagnostics in which differentiation of fragmented and intact
pathogenic genomes is necessary for reducing false positive test
results. However, a limitation is that vortexing can fragment
long DNA molecules, so encapsulation conditions must be
optimized to enable such long-target detections. In addition,
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multiplexing by measuring ddPCR amplicons of different
length should allow simultaneous detection and quantitation of
insertion, deletion, and splice mutants in research or clinical
samples. Our approach thus combines key benefits of ddPCR
with the simplicity and scalability of plate processing and, thus,
can be readily implemented to increase the accuracy and
robustness of nucleic acid testing.
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