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MICROFABRICATED DROPLET GENERATOR FOR SINGLE
MOLECULE/CELL GENETIC ANALYSIS IN ENGINEERED,

MONODISPERSED EMULSIONS
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Patent Application Serial No. 60/961,926, filed July 24, 2007 (Atty. Docket No.
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GENERATOR FOR SINGLE MOLECULE/CELL GENETIC ANALYSIS IN

ENGINEERED, MONODISPERSED EMULSIONS," which are incorporated herein

by reference in their entireties.
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BACKGROUND

1. Field of Invention

The invention relates to generation of micro-fluid droplets, e.g., for genetic

analysis.

2 . Description of Related Art

Sanger sequencing has improved greatly over the past 15 years but more

significant advances are possible. Sanger sequencing was dramatically advanced by

the transition to capillary array electrophoresis technologies. The utility of this

separation method was also enhanced by the introduction of Energy Transfer (aka Big

Dye) labels for the sequencing primers and terminators to enhance fluorescence signal

strengths and reduce cross talk. These improvements in the labeling and separation

coupled with many improvements in the other aspects of Sanger sequencing,

facilitated the sequencing of the human genome and evolved the sequencing process

to a relatively low cost and stable paradigm. However, this cost and production

process is not sufficiently cheap or efficient to enable the routine sequencing or

resequencing of a mammalian genome, so efforts are underway to reduce this cost.

The injection of extension fragments into the capillary by conventional methods is



only 1-0.1% efficient, wasting nearly all of the fluorescently labeled product because

of the injection geometry. The current cloning, PCR or RCA sample preparation

methods produce many orders of magnitude more template than is necessary and this

scale requires the use of large space-demanding robotic transfer systems. The

cloning/template amplification part of Sanger sequencing has not improved

fundamentally since the start of the genome project.

Blazej et al. recently developed a sequencing microprocessor that performs

thermal cycling of template in a 200 nL reactor. (Microfabricatedbioprocessor for

integrated nanoliter-scale Sanger DNA sequencing.Proc. Natl. Acad. Sci. U.S.A.

2006, 103, 7240-7245), incorporated by reference herein. The sequencing extension

products are cleaned up on a microfabricated chip by electrophoresing them through a

gel carrying a covalently attached oligonucleotide capture probe that selectively binds

only the extension fragments. Electrophoretic "washing" eliminates excess salts,

nucleotides and fluorescent labels. The products are released by raising the

temperature of the device to the sequencing temperature which released the products

for a cross channel injection. Using this method high quality sequencing data was

obtained from only 1 femtomole of template. The efficiency is improved by placing

the capture gel "in-line" with the separation column. See US Patent Application No.

11/978,224, filed October 25, 2007 and titled Inline-Injection Microdevice And

Microfabricated Integrated Dna Analysis System Using Same, incorporated by

reference herein. In this case, all of the extended fragments are captured within the

separation column; subsequent thermal release provides 100% injection efficiency.

This device produces high quality Sanger separations from only 100 attomoles of

template.

Conventional methods, however, of PCR amplification do not allow single cell

amplification to produce a uniform amount of template. Current "shake and bake"

methods of generating emulsion droplets containing reactants (e.g., via agitation)

produce polydisperse droplets, having a wide range of sizes and containing widely

varying amounts of target and reagent.



SUMMARY

Provided are microfluidic designs and methods for rapid generation of

engineered, monodispere (i.e., uniform-size) picoliter to nanoliter volume droplets of

reagent/target (molecule or cell) mix in emulsion oil. The designs and methods enable

high-throughput encapsulation of a single target (e.g., DNA/RNA molecules or cells)

in controlled size droplets of reagent mix. According to various embodiments, a

microfabricated, 3-valve pump is used to precisely meter the volume of reagent/target

mix in each droplet and also to effectively route microparticles such as beads and cells

into the device, which are encapsulated within droplets at the intersection of a reagent

channel and an oil channel. The pulsatile flow profile of the microfabricated pump

provides active control over droplet generation, thereby enabling droplet formation

with oils that are compatible with biological reactions but are otherwise difficult to

form emulsions with. Applications include various genetic and gene expression

analyses, combining the advantages of efficient single-molecule amplification in

picoliter or nanoliter-volume engineered emulsions and effective product transfer

using primer functionalized bead encapsulation.

One aspect of the invention provides microfluidic designs and methods for

rapid generation of engineered, monodispere picoliter or nanoliter volume droplets of

PCR mix in emulsion oil. The designs and methods enable high-throughput

encapsulation of a single primer functionalized microbead and a single target (e.g.,

DNA/RNA molecules or cells) in controlled size droplets of PCR mix.

Another aspect of the invention relates to a microdroplet generator including a

micropump configured to precisely meter picoliter or nanoliter-volume droplets of

reagent mixture. According to various embodiments, the generator includes a reagent

inlet to a reagent channel, a plurality of oil inlets to an oil channel, a pneumatic layer

including a plurality of pneumatic channels, a first fluidic layer including the reagent

channel, an elastomeric layer sandwiched between the pneumatic layer and the first

fluidic layer, a three-valve pump formed by valve displacements in the plurality of

pneumatic channels aligned with discontinuities in a reagent channel, the pump

configured to provide pulsatile flow of reagent from the reagent inlet to a nozzle via

the reagent channel; the nozzle is formed by a junction of the reagent channel and the

oil channel and is configured to form monodisperse emulsion droplets.



The reagent channels in the first fruidics layers are glass-elastomer hybrid

channels, with the etched channels in the fruidics layer facing the elastomer. In

certain embodiments, the generator also includes a second fruidic layer, which

includes the oil channels and nozzle. A via connects the glass-elastomer hybrid

channel to all-glass reagent channels in the second fruidics layer. In other

embodiments, the oil channels and nozzle are part of the first fruidics layer.

According to various embodiments, the three-valve pump forms monodisperse

(uniform size) pulses of reagent mixture of volume ranging from about 100 pL to 10

nL. The microvalve pump can form monodisperse droplets at frequencies as high as

50 Hz o 100 Hz.

In another implementation, a microfabricated structure having a

microfabricated glass fruidic layer including an etched reagent channel; a

microfabricated glass manifold layer with etched pneumatic channels; an elastomeric

membrane sandwiched between the fruidic layer and the manifold layer; a glass-

elastomer-glass pneumatically controlled micropump integrated on the

microfabricated structure, said micropump configured to meter picoliter or nanoliter-

volume droplets of reagent; a glass wafer comprising an all-glass reagent channel, an

all-glass oil channel and a cross-injector configured to from picoliter or nanoliter-

volume oil emulsion droplets of reagent; and a via hole connecting the etched reagent

channel to an all-glass channel in the glass wafer is provided.

In another implementation, an arrayed microdroplet generator is provided.

The generator includes a reagent inlet connected to a plurality of glass-elastomeric

hybrid reagent channels; a plurality of three-valve elastomeric valves configured to

produce pulsatile flow of reagent mix in the plurality of glass-elastomeric hybrid

channels and pump the flow to a plurality of nozzles; a pneumatic layer having a

plurality of pneumatic lines configured to simultaneously control the three-valve

pumps; and a plurality of oil channels connected to a plurality of nozzles, the plurality

of nozzles configured to produce monodisperse emulsion droplets and flow said

emulsion droplets to a plurality of outputs.

Another aspect of the invention relates to a method of generating

microdroplets. The method involves providing a reagent and target mixture to a

reagent inlet channel on a microfabricated structure; forming droplets of the mixture

in the channel via an in-channel three-valve elastomeric pump, wherein the pumping



frequency and the droplet formation frequency have a 1:1 correspondence; and routing

the droplets to a nozzle to form monodisperse emulsion droplets encapsulating reagent

and targets. In certain embodiments, no more than a single target is encapsulated in a

sufficiently high percentage of emulsion droplets. Also in certain embodiments, the

reagent and target mixture further includes a microcarrier element such as a

microbead. For example, the reagent and target mixture includes PCR reagent,

primer functionalized microcarrier elements, and target. In other embodiments, a bead

or other microcarrier element is functionalized with antibodies for cell capture using

antibody-antigen interactions.

Yet another aspect of the invention relates to a method of amplifying genetic

material involving providing a mixture comprising PCR reagent, primer-

functionalized microbeads and target molecules or cells to a reagent inlet channel on a

microfabricated structure; forming droplets of the mixture in the channel via an in-

channel three-valve elastomeric pump, wherein the pumping frequency and the

droplet formation frequency have a 1:1 correspondence; routing the droplets to a

nozzle to form a plurality of monodisperse emulsion droplet, at least some of which

encapsulate PCR reagent, a single primer-functionalized microbead and a single target

molecule or cell; and thermally cycling the droplets encapsulating PCR reagent, a

single primer-functionalized microbead and a single target molecule or cell to produce

a plurality of beads having amplicon of the target attached thereto.

Another aspect of the invention relates to a high-throughput method of

screening a cell population, providing a reagent and cell mixture to a reagent inlet

channel on a microfabricated structure; forming picoliter or nanoliter-volume droplets

of the mixture in the channel via an in-channel three-valve elastomeric pump, wherein

the pumping frequency and the droplet formation frequency have a 1:1

correspondence; routing the droplets to a nozzle to form a plurality of monodisperse

emulsion droplets encapsulating reagent and a single cell, sorting the emulsion

droplets to detect which droplets contain a cell; and analyzing each droplet containing

a cell.



BRIEF DESCRIPTION OF DRAWINGS

The invention may best be understood by reference to the following

description taken in conjunction with the accompanying drawings that illustrate

specific embodiments of the present invention.

Figures IA and IB are diagrammatic representations of a process of producing

nanoliter emulsion particles in accordance with embodiments of the invention.

Figure 2A is a photographic representation of a microfabricated emulsion

generator device that may be used in accordance with embodiments of the invention,

and Figure 2B is an optical micrograph of droplet generation at the nozzle.

Figure 3A is a diagrammatic representation of a microfabricated emulsion

generator device layout that may be used in accordance with embodiments of the

invention.

Figure 3B is an optical micrograph of droplet formation at the nozzle. (A 34

µm diameter agarose bead is encapsulated in a 2.2 nL droplet.)

Figure 3C shows highly uniform 13 nL droplets collected from a microdroplet

generator according to an embodiment of the invention and imaged prior to thermal

cycling. (Individual beads in five droplets are highlighted with circles around them.)

Figure 3D shows 4 nL droplets with beads after 40 cycles of PCR, formed by

operating the on-chip pump at 5.5 Hz and setting the combined oil flow rate to 6.0

µL/min.

Figure 3E shows an optical micrograph of droplet generation at a cross-

injector of a µDG.

Figure 3F shows an optical micrograph of the droplets collected from the µDG

having a predicted stochastic distribution of beads.

Figures 4A and 4B are diagrammatic representations depicting a three-valve

diaphragm pump that may be used with implementations of the present invention.

Figures 4C and 4D are diagrammatic representations showing, respectively,

open and close diaphragm valves that may be used with implementations of the

present invention.

Figure 5A shows a plot of the amount of DNA per bead generated using a bulk

emulsion tissue lyser method with different template sizes, and Figure 5B shows a

plot comparing bead PCR yields from traditional emulsion PCR and the engineered



emulsion PCR according to an embodiment described herein with a template size of

545bp.

Figure 6A is a diagrammatic representation of a 96 nozzle, high-throughput

engineered microdroplet emulsion generator with a single reagent inlet hole at the

center.

Figure 6B shows an enlarged pie-section of the microdroplet emulsion

generator shown in Figure 6A.

Figure 7 shows results of analyzing single E. coli K12 cells in engineered

droplets according to certain embodiments of the invention.

DETAILED DESCRIPTION

Reference will now be made in detail to some specific embodiments of the

present invention including the best modes contemplated by the inventors for carrying

out the invention. Examples of these specific embodiments are illustrated in the

accompanying drawings. While the invention is described in conjunction with these

specific embodiments, it will be understood that it is not intended to limit the

invention to the described embodiments. On the contrary, it is intended to cover

alternatives, modifications, and equivalents as may be included within the spirit and

scope of the invention as defined by the appended claims.

In the following description, numerous specific details are set forth in order to

provide a thorough understanding of the present invention. The present invention may

be practiced without some or all of these specific details. In other instances, well

known process operations have not been described in detail in order not to

unnecessarily obscure the present invention.

Microemulsion droplets as reactor vessels have the potential for widespread

application. For example, next generation DNA-sequencing techniques eliminate

cloning-based DNA library preparation by using one-step in vitro amplification of

sheared genomic fragments using microemulsion technology. However, current

emulsion droplet methods lead to nonuniform amplification and are limited to short

DNA amplicons (about 250 bp) due to the small and variable volume of the

emulsions. Using conventional methods, polydisperse droplets (volume ranging from

1-100 pL) are generated.



The devices and methods described herein provide uniform and controlled

picoliter or nanoliter-volume droplets (e.g., droplet size varying no more than a few

percent), controlled generation frequency, and effective target incorporation.

In certain embodiments, these microemulsion droplets are used for efficiently

performing PCR amplification of small amounts of template in a massively parallel

format. This approach is valuable because: (1) the template and its PCR progeny are

contained in a small nanoliter (nL) volume emulsion particle, enabling efficient

amplification to produce a PCR colony contained in the bolus and chemically linked

to a bead; (2) the isolated emulsion particles reduce contamination and false

amplification by separating the various amplification reactions; (3) the comparatively

high concentration of a single template target in these nL bolus enables efficient single

molecule/single target amplification; and (4) the use of emulsion particles enables the

massively parallel PCR amplification and analysis of large numbers of targets. PCR

amplification is just one example of an application the microdroplet generator

described herein may be used for. Massively parallel reactions of involving any single

target molecule/cell in each reactor are possible using themicrodroplet generator.

Figures IA and IB present a schematic of a method of producing nanoliter

emulsion particles according to one embodiment, in which nanoliter- sized droplets

containing PCR reagent, a target molecule and a reverse primer attached bead are

formed. Target DNA or cells and beads are mixed with PCR reagent at very dilute

concentrations and pumped through a microdroplet generator (µDG). Dilutions of

both beads and target molecules allow encapsulation of a primer-functionalized bead

and the target in individual droplets; a single target DNA molecule or cell is

encapsulated in an individual reaction droplet by introducing it in very dilute

concentrations in the PCR (or other) reagent. The reagent and target molecules

approach a cross-injector 104 from the left side of a channel 102; carrier oil is flowed

toward the cross-injector 104 from the two oil channels 107. Monodisperse nanoliter

volume droplets of the PCT reagent are formed in a carrier oil at the cross-injector

104. 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

droplet volume. For example, PCR reagent, target molecules and reverse primer

attached beads (in channel 102) mixed at a dilution level sufficient to generate 1% of

the droplets produced at the cross-injector 104 having both a cell and a bead



functionalized with reverse primer. The µDG rapidly forms uniform volume reaction

droplets in an immiscible carrier oil at the cross-injector 104. Droplet size is tunable;

e.g., from about 100 pL to about 10 nL, in a particular example, between about 2-5 nL

and uniform within a few percent, e.g., having variation of no more than about 2%

from droplet to droplet. A droplet with both a cell and bead is shown at 106.

Thousands of such droplets, generated at the cross-injector 104 within minutes, are

collected in a standard reaction tube 108 and temperature cycled (or otherwise

reacted) in parallel for high throughput.

Figure IB shows contents of a single droplet at 109, including the reverse

primer attached bead, target (cell/DNA fragment) and dye labeled forward primers.

Amplification in the droplet produces a large number of double stranded products that

are linked to the bead by the covalent reverse primer. This is illustrated at 110. Dye

labeled forward primers in solution allow for fluorescence detection of beads

populated with the amplified target molecule. A bead with a large number of

fluorescently labeled double stranded products is shown at 112.

Figure 2A is a photographic representation of a microfabricated nozzle device

200 according to certain embodiments that rapidly generates controlled, nanoliter

volume droplets of PCR reagent in oil and routes them into a 0.6 mL tube for

temperature cycling using a block thermal cycler. The microdevice includes oil and

aqueous fluidic interconnections, along with the droplet outlet tubing. A

microfabricated chip 202, a fluid interconnect 204, a PCR mix inlet microtube 206, oil

inlet microtubes 208 and a PCR droplet outlet 210 are indicated. Accurate infusion of

oil and aqueous phases is enabled by the use of syringe pumps (PHD 2000, Harvard

Apparatus) and glass syringes (Gastight syringe, Hamilton Company). Microtubing

(Peek tubing, Upchurch Scientific) with about 100 µm internal diameter is used to

minimize dead volume in the connections. Figure 2B shows an optical micrograph of

droplet generation at the cross-injector nozzle 220 of the device of Figure 2A. PCR

reagent is injected in the left channel 222, while oil is injected in the top and bottom

channels 224. Droplet breakage at the nozzle occurs as a result of competition

between viscous stresses associated with the imposed flow field and capillary stresses

due to surface tension between the two phases. Further, surface modification with

octadecyltrichlorosilane renders the channel walls, which may be glass and

hydrophobic, thereby aiding in droplet formation and preventing any droplet-wall



interaction downstream. This is important for preventing cross-contamination between

droplets. The oil-surfactant combination used for emulsion generation is also

important from two standpoints. First, it should allow droplet formation and maintain

droplet stability through temperature cycling. Second, it should be compatible with

single molecule analysis by minimizing enzyme/DNA adsorption to the active oil-

aqueous interface. Various oil-surfactant combinations have been explored for

microfabricated emulsion generation and show stable droplet formation but exhibit a

high degree of enzyme adsorption. Two oil-surfactant formulations: (1) Mineral oil,

4.5% (v/v) Span 80, 0.4% (v/v) Tween 80 and 0.05% (v/v) Triton X-100 (all

Sigma)(Ghadessy, et al., Directed evolution of polymerase function by

compartmentalized self-replication. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 4552-

4557; Dressman et al., Transforming single DNA molecules into fluorescent magnetic

particles for detection and enumeration of genetic variations. Proc. Natl. Acad. Sci.

U.S.A. 2003, 100, (15), 8817-8822, incorporated by reference herein)and (2) 40 %

(w/w) DC 5225C Formulation Aid (Dow Chemical Co., Midland, MI), 30% (w/w)

DC 749 Fluid (Dow Chemical Co.), and 30% (w/w) Ar20 Silicone Oil

(Sigma)(Margulies et al. Genome sequencing in microfabricated high-density

picolitre reactors. Nature 437, 376-380 (2005)) have been successfully used for single

molecule DNA amplification/analysis in a conventional polydispersed emulsion PCR

format.

The oil formulation presented by Margulies et al., referenced above, was used

to show stable droplet formation as well as successful amplification from a single

DNA molecule in uniform volume nanoliter droplets. Reaction volumes of about 1-5

nL were used, as they contain more than 10 fold excess reagent for efficient

amplification of >1000 bp amplicons and at the same time are small enough to keep

the effective concentration of the single DNA molecule high (0.5-1.5 fM). Control

over droplet size and generation frequency is achieved by (1) controlling the channel

dimensions at the nozzle and (2) by varying the relative flow rates of oil and PCR

reagent. Standard glass microfabrication may be used to etch the nozzle shown in

Figure 2B to a depth of 65 µm. Access holes (500 µm diameter) are drilled and

enclosed channels are formed by thermally bonding the patterned glass chip with

another glass slide. Using this device, three different droplet sizes - 1.1 nL, 2.2 nL and

4.0 nL - may be generated by varying the total oil flow rate between 4.0, 2.0 and 1.0



µL/min, respectively, while keeping the PCR reagent flow rate constant at 0.5 µL/min.

All the droplet sizes show stability after 40 cycles of PCR.

To validate the usefulness of the µDG for single molecule genetic analysis, a

1,008 bp region of the pUC18 genome was amplified from three different template

dilutions in 2.2 nL droplets. Following PCR, droplets were purified to remove the oil

phase and the extracted amplicons were run on an agarose gel. Gel quantitation

showed three to five attomoles of product per template molecule consistently

generated for the three different starting average template concentrations of 0.67,

0.067 and 0.0067 molecules/droplet. In particular, clear production in the lanes

showing PCR amplified product produced from 1600 and 3200 droplets with

corresponding concentrations of 0.067 and 0.0067 strands per droplet, respectively,

demonstrates that full length 1 kb amplicons appropriate for sequencing can be

produced from single template molecules in individual emulsion bolus. However, the

PCR yields were about 20 fold lower than required by an attomole- scale inline-

injection sequencing device. Two reasons for this low yield are (1) DNA template and

enzyme adsorption to the glass syringe wall and (2) enzyme adsorption to the oil-

aqueous interface in the high surface area to volume ratio droplets. The syringe can be

coated with PEG-silane, poly-N-hydroxyethylacrylamide (pHEA) or with

(poly)dimethylacrylamide, all of which have been shown to minimize DNA/enzyme

adsorption to glass. To minimize enzyme adsorption to the oil-aqueous interface,

surfactants such as Tween 80 or Triton X-100 can be included in the PCR mix.

Alternatively, the oil-surfactant formulation presented by Ghadessy et al. and used by

Dressman et al., both referenced above, or other appropriate formulations for single

DNA molecule amplification, may be used.

In order to manipulate products amplified from distinct DNA templates/cells

in individual droplets, primer functionalized microbeads may be incorporated in the

droplets so that they are bound to the PCR progeny. Primer functionalized

microbeads are mixed with PCR reagent and introduced into droplets along with a

single DNA molecule/cell at ratios that follow the Poisson distribution. See

Margulies and Dressman, both referenced above, for a demonstration of this in

conventional polydisperse emulsion PCR formats. This capability with the µDG is

extremely useful because of the added advantages of efficient, uniform and large (>1

Kb) product amplification on beads. In certain cases, flowing 22-44 µm diameter 6%



agarose beads in droplets along with PCR reagent from a syringe into the device

shown as in Figure 2A, results in beads settling in the syringe as well as the chip input

hole over time and not getting uniformly incorporated in the droplets.

In certain embodiments, the µDG has on-chip elastomeric valve pumping that

provides pulsatile flow. In certain embodiments, there is correspondence between

droplet generation frequency and pump pulses; thus the pulsatile nature of the on-chip

valve pumping provides precise control over droplet generation frequency. Droplet

size and volume fraction may be 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 an optimum volume range for

thermostability, for keeping effective concentration of the single target molecule/cell

high within the droplet (e.g., on the order of a fM for single copy DNA template), and

to ensure the correct quantity of starting reagents.

Figure 3A shows a schematic of a µDG 300 with an on-chip pump 301 that

has pulsatile flow that has been shown to facilitate bead movement in microchannels.

The use of an on-chip pump for bead-PCR mix flow has two additional advantages:

(1) it obviates the use of a syringe for PCR reagent and hence, negates the problem of

DNA/enzyme adsorption to the syringe glass, and (2) the pulsatile motion provides

active control over the droplet formation process. The bead-PCR mix is pipetted into a

reservoir (not shown) placed over a bead-PCR reagent inlet hole 302 and withdrawn

into the chip using the glass-PDMS-glass pump system described in Grover et al.,

Monolithic membrane valves and diaphragm pumps for practical large-scale

integration into microfluidic devices. Sensors & Actuators B 2003, 89, 315-323,

incorporated by reference herein. Oil is introduced directly into all-glass channels 322

at oil inlets 305 using syringe pumps (not shown).The PDMS swells on contact with

oil so it is kept spatially separated from the oil. Droplets are generated at a nozzle 308

and routed out of the device at a droplet outlet 310 via all-glass channel 309.

The µDG 300 shown in Figure 3A is a four-layer sandwich having a blank

glass wafer, a microfabricated glass fluidic wafer, a featureless PDMS (or other

elastomeric) membrane, and a microfabricated manifold wafer. The three layer (glass-

PDMS-glass) pneumatically controlled micropump 301 is integrated on-chip to

deliver reagent. The manifold layer, indicated at 319, controls valve actuation, and a

via hole 304 connects the glass-PDMS hybrid channel 305 to the thermally bonded



all-glass channel 303 and cross-injector 308. Reagent mix from the glass-PDMS

channel 305 flows into the all-glass channel 303 through via hole 304. (Etch depth

about 100 µm).

In certain embodiments, the enclosed all-glass channels (i.e., channels 322,

303 and 309), are formed by thermally bonding the blank wafer to the patterned side

of the fluidic wafer. The diced bottom stack is contact bonded by the PDMS

membrane to the manifold wafer forming the microvalves and a three-dimensional

fluidic interconnect. (See, Grover, et al., Monolithic membrane valves and diaphragm

pumps for practical large-scale integration into microfluidic devices. Sensors &

Actuators B 2003, 89, 315-323, incorporated by reference herein). After fabrication,

the cross-injector 308 is rendered hydrophobic, e.g., with octadecyltrichlorosilane

(OTS) treatment, and fluidic connections between carrier oil filled syringes and the

device can be made using microtubings, custom ferrules and custom aluminum

manifolds. The terms cross-injector and nozzle are used interchangeably in the

specification. Injectors used in the µDGs described herein are not limited to cross-

injectors, but may be any type of injector configured to generate emulsion droplets,

e.g., T-injectors, etc. For further description on injectors that may be used in

accordance with the invention, see Song H, Tice J D, Ismagilov R F (2003) A

microfluidic system for controlling reaction networks in time. Angew. Chem.-Int.

Edit. 42: 768-772, incorporated by reference herein.

While Figure 3A shows a schematic representation of a four-layer sandwich, in

certain embodiments, a 3-layer sandwich is used, with the oil pumped directly

intersecting with the glass-elastomer hybrid channel 305. In this case, via hole 304 is

not necessary. The four-layer sandwich is appropriate for cases in which the oil and

the elastomer are incompatible; for example, in certain situations PDMS tends to

swell when in contact with oil.

Figures 4A and 4B are diagrammatic representations of a three-valve pump

410 formed using membrane valves, with Figure 4A showing a top view of a three-

layer monolithic membrane diaphragm pump and Figure 4B showing a side view of

the three-layer monolithic membrane diaphragm pump. According to various

embodiments, the various fluid control components within the monolithic membrane

device are actuated by applying pressure or vacuum to holes on the pneumatic wafer.

Any single membrane is referred to herein as a monolithic membrane. Any single



device with a monolithic membrane is referred to herein as a monolithic device. The

diaphragm pump includes an input valve 401, a diaphragm valve 403, and an output

valve 405. Portions of fluidic layer 409 with etched fluidic channels 4 11, monolithic

membrane 407, and a manifold layer 413 are shown in Figure 4B. Manifold channels

415 are used to deliver pneumatic actuation to valves 401, 403 and 405. The three-

valve pump is described in U.S. Patent Publication No.20040209354, incorporated by

reference herein.

According to various embodiments, pumping can be performed in a series of

stages by opening and closing the valves. Figures 4C and 4D illustrate an example of a

valve 460 in a closed (Figure 4C) and open (Figure 4D) position. Etched channels

associated with pneumatic wafer 455 distribute the actuation vacuum to valve region

459 of the elastomer membrane 461. Vacuum applied via the manifold channel

(pneumatic channel 415 in Figure 4A) at valve area region 459 deflects the membrane

away from the channel discontinuity, providing a path for fluid flow across the

discontinuity and thus opening the valve as shown in Figure 4D. Valves that can be

opened or closed using pneumatic pressure are herein referred to as switchable valves

or pneumatically switchable valves. Applying pneumatic pressure includes either

applying pressure or applying a vacuum. The membrane 461 consequently can

modulate the flow of fluid in the adjacent fluid channel as shown in Figure 4D. In

Figure 4D, a vacuum is applied to valve area 459 through etched channels associated

with pneumatic wafer 455 to open fluidic channel 453. When vacuum pressure or

suction is no longer applied to valve area 459, the membrane 461 closes the fluidic

channel 453 as shown in Figure 4C.

Returning to Figure 4B, pumping can be performed in a series of stages. In a

first stage, output valve 405 is closed and an input valve 401 is opened. In a second

stage, the diaphragm valve 403 is opened. In a third stage, the input valve 401 is

closed. In a fourth stage, the output valve 405 is opened. In a fifth stage, the

diaphragm valve 403 is closed, pumping fluid through the open output valve 405. The

volume pumped per cycle is determined by the volume contained within the open

diaphragm valve, a volume that, in turn, determined by the size of the pneumatic

chamber in the diaphragm valve. Therefore, pumps designed for metering known

nanoliter scale volumes of fluid can be fabricated by modulating the size of the

diaphragm valve pneumatic chamber.



Returning to Figure 3A, in operation, pressure and vacuum signals are

transferred by the pneumatic control lines 320 to the three microvalves that form the

micropump 301. The microvalves pump reagent containing the target, and in certain

embodiments, a microcarrier such as a bead, through the via hole 304 to the all-glass

channel 303. A syringe pump is used to continuously infuse carrier oil into the all-

glass channels 322 through inlet ports 306.

Figure 3B presents an optical micrograph of an engineered 2.2 nL droplet 312

containing a 34 µm agarose microbead 314 formed with the µDG device shown in

Figure 3A. The pulsatile motion of on-chip pumping aids in droplet formation and

provides a remarkable 1:1 correspondence between pumping frequency and droplet

formation frequency. Hence the droplet volume is equal to the volume pumped every

stroke, which in turn is proportional to the volume of the valves. This enables good

control over droplet volumes by fabricating corresponding size valve pumps.

Figure 3C shows highly uniform 13 nL droplets collected from the µDG and

imaged prior to thermal cycling that were formed with 1.0 mm x 1.4 mm valves,

etched to a depth of 100 µm. A pumping frequency of 3.3 Hz was used and the

combined oil flow rate was set to 4.0 µL/min. Large droplets (5 nL and bigger) have

reduced stability and merge on temperature cycling. Figure 3D shows smaller (mean

volume 4 nL) droplets (with beads) after 40 cycles of PCR that were formed by

operating the on-chip pump at 5.5 Hz and setting the combined oil flow rate to 6.0

µL/min. Beads encapsulated by individual droplets are highlighted with circles

around them. Running the on-chip as well as the syringe pump faster helps modulate

the droplet size but may introduce some polydispersity. The µDG device may

incorporate valves with volumes proportional to 100 pL-10nL, e.g., between 2-4 nL,

such that droplet uniformity can be attained in the smaller size range by running the

on-chip and syringe pumps at moderate speeds. Alternatively, bigger valves may be

used to prevent beads from being tapped in valves with bifurcation of the bead-PCR

reagent channel, which addresses multiple nozzles. This allows the volumetric flow

rate to be dropped by half or one fourth in each of the downstream channels and at the

same time allows for parallel droplet generation at two or four nozzles with a single

bead-PCR mix input.

In another example, droplets were generated at a frequency of 5.7 Hz with a

combined oil flow rate of 2.2 µL/min and a PCR solution flow rate of 0.8 µL/min.



The pumping region of the µDG was treated with a coating solution prior to droplet

generation to minimize DNA/polymerase adsorption on the glass and PDMS surface.

Following this, droplets were 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 generated one 2.5 nL droplet every pumping cycle. Average

bead concentration was 130 µL/min (0.33 bead/droplet). An optical micrograph of the

droplet generation at the cross-injector is shown in Figure 3E. Figure 3F shows an

optical micrograph of the droplets collected from the µDG having a predicted

stochastic distribution of beads. (26% of droplets = 1 bead). The droplets show a

highly uniform diameter of 167 +/- 6 µm, corresponding to a volume of 2.4 nL with a

variance of only 0.3 nL.

In certain embodiments, microbeads or other microcarrier elements are used to

confine and manipulate the PCR or other product from each droplet. Linking the

PCR progeny generated from a single DNA molecule or a single cell to primer

functionalized microbeads (or other microcarrier elements) provides high throughput

downstream manipulation or analysis.

Several types of beads have been successfully used as substrates for PCR, such

as agarose beads, magnetic silica microbeads and polystyrene beads. All of these

beads are commercially available with different size ranges. Agarose beads are the

first choice because of their low density, hydrophilicity, minimal aggregation and high

loading capacity. Magnetic silica microbeads allow simple and easy extraction of

microbeads from the emulsion. However, the low loading capacity of silica

microbeads beads (low attomole range) might prevent their use for a sequencing

project, where 100 attomoles of 1 kb DNA product is desired on the bead surface.

Being more uniform in size, polystyrene is a good choice for quantitation. A 9 µm

polystyrene bead will have approximately 40 femtomoles of functional groups for

surface conjugation. Overall, agarose beads have the highest number of functional

groups per unit surface area. For example, agarose beads with a mean diameter of 34

µm have about 2 picomoles of functional groups for DNA coupling. Such a high

loading capacity can ensure high PCR product yield on each bead.

Beads may be prepared in various manners. For example, N-

hydroxysuccinimide ester (NHS)-activated agarose beads (34 µm mean diameter)

(Amersham Biosciences) are washed with cold 0.1M HCl three times, cold H2O once,



and cold 0.1M PBS (pH7.5) once to completely remove propanol in which the beads

are stored. The beads and an amine labelled reverse primer are mixed in 0.1M PBS

(pH7.5) and incubated overnight for coupling. The primer concentration in the

reaction will be set to about 4000 attomole/bead. Typically, as high as 50% of

coupling yield can be reached for the reaction between an amine and NHS ester in

aqueous condition. It is expected that about 2000 attomoles of primer can be coupled

to a single bead. As the number of NHS groups on each bead is about 2 picomoles, the

number of primers attached to each bead can be easily increased when necessary by

adding higher concentration of primer in the coupling reaction. After coupling, the

beads are washed 3 times with 0.1M PBS to remove any unbound DNA and stored in

pure water at 4°C until needed. One potential problem of using the 34µm agarose

beads is their size polydispersity (ranging from 22-44 µm), which might result in

significant variation in the number of DNA molecules generated on each bead even

under controlled reaction conditions. This might not be a problem for sequencing and

other qualitative applications. However, it could be a problem for quantitation. If this

is found to be a problem, the size range of the beads may be narrowed by filtration

methods.

To achieve optimum amplification yield and avoid the steric hindrance the

solid surface (beads) poses to the polymerase in both PCR and sequencing reactions,

the reverse primer may be conjugated to the beads via a polyethylene glycol linker.

The length of polyethylene glycol (PEG) or the poly-T can be optimized to achieve the

highest PCR yield and longest sequencing read length. Optimization of the following

PCR parameters may be performed: forward primer concentration in solution, reverse

primer density on beads, polymerase concentration, annealing time and extension

time. Flow Cytometry (FACS) analysis of the DNA yield on each bead may be used

to evaluate and optimize PCR conditions. The optimization experiments may be first

carried out in solution without a microemulsion. Gel analysis of PCR production in

solution may be performed to make sure no nonspecific amplification occurs due to

the altered PCR conditions. Recognizing the polymerase activity might decrease due

to possible minor nonspecific adsorption of the enzyme to the oil-water interface, an

optimization of PCR conditions in the droplet may also be performed with a focus on

exploring the use of a surfactant, BSA or other additives to maintain optimum bead

PCR efficiency.



The bead recovery process should remove oil and surfactants present in the

emulsion completely so that they will not affect the downstream processing such as

sequencing, genotyping, or quantitation of the DNA product on beads, with minimum

loss of the secondary DNA strand that is hybridized to the bead bound strand. In

certain embodiments, isopropyl alcohol is first used to dissolve the oil and surfactants.

The solution is then passed through a 15 µm filter. The beads retained on the filter are

washed three times with isopropyl alcohol, once with 100% ethanol and three times

with IX PCR buffer containing 1.5mM MgCl2. Results indicate that more than 70%

of the beads can be recovered with about 90% of the DNA remaining double stranded.

Bead PCR efficiency in microemulsions that were generated with a traditional

tissue lyser method and the effect of amplicon size on bead PCR efficiency was

studied. The tissue lyser approach produced very small (about 50 pL) emulsion

droplets with a wide range of droplet sizes. Starting with 10 templates per bead, as

high as 150 attomoles of 108 bp amplicon can be generated on each bead after 40

cycles of PCR. However, limited by the small volume of the droplets, the yield for

long templates dropped significantly as shown in Figures 5A and 5B. Figure 5A

shows a plot of the amount of DNA per bead generated using the bulk emulsion tissue

lyser method with different template sizes. Figure 5B shows a comparison of bead

PCR yields from traditional emulsion PCR and the engineered emulsion PCR

according to an embodiment described herein with a template size of 545bp. This

result illustrates an important fundamental limit of the current conventional bulk

emulsion PCR techniques. About 23 attomoles of DNA product was found when the

template length was increased to 545 bp. Performing PCR under the same conditions

with 4 nL-droplets generated with a µDG produced about 9 1 attomoles of 545 bp

DNA product on each bead. These results establish that the bead PCR can be carried

out in engineered emulsion droplets and that the droplets produced with the µDG

device allow the amplification of long targets with high yield.

Figure 6A is diagrammatic representation of a polar arrayed µDG 600 with 96

nozzles that are all supplied by a single bead-PCR reagent inlet 601 at the center.

(Figure 6B shows an enlarged pie-section of the µDG 600). Diameter of the

embodiment depicted in Figure 6A is about 150 mm. Arrayed µDGs may be used for

whole genome sequencing template preparation and other applications that require

large numbers of nanoliter volume droplets. PCR reagent channels 602, glass-PDMS



PCR reagent channels 606, and all glass oil channels 604 are indicated. PCR droplet

outlets are shown at 612 and oil inlets at 614. A via hole 628 connects glass-PDMS

channels to the all-glass channels. A pneumatic layer for pump control is indicated at

608. Twenty-four 3-valve on-chip pumps (valves are indicated at 624) are

simultaneously controlled by three concentric pneumatic lines, indicated at 626, to

infuse reagent through bifurcating channels into 96 nozzles 610. Each of the nozzles

610 is designed as the single nozzle 308 in Figure 3A. Ninety-six oil inlet holes 614,

each addressing two oil channels, each allow symmetrical oil flow and uniform

droplet formation at the nozzles. The operation of the 24 on-chip pumping devices

which, in turn, each address 4 nozzles through channel bifurcation is similar to the

device shown in Figure 3A. The polar array format limits the bead-PCR mix inlet to

one hole 601 at the center but also combines the pneumatic control for the 24 pumps

into just three pneumatic lines. Ninety-six oil input holes 614 allows oil phase flow

into each of the two adjacent nozzles, thereby aiding in symmetrical and focused

droplet release.

In operation, a mixture including PCR reagent, beads and targets is introduced

to the device via inlet 601. Oil is introduced to the device via oil inlets 614. The

reagent mixture flows from the inlet 601 in glass-PDMS hybrid channels 606 to

pumps 624. The pumps are controlled by three concentric pneumatic lines 626, with

each line 626 controlling one of the valves of each three valve pump 624. Three

pneumatic inputs 630 are used to send vacuum/pressure pulses to the lines to

simultaneously control the valves. The pumps 624 form monodisperse pulsatile flow

of the reagent mix, with each pulse having a volume of 100 pL - 10 nL, as desired.

The pulsatile flow of reagent and target mixture flows outward radially along glass-

PDMS channels 606 until it reaches vias 628, which connect the glass-PDMS

channels to the all-glass reagent channels 602. These channels bifurcate, as shown in

Figure 6A. The reagent mix then intersects with oil channels 604 at nozzles 610,

forming monodisperse emulsion droplets encapsulating the targets, reagent, and beads

(if present). The droplets exit the device at outlets 612.

All the oil input and droplet output connections may be made through a

circular custom interconnect, similar to that shown in Figure 2A. Five

infuse/withdraw syringe pumps (not shown) (Model#702006, Harvard Apparatus)

with ten 1 mL gastight syringe holders each and a flow splitting connection (Upchurch



Scientific) for all the syringes (1700 series, Hamilton Company) allow simultaneous

and continuous addressing of the 96 oil lines. Alternatively, oil flow can be split into

multiple lines within the microfabricated device, thus reducing the number of syringe

pumps required. In the arrayed µDG, as all the on-chip pumps are simultaneously

addressed by the three pneumatic lines, in certain embodiments, about 10-11

droplets/sec are generated at each of the 96 nozzles, enabling production of 1000

nanoliter volume droplets per second per wafer.

While aspects of the invention have been described above in the context of

PCR, the µDG may be used to encapsulate any target molecule in monodisperse

droplets, enabling high throughput massively parallel operations involving the target

molecule. The µDG may be advantageously used for any operation that amplifies or

sense a target molecule. In certain embodiments, the µDG formulates droplets that

contain only single target molecule/cell. The amount of reagent in each droplet is

highly uniform across all droplets, meaning that the amount of signal generated is

highly correlated to the identity or concentration of the initial target. Because the

µDG allows high throughput single cell analysis, it is possible to detect the presence

of a bacterial cell that occurs at low frequency, e.g., 1 in 1,000, 1 in 10,000, 1 in

100,000 or lower. Unlike with bulk assays, in which signals at these rates would be

lost in the noise, the single cell analyses methods described herein allow detection of

such cells regardless of the frequency of occurrence. The µDG thus allows digital

analysis of genetic and cellular signals. The level of gene expression, genetic

variation, genetic identify can be found on a cell-by-cell basis for thousands or

millions of cells in a high throughput assay. Also in certain embodiments, thousands

or millions of experiments may be performed in parallel by using the in vitro

compartmentalization of the µDG by appropriately selecting the target molecules or

cells and reagents, without risk of cross-contamination by the parallel reactions.

Because the volume of droplets produced by the µDG is uniform, the signal produced

across the droplets are directly comparable. Any desired volume, between about 100

pL and 10 nL, is obtainable, precise to 1-2%. Current methods of droplet generation

produce droplets varying in size as much as 50% or higher.

Examples of applications of the µDG according to various embodiments are

presented below.



Amplification of a genomic library

An entire mammalian genomic library can be amplified at 6X coverage by a

continuous, parallel run of three array µDGs (as shown in Figure 6A) in less than or

about 48 hours. For a human genomic library consisting of 1000 bp fragments ligated

into a plasmid (TOPO Shotgun Subcloning Kit #K7000-01) - thereby, enabling

universal priming - this implies amplifying 18 million ((3 billion bp / 1000 bp

fragments) x 6) plasmid DNA templates. By using dilutions of both the bead and

plasmid, a single bead and template molecule can be isolated within a PCR droplet

with a frequency predicted by the Poisson distribution. Plasmid dilution

corresponding to an average of 0.1 molecule/2 nL droplet (0.8 fM) and bead dilution

corresponding to an average of 1.0 bead/2 nL droplet (5 x 10 beads/mL) will give

3.33% (Probabilitysingle plasmid x Probability single bead) droplets generating clonal beads.

Therefore, the total number of droplets to be generated is about 540 million (18

million/0.0333). This number of droplets can be generated in about 48 hours with a

parallel operation of three array µDGs shown in Figure 6A (540 million / (3000 Hz

x3600)). In one example, the clonal beads are sorted from the beads with no DNA

using a BD FACSArray (BD Biosciences) flow cytometer with a processing speed of

up to 15,000 events per second. When the forward primer is not labelled, the beads

that are destined for sequencing will be treated with an intercalation dye such as TO

that is not fluorescent until intercalated into ds-DNA. The fluorescence intensity of

TO is linearly proportional to the amount of DNA, allowing differentiation between

beads that have amplified DNA and those that do not. The percentage of non-clonal

beads that are generated is dictated by the probability of two or more plasmids in a

single droplet relative to all productive droplets and is <5% for a concentration of 0.1

DNA molecule/2 nL droplet. These beads can be differentiated at the sorting step

based on their expected higher fluorescence yield. Alternatively data from nonclonal

beads can be discarded based on their (unreadable) sequence at the sequencing step.

The µDG device can meet the large clonal template amplification requirements of

future generation whole genome Sanger and Pyrosequencing platforms.



Screening of single pathogenic bacterial/cancer cells in a background of

commensal/wild type cells

The high-throughput array µDG 600 can also be used for rapid screening of

single pathogenic bacterial/cancer cells in a background of commensal/wild type cells.

For detecting one such occurrence amongst 10,000 commensal/wild type cells, about

10,000 cells are encapsulated in individual bead-containing droplets. Incidence of

single cell and single bead in a droplet can again be predicted by Poisson distribution

for dilutions of both cells and beads. Using cell dilution corresponding to an average

of 0.1 cell/2 nL droplet (5 x 10 cells/mL) and bead dilution corresponding to an

average of 0.1 bead/2 nL droplet (5 x 10 beads/mL), one cell and one bead are

obtained in 0.82% (Probabilitysingle cell x Probability single bead) of droplets. A total of

-1.2 million (10,000/0.0082) droplets are needed to be generated to analyze a pool of

10,000 cells using the µDG. This can be achieved by a single array µDG running at

1000 Hz in 20 minutes (1.2 million / (1000 Hz x 60)). The µDG can, hence,

effectively be used in rapid diagnostic and screening applications involving detection

of rare cell types in a background of more common cell lines.

Analysis of Bacterial Cells

Also provided are methods of using µDG technology for high throughput

single cell analysis. In certain embodiments, the methods involve incorporating a

single cell and a single bead in single emulsion droplets, performing single cell PCR

in emulsion droplets, and interrogating the genomic information of each individual

cell through analysis, e.g., FACS analysis, of the genetic products produced on the

bead. For example, a pathogenic bacteria such as E. coli 0157 in Escherichia coli K-

12 cells may be detected.

In certain embodiments, the methods involve diluting cells, e.g., E coli K12

cells and beads labelled with reverse primer specific for the desired targets in the cells

in a PCR reaction mixture and flowing the mixture into a µDG to form emulsion

droplets. For example, both the cell solution and the bead solution are diluted to such

an extent that on average only one in ten droplets contains a cell and one in ten

droplets contains a bead. The inclusion of beads and cells in a droplet is a random

process and is determined by Poisson statistics. Under the diluted condition, the

majority (>90%) of droplets that have both beads and cells will contain only one cell

and one bead. Statistical analysis also predicts that only about one percent of the



droplets generated will contain both a cell and a bead. By generating 100,000 droplets,

about 1000 cells can be analyzed, which is sufficient for a statistically meaningful

single cell analysis. At a 10 Hz droplet generation frequency, it will take a single

droplet generator two and a half hours to prepare these droplets. Using a wafer that

has an array of 96 the time will be reduced to less than 2 minutes.

In certain embodiments, the cell suspensions are monitored by microscopy to

ensure single cell dispersion and sonicated briefly to disperse. Also in certain

embodiments, a polymerase, such as AmpliTaq Gold polymerase, that requires a 10

minutes activation step may be used to ensure that cell lysis is successful. In addition,

low concentrations of surfactants could also be used to facilitate cell disruption.

Inhibition of PCR, e.g. by the E. coli, may be addressed by increasing polymerase

concentration, by adding BSA as a carrier, and by using different polymerases.

Figure 7 shows results of analyzing single E. coli K12 cells in engineered

droplets in Agarose beads that were conjugated with reverse primer(NH 2-PEG-

CACTTTCACGGAAACGA CCGCAAT) targeting the gyr B gene of E. coli. The

mean concentration of agarose beads was about 0.15 beads per droplet. The forward

primer was FAM labeled (FAM-TTACCAACAACATTCCGCA GCGTG). Bacteria

were diluted to about 0.1 and 1 cell per droplet. 18,000 droplets were generated by the

µDG and collected in three PCR tubes. After 40 cycles of PCR, the beads were

extracted and analyzed by FACS. As indicated in Figure 7, the beads exhibited a

bimodal distribution as expected. One set of beads had no/low fluorescence, while the

other set was highly fluorescent. The percentage of the beads in each population

matched with statistical calculations. For example, with a cell concentration of 0.1 per

1 droplet, the probability of having droplets with at least one cell is about 0.095 (p=l-

e *(-0.1) /0!). Any beads delivered into a droplet will have a probability of 0.095 to

meet with at least one cell and thus get amplified and modified with FAM labeled

DNA product. FACS analysis showed that the percentage of the beads in the brighter

peak accounts for about 10.2% of the total bead population. In the case of one cell per

droplet, it was expected to have about 63.2% of the beads in the brighter mode, while

the FACS analysis result indicated that about 51.0% of the beads were highly

fluorescent. The relative deviation was less than 20%, which might be due to error in

cell counting, or the nonuniformity of droplet and bead concentrations. The mean

DNA amount on the beads in the brighter peak was about 150 attomoles. The results



show that the material amplified from a single cell in a single droplet on a single bead

is enough for FACS analysis.

The methods and devices described herein may also be used to detect multiple

targets from different strains, e.g., different E. coli strains. For example, different

stains of E. coli (e.g., a laboratory strain K12, an "atypical" enteropathogenic .

coliEPEC strain O55:H7, and an enterohemorrhagic, shigatoxin producing E. coli

(EHEC/STEC) strain O157:H7) may be detected. For analysis of three targets, in

addition to a primer set targeting species-specific 16R rRNA primers, three sets of

primers are used in the multiplex analysis, e.g., a primer set targeting yai X gene

specific to E. coli K12, a primer set specific for a portion of the bfpA gene encoding

the E. coli O55:H7 bundle-forming pilus, and a primer set specific for the shigatoxin I

(stxl) gene present in enterohemorrhagic strains of E. coli such as O157:H7.

In the single target analysis, only one detection wavelength may be used in the

FACS. Multiplex analysis requires an instrument capable of analyzing multiple colors

at the same time, e.g., a Beckman-Coulter EPICS XL-MCL analyzer, a Beckman-

Coulter FC-500 analyzer and advanced cell sorters. The XL-MCL analyzer has a 488

nm argon laser, which allows four-color analysis. The FC-500 has a 488 nm argon

laser and a 633 nm HeNe laser and can simultaneously measure up to 5 color

parameters. At least three different strains of cells can be studied at the same time

with 2 genomic markers for each cell, e.g., one for species-specific 16S RNA and

another specific for the strain.

Each bead is labeled with an equal amount of reverse primer for each gene of

interest. For example, forward primer for Rl 6 rRNA, yaiX, bfpA, sltl, will be labeled

with Fluorescein (green), Tetramethylrhodamine (Orange-red), Texas Red (red), and

Cy5 (far-red), respectively. The cells are introduced into droplets in the same way

discussed above. Multiple-gene analysis is then performed with the different types of

cells under consideration. With the same concentration of each type of cell in the cell

sample, it is expected that the same number of representive beads in the FACS result

will be observed. In addition to testing different types of cells, multiple-marker

analysis can be performed from a single strain to detect multiple genes from a single

cell.

In certain embodiments, the single cell assay is used to detect low levels of

pathogenic variants in the presence of high commensal backgrounds. For example, as



E. coli is a commensalbacteria, the ability to detect pathogenic species from a large

population of nonpathogenic E. coli is of significant interest to the area of pathogen

detection. In addition to the detection of E. coli, detection of other pathogenic

bacteria such as MSSA and MRSA Staph.aureus may be performed.

Because each agarose bead will be conjugated with multiple reverse primers,

the maximum amount of amplicon for any specific gene will drop significantly when

the number of targets to be studied increases. At least 150 attomoles of amplicon can

be produced on a single bead. Potentially, one bead could be used to study dozens of

genes at the same time as the detection limit of most flow cytometers extends down to

1000 fluorescent labels. Adding more targets would require the use of combinatorial

and/or Energy-Transfer labels to expand the number of fluorescent codes.

Detection and genetic analysis of transformed cancer cells

The µDG 600 also enables high-throughput single cell PCR to detect and genotype

cells with mutations at low <l/1000 cell frequency levels or below. For example, serially

diluted leukemia or lymphoma cell lines harboring mutations, such as translocation t(14;18)

and mutations in NRAS and NPMl, can be detected in a background of normal cells.

In an example, single cell genetic analysis (SCGA) of t(14;18)(IgH/BCL2) in

the RL lymphoma cell line may be performed. The following primers and probes,

with an underlined modification to the probe, are currently used to detect t(14;18):

Forward Primer RTOOOl 5'-TGG CGAATGACCAGC AGATT-3'

Reverse Primer JH EXO 5'-ACT CAC CTG AGG AGA CGG

TGAC-3'

Probe BCL-2 MBR TM2 5'-FAM-TTT CAA CAC AGA CCC ACC

CAG AGC CCT CCT G -3'-TAMRA

DNA quality may be confirmed by qPCR of the β-actin gene using lOOng of

DNA and genomic DNA analyzed for t(14;18) using the following conditions: Ix Taq

Gold buffer, 5 mM MgCl2, 400 µM dUTP, 200 µM each of dATP, dCTP, dGTP, 200

µM of each primer and probe, 0.5 U of AmpEraseuracil N-glycosylase, and 1.25U of

AmpliTaq Gold (Applied Biosystems) in 50 µl . PCR conditions include an incubation

at 50°C for 2 min, followed by 50 cycles of 15 s at 95°C, 30 s at 55°C, and 30 s at

72°C. The t(14;18) sequence from the RL cell line (ATCC CRL-2261) cloned into the

pCR® 2.1 plasmid (Invitrogen, Carlsbad, CA) can be used as the standard, diluted



into human lymphoblastoid TK6 cell line at 3 - 3x10 copies. The assay routinely

detects 3 copies of template in l µg of background DNA in 2 out of 3 replicates and

standard curves consistently yield R values greater than 0.99. Nested PCR and DNA

sequencing for t(14;18) can be carried out as described previously to confirm

preparations.

The below examples refer to leukemia and lymphoma cell lines shown in

Table 1.

Table 1: Leukemia and Lymphoma Cell Lines

Using the t(14;18) sequence from RL cells (CRL-2261 from ATCC) cloned

into the pCR 2.1 plasmid, a bead-based PCR amplification system is developed.

Having established a bead-based PCR amplification system in a traditional bulk

emulsion process, the methods involve introducing the t(14;18) plasmid into the

uniform nL droplets and performing PCR with beads. In certain embodiments, intact

RL lymphoma cells are introduced into the droplets and SCGA is performed. To



establish how sensitive the assay is, RL lymphoma cells may be serially diluted in a

background of human TK6 lymphoblastoid cells which lack t(14;18). After PCR, the

free strand will be denatured and removed from the beads, and then the beads will be

incubated with different fluorescently labeled probes specific for the mutant and wild

type product. In certain embodiments, the methods can be used to analyze more than

1 million beads in 15 minutes by flow cytometry so a 1 in a million mutation

frequency is feasible. In certain embodiments under time constraints, a smaller

mutation frequency (e.g., 1 in 10,000 mutation frequency) may be imposed. For

example, using a single array µDG, a mutation frequency of 1 in 100,000 can be

analyzed in -3.5 hrs while a 1 in a million mutation frequency will require 35 hrs of

droplet generation.)

In another example, SCGA analysis of mutations in NRAS (at codon 12) and

NPMl (in Exon 12) may be performed. A similar approach will be taken to establish

SCGA methods for the analysis of NRAS mutations at codon 12 and NPMl mutations

in Exon 12. An allele-specific amplification method (ARMS), a highly sensitive one-

stage allele-specific PCR, may be used for amplification of NRAS and KRAS

mutations. This method employs a mutant-specific sense primer, with a double

mismatch at the 3' end created by introducing a mutation on the penultimate base to

enhance specificity and reduce false positive results. Specifically the sense primer

N1221 5'-CTGGTGGTGGTTGGAGCAAA-S' along with the reverse primer 1206L

is used to detect the GGT(GIy) - GAT(Asp) alteration in the KG-I cell line. The PCR

reaction mixture contains 10 mMTris HCL, 1.5 mM MgCl2, 0.01% (w/v) gelatin, 50

mM KCL, 200 mM of each dNTP, 50 pmol of each primer, 1.25U of AmpliTaq Gold,

and 100 ng of DNA. Amplification conditions are 10 min at 940C followed by 38

cycles of 30 s at 940C, 1.5 min at 670C, and 1.5 min at 7O0C. As usual for SCGA, the

free primer is fluorescently labeled. PCR products are sequenced for confirmation as

described.

In certain embodiments, the methods involve serially diluting the KG-I cells

in a background of human cells with wild-type NRAS sequence to establish how

sensitive the assay can be made. According to various embodiments, the assay may be

used to detect mutations at mutation frequencies as low as 1 in 10,000 to 1 in 1

million (depending on time considerations). In another embodiment, the assay is

adapted to detect all NRAS mutations (codons 12, 13 and 61) in a multiplex assay.



In another example, a NPMI assay targeting the most common mutation

(mutation A), a duplication of a TCTG tetranucleotide at positions 956 through 959 of

the reference sequence (GenBank accession number NM_002520) is performed. The

sense primer gNPMmut A-F 5'-AGGCTATTCAAGATCTCTGTCTGG-S' and the

reverse primer gNPM-R2 5' -AGTTCTCACTCTGCATTATAAAAAGGA-S ' can be

used to amplify NPMl mutation A from the 0CI/AML3 cell line with the signal

detected by a fluorescent oligonucleotide probe designed to selectively bind the

mutant DNA only. PCR reactions (25 µL) contain 2.5 µ TaqMan buffer A, 5 mM

MgCl2, 0.3 mM each dATP, dCTP and dGTP, 0.6 mMdUTP, 5 µM primers, 1.25 U

AmpliTaq Gold and 500 ng DNA. The amplification protocols is 10 min at 950C,

followed by target amplification via 50 cycles of 15 s at 950C and 1 min at 6 10C.

After PCR, the free strand is denatured and removed from the beads so that only the

bound strand remains. Then the beads are incubated with fluorescently labeled probes

specific for the mutant and wild-type targets. Beads containing the mutation are

detected using FACS. The expected sensitivity is 1/1000 when mutant cells are

diluted in normal wild type cells. NPMl mutations A through H may also be detected

using specific forward primers in a multiplex assay.

In an example of multiplex SCGA analysis, the multiplexing of all 3 assays so

that t(14;18) and mutations in NRAS and NPMl are detected in single cells in a

mixed population of cells by SCGA analysis is performed. For example, the cell lines

listed in the Table 1 above are mixed and a multiplex assay detects the relative

proportions of the mutant cells in the mixture. In this example, and with other assays

that may be performed using the µDG, the optimal primer annealing temperatures may

be variable and may require standardization of the assays at a specific temperature.

Performing these amplifications in separate nL volumes (as is possible only with the

µDG methods) reduces problems of nonspecific/false amplification because false

hybridization of a primer in one bolus does not effect reactions in the other bolus.

Furthermore the products of the PCR will be much more concentrated thereby

improving PCR efficiency even when the annealing temperature is not exactly at the

optimum.

While the invention has been particularly shown and described with

reference to specific embodiments, it will also be understood by those skilled in the

art that changes in the form and details of the disclosed embodiments may be made



without departing from the spirit or scope of the invention. For example, the

embodiments described above may be implemented using a variety of materials.

Therefore, the scope of the invention should be determined with reference to the

appended claims.



What is claimed is:

1. A microdroplet generator comprising:

a reagent inlet to a reagent channel;

a plurality of oil inlets to a plurality of oil channels;

a pneumatic layer comprising a plurality of pneumatic channels;

a first fluidic layer comprising the reagent channel;

an elastomeric layer sandwiched between the pneumatic layer and the first

fluidic layer;

a three-valve pump comprising valve displacements in the plurality of

pneumatic channels aligned with discontinuities in the reagent channel and configured

to provide monodisperse pulsatile flow of reagent from the reagent inlet to a nozzle

via the reagent channel, the nozzle comprising a junction of the reagent channel and

the oil channels and configured to form monodisperse emulsion droplets; and

a droplet outlet.

2 . The microdroplet generator of claim 1 further comprising a second

fluidic layer, said second fluidic layer comprising the nozzle.

3 . The microdroplet generator of claim 2 further comprising a via

connecting the reagent channel to the second fluidic layer.

4 . The microdroplet generator of claim 1 wherein the first fluidic layer

further comprises the nozzle and the oil channel.

5 . The microdroplet generator of claim 1 wherein the three-valve pump is

configured to provide monodisperse pulses having volumes ranging from 100 pL to

1O nL.

6 . The microdroplet generator of claim 1 wherein the reagent channel is a

hybrid glass-elastomer channel.

7 . The microdroplet generator of claim 1 wherein the generator is

configured to form monodisperse emulsion droplets at a frequency of 0.01-100 Hz.

8. A microfabricated structure comprising:

a microfabricated glass fluidic layer comprising an etched reagent

channel;

a microfabricated glass manifold layer comprising etched pneumatic

channels;



a elastomeric membrane sandwiched between the fluidic layer and the

manifold layer;

a glass-elastomer-glass pneumatically controlled micropump integrated

on the microfabricated structure, said micropump configured to meter nanoliter-

volume or smaller droplets of reagent;

a glass wafer comprising an all-glass reagent channel, an all-glass oil

channel and an injector configured to form picoliter or nanoliter-volume oil emulsion

droplets of reagent; and

a via hole connecting the etched reagent channel to an all-glass channel

in the glass wafer.

9 . A microdroplet generator comprising

a reagent inlet connected to a plurality of glass-elastomeric hybrid reagent

channels;

a plurality of three-valve elastomeric valves configured to produce pulsatile

flow of reagent mix in the plurality of glass-elastomeric hybrid channels and pump the

reagent mix to a plurality of nozzles;

a pneumatic layer comprising a plurality of pneumatic lines configured to

simultaneously control the three-valve pumps; and

a plurality of oil channels connected to a plurality of injectors,

the plurality of injectors configured to produce monodisperse emulsion

droplets and flow said emulsion droplets to a plurality of outputs.

10. A method of generating microdroplets, the method comprising:

providing a reagent and target mixture to a reagent inlet channel on a

microfabricated structure;

forming droplets of the mixture in the channel via an in-channel three-valve

elastomeric pump, wherein the pumping frequency and the droplet formation

frequency have a 1:1 correspondence; and

routing the droplets to an injector to form monodisperse emulsion droplets

encapsulating the reagent and target mixture, wherein no more than a single target is

encapsulated in the majority of emulsion droplets.

11. The method of claim 10 wherein the volume of the droplets is between

about 100 pL - 100 nL.



12. The method of claim 10 wherein the volume of the droplets is between

2 and 5 nL.

13. The method of claim 10 wherein the reagent and target mixture further

comprises a microcarrier element.

14. The method of claim 10 wherein the reagent and target mixture

comprises PCR reagent, primer functionalized microcarrier elements, and target.

15. The method of claim 14 wherein forming monodisperse emulsion

droplets comprises forming emulsion droplets encapsulating PCR reagent, a single

primer functionalized microcarrier element and a single target.

16. The method of claim 10 wherein the target is a cell or molecule.

17. A method of amplifying genetic material comprising:

providing a mixture comprising PCR reagent, primer-functionalized

microbeads and target molecules or cells to a reagent inlet channel on a

microfabricated structure;

forming droplets of the mixture in the channel via an in-channel three-valve

elastomeric pump, wherein the pumping frequency and the droplet formation

frequency have a 1:1 correspondence;

routing the droplets to a nozzle to form a plurality of monodisperse emulsion

droplets, at least some of which encapsulate PCR reagent, a single primer-

functionalized microbead and a single target molecule or cell; and

thermally cycling the droplets encapsulating PCR reagent, a single primer-

functionalized microbead and a single target molecule or cell to produce a plurality of

beads having amplicon of the target attached thereto.

18. A high-throughput method of screening a cell population, comprising:

providing a reagent and cell mixture to an inlet channel on a microfabricated

structure;

forming droplets of the mixture in the channel via an in-channel elastomeric

pump, wherein the pumping frequency and the droplet formation frequency have a 1:1

correspondence;

routing the droplets to a nozzle to form a plurality of monodisperse emulsion

droplets encapsulating reagent and a single cell,

sorting the emulsion droplets to detect which droplets contain a cell; and

analyzing each droplet containing a cell.



19. A microdroplet generator comprising:

a reagent inlet to a reagent channel;

a plurality of oil inlets to a plurality of oil channels;

a pneumatic layer comprising a plurality of pneumatic channels;

a first fluidic layer comprising the reagent channel;

an elastomeric layer sandwiched between the pneumatic layer and the first

fluidic layer;

a micro-pump comprising valve displacements in the plurality of pneumatic

channels aligned with discontinuities in the reagent channel and configured to provide

pulsatile flow of reagent from the reagent inlet to an injector via the reagent channel,

the injector configured to form emulsion droplets; and

a droplet outlet.

20. The microdroplet generator of claim 19 wherein the generator is

configured to form monodisperse emulsion droplets at a frequency of 0.01-100 Hz.

2 1. The microdroplet generator of claim 19 wherein the generator is

configured to form monodisperse emulsion droplets at a frequency of 1-50 Hz.

22. The microdroplet generator of claim 19 wherein the generator is

configured to form monodisperse emulsion droplets at a frequency of 1-10 Hz.

23. A microfabricated structure comprising:

a microfabricated fluidic layer comprising a reagent channel;

a microfabricated manifold layer comprising pneumatic channels;

a elastomeric membrane sandwiched between the fluidic layer and the

manifold layer;

a pneumatically controlled micropump integrated on the

microfabricated structure, said micropump configured to meter nanoliter-volume or

smaller droplets of reagent;

a glass wafer comprising a reagent channel, an oil channel and an

injector configured to form picoliter or nanoliter-volume oil emulsion droplets of

reagent; and

a via hole connecting the reagent channel to a channel in the glass

wafer.

24. A microdroplet generator comprising



a reagent inlet connected to a plurality of glass-elastomeric hybrid reagent

channels;

a plurality of three-valve elastomeric valves configured to produce pulsatile

monodisperse flow of an aqueous reagent mix in the plurality of glass-elastomeric

hybrid channels and pump the monodisperse drops of aqueous reagent to a plurality of

nozzles;

a pneumatic layer comprising a plurality of pneumatic lines configured to

simultaneously control the three-valve pumps; and

a plurality of oil channels connected to a plurality of nozzles,

the plurality of nozzles configured to produce monodisperse emulsion droplets

and flow said emulsion droplets to a plurality of outputs.

25. A method of generating microdroplets, the method comprising:

providing a reagent and target mixture to a reagent inlet channel on a

microfabricated structure, said mixture comprising reagent, targets and microcarrier

elements;

forming droplets of the mixture in the channel via an in-channel three-valve

elastomeric pump, wherein the pumping frequency and the droplet formation

frequency have a 1:1 correspondence; and

routing the droplets to an injector to form monodisperse emulsion droplets

encapsulating the reagent and target mixture, wherein no more than a single target and

a single microcarrier element is encapsulated in the majority of emulsion droplets.

26. A method of amplifying genetic material comprising:

providing a mixture comprising PCR reagent, primer-functionalized

microbeads and target molecules or cells to an inlet channel on a microfabricated

structure;

forming droplets of the mixture in the channel via an in-channel elastomeric

pump, wherein the pumping frequency and the droplet formation frequency have a 1:1

correspondence;

routing the droplets to a nozzle to form a plurality of monodisperse emulsion

droplets, at least some of which encapsulate PCR reagent, a single primer-

functionalized microbead and a single target molecule or cell; and



thermally cycling the droplets encapsulating PCR reagent, a single primer-

functionalized microbead and a single target molecule or cell to produce a plurality of

beads having amplicon of the target attached thereto.
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