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A high-throughput single copy genetic amplification (SCGA)
process is developed that utilizes a microfabricated drop-
let generator (uDG) to rapidly encapsulate individual DNA
molecules or cells together with primer functionalized
microbeads in uniform PCR mix droplets. The nanoliter
volume droplets uniquely enable quantitative high-yield
amplification of DNA targets suitable for long-range se-
quencing and genetic analysis. A hybrid glass—poly-
dimethylsiloxane (PDMS) microdevice assembly is used
to integrate a micropump into the DG that provides
uniform droplet size, controlled generation frequency, and
effective bead incorporation. After bulk PCR amplifi-
cation, the droplets are lysed and the beads are recovered
and rapidly analyzed via flow cytometry. DNA targets
ranging in size from 380 to 1139 bp at single molecule
concentrations are quantitatively amplified using SCGA.
Long-range sequencing results from beads each carrying
~100 amol of a 624 bp product demonstrate that these
amplicons are competent for achieving attomole-scale
Sanger sequencing from a single bead and for advancing
pyrosequencing read-lengths. Successful single cell analy-
sis of the glyceraldehyde 3 phosphate dehydrogenase
(GAPDH) gene in human lymphocyte cells and of the gyr
B gene in bacterial Escherichia coli K12 cells establishes
that SCGA will also be valuable for performing high-
throughput genetic analysis on single cells.

DNA sequencing with both high accuracy and long-range
contiguity will continue to play a central role in furthering our
understanding of speciation, evolution, disease, and cancer for
years to come.'® Recent work by Levy et al,* detailing a
comparison between the two sets of chromosomes from one
individual’s diploid genome, shows that human genetic variation
is as much as 5 times larger than the 0.1% previously estimated®
and that structural variations such as block substitutions, inser-
tions, inversions, deletions, and duplications constitute the majority
(74%) of the variant bases rather than single nucleotide polymor-
phisms (SNPs). Structural variations (SVs) have been linked to a
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variety of genomic disorders such as Williams—Beuren syndrome,
velocardiofacial syndrome,®” and phenotypic variations such as
those leading to systemic autoimmunity® and susceptibility to HIV
infection.” Although de novo sequencing of more than 1400
complex genomes continues at an astounding rate, only 23
eukaryotic genome assemblies are completed to date due in large
part to the cost and throughput constraints of current DNA
sequencing techniques [NCBI Entrez Genome Project (2007)
www.ncbi.nlm.nih.gov]. To enhance complex genome sequencing
capability, it is important to develop next-generation low-cost
technologies'®*? that advance both short-range and long-range
sequencing.

All next-generation sequencing techniques begin by eliminating
the cloning-based DNA library preparation. One-step in vitro
amplification of sheared genomic fragments on microbeads using
microemulsion technology has emerged as a rapid, low-cost
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alternative.'® However, this approach suffers from nonuniform
amplification and is limited to short DNA amplicons (~250 bp)
due to the small and variable volume (1~100 pL) of the emulsions.
The ability to uniformly generate attomole quantities of long DNA
amplicons (>600 bp) from a single molecule in a high-throughput
manner would significantly enhance DNA sequencing. For ex-
ample, such amplicons could serve as the template for Sanger
DNA sequencing, which can now be performed using only 100
amol of PCR product,'® and they could provide the uniform long
templates needed to enhance read lengths of cyclic array sequenc-
ing methods.'*

The transition from emulsions produced by conventional
mechanical agitation to the generation of monodisperse aqueous-
in-oil droplets using microfluidic systems'® has the potential to
dramatically advance the utility of a wide variety of emulsion-based
chemistries. Microfluidics enables not only high-throughput
droplet production but also precise control over the droplet size
and hence, reaction volume. Such droplets have been used in a
variety of biological and chemical applications including DNA
analyses, 6 viral RNA analyses,' protein crystallization,'® organic
synthesis, * and nanoparticle synthesis.?’ Droplets generated by
microfluidic systems are ideal for amplifying a genomic library
because the droplet volume is under precise control and is
sufficiently large to efficiently and uniformly amplify long frag-
ments of interest.

The production of uniform droplet reactors for genetic ampli-
fication is also valuable for the analyses of cellular genetics.
Individual cells encapsulated in picoliter to nanoliter volume
droplets in a high-throughput manner will enable digital studies
of genetic and gene expression variations at the single cell level
over a large population of cells. For example, mutations and
transcript variations that lead to various cancers could be
understood at the single cell level without the population averaging
of homogenized samples. Thus far, only low-throughput encap-
sulation of cells in droplets has been successfully shown.?!?2
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Figure 1. Single copy genetic amplification (SCGA): (A) target DNA
or cells and beads are mixed with the PCR reagent (blue) at very
dilute concentrations and pumped through a microfabricated droplet
generator (uDG). Monodisperse nanoliter volume droplets of the PCR
reagent are formed in a carrier oil (yellow) at the cross-injector and
routed into a tube for temperature cycling. The number of droplets
containing a single bead and a single target DNA/cell is controlled
by varying their concentrations in the PCR solution and by controlling
the droplet volume. (B) Each functional PCR mix droplet contains a
bead covalently labeled with the reverse primer, dye labeled forward
primer, and a single target copy. Subsequent steps of PCR generate
dye labeled double stranded product on the bead surface. Following
emulsion PCR, the droplets are broken and the beads are analyzed
by flow cytometry to quantify the bound clonal amplified product.

Figure 1 presents a schematic of our single copy genetic
amplification (SCGA) process that provides efficient high-
throughput DNA amplification from a single template copy in
individual droplets. Central to SCGA is the microfabricated droplet
generator (uDG) that rapidly forms uniform volume reaction
droplets in an immiscible carrier oil at the cross-injector (Figure
1A). The tunable 2—5 nL droplets comprise an aqueous reaction
mixture, such as PCR reagent. A single target DNA molecule or
cell is encapsulated in individual reaction droplets by introducing
it at very dilute concentrations in the PCR reagent. Thousands of
such droplets, generated at the cross-injector within minutes, are
collected in a standard reaction tube and temperature cycled in
parallel for high-throughput. In order to effectively isolate and
analyze products amplified from distinct DNA templates in
individual droplets, reverse primer functionalized microbeads are
incorporated in the droplets along with the target. Figure 1B
schematically shows the first two cycles and the final result of
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PCRin a droplet containing one bead and one target. Dye-labeled
double-stranded amplicons are produced on the bead surface,
which allow downstream quantitation of the amount of PCR
product. Using the system developed here, we show that it is
possible to produce ~100 amol of >600 bp DNA amplicon on
individual beads from a single template copy. This improved yield
of long DNA products is ideally suited for miniaturized Sanger
sequencing as well as long-read pyrosequencing. We also perform
single mammalian and bacterial cell genetic analysis at stochastic
level dilutions of the cells, establishing the capability to perform
high-throughput single cell genetic analysis.

EXPERIMENTAL SECTION

uDG Fabrication and Preparation. The four layer uDG is
constructed from three glass wafers and a featureless PDMS
membrane following a process similar to that described by Grover
et al.% After fabrication, the cross-injector (Figure 2A) is rendered
hydrophobic with octadecyltrichlorosilane (OTS) treatment, and
fluidic connections between carrier oil'® filled syringes and the
device are made using microtubings, custom ferrules, and custom
aluminum manifolds.

Bead and PCR Mix Preparation. Microbeads are prepared
by linking reverse primers to 34 um mean diameter agarose beads
via amine—NHS conjugation chemistry.'° The bead concentration
is determined using a hemacytometer, and the amount of reverse
primer covalently linked to a bead is quantified by annealing FAM-
labeled cDNA to the reverse primers and measuring the fluores-
cence intensity using flow cytometry. A volume of 100 uL of the
PCR mix containing ~6600 reverse primer functionalized beads
and varying amounts of template DNA or cell is prepared in a 0.6
mL PCR tube for each of the reaction conditions. Emulsion
droplets (50 ul) are collected in three separate tubes holding
correspondingly equal volumes of microfine solution.'®

Droplet PCR and Product Quantitation. The pumping
region of the uDG is treated with a coating solution prior to droplet
generation to minimize DNA/polymerase adsorption on the glass
and PDMS surface. Following this, droplets are generated by
infusing the carrier oil using a syringe pump and the PCR mix
using the on-chip PDMS membrane pump. The on-chip pump
operating at 5.7 Hz generates one 2.5 nL droplet every pumping
cycle. Approximately 6600 droplets are collected in each of the
three 0.6 mL PCR tubes containing microfines and simultaneously
temperature cycled 40 times. Beads are recovered from the
droplets after thermal cycling following a technique previously
reported by Margulies et al.’° They are then analyzed using a
flow cytometer with a 488 nm excitation source. Beads with
different known amounts of fluorophores are used as a standard
to quantify FAM-labeled DNA product on processed beads. (see
Supporting Information for detailed methods)

RESULTS

uDG Operation. The uDG shown in Figure 2A is a four-layer
sandwich consisting of a blank glass wafer, a microfabricated glass
fluidic wafer, a featureless PDMS membrane, and a microfabri-
cated manifold wafer. The enclosed all-glass channels (black) are
formed by thermally bonding the blank wafer to the patterned
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Figure 2. 4DG for controlled formation of nanoliter PCR droplets.
(A) Layout of the device, showing the PCR solution inlet, the two oil
inlets, andthe dropletoutletports (red). Athree layer (glass—PDMS—glass)
pneumatically controlled micropump is integrated on-chip to deliver
PCR reagent containing dilute 34 um beads and template. The
manifold layer (blue) controls valve actuation, and the via hole
connects the glass—PDMS hybrid channel (green) to the thermally
bonded all-glass channel and cross-injector (black). Etch depth, 100
um. (B) Optical micrograph of droplet generation at the cross-injector.
Droplets are generated at a frequency of 5.7 Hz with a combined oil
flow rate of 2.2 uL/min and a PCR solution flow rate of 0.8 uL/min.
For this experiment, average bead concentration was 130 beads/ul
(0.33 bead/droplet). (C) Optical micrograph of droplets with a predict-
able stochastic distribution of beads.

side of the fluidic wafer. The diced bottom stack is contact bonded
by the PDMS membrane to the manifold wafer (blue), forming
the microvalves and a three-dimensional fluidic interconnect.
Pressure and vacuum signals are transferred by the pneumatic
control lines (blue) to the three microvalves, which pump PCR
reagent containing target and beads through the “via” hole (red)
into the all-glass channel. A syringe pump is used to continuously
infuse carrier oil into the all-glass channels through the two oil
inlet ports. An optical micrograph of droplet formation at the cross-
injector is presented in Figure 2B. The droplet generation
corresponds precisely with the on-chip pumping frequency
because it is determined by the pulsatile nature of the on-chip
pump. The process of droplet separation also results in the
formation of minute droplets or microfines (~femtoliters) that can



1 MOX

0 L ’ .
10° 10" 10? 10° 10*
FAM (log)

Figure 3. Emulsion droplet thermostability test. The red plot (events
versus log of FAM intensity) presents flow cytometry analysis of the
positive control, comprising beads from temperature-cycled emulsion
droplets formed with all necessary PCR components. The black plot
corresponds to beads produced from a mixture of two populations of
emulsion droplets: one contained all PCR components minus the
forward primer and another with all PCR components minus the
reverse primer and reverse primer labeled beads. (Inset) Image of
emulsion droplets containing beads after 40 cycles of PCR. Micro-
beads in the droplets are highlighted with dashed circles. The PCR
target is a 380 bp amplicon from the pUC18 plasmid, and the template
concentration is 10 molecules/2.5 nL droplet.

be seen as dark specks in Figure 2B. The maximum frequency
at which beads are consistently incorporated into the droplets
without being trapped in the microvalves is ~6 Hz. Figure 2C
presents an array of droplets formed with a stochastic distribution
of beads (26% of droplets with > 1 bead) collected from the uDG
and displayed on a glass slide. The droplets show a highly uniform
diameter of 167 £ 6 um that corresponds to a volume of 2.4 nL
with a variance of only 0.3 nL.

Thermostability of Emulsion Droplets. SCGA requires
stable emulsion droplets and the absence of any DNA exchange
during temperature cycling. Droplet stability was tested by
forming two sets of emulsion droplets, each lacking one essential
PCR component that is present in the other, followed by pooled
thermocycling. The pUC18 plasmid at a concentration of 10
molecules per 2.5 nL droplet is used as the template. A first set
of PCR solution droplets is formed without the dye labeled pUC18
380 bp forward primer (Table S-1); the second set is formed
without the reverse primer conjugated beads. Figure 3 presents
flow cytometry results for the beads (black plot) after temperature
cycling 40 times. Only 2% of the beads show fluorescence
equivalent to the beads from the control (red plot), where all
components are included in the PCR solution. This is likely due
to droplet merger that occurs when the droplet outlet tubing from
the uDG is reinserted into the PCR tube to collect the second set
of droplets. Emulsion droplet thermostability following 40 PCR
cycles is also visually verified (Figure 3, inset). Droplets bigger
than ~5 nL were found to merge upon thermal cycling.

Single Molecule Genetic Amplification. To explore copy
number effects on amplification efficiency, a 380 bp region of the
pUC18 plasmid was amplified at four different template dilutions
(0, 0.1, 1, and 10 copies per 2.5 nL droplet). Figure 4A presents
the flow cytometry results for the respective conditions. At 0
template/droplet concentration, a majority of beads have low
fluorescence intensity. Less than 3% of the beads display fluores-
cence values between 1 and 10 on the logarithmic FAM scale.
Beads thermocycled in PCR solution droplets without the poly-
merase show similar results (data not shown), suggesting the low
intensity is due to residual adsorption of FAM labeled primers
on the beads and does not result from nonspecific amplification.

At 0.1 template/droplet concentration, a brighter product peak
(>10 FAM) is observed. The bright beads carry ~5 amol of DNA
amplicon and make up ~5% of the total population. For the single
molecule template concentration of 1 template/droplet, 26% of the
bead population lights up and the fluorescence intensity indicates
that ~5.6 amol of DNA product is generated per bead. At 10
molecules/droplet, 80% of the beads fluoresce due to ~8.6 amol
of amplified DNA product per bead. The bold plot connecting
circular dots in Figure 4B illustrates that there is a weak
dependence of bead droplet PCR yield (5—8 amol/bead) on
template concentration. On the basis of the mean template copy
number per “active” droplet (containing both bead and DNA
template), average PCR efficiency values over 40 cycles of PCR
are determined. The bold plot connecting square dots in Figure
4B shows that around 40% PCR efficiency is achieved for bead
droplet PCR. Free solution bead PCR performed in the absence
of emulsions or oil, but with equivalent template and bead
concentrations (dash plots), produce consistently lower yields and
efficiencies. This may be due to lower average effective template
concentration in free solution and reduced accessibility of the
beads to the PCR reagent as a result of bead settlement during
cycling.

Sequencing Template Production by SCGA. The product
size and yield from a single molecule makes our technique suitable
for single molecule or single cell genetic analysis and sequencing. 2124
Current techniques for high-throughput single molecule amplifica-
tion based on conventional emulsion PCR methods produce ~10
amol of short amplicons (~250 bp) per bead.® However, for next
generation de novo sequencing applications, such as the micro-
bead integrated DNA sequencing (MINDS),'? it is critical to
amplify longer templates (500—1000 bp) at higher yields on a
microbead. The amount of amplicon generated per bead needs
to be in the 50—100 amol range to enable Sanger sequencing
directly from individual beads.'®

To address this need, microbeads with higher primer density
were prepared. The ratio of amine functionalized reverse primers
to beads in the conjugation reaction was increased from 4.3 to 20
fmol per bead, resulting in 4.4 fmol of primer being bound per
bead. These beads were used to characterize the effect of amplicon
size on bead droplet PCR yield. Approximately 175 amol of 380
bp DNA product is generated on each bead (Figure 5A) when
starting with 10 pUC18 DNA molecules per droplet. A slight
decrease in bead droplet PCR yield to ~155 amol is observed when
the amplicon size is increased to 624 bp. For an 1139 bp amplicon,
the PCR yield dropped to ~10 amol per bead. A possible
explanation for this drop is greater molecular crowding with the
longer DNA templates on the bead surface, resulting in reduced
PCR efficiency.?>%® The 624 bp size product, being a good target
for Sanger sequencing, was also amplified in the single molecule
limit (1 template/droplet) yielding 50—100 amol of amplicon per
bead (Figure 5B) over four identical runs.

To determine whether these bead-amplified-templates are
competent for Sanger extension, a dye-terminator sequencing
reaction using ~600 beads from one of the runs was performed
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Figure 4. Microbead based emulsion droplet amplification of a 380 bp region from the pUC18 plasmid at four different template concentrations.
(A) Flow cytometry analysis of microbeads from emulsion droplet PCR at an average template concentration of 10 molecules/droplet, 1 molecule/
droplet, 0.1 molecule/droplet, and 0 molecule/droplet. (B) Bead PCR yield (®) and efficiency (B) in emulsion droplets (solid lines) for the different
template concentrations. PCR yield and efficiency are calculated from active beads (beads corresponding with DNA template in a droplet). Free
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Figure 5. Amplification of DNA templates in emulsion droplets as a
function of template length. (A) Comparison of PCR yields for 380
(~175 amol/bead), 624 (~155 amol/bead), and 1139 bp (~10 amol/
bead) amplicons from a starting pUC18 template concentration of 10
molecules per droplet. (B) Flow cytometry analysis of beads carrying
a 624 bp product amplified from 1 template per droplet (upper) and
0 template per droplet (lower). In this study, average reverse primer
density per bead is 4.4 fmol.

on a standard thermal cycler. Unlabeled 24 bp forward PCR primer
was used in the sequencing reaction, resulting in a maximum
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possible read length of 600 bases. The Sanger sequencing
extension fragments were separated on a capillary array electro-
phoresis system (Figure S-1), and base call accuracies were
predicted by PHRED.?” Aggregate PHRED error rates estimate
a read length of 554 bases at 99% accuracy (Figure S-2).
Alternatively, a read length of 591 bases is produced using 99%
accuracy cutoff with the known pUC18 sequence. Twenty one
sequential “T” bases provided as spacers between the bead surface
and amplicon to minimize steric hindrance are also successfully
sequenced at the end of the 600 bases. The amine modified Cg at
the end of the poly-T bases (Table S-1) provides a ~1.5 nm
separation between the last base sequenced and the bead surface.
These data (summarized in Supporting Information results)
demonstrating more than 500 bases of high quality sequence from
DNA amplified on microbeads establish the capability of SCGA
to generate sufficient amounts of long DNA on beads from a single
template molecule to enable next generation Sanger *%* and
pyrosequencing.

Single Cell Genetic Analysis. Successful SCGA from single
cells requires that the high-frequency microvalve operation not
compromise cell integrity. Mammalian cells (a lymphocyte cell
line) were chosen as a critical test due to their fragile nature.
Different known cell concentrations pumped through the uDG
were collected, counted using flow cytometry, and compared with
the number of cells in an equal volume of unprocessed solution.
Figure 6A shows that at least 90% of the cells are recovered at
various cell concentrations, indicating that on-chip pumping has
little impact on cell integrity. The cells pumped through the uDG
were also stained with Trypan blue and observed under a
microscope, verifying their viability.

(27) Ewing, B.; Hillier, L.; Wendl, M. C.; Green, P. Genome Res. 1998, 8, 175
185.

(28) Fredlake, C. P.; Hert, D. G.; Kan, C. W,; Chiesl, T. N.; Root, B. E.; Forster,
R. E.; Barron, A. E. Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 476-481.
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Figure 6. Single cell genetic analysis. (A) Comparison of the
numbers of mammalian cells (human lymphocyte cell line) before and
after pumping through the DG at different cell concentrations. (A,
inset) Optical micrograph of an emulsion droplet containing a single
bead and a single mammalian cell. (B) Flow cytometry analysis of
beads from emulsion droplet bead PCR, starting with 0.1 human
lymphocyte cell/droplet (upper) and 0 human lymphocyte cell/droplet
(lower). Agarose beads are conjugated with reverse primer targeting
the human GAPDH gene, while the corresponding forward primer is
labeled with TAMRA. (C) Flow cytometry analysis of beads from
emulsion droplet bead PCR, starting with 1 Escherichia coli K12 cell/
droplet (upper) and 0 E. coli K12 cell/droplet (lower). Reverse primer
targeting the gyr B gene of E. coli is linked to agarose beads, and
the forward primer is labeled with FAM.

Single cell genetic analysis was demonstrated using bacterial
and mammalian cells at two different single cell dilutions. When
mixed with microbeads, a uniform distribution of both intact cells
and beads in the droplets is observed. Figure 6A (inset) presents
an optical image of a droplet in the channel containing one human
lymphocyte cell and one bead. The 10 min hot start step for
polymerase activation at the beginning of PCR also serves to
completely lyse the cells and release the genomic DNA into the
droplet volume. In the first single cell experiment, a 419 bp region
of the GAPDH (glyceraldehyde 3 phosphate dehydrogenase) gene
in human lymphocyte cells was targeted and the cells were

introduced at an average concentration of 0.1 cell per 2.5 nL
droplet. For these cell and bead concentrations, 9.5% of the total
processed beads should fluoresce due to the product as predicted
by the Poisson distribution. Flow cytometry results (Figure 6B)
show that 8.5% of the total bead population is strongly fluorescent.
This good yield correspondence indicates that the products are
the result of successful single cell amplifications. In the second
single cell experiment, bacterial E. coli K12 cells were used and
a 176 bp region of the gyr B gene was targeted. At an arbitrarily
selected 1 cell/droplet concentration, Poisson statistics predict
63% of the processed beads should fluoresce. The flow cytometry
results (Figure 6C) show 57% of the beads fluoresce, again
consistent with successful single bacterial cell genetic amplification.

DISCUSSION

uDG, the Core Engine for SCGA. Using the uDG, we have
demonstrated high-throughput processing of individual micro-
beads together with DNA and cell templates in uniform nanoliter
PCR reactions. Linking the PCR progeny generated from a single
DNA molecule or a single cell to primer functionalized microbeads
is critical for efficient high-throughput downstream manipulation
and analysis. Transitioning from the monolithic substrate used
in earlier droplet generators?®? to a hybrid multilayer glass—PDMS
assembly enables on-chip pumping with PDMS membrane valves,
which are more effective in transferring beads (obviating bead
settlement within the syringe), and greatly minimizes the reactive
glass surface area contacted by the PCR reagent. In addition, the
pulsatile nature of on-chip valve pumping provides precise control
over droplet generation frequency due to the correspondence of
the pulses with droplet formation. Hence, droplet size and volume
fraction are exactly determined by varying controlled physical
parameters such as the pump size, actuation pressure/vacuum,
and intervals. This control is crucial for generating droplets in
the optimum volume range for thermostability, for keeping the
effective concentration of the single copy DNA template high
within the droplet (~fM), and to ensure the correct quantity of
starting reagents for efficient long-range DNA amplification.
Previously presented large-scale single copy amplification via
microfluidic digital PCR,? real-time single copy PCR in picoliter
droplets,'® as well as other platforms that produce droplets in the
femtoliter to picoliter range cannot uniformly amplify sufficient
amounts of long templates required by next generation sequencing
platforms and/or do not allow facile downstream processing and
manipulation of the products from the individual reactions. Thus
with SCGA, we demonstrate the unique ability to efficiently amplify
long individual DNA templates with high yields in a high-
throughput fashion that facilitates downstream processing and
analysis.

The composition of the emulsion oil is critical for biocompat-
ibility and for ease of droplet formation. Although the emulsion
oil used here has previously been used for single DNA template
amplification via conventional agitation-based emulsion genera-
tion'® and readily forms droplets in our DG, it was found to swell
PDMS on contact, thus rendering the device unusable. To address
this problem, the oil in our microdevice is directly infused using
syringe pumps into all-glass channels. Microfines have been found

(29) Ottesen, E. A,; Hong, J. W.; Quake, S. R.; Leadbetter, J. R. Science 2006,
314, 1464-1467.
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to be important for enhancing reaction stability during PCR,;
however, no explanation was provided.'® Our droplets were
collected in a microfine solution as well, and this was found to be
critical for successful PCR. Microfines assemble around the
droplets during thermal cycling, and this is correlated with a lack
of PCR inhibition. Further, droplets can also be formed using the
microfine solution instead of the oil, and results from both
techniques were comparable.

SCGA for Sequencing Template Preparation. New whole
genome shortread sequencing technologies!'®!! use conventional
agitation-based emulsion PCR techniques for high-throughput
single molecule DNA amplification of clonal libraries. This
emulsification process involves aggressively stirring®>*! or agitat-
ing!® the aqueous and oil phases together to spontaneously form
aqueous droplets in oil whose sizes range from femtoliter to
picoliter. However, these methods are fundamentally limited
because neither approach can efficiently and uniformly amplify
the long DNA amplicons, needed for complex genome assemblies,
due to the extreme polydispersity of the droplets.'° Typically, ~10
amol of short (~250 bp) amplicons are generated by these
methods at best. In contrast, the monodisperse nanoliter emulsion
droplets formed by the DG hold ~10-fold excess primers and
nucleotides (at standard PCR concentrations) required for the
efficient generation of ~100 amol of >500 bp PCR amplicons.
Because of the stochastic nature of nucleotide incorporation in
pyrosequencing, the signal-to-noise varies as the square root of
the total product on a bead. Thus, a 10-fold increase in the product
per bead will result in a ~3-fold increase in signal-to-noise. This
increase in S/N coupled with the production of longer templates
should lead to a dramatic improvement in read lengths achieved
by pyrosequencing.

The uDG is also a key engine for powering new whole genome
long-read Sanger sequencing technologies based on single mol-
ecule amplification. The MINDS process we are developing
consists of clonal library amplification on microbeads, followed
by integrated Sanger extension from a single clonal microbead,
reaction product purification, and sequencing separation using an
integrated array of nanoliter volume processors and capillary
electrophoresis (CE) channels. Toward this goal, we have suc-
cessfully developed a bioprocessor that integrates the three most
challenging Sanger sequencing processes: nanoliter-volume ther-
mal cycling, product purification, and electrophoretic separation.'?
In addition, we recently achieved high-quality sequence data from
only ~100 amol of PCR amplicon using an ultraefficient inline-
injection microdevice.'®> With SCGA, we have now demonstrated
the key front end of the MINDS process by producing over 100
amol of >500 bp product on a single bead starting from a single
template copy. Furthermore, the generation of high-quality Sanger
sequence data from a >600 bp product amplified on these beads
shows that the amplicons produced here are viable Sanger
sequencing templates. This achievement establishes the feasibility
of SCGA for single molecule clonal library amplification required
by the MINDS process.

Single Cell Genetic Analysis. The ability to manipulate and
genetically analyze large numbers of single cells will enable novel
studies of pathogenesis and a better understanding of the

(30) Tawfik, D. S.; Griffiths, A. D. Nat. Biotechnol. 1998, 16, 652-656.
(31) Ghadessy, F. J.; Ong, J. L.; Holliger, P. Proc. Natl. Acad. Sci. U.S.A. 2001,
98, 4552-4557.
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stochastic molecular mechanisms underlying cellular functions.>?
Agitation-based emulsification techniques®* are not suitable for
high-throughput single cell studies because the cells are disrupted
before their successful compartmentalization. Intact cells have
been optically trapped into emulsion droplets®' but the process
is time-consuming, requires an expensive optical setup, and is not
high-throughput. In contrast, cells can be efficiently isolated and
compartmentalized in emulsion droplets with our uDG. In a four-
hour run, a single uDG can generate ~5000 “active” droplets
containing a single microbead and a single intact cell. This uDG
is also easily scaleable up to arrays of 96 generators as we have
done for microfabricated CE, which should produce up to
~2 000 000 “active” droplets in 18 h. This high-throughput single
cell processing capacity should, for instance, allow detection of
extremely low concentrations (~1 in a 1000 000) of somatic
variants such as cancer cells present in circulation that result in
increased mortality in solid-tumor patients.*® Also, the clonal beads
extracted from active droplets can be used for detailed genetic
analysis of mutation, deletion, and translocation events at the
single cell level. Rare disease-causing bacterial cells present in a
background of nonpathogenic bacterial cells, such as one E. coli
0157:H7 among 100 000s of E. coli K12 cells, or drug resistant
Staphylococcus aureus in a normal bacterial background could be
detected and analyzed within hours through digital processing of
individual events.

A key attribute of the uDG for single cell analysis is its ability
to incorporate functionalized beads into uniform nanoliter droplets.
It is critical to compartmentalize single cells in uniform reactors
with the same amount of reactants for a quantitative comparison
of the products. The monodisperse droplets produced by the uDG
should also enable large-scale quantitative comparison of mRNA
expression at the single cell level, single-cell protein quantitation,*
and single-cell enzymatic assaying.?"*® All of these applications
will digitally reveal low-level variations occurring within popula-
tions of seemingly identical cells. Such variations have been
previously masked by population averaging of homogenized
samples or by the inability to analyze large numbers of individual
cells.

CONCLUSION

The past few years have seen an explosion in the understand-
ing and use of microemulsions for high-throughput, ultralow
volume studies of chemical and biological processes. Engineered
emulsion based analysis platforms are going to be consequential
in the development of large scale quantitative studies of genetic
and other variations through massively parallel single molecule
and single cell studies. The results presented here establish
technologies that will enable the acquisition of this digital genetic
information and thus elucidate the importance of stochastic
variations in biological function.
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