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Introduction

Assays are procedures for determining the presence, quantity, activity,

and/or other properties or characteristics of components in a sample. In many

cases, the samples to be assayed are complex, the components of interest

within the samples -- a nucleic acid, an enzyme, a virus, a bacterium, etc. -

are only minor constituents of the samples, and the results of the assays are

required quickly and/or for many samples. Unfortunately, current assay

systems, such as polymerase chain reaction (PCR) assays for nucleic acids

such as deoxyribonucleic acid (DNA), may be slow, sensitive to sample

complexity, and/or prone to reporting false positives, among other

disadvantages. Thus, there is a need for improved assay systems.

Summary

The present disclosure provides systems, including apparatus and

methods, for performing assays. These systems may involve separating

sample components by partitioning them into droplets or other partitions,

amplifying or otherwise reacting the components within the droplets, detecting

the amplified components, or characteristics thereof, and/or analyzing the

resulting data, among others.

Brief Description of the Drawings

Figure 1 is a flowchart listing exemplary steps that may be performed in

a method of sample analysis using droplet-based assays, in accordance with

aspects of the present disclosure.

Figure 2 is a perspective view of an exemplary embodiment of a

system for performing droplet-based assays, with the system comprising an

instrument and cartridges that connect to the instrument to provide sample

preparation that is actuated and controlled by the instrument, in accordance

with aspects of the present disclosure.



Figure 3A is a schematic view of an exemplary sequence of processes

performed by the system of Fig. 2.

Figure 3B is a schematic view of the instrument of Fig. 2.

Figure 4 is a perspective view of another exemplary embodiment of an

instrument for performing droplet-based assays, with the instrument designed

to utilize pre-prepared samples, in accordance with aspects of the present

disclosure.

Figure 5 is a flowchart listing exemplary steps that may be performed in

a method of sample analysis using droplet-based assays, in accordance with

aspects of the present disclosure.

Figure 6 is a schematic view of selected portions of an exemplary

system for performing droplet-based assays, in accordance with aspects of

the present disclosure.

Figure 7 is a schematic view of an exemplary system with flow-based

amplification, and with droplet generation and droplet loading that are

decoupled from each other, in accordance with aspects of the present

disclosure.

Figure 8 is a flowchart listing exemplary steps that may be performed in

a method of sample analysis using droplet-based assays in which droplets are

transported from a droplet generator and/or a droplet storage site to a reaction

site, in accordance with aspects of the present disclosure.

Figure 9 is a flowchart listing exemplary steps that may be included in a

droplet transport step in the method of Fig. 8, in accordance with aspects of

the present disclosure.

Figure 10 is a schematic view of selected portions of an exemplary

system for performing droplet-based assays in which droplets are transported

from a droplet generator and/or droplet storage site to a reaction site, with

horizontal arrows indicating droplet travel between structural components of

the system, in accordance with aspects of the present disclosure.

Figure 11 is a schematic view of an exemplary droplet transporter

connecting a droplet storage site to a reaction site, in accordance with

aspects of the present disclosure.



Figure 12 is a schematic view of an example of the system of Fig. 10 in

which droplet generation and droplet transport to a reaction site are coupled

by continuous flow such that droplets are not stored, in accordance with

aspects of the present disclosure.

Figure 13 is a schematic view of an example of the system of Fig. 10 in

which droplet generation and droplet transport to a reaction site are

decoupled, such that droplets can be stored for an adjustable, selectable

period of time after their generation and then loaded into the reaction site for

droplet processing, in accordance with aspects of the present disclosure.

Figure 14 is a schematic view of an example of a system generally

related to the system of Fig. 13, with selected elements replicated such that

the system is capable of transporting, reacting, and/or detecting a plurality of

distinct droplet packets in parallel, in accordance with aspects of the present

disclosure.

Figure 15 is a schematic view of another example of the system of Fig.

10 in which droplet generation and droplet transport to a reaction site are

decoupled, with the system utilizing an autosampler to transport selected

droplet packets from an emulsion array to a reaction site, in accordance with

aspects of present disclosure.

Figure 16 is a fragmentary view of selected portions of the system of

Fig. 15, with the autosampler picking up droplet packets serially from the

emulsion array and separated from one another by at least one spacer fluid,

in accordance with aspects of present disclosure.

Figure 17 is a schematic, fragmentary view of an example of the

system of Fig. 10 that enables multi-stage decoupling of droplet generation

and droplet loading into a reaction site, with the system providing storage of a

packet of droplets (a) as part of an array of emulsions and then (b) in an

intermediate storage site prior to introducing the packet into a reaction site, in

accordance with aspects of the present disclosure.

Figure 18 is a schematic, fragmentary view of another example of the

system of Fig. 10 that enables multi-stage decoupling of droplet generation

and droplet loading into a reaction site, with the system related to that of Fig.



17 but including a plurality of isolated, intermediate storage sites that can be

accessed in an arbitrary order, in accordance with aspects of present

disclosure.

Figure 19 is a flowchart listing exemplary steps that may be performed

in a method of sample analysis using droplets subjected to conditions for

amplification while disposed in a static fluid, in accordance with aspects of

present disclosure.

Figure 20 is a flowchart listing exemplary steps that may be performed

in a method of sample analysis using parallel (batch) amplification of an array

of emulsions, in accordance with aspects of the present disclosure.

Figure 2 1 is a schematic view of selected portions of an exemplary

system for performing the method of Fig. 20, in accordance with aspects of

the present disclosure.

Figure 22 is a view of an exemplary device equipped with an array of

droplet generators, in accordance with aspects of the present disclosure.

Figure 23 is a fragmentary view of the device of Fig. 22, taken

generally at the region indicated at "23" in Fig. 22, and illustrating a subset of

the droplet generators.

Figure 24 is a schematic view of one of the droplet generators of Fig.

23, illustrating how droplets are generated and driven to a droplet reservoir by

application of pressure.

Figure 25 is a sectional view of the device of Fig. 22, taken generally

along line 25-25 of Fig. 23, and with the device assembled with an exemplary

pressure manifold for applying pressure to the droplet generators to drive

droplet generation, in accordance with aspects of present disclosure.

Figure 26 is a sectional view of the device of Fig. 22 taken as in Fig.

25, but with the pressure manifold replaced by an exemplary sealing member

that seals wells of the device to permit thermal cycling, in accordance with

aspects of present disclosure.

Figure 27 is a fragmentary view of another exemplary device

incorporating an array of droplet generators, in accordance with aspects of

present disclosure.



Figure 28 is a bottom view of a droplet generator of the device of Fig.

27, taken after droplet generation.

Figure 29 is a sectional view of the droplet generator of Fig. 28, taken

generally along line 29-29 of Fig. 28 and illustrating how droplets may be

imaged from below the device.

Figure 30 is a fragmentary view of yet another exemplary device

incorporating an array of droplet generators, in accordance with aspects of

present disclosure.

Figure 3 1 is a bottom view of a droplet generator of the device of Fig.

30, taken after droplet generation.

Figure 32 is a sectional view of the droplet generator of Fig. 3 1 , taken

generally along line 32-32 of Fig. 3 1 and illustrating how droplets may be

imaged from below the device.

Figure 33 is a view of an exemplary imaging system for batch detection

of an array of emulsions held by a plate, in accordance with aspects of the

present disclosure.

Figure 34 is a sectional view of the plate of Fig. 33, taken through a

well of the plate, generally along line 34-34 of Fig. 33.

Figure 35 is a view of an exemplary imaging system for detecting

images of emulsions held by slides, in accordance with aspects of the present

disclosure.

Figure 36 is a sectional view through a slide of the imaging system of

Fig. 35, taken generally along line 36-36 of Fig. 35.

Figure 37 is an exploded view of an exemplary imaging system that

includes a vial being loaded with droplets before detection to image the

droplets, in accordance with aspects of present disclosure.

Figure 38 is a schematic view of an exemplary system for imaging

amplified emulsions by transport of droplets of the emulsions to a detection

chamber by flow from a plate holding the emulsions, in accordance with

aspects of the present disclosure.

Figure 39 is a schematic view of an exemplary system for imaging

amplified emulsions transported to a plurality of detection chambers by flow



from a plate holding the emulsions, in accordance with aspects of the present

disclosure.

Figure 40 is a schematic view of an exemplary system for transport of

droplets from an array of emulsions to a detection channel, in accordance

aspects of the present disclosure.

Figure 4 1 is a flowchart depicting the steps of a DNA amplification

method that may be performed within or in conjunction with a disposable

cartridge of a DNA amplification system, in accordance with aspects of the

present disclosure.

Figure 42 is a schematic diagram depicting a disposable sample

preparation cartridge and suitable fluidic connections between various

components of the cartridge, in accordance with aspects of the present

disclosure.

Figures 43-45 are isometric, side elevation, and top views,

respectively, of an interior portion of an exemplary disposable cartridge,

suitable for performing some or all of the sample preparation steps in Fig. 4 1.

Figure 46 is a schematic view of a two-chamber hydraulic mechanism,

suitable for controlling fluid motion between the various chambers of a

disposable cartridge, in accordance with aspects of the present disclosure.

Figure 47 is a schematic view of a three-chamber hydraulic

mechanism, which is similar to two-chamber mechanism of Fig. 46, suitable

for controlling fluid motion between the various chambers of a disposable

cartridge, in accordance with aspects of the present disclosure.

Figures 48A-48F are top views of various exemplary droplet

generators, in accordance with aspects of the present disclosure.

Figure 49 is a schematic diagram depicting another disposable sample

preparation cartridge and suitable fluidic connections between various

components of the cartridge, in accordance with aspects of the present

disclosure.

Figure 50 is a schematic diagram depicting still another disposable

sample preparation cartridge (left), portions of a complementary PCR

instrument (right), and suitable fluidic connections among and between



various components of the cartridge and instrument, in accordance with

aspects of the present disclosure.

Figure 5 1 is a schematic diagram depicting still another disposable

sample preparation cartridge (left), portions of a complementary PCR

instrument (right), and suitable fluidic connections among and between

various components of the cartridge and instrument, in accordance with

aspects of the present disclosure.

Figure 52 is an isometric view of still another disposable sample

preparation cartridge, in accordance with aspects of the present disclosure.

Figure 53 is a bottom view of the cartridge of Fig. 52.

Figure 54 is a schematic diagram of an exemplary droplet generation

system, in accordance with aspects of the present disclosure.

Figure 55 is an isometric view of a portion of an exemplary droplet

generator, in accordance with aspects of the present disclosure.

Figure 56 is an isometric view of a portion of another exemplary droplet

generator, in accordance with aspects of the present disclosure.

Figure 57 is a cross-sectional side elevational view showing an inner

portion of another exemplary droplet generator, in accordance with aspects of

the present disclosure.

Figure 58 is a cross-sectional side elevational view showing an inner

portion of another exemplary droplet generator, in accordance with aspects of

the present disclosure.

Figure 59 is a cross-sectional side elevational view showing an inner

portion of another exemplary droplet generator, in accordance with aspects of

the present disclosure, showing a sample-containing portion disassembled

from a droplet outlet portion.

Figure 60 is a cross-sectional side elevational view showing the

sample-containing portion and the droplet outlet portion of Fig. 59 assembled

together.

Figure 6 1 is a cross-sectional side elevational view of a droplet

generation system including a droplet generator and a fluid reservoir, in

accordance with aspects of the present disclosure.



Figure 62 is a magnified cross-sectional side elevational view of a

distal portion of the droplet generation system of Fig. 6 1 .

Figure 63 is a cross-sectional side elevational view of a distal portion of

another droplet generation system, in accordance with aspects of the present

disclosure.

Figure 64 is a cross-sectional side elevational view of a distal portion of

yet another droplet generation system, in accordance with aspects of the

present disclosure.

Figure 65 is a cross-sectional side elevational view of still another

droplet generation system, in accordance with aspects of the present

disclosure.

Figure 66 is a cross-sectional side elevational view of still another

droplet generation system, in accordance with aspects of the present

disclosure.

Figure 67 is a cross-sectional side elevational view of still another

droplet generation system, in accordance with aspects of the present

disclosure.

Figure 68 is a cross-sectional side elevational view of still another

droplet generation system, in accordance with aspects of the present

disclosure.

Figure 69 is an isometric view of four different droplet generators,

illustrating the relationship between various cross-type droplet generators, in

accordance with aspects of the present disclosure

Figure 70 is a cross-sectional side elevational view of another droplet

generation system, in accordance with aspects of the present disclosure.

Figure 7 1 is a cross-sectional side elevational view of still another

droplet generation system, in accordance with aspects of the present

disclosure.

Figure 72 is a flowchart depicting a method of thermocycling a

sample/reagent fluid mixture to promote PCR.

Figure 73 is an exploded isometric view of an exemplary thermocycler,

in accordance with aspects of the present disclosure.



Figure 74 is an unexploded isometric view of a central portion of the

thermocycler of Fig. 73.

Figure 75 is an isometric view showing a magnified portion of the

assembled thermocycler of Fig. 73, which is suitable for relatively small outer

diameter fluidic tubing, in accordance with aspects of the present disclosure.

Figure 76 is an isometric view showing a magnified portion of an

alternative embodiment of the assembled thermocycler, which is suitable for

relatively larger outer diameter fluidic tubing, in accordance with aspects of

the present disclosure.

Figure 77 is a top plan view of the thermocycler of Fig. 73, without the

outer segments attached.

Figure 78 is a schematic sectional view of the thermocycler of Fig. 73,

depicting the relative dispositions of the core and other components, taken

generally along line C in Fig. 77 as line C in swept through one clockwise

revolution about the center of the thermocycler.

Figure 79 is a magnified isometric view of a central portion of the

thermocycler of Fig. 75.

Figure 80 is a graph of measured temperature versus arc length, as a

function of average fluid velocity, near the interface between two inner

segments of the thermocycler of Fig. 73.

Figure 8 1 is an isometric view of a central portion of a thermocycler

having an optional "hot start" region, in accordance with aspects of the

present disclosure.

Figures 82-89 are schematic sectional views of alternative

embodiments of a thermocycler, in accordance with aspects of the present

disclosure.

Figure 90 is an exploded isometric view of a thermocycler, with

associated heating, cooling, and housing elements, in accordance with

aspects of the present disclosure.

Figure 9 1 is a side elevational view of an exemplary thermocycler

having temperature regions that vary in size along the length of the

thermocycler, in accordance with aspects of the present disclosure.



Figure 92 is a side elevational view of an exemplary thermocycler

having temperature regions that vary in number along the length of the

thermocycler, in accordance with aspects of the present disclosure.

Figure 93 is a schematic depiction of an optical detection system for

irradiating sample-containing droplets and detecting fluorescence

subsequently emitted by the droplets, in accordance with aspects of the

present disclosure.

Figure 94 is a graph of intensity versus time for fluorescence detected

by an optical detection system such as the system of Fig. 93, illustrating the

distinction between fluorescence emitted by droplets containing a target and

droplets not containing a target.

Figure 95 is a schematic depiction of an optical detection system in

which stimulating radiation is transferred toward sample-containing droplets

through an optical fiber, in accordance with aspects of the present disclosure.

Figure 96 is a schematic depiction of an optical detection system in

which scattered and fluorescence radiation are transferred away from sample-

containing droplets through optical fibers, in accordance with aspects of the

present disclosure.

Figure 97 is a schematic depiction of an optical detection system in

which stimulating radiation is transferred toward sample-containing droplets

through an optical fiber and in which scattered and fluorescence radiation are

transferred away from the droplets through optical fibers, in accordance with

aspects of the present disclosure.

Figure 98 depicts an intersection region where incident radiation

intersects with sample-containing droplets traveling through a fluid channel,

illustrating how optical fibers may be integrated with sections of fluidic tubing.

Figure 99A depicts another intersection region where incident radiation

intersects with sample-containing droplets traveling through a fluid channel,

illustrating how a single optical fiber may be used to transmit both incident

radiation and stimulated fluorescence.

Figure 99B depicts another intersection region configured to transmit

both incident radiation and stimulated fluorescence through a single optical



fiber, and also configured to transfer radiation to and from substantially one

droplet at a time.

Figure 100 is a schematic depiction of an optical detection system in

which the incident radiation is split into a plurality of separate beams, in

accordance with aspects of the present disclosure.

Figure 101 is a schematic depiction of an optical detection system in

which the incident radiation is spread by an adjustable mirror into a relatively

wide intersection region, in accordance with aspects of the present disclosure.

Figure 102 depicts a flow focus mechanism for separating sample-

containing droplets from each other by a desired distance, in accordance with

aspects of the present disclosure.

Figure 103 depicts another flow focus mechanism for separating

sample-containing droplets from each other by a desired distance, in

accordance with aspects of the present disclosure.

Figure 104 depicts a section of fluidic tubing, illustrating how an

appropriate choice of fluid channel diameter can facilitate proper spacing

between droplets, in accordance with aspects of the present disclosure.

Figure 105 depicts a batch fluorescence detection system, in

accordance with aspects of the present disclosure.

Figure 106 is a flow chart depicting a method of detecting fluorescence

from sample-containing droplets, in accordance with aspects of the present

disclosure.

Figure 107 is a flowchart depicting a method of determining target

molecule concentration in a plurality of sample-containing droplets, in

accordance with aspects of the present disclosure.

Figure 108 is a histogram showing exemplary experimental data in

which the number of detected droplets is plotted as a function of a measure of

fluorescence intensity.

Figure 109 is a histogram comparing the experimental data in Fig. 108

(solid line) with fluorescence distributions recreated numerically using various

fit orders (dotted and dashed lines).



Figure 110 is a histogram showing values of least mean square

residuals for the fluorescence distributions of Fig. 108 recreated numerically

using various fit orders.

Figure 111 is a flowchart depicting a method of numerically estimating

target molecule concentration in a sample, in accordance with aspects of the

present disclosure.

Figure 112 is an exemplary graph of fluorescence signals that may be

measured with respect to time from a flow stream of droplets, with the graph

exhibiting a series of peaks representing droplet signals, and with the graph

indicating a signal threshold for assigning droplet signals as corresponding to

amplification-positive and amplification-negative droplets, in accordance with

aspects of the present disclosure.

Figure 113 is an exemplary histogram of ranges of droplet signal

intensities that may be measured from the flow stream of Fig. 112, with the

relative frequency of occurrence of each range indicated by bar height, in

accordance with aspects of the present disclosure.

Figure 114 is a schematic view of an exemplary system for performing

droplet-based tests of nucleic acid amplification with the aid of controls and/or

calibrators, in accordance with aspects of the present disclosure.

Figure 115 is a schematic view of selected aspects of the system of

Fig. 114, with the system in an exemplary configuration for detecting

amplification of a nucleic acid target using a first dye, and for controlling for

system variation during a test using a second dye, in accordance with aspects

of present disclosure.

Figure 116 is a schematic view of exemplary reagents that may be

included in the system configuration of Fig. 115 , to permit detection of

amplification signals in a first detector channel and detection of a passive

control signals in a second detector channel, in accordance with aspects of

present disclosure.

Figure 117 a flowchart of an exemplary approach to correcting for

system variation using the system configuration of Fig. 115, in accordance

with aspects of the present disclosure.



Figure 118 is a schematic view of selected aspects of the system of

Fig. 114, with the system in an exemplary configuration for detecting

amplification of a nucleic acid target using a first dye in a set of droplets, and

for (a) calibrating the system before, during, and/or after a test or (b)

controlling for aspects of system variation during a test using either the first

dye or a second dye in another set of droplets, in accordance with aspects of

present disclosure.

Figure 119 is an exemplary graph of fluorescence signals that may be

detected over time from a flow stream of the system configuration of Fig. 118

during system calibration and sample testing performed serially, in

accordance with aspects of present disclosure.

Figure 120 is a flowchart of an exemplary method of correcting for

system variation produced during a test using the system configuration of Fig.

118, in accordance with aspects of the present disclosure.

Figure 121 is a schematic view of selected aspects of the system of

Fig. 114, with the system in an exemplary configuration for testing

amplification of a pair of nucleic acid targets in the same droplets, in

accordance with aspects of present disclosure.

Figure 122 is a schematic view of selected aspects of the system of

Fig. 114, with the system in another exemplary configuration for testing

amplification of a pair of nucleic acid targets in the same droplets, in

accordance with aspects of present disclosure.

Figure 123 is a schematic view of exemplary target-specific reagents

that may be included in the system configurations of Figs. 121 and 122, to

permit detection of amplification signals in a different detector channel (i.e., a

different detected wavelength or wavelength range) for each nucleic acid

target, in accordance with aspects of present disclosure.

Figure 124 is a pair of exemplary graphs of fluorescence signals that

may be detected over time from a flow stream of the system configuration of

Fig. 121 or 122 using different detector channels, with one of the channels

detecting successful amplification of a control target, thereby indicating no

inhibition of amplification, in accordance with aspects of present disclosure.



Figure 125 is a pair of exemplary graphs with fluorescence signals

detected generally as in Fig. 124, but with control signals indicating that

amplification is inhibited, in accordance with aspects of present disclosure.

Figure 126 is a schematic view of selected aspects of the system of

Fig. 114, with the system in an exemplary configuration for testing

amplification of a pair of nucleic acid targets using a different set of droplets

for each target, in accordance with aspects of present disclosure.

Figure 127 is a pair of exemplary graphs of fluorescence signals that

may be detected over time from a flow stream of the system configuration of

Fig. 126 using different detector channels, with each channel monitoring

amplification of a distinct nucleic acid target, in accordance with aspects of

present disclosure.

Figure 128 is a pair of graphs illustrating exemplary absorption and

emission spectra of fluorescent dyes that may be suitable for use in the

system of Fig. 114, in accordance with aspects of the present disclosure.

Figure 129 is a schematic diagram illustrating exemplary use of the

fluorescent dyes of Fig. 128 in an exemplary embodiment of the system of

Fig. 114, in accordance with aspects of the present disclosure.

Figure 130 is a flowchart of an exemplary approach to correcting for

system variation within a test by processing a set of droplet test signals to a

more uniform signal intensity, in accordance with aspects of the present

disclosure.

Figure 131 is a flowchart of an exemplary approach for transforming

droplet signals based on the width of respective signal peaks providing the

droplet signals, in accordance with aspects of the present disclosure.

Detailed Description

The present disclosure provides systems, including apparatus and

methods, for performing assays. These systems may involve, among others,

(A) preparing a sample, such as a clinical or environmental sample, for

analysis, (B) separating components of the samples by partitioning them into

droplets or other partitions, each containing only about one component (such

as a single copy of a nucleic acid target (DNA or RNA) or other analyte of



interest), (C) amplifying or otherwise reacting the components within the

droplets, (D) detecting the amplified or reacted components, or characteristics

thereof, and/or (E) analyzing the resulting data. In this way, complex samples

may be converted into a plurality of simpler, more easily analyzed samples,

with concomitant reductions in background and assay times.

Figure 1 shows an exemplary system 500 for performing such a

droplet-, or partition-, based assay. In brief, the system may include sample

preparation 502, droplet generation 504, reaction (e.g., amplification) 506,

detection 508, and data analysis 510. The system may be utilized to perform

a digital PCR (polymerase chain reaction) analysis. More specifically, sample

preparation 502 may involve collecting a sample, such as a clinical or

environmental sample, treating the sample to release associated nucleic

acids, and forming a reaction mixture involving the nucleic acids (e.g., for

amplification of a target nucleic acid). Droplet generation 504 may involve

encapsulating the nucleic acids in droplets, for example, with about one copy

of each target nucleic acid per droplet, where the droplets are suspended in

an immiscible carrier fluid, such as oil, to form an emulsion. Reaction 506 may

involve subjecting the droplets to a suitable reaction, such as thermal cycling

to induce PCR amplification, so that target nucleic acids, if any, within the

droplets are amplified to form additional copies. Detection 508 may involve

detecting some signal(s) from the droplets indicative of whether or not there

was amplification. Finally, data analysis 510 may involve estimating a

concentration of the target nucleic acid in the sample based on the

percentage of droplets in which amplification occurred.

These and other aspects of the system are described below, in the

following sections: (I) definitions, (II) system overview/architecture, (III)

sample preparation/cartridge, (IV) droplet generator, (V) continuous flow

thermocycler, (Vl) detection, (VII) quantification/analysis, (VIII) controls and

calibrations, (IX) clinical applications, and (X) multiplexed assays.



I. Definitions

Technical terms used in this disclosure have the meanings that are

commonly recognized by those skilled in the art. However, the following terms

may have additional meanings, as described below.

Emulsion - a composition comprising liquid droplets disposed in an

immiscible carrier fluid, which also is liquid. The carrier fluid, also termed a

background fluid, forms a continuous phase, which may be termed a carrier

phase, a carrier, and/or a background phase. The droplets (e.g., aqueous

droplets) are formed by at least one droplet fluid, also termed a foreground

fluid, which is a liquid and which forms a droplet phase (which may be termed

a dispersed phase or discontinuous phase). The droplet phase is immiscible

with the continuous phase, which means that the droplet phase (i.e., the

droplets) and the continuous phase (i.e., the carrier fluid) do not mix to attain

homogeneity. The droplets are isolated from one another by the continuous

phase and encapsulated (i.e., enclosed/surrounded) by the continuous phase.

The droplets of an emulsion may have any uniform or non-uniform

distribution in the continuous phase. If non-uniform, the concentration of the

droplets may vary to provide one or more regions of higher droplet density

and one or more regions of lower droplet density in the continuous phase. For

example, droplets may sink or float in the continuous phase, may be clustered

in one or more packets along a channel, may be focused toward the center or

perimeter of a flow stream, or the like.

Any of the emulsions disclosed herein may be monodisperse, that is,

composed of droplets of at least generally uniform size, or may be

polydisperse, that is, composed of droplets of various sizes. If monodisperse,

the droplets of the emulsion may, for example, vary in volume by a standard

deviation that is less than about plus or minus 100%, 50%, 20%, 10%, 5%,

2%, or 1% of the average droplet volume. Droplets generated from an orifice

may be monodisperse or polydisperse.

An emulsion may have any suitable composition. The emulsion may be

characterized by the predominant liquid compound or type of liquid compound

in each phase. The predominant liquid compounds in the emulsion may be



water and oil. "Oil" is any liquid compound or mixture of liquid compounds that

is immiscible with water and that has a high content of carbon. In some

examples, oil also may have a high content of hydrogen, fluorine, silicon,

oxygen, or any combination thereof, among others. For example, any of the

emulsions disclosed herein may be a water-in-oil (W/O) emulsion (i.e.,

aqueous droplets in a continuous oil phase). The oil may, for example, be or

include at least one silicone oil, mineral oil, fluorocarbon oil, vegetable oil, or a

combination thereof, among others. Any other suitable components may be

present in any of the emulsion phases, such as at least one surfactant,

reagent, sample (i.e., partitions thereof), other additive, label, particles, or any

combination thereof.

Standard emulsions become unstable when heated (e.g., to

temperatures above 60°C) when they are in a packed state (e.g., each droplet

is near a neighboring droplet), because heat generally lowers interfacial

tensions, which can lead to droplet coalescence. Thus, standard packed

emulsions do not maintain their integrity during high-temperature reactions,

such as PCR, unless emulsion droplets are kept out of contact with one

another or additives (e.g., other oil bases, surfactants, etc.) are used to modify

the stability conditions (e.g., interfacial tension, viscosity, steric hindrance,

etc.). For example, the droplets may be arranged in single file and spaced

from one another along a channel to permit thermal cycling in order to perform

PCR. However, following this approach using a standard emulsion does not

permit a high density of droplets, thereby substantially limiting throughput in

droplet-based assays.

Any emulsion disclosed herein may be a heat-stable emulsion. A heat-

stable emulsion is any emulsion that resists coalescence when heated to at

least 500C. A heat-stable emulsion may be a PCR-stable emulsion, which is

an emulsion that resists coalescence throughout the thermal cycling of PCR

(e.g., to permit performance of digital PCR). Accordingly, a PCR-stable

emulsion may be resistant to coalescence when heated to at least 800C or

9 O0C, among others. Due to heat stability, a PCR-stable emulsion, in contrast

to a standard emulsion, enables PCR assays to be performed in droplets that



remain substantially monodisperse throughout thermal cycling. Accordingly,

digital PCR assays with PCR-stable emulsions may be substantially more

quantitative than with standard emulsions. An emulsion may be formulated as

PCR stable by, for example, proper selection of carrier fluid and surfactants,

among others. An exemplary oil formulation to generate PCR-stable

emulsions for flow-through assays is as follows: ( 1 ) Dow Corning 5225C

Formulation Aid (10% active ingredient in decamethylcyclopentasiloxane) -

20% w/w, 2% w/w final concentration active ingredient, (2) Dow Corning 749

Fluid (50% active ingredient in decamethylcyclopentasiloxane) - 5% w/w,

2.5% w/w active ingredient, and (3) Poly(dimethylsiloxane) Dow Corning 200®

fluid, viscosity 5.0 cSt (25 0C) - 75% w/w. An exemplary oil formulation to

generate PCR-stable emulsions for batch assays is as follows: ( 1 ) Dow

Corning 5225C Formulation Aid (10% active ingredient in

decamethylcyclopentasiloxane) - 20% w/w, 2% w/w final concentration active

ingredient, (2) Dow Corning 749 Fluid (50% active ingredient in

decamethylcyclopentasiloxane) - 60% w/w, 30% w/w active ingredient, and

(3) Poly(dimethylsiloxane) Dow Corning 200® fluid, viscosity 5.0 cSt (25 0C) -

20% w/w.

Partition - a separated portion of a bulk volume. The partition may be a

sample partition generated from a sample, such as a prepared sample, that

forms the bulk volume. Partitions generated from a bulk volume may be

substantially uniform in size or may have distinct sizes (e.g., sets of partitions

of two or more discrete, uniform sizes). Exemplary partitions are droplets.

Partitions may also vary continuously in size with a predetermined size

distribution or with a random size distribution.

Droplet - a small volume of liquid, typically with a spherical shape,

encapsulated by an immiscible fluid, such as a continuous phase of an

emulsion. The volume of a droplet, and/or the average volume of droplets in

an emulsion, may, for example, be less than about one microliter (i.e., a

"microdroplet") (or between about one microliter and one nanoliter or between

about one microliter and one picoliter), less than about one nanoliter (or

between about one nanoliter and one picoliter), or less than about one



picoliter (or between about one picoliter and one femtoliter), among others. A

droplet (or droplets of an emulsion) may have a diameter (or an average

diameter) of less than about 1000, 100, or 10 micrometers, or of about 1000

to 10 micrometers, among others. A droplet may be spherical or nonspherical.

A droplet may be a simple droplet or a compound droplet, that is, a droplet in

which at least one droplet encapsulates at least one other droplet.

Surfactant - a surface-active agent capable of reducing the surface

tension of a liquid in which it is dissolved, and/or the interfacial tension with

another phase. A surfactant, which also or alternatively may be described as

a detergent and/or a wetting agent, incorporates both a hydrophilic portion

and a hydrophobic portion, which collectively confer a dual hydrophilic-

lipophilic character on the surfactant. A surfactant may be characterized

according to a Hydrophile-Lipophile Balance (HLB) value, which is a measure

of the surfactant's hydrophilicity compared to its lipophilicity. HLB values

range from 0-60 and define the relative affinity of a surfactant for water and

oil. Nonionic surfactants generally have HLB values ranging from 0-20 and

ionic surfactants may have HLB values of up to 60. Hydrophilic surfactants

have HLB values greater than about 10 and a greater affinity for water than

oil. Lipophilic surfactants have HLB values less than about 10 and a greater

affinity for oil than water. The emulsions disclosed herein and/or any phase

thereof, may include at least one hydrophilic surfactant, at least one lipophilic

surfactant, or a combination thereof. Alternatively, or in addition, the

emulsions disclosed herein and/or any phase thereof, may include at least

one nonionic (and/or ionic) detergent. Furthermore, an emulsion disclosed

herein and/or any phase thereof may include a surfactant comprising

polyethyleneglycol, polypropyleneglycol, or Tween 20, among others.

Packet - a set of droplets or other isolated partitions disposed in the

same continuous volume or volume region of a continuous phase. A packet

thus may, for example, constitute all of the droplets of an emulsion or may

constitute a segregated fraction of such droplets at a position along a channel.

Typically, a packet refers to a collection of droplets that when analyzed in

partial or total give a statistically relevant sampling to quantitatively make a



prediction regarding a property of the entire starting sample from which the

initial packet of droplets was made. The packet of droplets also indicates a

spatial proximity between the first and the last droplets of the packet in a

channel.

As an analogy with information technology, each droplet serves as a

"bit" of information that may contain sequence specific information from a

target analyte within a starting sample. A packet of droplets is then the sum of

all these "bits" of information that together provide statistically relevant

information on the analyte of interest from the starting sample. As with a

binary computer, a packet of droplets is analogous to the contiguous

sequence of bits that comprises the smallest unit of binary data on which

meaningful computations can be applied. A packet of droplets can be

encoded temporally and/or spatially relative to other packets that are also

disposed in a continuous phase (such as in a flow stream), and/or with the

addition of other encoded information (optical, magnetic, etc.) that uniquely

identifies the packet relative to other packets.

Test - a procedure(s) and/or reaction(s) used to characterize a sample,

and any signal(s), value(s), data, and/or result(s) obtained from the

procedure(s) and/or reaction(s). A test also may be described as an assay.

Exemplary droplet-based assays are biochemical assays using aqueous

assay mixtures. More particularly, the droplet-based assays may be enzyme

assays and/or binding assays, among others. The enzyme assays may, for

example, determine whether individual droplets contain a copy of a substrate

molecule (e.g., a nucleic acid target) for an enzyme and/or a copy of an

enzyme molecule. Based on these assay results, a concentration and/or copy

number of the substrate and/or the enzyme in a sample may be estimated.

Reaction - a chemical reaction, a binding interaction, a phenotypic

change, or a combination thereof, which generally provides a detectable

signal (e.g., a fluorescence signal) indicating occurrence and/or an extent of

occurrence of the reaction. An exemplary reaction is an enzyme reaction that

involves an enzyme-catalyzed conversion of a substrate to a product.



Any suitable enzyme reactions may be performed in the droplet-based

assays disclosed herein. For example, the reactions may be catalyzed by a

kinase, nuclease, nucleotide cyclase, nucleotide ligase, nucleotide

phosphodiesterase, polymerase (DNA or RNA), prenyl transferase,

pyrophospatase, reporter enzyme (e.g., alkaline phosphatase, beta-

galactosidase, chloramphenicol acetyl transferse, glucuronidase, horse radish

peroxidase, luciferase, etc.), reverse transcriptase, topoisomerase, etc.

Sample - a compound, composition, and/or mixture of interest, from

any suitable source(s). A sample is the general subject of interest for a test

that analyzes an aspect of the sample, such as an aspect related to at least

one analyte that may be present in the sample. Samples may be analyzed in

their natural state, as collected, and/or in an altered state, for example,

following storage, preservation, extraction, lysis, dilution, concentration,

purification, filtration, mixing with one or more reagents, pre-amplification

(e.g., to achieve target enrichment by performing limited cycles (e.g., <15) of

PCR on sample prior to PCR), removal of amplicon (e.g., treatment with

uracil-d-glycosylase (UDG) prior to PCR to eliminate any carry-over

contamination by a previously generated amplicon (i.e., the amplicon is

digestable with UDG because it is generated with dUTP instead of dTTP)),

partitioning, or any combination thereof, among others. Clinical samples may

include nasopharyngeal wash, blood, plasma, cell-free plasma, buffy coat,

saliva, urine, stool, sputum, mucous, wound swab, tissue biopsy, milk, a fluid

aspirate, a swab (e.g., a nasopharyngeal swab), and/or tissue, among others.

Environmental samples may include water, soil, aerosol, and/or air, among

others. Research samples may include cultured cells, primary cells, bacteria,

spores, viruses, small organisms, any of the clinical samples listed above, or

the like. Additional samples may include foodstuffs, weapons components,

biodefense samples to be tested for bio-threat agents, suspected

contaminants, and so on.

Samples may be collected for diagnostic purposes (e.g., the

quantitative measurement of a clinical analyte such as an infectious agent) or



for monitoring purposes (e.g., to determine that an environmental analyte of

interest such as a bio-threat agent has exceeded a predetermined threshold).

Analyte - a component(s) or potential component(s) of a sample that is

analyzed in a test. An analyte is a specific subject of interest in a test where

the sample is the general subject of interest. An analyte may, for example, be

a nucleic acid, protein, peptide, enzyme, cell, bacteria, spore, virus, organelle,

macromolecular assembly, drug candidate, lipid, carbohydrate, metabolite, or

any combination thereof, among others. An analyte may be tested for its

presence, activity, and/or other characteristic in a sample and/or in partitions

thereof. The presence of an analyte may relate to an absolute or relative

number, concentration, binary assessment (e.g., present or absent), or the

like, of the analyte in a sample or in one or more partitions thereof. In some

examples, a sample may be partitioned such that a copy of the analyte is not

present in all of the partitions, such as being present in the partitions at an

average concentration of about 0.0001 to 10,000, 0.001 to 1000, 0.01 to 100,

0.1 to 10, or one copy per partition.

Reagent - a compound, set of compounds, and/or composition that is

combined with a sample in order to perform a particular test(s) on the sample.

A reagent may be a target-specific reagent, which is any reagent composition

that confers specificity for detection of a particular target(s) or analyte(s) in a

test. A reagent optionally may include a chemical reactant and/or a binding

partner for the test. A reagent may, for example, include at least one nucleic

acid, protein (e.g., an enzyme), cell, virus, organelle, macromolecular

assembly, potential drug, lipid, carbohydrate, inorganic substance, or any

combination thereof, and may be an aqueous composition, among others. In

exemplary embodiments, the reagent may be an amplification reagent, which

may include at least one primer or at least one pair of primers for amplification

of a nucleic acid target, at least one probe and/or dye to enable detection of

amplification, a polymerase, nucleotides (dNTPs and/or NTPs), divalent

magnesium ions, potassium chloride, buffer, or any combination thereof,

among others.



Nucleic acid - a compound comprising a chain of nucleotide

monomers. A nucleic acid may be single-stranded or double-stranded (i.e.,

base-paired with another nucleic acid), among others. The chain of a nucleic

acid may be composed of any suitable number of monomers, such as at least

about ten or one-hundred, among others. Generally, the length of a nucleic

acid chain corresponds to its source, with synthetic nucleic acids (e.g.,

primers and probes) typically being shorter, and biologically/enzymatically

generated nucleic acids (e.g., nucleic acid analytes) typically being longer.

A nucleic acid may have a natural or artificial structure, or a

combination thereof. Nucleic acids with a natural structure, namely,

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), generally have a

backbone of alternating pentose sugar groups and phosphate groups. Each

pentose group is linked to a nucleobase (e.g., a purine (such as adenine (A)

or guanine (T)) or a pyrimidine (such as cytosine (C), thymine (T), or uracil

(U))). Nucleic acids with an artificial structure are analogs of natural nucleic

acids and may, for example, be created by changes to the pentose and/or

phosphate groups of the natural backbone. Exemplary artificial nucleic acids

include glycol nucleic acids (GNA), peptide nucleic acids (PNA), locked

nucleic acid (LNA), threose nucleic acids (TNA), and the like.

The sequence of a nucleic acid is defined by the order in which

nucleobases are arranged along the backbone. This sequence generally

determines the ability of the nucleic acid to bind specifically to a partner chain

(or to form an intramolecular duplex) by hydrogen bonding. In particular,

adenine pairs with thymine (or uracil) and guanine pairs with cytosine. A

nucleic acid that can bind to another nucleic acid in an antiparallel fashion by

forming a consecutive string of such base pairs with the other nucleic acid is

termed "complementary."

Replication - a process forming a copy (i.e., a direct copy and/or a

complementary copy) of a nucleic acid or a segment thereof. Replication

generally involves an enzyme, such as a polymerase and/or a ligase, among

others. The nucleic acid and/or segment replicated is a template (and/or a

target) for replication.



Amplification - a reaction in which replication occurs repeatedly over

time to form multiple copies of at least one segment of a template molecule.

Amplification may generate an exponential or linear increase in the number of

copies as amplification proceeds. Typical amplifications produce a greater

than 1,000-fold increase in copy number and/or signal. Exemplary

amplification reactions for the droplet-based assays disclosed herein may

include the polymerase chain reaction (PCR) or ligase chain reaction, each of

which is driven by thermal cycling. The droplet-based assays also or

alternatively may use other amplification reactions, which may be performed

isothermally, such as branched-probe DNA assays, cascade-RCA, helicase-

dependent amplification, loop-mediated isothermal amplification (LAMP),

nucleic acid based amplification (NASBA), nicking enzyme amplification

reaction (NEAR), PAN-AC, Q-beta replicase amplification, rolling circle

replication (RCA), self-sustaining sequence replication, strand-displacement

amplification, and the like. Amplification may utilize a linear or circular

template.

Amplification may be performed with any suitable reagents.

Amplification may be performed, or tested for its occurrence, in an

amplification mixture, which is any composition capable of generating multiple

copies of a nucleic acid target molecule, if present, in the composition. An

amplification mixture may include any combination of at least one primer or

primer pair, at least one probe, at least one replication enzyme (e.g., at least

one polymerase, such as at least one DNA and/or RNA polymerase), and

deoxynucleotide (and/or nucleotide) triphosphates (dNTPs and/or NTPs),

among others. Further aspects of assay mixtures and detection strategies that

enable multiplexed amplification and detection of two or more target species

in the same droplet are described elsewhere herein, such as in Section X,

among others.

PCR - nucleic acid amplification that relies on alternating cycles of

heating and cooling (i.e., thermal cycling) to achieve successive rounds of

replication. PCR may be performed by thermal cycling between two or more

temperature set points, such as a higher melting (denaturation) temperature



and a lower annealing/extension temperature, or among three or more

temperature set points, such as a higher melting temperature, a lower

annealing temperature, and an intermediate extension temperature, among

others. PCR may be performed with a thermostable polymerase, such as Taq

DNA polymerase (e.g., wild-type enzyme, a Stoffel fragment, FastStart

polymerase, etc.), Pfu DNA polymerase, S-Tbr polymerase, Tth polymerase,

Vent polymerase, or a combination thereof, among others. PCR generally

produces an exponential increase in the amount of a product amplicon over

successive cycles.

Any suitable PCR methodology or combination of methodologies may

be utilized in the droplet-based assays disclosed herein, such as allele-

specific PCR, assembly PCR, asymmetric PCR, digital PCR, endpoint PCR,

hot-start PCR, in situ PCR, intersequence-specific PCR, inverse PCR, linear

after exponential PCR, ligation-mediated PCR, methylation-specific PCR,

miniphmer PCR, multiplex ligation-dependent probe amplification, multiplex

PCR, nested PCR, overlap-extension PCR, polymerase cycling assembly,

qualitative PCR, quantitative PCR, real-time PCR, RT-PCR, single-cell PCR,

solid-phase PCR, thermal asymmetric interlaced PCR, touchdown PCR, or

universal fast walking PCR, among others.

Digital PCR - PCR performed on portions of a sample to determine the

presence/absence, concentration, and/or copy number of a nucleic acid target

in the sample, based on how many of the sample portions support

amplification of the target. Digital PCR may (or may not) be performed as

endpoint PCR. Digital PCR may (or may not) be performed as real-time PCR

for each of the partitions.

PCR theoretically results in an exponential amplification of a nucleic

acid sequence (analyte) from a sample. By measuring the number of

amplification cycles required to achieve a threshold level of amplification (as

in real-time PCR), one can theoretically calculate the starting concentration of

nucleic acid. In practice, however, there are many factors that make the PCR

process non-exponential, such as varying amplification efficiencies, low copy

numbers of starting nucleic acid, and competition with background



contaminant nucleic acid. Digital PCR is generally insensitive to these factors,

since it does not rely on the assumption that the PCR process is exponential.

In digital PCR, individual nucleic acid molecules are separated from the initial

sample into partitions, then amplified to detectable levels. Each partition then

provides digital information on the presence or absence of each individual

nucleic acid molecule within each partition. When enough partitions are

measured using this technique, the digital information can be consolidated to

make a statistically relevant measure of starting concentration for the nucleic

acid target (analyte) in the sample.

The concept of digital PCR may be extended to other types of analytes,

besides nucleic acids. In particular, a signal amplification reaction may be

utilized to permit detection of a single copy of a molecule of the analyte in

individual droplets, to permit data analysis of droplet signals for other analytes

in the manner described in Section VII (e.g., using an algorithm based on

Poisson statistics). Exemplary signal amplification reactions that permit

detection of single copies of other types of analytes in droplets include

enzyme reactions.

Qualitative PCR - a PCR-based analysis that determines whether or

not a target is present in a sample, generally without any substantial

quantification of target presence. In exemplary embodiments, digital PCR that

is qualitative may be performed by determining whether a packet of droplets

contains at least a predefined percentage of positive droplets (a positive

sample) or not (a negative sample).

Quantitative PCR - a PCR-based analysis that determines a

concentration and/or copy number of a target in a sample.

RT-PCR (reverse transcription-PCR) - PCR utilizing a complementary

DNA template produced by reverse transcription of RNA. RT-PCR permits

analysis of an RNA sample by ( 1 ) forming complementary DNA copies of

RNA, such as with a reverse transcriptase enzyme, and (2) PCR amplification

using the complementary DNA as a template. In some embodiments, the

same enzyme, such as Tth polymerase, may be used for reverse transcription

and PCR.



Real-time PCR - a PCR-based analysis in which amplicon formation is

measured during the reaction, such as after completion of one or more

thermal cycles prior to the final thermal cycle of the reaction. Real-time PCR

generally provides quantification of a target based on the kinetics of target

amplification.

Endpoint PCR - a PCR-based analysis in which amplicon formation is

measured after the completion of thermal cycling.

Amplicon - a product of an amplification reaction. An amplicon may be

single-stranded or double-stranded, or a combination thereof. An amplicon

corresponds to any suitable segment or the entire length of a nucleic acid

target.

Primer - a nucleic acid capable of, and/or used for, priming replication

of a nucleic acid template. Thus, a primer is a shorter nucleic acid that is

complementary to a longer template. During replication, the primer is

extended, based on the template sequence, to produce a longer nucleic acid

that is a complementary copy of the template. A primer may be DNA, RNA, an

analog thereof (i.e., an artificial nucleic acid), or any combination thereof. A

primer may have any suitable length, such as at least about 10, 15, 20, or 30

nucleotides. Exemplary primers are synthesized chemically. Primers may be

supplied as at least one pair of primers for amplification of at least one nucleic

acid target. A pair of primers may be a sense primer and an antisense primer

that collectively define the opposing ends (and thus the length) of a resulting

amplicon.

Probe - a nucleic acid connected to at least one label, such as at least

one dye. A probe may be a sequence-specific binding partner for a nucleic

acid target and/or amplicon. The probe may be designed to enable detection

of target amplification based on fluorescence resonance energy transfer

(FRET). An exemplary probe for the nucleic acid assays disclosed herein

includes one or more nucleic acids connected to a pair of dyes that

collectively exhibit fluorescence resonance energy transfer (FRET) when

proximate one another. The pair of dyes may provide first and second

emitters, or an emitter and a quencher, among others. Fluorescence emission



from the pair of dyes changes when the dyes are separated from one another,

such as by cleavage of the probe during primer extension (e.g., a 5' nuclease

assay, such as with a TAQMAN probe), or when the probe hybridizes to an

amplicon (e.g., a molecular beacon probe). The nucleic acid portion of the

probe may have any suitable structure or origin, for example, the portion may

be a locked nucleic acid, a member of a universal probe library, or the like. In

other cases, a probe and one of the primers of a primer pair may be combined

in the same molecule (e.g., AMPLIFLUOR primers or SCORPION primers).

As an example, the primer-probe molecule may include a primer sequence at

its 3' end and a molecular beacon-style probe at its 5' end. With this

arrangement, related primer-probe molecules labeled with different dyes can

be used in a multiplexed assay with the same reverse primer to quantify target

sequences differing by a single nucleotide (single nucleotide polymorphisms

(SNPs)). Another exemplary probe for droplet-based nucleic acid assays is a

Plexor primer.

Label - an identifying and/or distinguishing marker or identifier

connected to or incorporated into any entity, such as a compound, biological

particle (e.g., a cell, bacteria, spore, virus, or organelle), or droplet. A label

may, for example, be a dye that renders an entity optically detectable and/or

optically distinguishable. Exemplary dyes used for labeling are fluorescent

dyes (fluorophores) and fluorescence quenchers.

Reporter - a compound or set of compounds that reports a condition,

such as the extent of a reaction. Exemplary reporters comprise at least one

dye, such as a fluorescent dye or an energy transfer pair, and/or at least one

oligonucleotide. Exemplary reporters for nucleic acid amplification assays may

include a probe and/or an intercalating dye (e.g., SYBR Green, ethidium

bromide, etc.).

Code - a mechanism for differentiating distinct members of a set.

Exemplary codes to differentiate different types of droplets may include

different droplet sizes, dyes, combinations of dyes, amounts of one or more

dyes, enclosed code particles, or any combination thereof, among others. A



code may, for example, be used to distinguish different packets of droplets, or

different types of droplets within a packet, among others.

Binding partner - a member of a pair of members that bind to one

another. Each member may be a compound or biological particle (e.g., a cell,

bacteria, spore, virus, organelle, or the like), among others. Binding partners

may bind specifically to one another. Specific binding may be characterized

by a dissociation constant of less than about 10 4 , 10 6 , 10~8 , or 10~10 M.

Exemplary specific binding partners include biotin and avidin/streptavidin, a

sense nucleic acid and a complementary antisense nucleic acid (e.g., a probe

and an amplicon), a primer and its target, an antibody and a corresponding

antigen, a receptor and its ligand, and the like.

Channel - an elongate passage for fluid travel. A channel generally

includes at least one inlet, where fluid enters the channel, and at least one

outlet, where fluid exits the channel. The functions of the inlet and the outlet

may be interchangeable, that is, fluid may flow through a channel in only one

direction or in opposing directions, generally at different times. A channel may

include walls that define and enclose the passage between the inlet and the

outlet. A channel may, for example, be formed by a tube (e.g., a capillary

tube), in or on a planar structure (e.g., a chip), or a combination thereof,

among others. A channel may or may not branch. A channel may be linear or

nonlinear. Exemplary nonlinear channels include a channel extending along a

planar flow path (e.g., a serpentine channel) a nonplanar flow path (e.g., a

helical channel to provide a helical flow path). Any of the channels disclosed

herein may be a microfluidic channel, which is a channel having a

characteristic transverse dimension (e.g., the channel's average diameter) of

less than about one millimeter. Channels also may include one or more

venting mechanisms to allow fluid to enter/exit without the need for an open

outlet. Examples of venting mechanisms include but are not limited to

hydrophobic vent openings or the use of porous materials to either make up a

portion of the channel or to block an outlet if present.

Fluidics Network - an assembly for manipulating fluid, generally by

transferring fluid between compartments of the assembly and/or by driving



flow of fluid along and/or through one or more flow paths defined by the

assembly. A fluidics network may include any suitable structure, such as one

or more channels, chambers, reservoirs, valves, pumps, thermal control

devices (e.g., heaters/coolers), sensors (e.g., for measuring temperature,

pressure, flow, etc.), or any combination thereof, among others.

II. System Overview / Architecture

This Section describes the architecture of illustrative systems, including

methods and apparatus, for droplet-based assays. The features and aspects

of the systems disclosed in this Section may be combined with one another

and/or with any suitable aspects and features of methods and apparatus

shown and/or described elsewhere in the present disclosure. Additional

pertinent disclosure may be found in the U.S. provisional patent applications

listed above under Cross-References and incorporated herein by reference,

particularly Serial No. 61/277,270, filed September 22, 2009, titled DROPLET-

BASED ASSAY SYSTEM, and naming Benjamin J. Hindson, Kevin Dean

Ness, Billy W. Colston, Jr., Fred P. Milanovich, Douglas N. Modlin, and

Anthony J. Makarewicz, Jr., as inventors.

A. Exemplary Instrument-Cartridge System for
Sample Preparation and Analysis

Figures 2 and 3A show perspective and schematic views, respectively,

of an exemplary system 600 for performing droplet-based assays. System

6 10 may comprise an instrument 612 and one or more sample cartridges 614

that connect to the instrument, to provide sample preparation that is actuated

and controlled by the instrument. Sample preparation may include any

combination of the processes disclosed in Section III or elsewhere in the

present disclosure, such as extraction, purification, lysis, concentration,

dilution, reagent mixing, and/or droplet generation, among others. Instrument

612 may perform amplification of nucleic acid in the droplets, detection of

signals from the droplets, and data analysis, among others.

Instrument 612 may be equipped with a sample loading region 6 16 , a

reagent fluidics assembly 618, a thermal cycler 620, a detector 622, control

electronics 624 (i.e., a controller), and a user interface 626, among others.



The instrument also may include a housing 628, which may support, position,

fix, enclose, protect, insulate, and/or permit/restrict access to each other

instrument component.

Sample loading region 616 may permit placement of sample cartridges

614 into the instrument, generally after a sample has been introduced into a

port of each cartridge. The sample loading region may have an open

configuration for receiving sample cartridges and a closed configuration that

restricts cartridge introduction and removal (e.g., during instrument actuation

of loaded sample cartridges). For example, the sample loading region may

include a tray 630 that is an extendible and retractable and that receives the

sample cartridges and positions the cartridges for operational engagement

with instrument 612. The tray may be pulled out manually for loading sample

cartridges into the tray and pushed in manually for cartridge operation, or may

be coupled to a drive mechanism that drives opening and closing of the

sample loading region.

Sample cartridges 614 are depicted in various positions in Fig. 2. Some

of the cartridges have been loaded into tray 630, which is extended, while

other cartridges are disposed outside instrument 612 (e.g., stacked, indicated

at 632), before or after their use with the instrument. The sample cartridges

may be primed/loaded with one or more fluid reagents before the cartridges

are connected to the instrument (e.g., during cartridge manufacture), and/or

the sample cartridges may be primed with one or more fluid reagents supplied

by the instrument. Further aspects of sample cartridges that may be suitable

for use with instrument 612 are described elsewhere in the present disclosure,

particularly in Section III.

Figure 3B shows a schematic view of selected aspects of system 610.

The arrows extending across junctions between system components

generally show directions of fluid or data flow within the system. The line

segments extending across the junctions indicate an electrical connection

and/or signal communication.

Sample cartridges 614 may receive fluid for sample preparation from

reagent fluidics assembly 6 18. Fluidics assembly 618 may include reagent



cartridges or containers 634 (also see Fig. 2), which may be disposable

and/or reusable (i.e., refillable). Fluidics assembly 618 also may include

sample cartridge fluidics 636, which, in conjunction with a fluidics controller

and injector 638, enable controlled fluid flow. For example, fluid may flow from

the reagent cartridges to the sample cartridges, may flow within each sample

cartridge, and/or may flow from each sample cartridge to thermal cycler 620

as droplets disposed in an immiscible carrier fluid.

Thermal cycler 620 may subject the droplets to thermal cycles that

promote amplification, in preparation for detection of droplet signals by

detector 622. Further aspects of thermal cyclers and detectors are described

elsewhere herein, such as in Sections V and Vl. After detection, the droplets

and carrier fluid may flow to a waste receptacle 640.

Data from detector 622 may be communicated to control electronics

624. The control electronics may analyze the data (e.g., as described in

Section VII), and communicate the data to user interface 626, among others.

The control electronics also may receive input data, such as preferences,

instructions, and/or commands, from the user interface. The control

electronics may be in communication with and/or may be programmed to

control any other aspects of system 600. For example, the control electronics

may be in communication with cartridges 614. In some embodiments, each

cartridge may be a "smart cartridge" that carries a memory device 627. The

memory device may be readable by the controller, and, optionally, writable,

too. The memory device may carry information about the cartridge, such as

reagents pre-loaded to the cartridge, data about the loaded sample, aspects

of sample processing performed by the cartridge, or any combination thereof,

among others. The control electronics also may be connected to an external

communication port 642, which also may provide data input/output. A power

supply 644 (e.g., a line or battery power source) may provide power to the

control electronics. The power may be conditioned by any suitable element(s)

(e.g., a rectifier) between the power supply and the control electronics.



B. Exemplary Instrument for Analysis of Pre-prepared Samples

Figure 4 shows another exemplary system constructed as an

instrument 650 for performing droplet-based assays. Instrument 650 may be

capable of performing droplet-based assays of nucleic acid amplification,

generally as described above for system 610. However, instrument 650 may

be designed to process and analyze samples that are supplied as pre-formed

emulsions or prepared samples (e.g., purified nucleic acids that are not yet in

emulsion form).

Instrument 650 may be equipped with a sample loading region 652, a

reagent fluidics assembly 654, a thermal cycler 656, a detector 658, control

electronics 660 (i.e., a controller), a user interface 662, and a housing 664,

among others, which each may function generally as described above for

system 6 10. However, sample loading region 652 and reagent fluidics

assembly 654 may differ from the analogous structures in instrument 612. In

particular, the sample preparation procedures performed in the sample

cartridges of system 610 (see Fig. 2) are performed outside of instrument 650,

before sample loading.

Sample loading region 652 may include a tray 666 and an array of

compartments or reservoirs 668, such as wells. Reservoirs 668 may be

provided by a plate 670, such as a microplate, which may be received and/or

supported by the tray. Plate 670 may be removable, to permit placing samples

into reservoirs 668 while the plate is spaced from the instrument. Alternatively,

or in addition, samples may be placed into reservoirs 668 while the reservoirs

are supported by the tray/instrument. In some examples, plate 670 may be a

droplet generator plate (e.g., see below in this Section and Sections III and

IV). If structured as a droplet generator plate, the plate may generate droplets

before or after the plate is loaded into instrument 650.

Each reservoir may receive a pre-prepared sample. The pre-prepared

sample may or may not be in emulsion form. If not in emulsion form, the

sample may have been processed before loading into the reservoir (e.g.,

processed by extraction, purification, lysis, concentration, dilution, reagent

mixing, or any combination thereof), to ready the sample for droplet



generation. Alternatively, the sample may be a pre-formed emulsion of

droplets in an immiscible carrier fluid. The emulsion may be formed prior to

loading the sample into the reservoir by partitioning into droplets an assay

mixture that includes a sample and at least one reagent. Each droplet thus

may contain a partition of the sample. Droplet packets from the emulsions

may be transported serially or in parallel from reservoirs 668 to at least one

thermal cycler 656 of the instrument.

User interface 662 of instrument 650 may (or may not) be different in

configuration from user interface 626 of system 6 10 (compare Figs. 2 and 4).

For example, user interface 662 may be spaced from the body of instrument

650 (e.g., disposed outside of and spaced from housing 664). User interface

662 may be in wired or wireless communication with control electronics 660 of

the instrument.

C. Overview of Droplet-based Assay Systems

Figure 5 shows a flowchart 680 listing exemplary steps that may be

performed in a method of sample analysis using droplet-based assays. The

steps listed may be performed in any suitable combination and in any suitable

order and may be combined with any other step(s) of the present disclosure.

At least one sample may be loaded, indicated at 682. The sample may

be loaded by placing the sample into a port (e.g., a well, chamber, channel,

etc.) defined by any of the system components disclosed herein. The sample

may be loaded in any suitable form, such as unlysed or lysed, purified or

crude, pre-mixed with reagent or not pre-mixed, diluted or concentrated,

partitioned into droplets or non-partitioned, or the like. In some cases, a

plurality of samples may be loaded into respective ports and/or into an array

of reservoirs.

The sample may be processed, indicated at 684. Any suitable

combination of sample processing steps may be performed after (and/or

before) sample loading to prepare the sample for droplet generation.

Exemplary processing steps are described in Section III.

Droplets may be generated from the sample, indicated at 686. For

example, droplet generation may be performed after the sample has been



modified by mixing it with one or more reagents to form a bulk assay mixture.

Droplet generation may divide the bulk assay mixture into a plurality of

partitioned assay mixtures (and thus sample partitions) that are isolated from

one another in respective droplets by an intervening, immiscible carrier fluid.

The droplets may be generated from a sample serially, such as from one

orifice and/or one droplet generator (which may be termed an emulsion

generator). Alternatively, the droplets may be generated in parallel from a

sample, such as from two or more orifices and/or two or more droplet

generators in fluid communication with (and/or supplied by) the same sample.

As another example, droplets may be generated in parallel from a perforated

plate defining an array of orifices. In some examples, the droplets may be

generated in bulk, such as by agitation or sonication, among others. In some

examples, a plurality of emulsions may be generated, either serially or in

parallel, from a plurality of samples.

Droplets may be loaded (i.e., introduced) into a reaction site (also

termed a reactor), indicated at 688. The droplets may be loaded by flow

transport, which may be continuous or stopped one or more times. Thus, the

droplets may (or may not) be stored, indicated at 690, at one or more discrete

storage sites, after their generation and before loading into the reaction site.

Alternatively, the droplets may be loaded into a reaction site without

substantial flow, for example, with the droplets contained by a vessel that is

moved to the reaction site. In other examples, the droplets may be generated

at the reaction site (e.g., inside a thermal cycler). In any event, after droplet

generation, droplets may be placed into a reaction site with the droplets

disposed in a vial (or other vessel), a reaction channel (e.g., in tubing), an

imaging chamber/flow cell with a high aspect ratio, or the like. Further aspects

of droplet manipulation, such as selection for transport/loading, transport,

storage, routing, pre-processing (e.g., heating), and concentration are

described below in this Section.

A "reaction site" is a region where droplets are subjected to conditions

to promote one or more reactions of interest, such as nucleic acid

amplification. Accordingly, a reaction site may provide one or more



temperature-controlled zones of fixed or varying temperature (and/or other

physical conditions) suitable for a particular reaction(s) to be performed and/or

promoted in the droplets. The reaction site may be a flow-through site, where

the droplets are subjected to fixed or varying reaction conditions while flowing

through at least one channel or may be a static site where the droplets are

subjected to fixed or varying reaction conditions while the droplets are

disposed in a stationary volume of fluid (i.e., not flowing). An exemplary

reaction site, namely, a flow-based thermal cycler, is included in many of the

exemplary systems of this Section and is described in more detail in Section

V.

Droplets may be "reacted," indicated at 692. More specifically, the

droplets may be subjected to one or more suitable reaction conditions in a

reaction site, according to the type of assay mixture(s) contained by the

droplets, such that components of the droplets, or the droplets themselves,

undergo a desired reaction (or change of state). For example, the droplets

may be subjected to thermal cycling (or may be processed isothermally) for

amplification assays, such as any of the assays described in Section I , among

others.

Reaction of droplets generally subjects the droplets to one or more

conditions that promote at least one binding and/or chemical reaction of

interest in the droplets. Reaction of droplets also generally subjects the

droplets to each condition for a predefined period (or periods) of time, which

may be fixed or variable, and may be repeated. The droplets may be

subjected to two or more conditions serially or in parallel, and once or a

plurality of times, for example, cyclically. Exemplary conditions include a

temperature condition (i.e., to maintain droplet temperature, heat droplets,

and/or or cool droplets), exposure to light, variations in pressure, or the like.

Droplets may be reacted by flow through a reaction site, in a "flow

reaction." Droplets may be subjected to at least one condition that is uniform

or that varies spatially along a flow path through the reaction site. For

example, the temperature along the flow path may vary spatially, to heat and

cool droplets as the droplets follow the flow path. In other words, the reaction



site may include one, two, or more temperature-controlled zones of at least

substantially fixed temperature that the droplets travel through. Further

aspects of flow-through reaction sites with fixed temperature zones and

thermal cycling are described elsewhere herein, such as in Section V, among

others.

Droplets alternatively may be reacted while disposed in a static volume

of fluid, that is, without substantial fluid flow, in a "static reaction." For

example, the droplets may react while disposed in a well or a chamber,

among others. In this case, the droplets may be subjected to a fixed condition

during the reaction (e.g., a fixed temperature for an isothermal reaction), or to

a variable condition that varies temporally (i.e., with respect to time) during the

reaction (without the requirement for the droplets to move). For example, the

droplets may be held in a temperature-controlled zone that changes in

temperature over time, such as cyclically to perform PCR. In any event, static

reactions may permit batch reaction of arrays of emulsions in parallel, such as

in batch amplification of emulsions.

Droplets may be detected, indicated at 694. Detection may be

performed serially while the droplets are flowing (i.e., flow-based or dynamic

detection). Alternatively, detection may be performed with the droplets

disposed in a static volume of fluid (i.e., static detection, such as with flow

stopped (i.e., stopped-flow detection)). In some examples, static detection (or

dynamic detection) may include imaging a set of substantially static (or

flowing) droplets, which may be arranged generally linearly or in a plane, to

obtain an image of the droplets. Further aspects of detection, including flow-

based and stopped-flow detection are described elsewhere herein, such as in

Section Vl, among others.

Dynamic/static modes of reaction and detection may be combined in

any suitable manner. For example, flow-based reaction of droplets may be

combined with flow-based detection or stopped-flow detection (e.g., imaging)

of the droplets. Alternatively, static reaction of droplets, such as batch

amplification of emulsions, may be combined with flow-based detection or

static detection (e.g., imaging) of the droplets.



Data detected from the droplets may be analyzed, indicated at 696.

Data analysis may, for example, assign droplet signals as positive or negative

for amplification of a nucleic acid target (or two or more targets in a

multiplexed reaction), may determine a number and/or fraction of the droplets

that are positive for amplification, may estimate a total presence (e.g.,

concentration and/or number of molecules) of the nucleic acid target in the

sample, or the like. Further aspects of data analysis are described elsewhere

herein, such as in Sections VII and VIII, among others.

Figure 6 shows selected portions of an exemplary system 700 for

performing droplet-based assays. Any one component or combination of the

depicted system components may be omitted from the system, and any

additional components disclosed elsewhere herein may be added to the

system. The arrows indicate an exemplary sequence in which sample,

droplets, and/or data may move between structural components of the

system. However, each of the structural components may be used more than

once with the same droplets, and/or may be utilized in a different sequence

than shown here.

System 700 may include one or more of any or each of the following

components: a sample processor 702 (also termed a sample processing

station), a droplet generator 704, a droplet transporter 706, a reaction site (or

reactor) 708 (also termed a reaction station (e.g., a heating station, which may

heat or heat and cool)), a detector 710 (also termed a detection station), and

a controller 7 12, among others. Any combination of the components may be

connected to one another physically, fluidically, electrically, and/for signal

transfer, among others.

The components may operate as follows, with reference to steps of

method 680 (Fig. 5). Sample processor 702 may receive a sample to be

analyzed, such as a sample that is loaded in step 682, and may process the

sample in the manner described above for step 684. Droplet generator 704

may generate droplets as described for step 686. Droplet transporter 706 may

load the droplets generated, as described for step 688, and thus may provide

selectable transport/loading, transport, storage (step 690), routing, pre-



processing (e.g., heating), and concentration, among others, of the generated

droplets. Reaction site 708 may enable a flow reaction or a static reaction of

the loaded droplets, and detector 7 10 may provide dynamic or static detection

of droplets, as described for step 694. Controller 712 may analyze data

received from detector 710, as described for step 696. Also, controller 712

may be in communication with and/or may be programmed to control any

suitable combination of system components, as indicated by dashed lines

extending from the controller to each other system component. Controller also

may contain a computer-readable medium (e.g., a storage device, such as a

hard drive, CD-ROM, DVD-ROM, floppy disk, flash memory device, etc.)

including instructions for performing any of the methods disclosed herein.

D. Exemplary System with Flow-based Amplification

Figure 7 shows a schematic view of an exemplary system 720 with

flow-based amplification and with droplet loading that is decoupled from

droplet generation. Any one component or combination of the depicted

system components may be omitted from the system, and any additional

components disclosed elsewhere herein may be added to the system. The

solid arrows indicate an exemplary sequence in which sample 722, reagent

724, and droplets 726 may move between structural components of the

system. The vertical dashed arrows above and below various system

components indicate optional addition (e.g., inflow) and/or removal (e.g.,

outflow) of an immiscible carrier fluid (e.g., oil) and/or waste with respect to

these components.

System 720 may include a mixer 728 and a droplet generator 730.

Mixer 728 may receive a sample 722 and at least one reagent 724 and

combine them to form an assay mixture. The mixer may be an automated

device, or mixing may be performed manually by a user, such as by bulk

mixing, before loading the assay mixture into the droplet generator. Droplet

generator 730 may receive the assay mixture from the mixer and generate an

emulsion 732 of droplets 726 in an immiscible carrier fluid 734, such as oil

that is introduced into the droplet generator, indicated at 736, at the same

time as the assay mixture. Formation of droplets 726 may be driven by



pressure and/or pumping, indicated at 738. In some examples, the droplet

generator may function as the mixer by generating droplets from confluent

streams of sample and reagent. Waste fluid also may exit the droplet

generator, indicated at 740.

System 720 may have any suitable number of droplet generators. The

droplet generators may be used to generate any suitable number of separate,

distinct emulsions from one sample or a plurality of samples, and from one

reagent or a plurality of reagents (e.g., reagents for different species of

nucleic acid target). Exemplary mixers and droplet generators are described

in Sections III and IV.

Emulsion 732 or a set of distinct emulsions may be stored in at least

one storage site 742 or in a plurality of such sites before droplets of the

emulsion(s) are reacted. As a result, droplet generation may be decoupled

from reaction of the droplets. The storage site may, for example, be a well, a

chamber, a tube, or an array thereof, such as formed by a plate (e.g., a

microplate).

System also may include a serial arrangement of a droplet transport

portion 744, (also termed a droplet transporter) and a thermal cycler 746.

Transport portion 744 may include a droplet pick-up or intake region 748 that

forms an inlet at which droplets 726 are transferred from storage site 742 into

the transport portion. Transport portion 744 also may include a droplet loader

750 that sends droplets to thermal cycler 746. The transport portion also may

include one or more storage sites 752 for storing droplets after they have

been transferred into transport portion 744.

In some examples, the transport portion also may be capable of

loading droplets more directly to the detector, without sending them first to the

thermal cycler. In particular, system 720 may include a bypass channel 753 or

bypass pathway that connects transport portion 744 to the detector without

travel through the thermal cycler. The system may include one or more valves

that can be operated to send droplets either to bypass channel 753 or to

thermal cycler 746. The use of bypass channel 753 may, for example, permit

more rapid calibration of system components, because calibration droplets



can travel to the detector faster if thermal cycling is omitted. Section VIII

describes further aspects of the use of a bypass channel and calibration

droplets.

Carrier fluid and/or waste fluid optionally may be removed from storage

site 742, droplet pick-up region 748, and/or droplet loader 750, indicated

respectively at 754-758. Alternatively, or in addition, carrier fluid may be

added to the droplet pick-up region, indicated at 759, and/or the droplet

loader, indicated at 760, such as to facilitate driving droplets into thermal

cycler 746 and/or to flush droplets from the pick-up region and/or droplet

loader.

An emulsion including droplets 726 may flow through (a) thermal cycler

746, (b) at least one detection site (e.g., a detection channel/chamber)

adjacent at least one detection window 762 that is operatively disposed with

respect to detector 764, and (c) through an oil recovery region 766 and then

to a waste receptacle. One or more valves 770 may be disposed generally

between the thermal cycler and the detector, to provide control of emulsion

flow downstream of the thermal cycler, with respect to the at least one

detection channel/chamber. For example, valves 770 may be operated to stop

flow of droplets adjacent to the detection window and/or to switch flow of the

emulsion between two or more detection windows (e.g., see Section Vl).

Carrier fluid may be removed from the emulsion and/or introduced into the

emulsion in or near thermal cycler 746 and/or detector 764, indicated

respectively at 772, 774. Removal of carrier fluid may, for example, provide a

more concentrated emulsion for detection. Introduction of carrier fluid may, for

example, provide flow-focusing of droplets within a detection channel and/or

with respect to the detection window (e.g., see Section Vl). Alternatively, or in

addition, droplets may be sent to a waste receptacle, indicated at 775, for

collection from the thermal cycler, without traveling through a detection

station.

Carrier fluid also may be removed from the flow stream by oil recovery

region 766, indicated at 776. Removal may be effected by any suitable



mechanism, such as pillars, at least one membrane, one or more oil-selective

side channels, gravity separation, or the like.

E. Overview of Droplet Manipulation

Figures 8-1 0 provide an overview of droplet manipulation, including

methods and apparatus, emphasizing droplet transport and exemplary types

of droplet manipulation that may be performed in connection therewith (e.g.,

storage, concentration, selection, etc.).

Figure 8 shows a flowchart 810 listing exemplary steps that may be

performed in an exemplary method of sample analysis using droplet-based

assays in which droplets are transported from a droplet generator and/or a

droplet reservoir to a reaction site. The steps listed may be performed in any

suitable combination and in any suitable order and may be combined with any

other suitable step(s) of the present disclosure.

Droplets may be generated, indicated at 812. The droplets may be

generated serially, in parallel, or in bulk. Further aspects of droplet generation

are disclosed elsewhere herein, such as in Sections III and Vl, among others.

The droplets, optionally, may be stored, indicated at 814. A set of

droplets (e.g., an emulsion) may be stored in a droplet reservoir. In some

examples, two or more distinct sets of droplets may be stored in two or more

respective reservoirs, such as in an array of emulsions. In some examples,

storage of the droplets may be omitted.

The droplets, optionally, may be concentrated, indicated at 816.

Concentrating droplets (also termed concentrating an emulsion) results in an

increase in the number of droplets per unit volume of emulsion and increases

the volume fraction occupied by the droplets in an emulsion. Concentration of

an emulsion may be conducted before, during, and/or after droplet storage.

One or more of the droplets (including one or more packets of droplets)

may be transported to a reaction site, indicated at 818. Transport may be

achieved by continuous flow, or by flow initiated selectably in one or more

discrete stages, after droplet generation and/or initial droplet storage. The

droplets may be reacted at the reaction site, indicated at 820.



Signals may be detected from droplets of the packet, indicated at 822.

For example, one or more measurements may be performed on one or a

plurality of the droplets during and/or after reaction of the droplets. Further

aspects of droplet detection are disclosed elsewhere herein, such as in

Section Vl, among others.

Figure 9 shows a flowchart 830 listing exemplary steps that may be

included in a step of transporting droplets (i.e., step 818) in the method of Fig.

8.

A droplet reservoir (also termed an emulsion reservoir) may be

selected, indicated at 832. The droplet reservoir may be selected from an

array of droplet reservoirs holding distinct emulsions and/or distinct assay

mixtures. Selection may be performed by a controller, by a user, or a

combination thereof.

Droplets from the selected reservoir may be transferred to a droplet

transporter, indicated at 834. The transferred droplets may be referred to as a

packet. In some examples, a plurality of reservoirs may be selected and a

plurality of droplet packets from respective selected reservoirs may be

transferred serially (or in parallel) to the droplet transporter.

The packet(s) of droplets, optionally, may be held (i.e., stored) by the

droplet transporter, indicated at 836. Droplets may be stored by the droplet

transporter by stopping flow of the droplets, such as by isolating the droplets

from a flow stream traveling to the reaction site. Accordingly, the droplets may

be held in static (non-flowing) fluid (i.e., without substantial net flow of the

continuous phase).

The packet of droplets, or at least a portion thereof, may be loaded into

a reaction site (e.g., a thermal cycler), indicated at 838, which may be

described as the droplets being sent or introduced into the reaction site.

Packets of droplets may be loaded serially. Alternatively, packets of droplets

may be loaded in parallel, such as loaded into distinct thermal cyclers or into

separate flow paths through the same thermal cycler. In some examples, the

step of holding droplets may be omitted, such that transfer of a packet of



droplets from the reservoir and loading the packet into a reaction site occur by

continuous flow.

Figure 10 shows selected portions of an exemplary system 850

capable of performing the method of Fig. 8 . The arrows indicate an exemplary

sequence in which droplets may move between structural components of the

system. However, each of the structural components may be optional, may be

used more than once with the same packet of droplets, and/or may be utilized

in a different sequence than shown here.

System 850 may incorporate at least one droplet generator 852, at

least one droplet reservoir 854, at least one droplet transporter 856, at least

one reaction site 858 (also termed a reaction region or droplet processing

assembly), and at least one detector 860. All or any subset of these structural

components may be connected to one another, with any suitable relative

spatial relationships, to form an instrument or an instrument-cartridge

assembly (e.g., see Figs. 2-4). In some examples, one or more of the system

components may be utilized remotely, such as a droplet generator that forms

droplets (and/or a droplet reservoir that stores droplets) while the droplet

generator is not connected to the transporter, reaction site, and/or detector.

System 850 also may be equipped with at least one controller 862, which may

be in communication with and/or may be programmed to control any suitable

combination of system components, as indicated by dashed lines extending

from the controller to each other system component.

Droplets formed by droplet generator 852 may be transported by

droplet transporter 856, after droplet formation, to reaction site 858, to

promote one or more reactions, and to detector 860, to provide detection of

droplet signals. Before and/or during their transport, the droplets may be

received by at least one droplet reservoir 854 or serially (or in parallel) by two

or more droplet reservoirs, and then stored in the droplet reservoir(s) for an

adjustable (and selectable) period of time. Droplet storage is an optional part

of the system and thus the droplet reservoir may be omitted.



Any suitable droplet generator(s) 852 and detector(s) 860 may be

incorporated into the system, such as any of the droplet generators and/or

detectors disclosed herein (e.g., see Sections III, IV, and Vl).

A "droplet reservoir," also termed a "storage site" or "emulsion

reservoir," is any compartment where droplets can be stored, generally in a

static volume of fluid, and then accessed at a selectable time. The droplet

reservoir may be a well, a chamber, or the like. Exemplary droplet reservoirs

may be provided as an array of isolated or isolatable storage sites, such as an

array of wells or chambers, among others. The array of storage sites may be

provided by a plate.

Droplet transporter 856 may be composed of one or more structures

and/or one or more devices that provide selectable transport of droplets from

at least one droplet generator and/or at least one droplet reservoir to a

reaction site. Selectable transport may permit selection of the different droplet

packets sent to a reaction site, the order in which the droplet packets are sent,

the time at which each droplet packet is sent, etc. Different droplet packets

may have different sample-reagent combinations, different droplets sizes,

different sample and/or reagent dilutions, etc. In any event, the selection may

be performed by a controller, a user, or a combination thereof. For example,

the selection may be based on an order selected by a user and/or

programmed into the controller, an arbitrary order selected by the controller,

or a dynamic order determined in real time by the controller based on one or

more assay results obtained by the system, or a combination thereof, among

others.

F. Exemplary Droplet Transporter

Figure 11 shows selected aspects of an example 868 of droplet

transporter 856 (Fig. 10). Transporter 868 may incorporate any combination of

at least one intake conduit 870, at least one outflow conduit 872, at least one

storage site 874, 876, one or more pumps 878 and/or pressure sources/sinks,

and/or one or more valves 880 (e.g., 2-way, 3-way, 4-way, and/or multi-

position valves and/or injection loops), among others. The transporter also



may include one or more unions, tees, crosses, debubblers, or any

combination thereof, among others.

Intake conduit 870 may be configured to receive droplets 881 by

picking up and/or taking in droplets from a droplet reservoir 882 (or

continuously from a droplet generator). Thus, the intake conduit may abut

and/or extend into the droplet reservoir, to provide contact with an emulsion

884 containing the droplets, such that fluid can flow from the emulsion into the

intake conduit. The intake conduit may be described as a needle, a tip, a tube,

or a combination thereof, among others, and may be sized in cross-section to

receive droplets in single file or multiple file (side-by-side).

Outflow conduit 872 may be joined directly to the intake conduit or may

be separated from the intake conduit by one or more valves 880, storage sites

874, 876, or the like. For example, in Fig. 11, the intake and outflow conduits

are separated by three valves 880 and two storage sites (874, 876).

Each pump 878 (and/or positive/negative pressure source/sink) may

drive fluid flow through the intake conduit and/or the outflow conduit, and/or to

and/or from the holding site(s). The pump also may drive fluid through a

reaction site 885, or a distinct pump may be used for this purpose. In some

examples, droplet transporter 868 may include at least one pump (or pressure

source/sink) to transfer droplets into the transporter and at least one other

pump (or pressure sources/sink) to drive droplets out of the transporter for

droplet loading into reaction site 885.

Each storage site 874, 876 may be connected to intake conduit 870

and outflow conduit 872, to permit fluid flow between these structures. For

example, valves 880 may provide selectable and adjustable fluid

communication between intake conduit 870, outflow conduit 872, and the

storage sites. The valves also may permit fluid to be sent, indicated at 886,

from either storage site 874, 876 to a waste port.

Droplet transporter 868 may include any other suitable elements. For

example, the transporter further may be equipped with a drive assembly 887

that drives relative movement of intake conduit 870 with respect to droplet

reservoir 882, in one, two, or three dimensions. For example, an array 888 of



droplet reservoirs (e.g., a plate with wells) may be connected to and/or

supported by a stage or other support member 890 that is driven in x-, y-, and

z-directions, to permit selectable placement of the intake conduit into each of

the reservoirs of the array/plate, in any order. In other examples, the droplet

reservoirs may remain stationary while the intake conduit is driven into contact

with the contents of selected reservoirs. Droplet transporter 868 also or

alternatively may incorporate at least one heater 892, which may be

positioned to apply heat to any suitable portion (or all) of the droplet

transporter, such as droplet reservoirs 882, intake conduit 870, one or more

storage sites 874, 876, outflow conduit 872, or any combination thereof,

among others. Application of heat may pre-process the droplets, prior to

loading the droplets into the reaction site, such as to promote an enzyme

reaction (e.g., reverse transcription), to activate a reagent (e.g., an enzyme

such as in a hot start prior to an amplification reaction; see Section V), or the

like.

The droplet transporter (and/or any other portion of system 850) further

may include at least one packing feature 894 to increase the concentration of

droplets. The packing feature may increase the volume fraction of an

emulsion occupied by droplets, which may, for example, be desirable to

decrease the amount of energy spent on heating carrier fluid, to increase the

rate at which droplets may be detected by a flow-based (serial) detector,

and/or to increase the number of droplets that may be detected

simultaneously by an imaging detector, among others. A suitable

concentration of droplets (i.e., the "packing density") may be achieved during

droplet generation or the packing density may be increased after droplet

generation. An increase in packing density may be achieved by removing

carrier fluid from an emulsion, while the emulsion is static (e.g., during

storage) or flowing, and/or by selective intake of droplets from a stored

emulsion, among others. Droplets may be concentrated locally in a stored

emulsion by ( 1 ) centrifugation, (2) gravity coupled with a density difference

between the droplets and the carrier fluid (i.e., the droplets float or sink in the

carrier fluid), (3) electrokinetic concentration of droplets, (4) magnetic



concentration of droplets, or the like. The packing density may be increased

during flow by using one or more side vent lines of smaller diameter (or one or

more membranes) that selectively permit lateral flow (and removal) of carrier

fluid. Alternatively, or in addition, the packing density may be increased during

fluid flow by utilizing droplet inertia.

G. Exemplary System with Coupled Droplet Generation
and Transport

Figure 12 shows a continuous flow example 910 of system 850 (see

Fig. 10) in which droplet generation and droplet transport to a reaction site are

coupled by continuous flow such that droplets are not stored. System 910

may comprise a serial arrangement of a droplet generator 912, a droplet

transport region 914, a thermal cycler 9 16, a detector 9 18 , and a

waste/collection reservoir 920. Droplet generator 912 may be supplied by a

carrier fluid, such as oil 922, and a non-partitioned assay mixture 924 of

sample and reagent. The oil and the assay mixture each may be driven to

droplet generator 912 by a respective pump or pressure source 926, 928.

Here, the droplet generator is structured as a cross, but any other

configuration may be suitable (e.g., see Sections III and IV). Droplets 930

formed by the droplet generator may flow continuously through droplet

transport region 914 to thermal cycler 916, due to continuous fluid flow driven

by pumps 926, 928. In other examples, one or more additional pumps or

pressure sources/sinks may be used to drive flow through the thermal cycler.

H. Exemplary Systems with Decoupling of Droplet Generation
and Transport

Figures 13 and 14 show exemplary systems with decoupling of droplet

generation and transport.

Figure 13 shows an example 940 of system 850 in which droplet

generation and droplet transport to a reaction site are decoupled. System 940

may include a droplet reservoir 942 holding an emulsion 944 of preformed

droplets 946 in a carrier fluid 948. Droplets 946 may be formed off-line from

downstream portions of system 940. The droplets, when formed by at least

one droplet generator, may flow continuously into droplet reservoir 942.



Alternatively, the droplets may be transferred into the droplet reservoir with a

fluid transfer device (e.g., a pipette or syringe) from another storage site at a

selectable time after droplet generation. In any event, droplet reservoir 942

may be placed into connection with downstream components of system 940

after (or before) droplet formation, permitting droplets 946 to be stored for an

adjustable, selectable period of time after (and, optionally, before) the droplet

reservoir becomes connected to the downstream system components.

System 940 may incorporate a serial arrangement of a droplet

transport region 950, a thermal cycler 952, a detector 954, and at least one

pressure source/sink, such as a downstream pressure sink (e.g., syringe

pump 956), an upstream pressure source 958, or both. Droplet transport

region 950 may include an intake conduit 960 that extends into droplet

reservoir 942 and into contact and fluid communication with emulsion 944.

Droplets 946 may be drawn into the intake conduit as a result of a negative

pressure exerted by a downstream vacuum source (or pressure sink) 956

(e.g., a syringe pump), and/or a positive pressure exerted on emulsion 944 by

an upstream pressure source 960 (e.g., another pump), among others. As

shown here, the droplets may be dispersed non-uniformly in the emulsion, for

example, concentrated selectively toward the top or the bottom of the

emulsion by gravity, centrifugation, magnetic attraction, electrokinetic motion,

and/or the like, to permit removal of droplets at a higher packing density than

the average packing density in the emulsion. Alternatively, or in addition, the

carrier fluid may be removed selectively (e.g., removed and discarded) where

the droplet packing density is lower than average. In any event, droplets 946

may be driven by continuous flow from the emulsion, through transport region

950 and thermal cycler 952, past detector 954, and into a reservoir 962

provided by syringe pump 956.

Figure 14 shows an example 970 of system 850 that is generally

related to system 940 of Fig. 13, with selected components replicated such

that system 970 is capable of transporting, reacting, and/or detecting a

plurality of droplet packets in parallel. System 970 may include a serial

arrangement of an emulsion array 972, a droplet transporter 974, a thermal



cycler 976, one or more detectors 978, and one or more pumps or pressure

sources/sinks, such as a syringe pump 980.

Emulsion array 972 may include emulsions 982 held in an array of

droplet reservoirs 984 formed by a plate 986. The emulsions may be formed

separately from the plate and then transferred to the plate. Alternatively, the

plate may be a droplet generator plate incorporating an array of droplet

generators 988, which form the emulsions contained in droplet reservoirs 984.

Further aspects of droplet generator plates are disclosed below in this Section

and in Sections III and IV.

Droplet transporter 974 may include a line of intake conduits or needles

990 for intake of droplets in parallel from a row of droplet reservoirs 984 of

plate 986. The tips of intake conduits 990 may be spaced to match the

spacing of droplet reservoirs 984 in each row of the plate. Droplet transporter

974 also may include a drive assembly 992 that drives relative movement of

plate 986 and intake conduits 990 in at least two dimensions or in three

dimensions. In particular, operation of the drive assembly may place the

intake conduits serially into fluid communication with each row of emulsions,

in a predefined or selectable order. In other examples, the droplet transporter

may include a three-dimensional array of intake conduits, which may be

arranged in correspondence with the rows and columns of droplet reservoirs

formed by plate 986, to permit parallel uptake of droplets from two or more

rows of droplet reservoirs (e.g., all of the droplet reservoirs in parallel). With

any arrangement of intake conduits, each intake conduit may be connected to

a respective valve. Operation of the valve may determine whether an intake

conduit is active or inactive for droplet intake. Alternatively, the intake conduits

may be connected to the same multi-position valve, which may be operated to

select only one of the intake conduits for droplet intake at a time, to provide

serial intake of droplets from droplet reservoirs.

Droplet intake may be driven by one or more pumps. For example, a

negative pressure applied by syringe pump 980 may draw droplets into intake

conduits 990. Alternatively, or in addition, a positive pressure applied by a

positive pressure source, such as a pump 994 of droplet transporter 974, may



push droplets into the intake conduits, in a manner analogous to that

described for system 940 of Fig. 13. In particular, pump 994 may be

connected to droplet transporter 974 via a manifold 996. Each intake conduit

may extend through the manifold in a sealed relationship with the manifold.

The manifold may be movable into a sealed relationship with each row of

droplet reservoirs, by operation of drive assembly 992, to form a sealed

chamber 998 over each row serially. Accordingly, pump 994 may pressurize

the chamber to urge droplets from the reservoirs of a row in parallel into the

intake conduits.

Thermal cycler 976 may include a plurality of reaction channels

provided by coiled tubes 1000-1014 each forming a separate, respective

connection with a different intake conduit 990. The coiled tubes may follow a

generally helical path interspersed with one another. For example, the tubes

may be braided together and/or wrapped collectively. In any event, droplet

transporter 974 may load packets of droplets into the coiled tubes in parallel,

and the packets may be thermally cycled in parallel, while following separate

flow paths. Droplets from each coiled tube also may be detected in parallel,

indicated at 1016, by detector 978. In other examples, each intake conduit

990 may be connected to a respective, distinct thermal cycler, or intake

conduits 990 may feed droplets into the same coiled tube or other reaction

channel.

/ . Exemplary Decoupled System Utilizing an Autosampler

Figures 15 and 16 show an exemplary system combining decoupling of

droplet generation and transport with autosampling.

Figure 15 shows another example 1030 of system 850 of Fig. 10 in

which droplet generation and droplet transport to a reaction site are

decoupled. System 1030 may incorporate a serial arrangement of a reservoir

array 1032, a droplet transporter 1034 comprising an autosampler 1036, a

reaction site 1038 (e.g., a thermal cycler 1040), a detector 1042, and a

waste/collection reservoir 1044. Droplets may travel from array 1032 to

reaction site 1038 through the action of autosampler 1036, may be detected



by detector 1042 during/after reaction, and then may be collected after

detection by reservoir 1044.

Reservoir array 1032 may be structured as a plate 1046 providing an

array of droplet reservoirs, such as wells 1048, each containing droplets 1050.

Accordingly, plate 1046 may be structured as a droplet generator plate having

any combination of the features described elsewhere herein. Alternatively,

plate 1046 may hold droplets that were generated separately from the plate

and then transferred to the wells of the plate.

Autosampler 1036 generally includes any device or assembly of

devices that provides serial intake of fluid into a conduit (e.g., an intake

conduit) from an array of reservoirs. The autosampler generally is capable of

picking up droplets from any reservoir or sequence of reservoirs of the array

and may be controllable to intake a variable volume of fluid from each

reservoir. The autosampler may include a needle 1052 that serves as an

intake conduit, one or more pumps or pressure sources/sinks 1054, one or

more valves 1056, or any combination thereof, among others. The

autosampler may include a drive assembly 1058 that controllably drives

motion of needle 1052 in three dimensions, such as along three orthogonal

axes. For example, the drive assembly may permit the needle to be

positioned in an x-y plane over any selected reservoir 1048, and then to be

moved along a z-axis, to move the needle into contact with fluid in the

selected reservoir, for droplet intake, and then out of contact with the fluid, for

movement to another reservoir (or for intake of air). In other examples, the

drive assembly may drive movement of the array of reservoirs while the

needle remains stationary. In other examples, there may be a z-axis drive

assembly to drive z-axis motion of the needle, and an x-y axis drive assembly

to drive x-y motion of the array of reservoirs, or vice versa.

Figure 16 shows selected portions of system 1030 of Fig. 15, with

needle 1052 of autosampler 1036 picking up droplet packets 1060-1064 from

a corresponding respective series of wells 1066-1070 of plate 1046. Adjacent

droplet packets may be separated from one another in autosampler 1036 by

any suitable spacer region 1072. The spacer region may contain one or more



segments 1074 of one or more spacer fluids. For example, a spacer liquid

1076 may be disposed in a well 1078 of the array or in another accessible

reservoir. Needle 1052 may move to well 1078, to take in spacer liquid 1076,

after each droplet packet is picked up. Alternatively, or in addition, needle

1052 may take in a volume of a spacer gas, such as air 1080, between

packets, while the needle is out of contact with liquid. The use of a spacer gas

is optional. The spacer fluid may contain the same immiscible carrier fluid as

the droplet packets or a different immiscible carrier fluid. In some

embodiments, the spacer fluid may be labeled, such as with a dye, to make it

distinguishable from the carrier fluid of a droplet packet and/or to mark a

boundary (i.e., a leading or trailing end) of a droplet packet. Alternatively, or in

addition, the spacer fluid and/or spacer region may be distinguishable from a

droplet packet by a decrease in concentration (i.e., an at least substantial

absence) of droplets between droplet packets.

J. Exemplary Systems with Multi-Stage Decoupling

Figures 17 and 18 show exemplary systems combining multi-stage

decoupling of droplet generation from droplet loading into a reaction site, and

also show transport with autosampling.

Figure 17 shows an example 1090 of system 850 of Fig. 10 that

enables multi-stage decoupling of droplet generation and droplet loading into

a reaction site. More particularly, system 1090 provides storage of a packet of

droplets first within an array of emulsions and then in a distinct storage site,

after intake and prior to loading the packet into a downstream reaction site.

System 1090 may comprise an emulsion array 1092 coupled to a drive

assembly 1093. The emulsion array may be held by a plate 1094 (e.g., a

microplate or droplet generator plate). System 1090 also may comprise a

droplet transporter 1096 that provides selectable intake, holding, heating, and

loading.

Droplet transporter 1096 may incorporate an autosampler 1098, at

least one storage site 1100, and an outflow region 1102. Autosampler 1098

may transfer droplet packets 1104-1 108 into transporter 1096 from selected

wells of plate 1094, generally as described with respect to Figs. 15 and 16.



One or more valves 1110, 1112, in cooperation with one or more

pumps 1114, may be operated to determine the flow path and residency time

of each packet. For example, valve 1110 may be operated to permit the

droplet packets to flow continuously to a downstream reaction site after each

packet is transferred into transporter 1096. Alternatively, or in addition, valve

1110 may be operated to transfer a droplet packet (or multiple packets, see

Fig. 16) along an inflow path, indicated by an arrow at 11 16, to storage site

1100 (e.g., a holding channel or holding chamber). Pump 1114 may be

utilized to drive fluid movement into the storage site.

Droplet packet 1106 may occupy storage site 1100 for any suitable

period of time. In some examples, packet 1106 may be heated by a heater

1118 while the packet is disposed in the storage site. Alternatively, or in

addition, packet 1106 may be heated upstream of holding site 1100, such as

while the packet is contained by plate 1094, during flow to the holding site,

and/or while disposed in outflow region 1102, among others. In any event,

droplet packet 1106 may be permitted to leave the holding site by operation of

valve 1110, to open an outflow path, indicated at 1120, to outflow region

1102. Also, pump 1114 may drive flow of droplet packet 1106 with the aid of a

carrier fluid 1122 obtained from a connected reservoir 1124. The carrier fluid

also may function to flush droplets from the holding site, to permit re-use of

the site with a different packet of droplets without substantial cross-

contamination. In any event, pump 1114 may drive packet 1106 through

outflow region 1102, and then another pump 1126 may drive the packet to a

downstream reaction site with the aid of a carrier fluid 1128 obtained from a

connected reservoir 1130. The use of downstream pump 1126 permits valve

1110 to be re-positioned, to close outflow path 1120 and open inflow path

1116, such that pump 1114 can drive another packet (e.g., packet 1104) into

holding site 1100.

Figure 18 shows another example 1140 of system 850 (see Fig. 10)

that enables multi-stage decoupling of droplet generation and droplet loading

into a reaction site. System 1140 is related generally to system 1090 of Fig.

17 but includes a plurality of isolatable storage sites 1142-1 154 that can be



accessed in a selectable sequence, to provide loading of droplet packets from

the storage sites into a reaction site according to the sequence. System 1140

may comprise a serial arrangement of an emulsion array 1156 coupled to a

drive assembly 1157. The emulsion array may be held by a plate 1158 (e.g., a

droplet generator plate). System 1140 also may comprise a droplet

transporter 1160. The transporter may enable selectable intake of droplet

packets from plate 1158, holding of each packet for an adjustable period of

time, and selectable loading of the packets into a reaction site.

Transporter 1160 may be equipped with an autosampler 1162, a

temporary holding station 1164, at least one pump 1166, and one or more

valves 1168-1 172, among others. Pump 1166 may drive intake of droplets

into an intake conduit 1174 of autosampler 1162. The droplets may represent

one packet or a plurality of spaced packets. In any event, pump 1166 may

drive flow of the packet into holding station 1164. Multi-position valve 1170

then may be operated to open a flow path from holding station 1164 to one of

storage sites 1142-1 154, and pump 1166 may drive the packet from the

station to the storage site. This process may be repeated one or more times

to place other packets into other storage sites 1142-1 154. A heater 1176 may

apply heat to droplet packets disposed in the storage sites.

Droplet packets in the storage sites may be loaded serially into a

downstream reaction site in a selectable order. In particularly, valve 1170 may

be positioned to open a flow path between a selected storage site and station

1164. Pump 1166 then may drive a droplet packet(s) from the selected

storage site into station 1164. Valve 1170 next may be re-positioned to open a

flow path from station 1164 to an outflow conduit 1178. Then, pump 1166 may

drive the droplet packet from station 1164 to outflow conduit 1178, with the aid

of a carrier fluid 1180 traveling behind the packet. Pump 1166 may drive the

packet from outflow conduit 1178 to a downstream reaction site, or another

pump may be utilized (e.g., see Fig. 17). In some examples, the droplet

packet(s) in a storage site may be driven to a waste reservoir 1182, instead of

being transferred to station 1164.



K. Overview of Amplification in Static Fluid

Figures 19-21 relate to exemplary systems for sample analysis using

droplet-based assays in which amplification is performed with stationary

emulsions and/or by batch amplification of an array of emulsions.

Figure 19 shows a flowchart 1190 listing exemplary steps that may be

performed in a method of sample analysis using droplets subjected to

conditions for amplification while disposed in a static fluid. The steps listed

may be performed in any suitable order and in any suitable combination and

may be combined with any other steps disclosed elsewhere herein.

A sample and at least one reagent may be mixed to create an assay

mixture for amplification, indicated at 1192. The sample and reagent may be

combined manually or automatically. In some embodiments, one or more

samples and one or more reagents may be mixed to create a plurality of

distinct and separate assay mixtures.

At least one emulsion may be generated from at least one assay

mixture, indicated at 1194. The emulsion may be generated by serial, parallel,

or bulk droplet generation (e.g., see Sections III and IV). If more than one

emulsion is generated, the emulsions may be generated in parallel or serially

with respect to one another.

The at least one emulsion may be thermally cycled while the emulsion

remains stationary, indicated at 1196. In particular, the emulsion may be

disposed in a container that restricts directional flow of the emulsion as it is

thermally cycled.

Signals may be detected from droplets of the emulsion, indicated at

1198. The signals may be detected while the emulsion is flowing or not

flowing (e.g., see Section Vl), and may involve serial droplet detection or

imaging, among others.

Figure 20 shows a flowchart 1200 listing exemplary steps that may be

performed in a method of sample analysis using parallel amplification of an

array of emulsions. The steps listed may be performed in any suitable order

and in any suitable combination and may be combined with any other steps

disclosed elsewhere herein.



A plurality of assay mixtures may be created, indicated at 1202. Each

assay mixture may be an amplification mixture capable of amplifying at least

one species (or two or more species) of nucleic acid target, if present, in the

amplification mixture. The assay mixtures may contain respective distinct

samples, distinct reagents (e.g., to amplify different species of nucleic acid

target), or any combination thereof. In some embodiments, the assay mixtures

may be created or disposed in an array, such as a planar array formed by a

plate.

Emulsions may be generated from the respective assay mixtures,

indicated at 1204. The emulsions may be generated serially or in parallel with

respect to one another, and droplets of each emulsion may be generated

serially, in parallel, or in bulk.

The emulsions may be thermally cycled in an array, indicated at 1206.

The array may be a linear array, a planar (two-dimensional) array, or a three-

dimensional array.

Droplets signals may be detected from one or more droplets of each

emulsion, indicated at 1208. Detection may be performed while the emulsions

remain disposed in the array and in a device holding the emulsions in the

array (e.g., a plate). Alternatively, detection may be performed after removal

of droplets from the array. More particularly, detection may be performed after

transfer of the droplets from a container/vessel (e.g., a plate, well, or a vial)

that holds the droplets. For example, the droplets may be transferred out of

the container/vessel to a detection site (e.g., a detection channel, chamber,

recess) adjacent a detection window. Transfer may be achieved with any

suitable manual or automated fluid transfer device. Furthermore, detection

may be flow-based detection (e.g., serial droplet detection) or static/stopped-

flow detection (e.g., imaging), among others.

Figure 2 1 shows a schematic view of selected portions of an exemplary

system 1210 for performing the method of Fig. 20. Any one component or

combination of the depicted system components may be omitted from the

system, and any additional structural components disclosed elsewhere herein

may be added to the system. The arrows indicate an exemplary sequence in



which sample and emulsions may move between structural components of

the system. However, the structural components may be utilized in a different

sequence than shown here.

System 1210 may include a droplet generator array 1212, an emulsion

holder 1214, a batch thermal cycler 1216, and a detector 1218. Droplet

generator array 1212 may include a set of droplet generators connected to

one another in a linear, planar, or three-dimensional array. Alternatively,

system 1210 may employ a plurality of droplet generators that are not held in

an array. In any event, a plurality of emulsions may be generated by the

droplet generators and disposed in at least one emulsion holder (e.g., a

plurality of vials, or a plate with an array of wells or chambers, among others).

The emulsions may flow continuously from their respective droplet generators

to the emulsion holder(s), which may be connected to the droplet generators.

Alternatively, the emulsions may be transferred to the holder(s), such as with

a manual or automated fluid transfer device, at a selectable time. In any

event, the emulsion holder(s) and the emulsions held therein may be

thermally cycled by batch thermal cycler 1216 with the emulsions held in an

array. Each site of the array may be defined by the emulsion holder, by a

receiver structure of the thermal cycler, or both, among others. After thermal

cycling, detector 1218 may be used to perform flow-based or static/stopped-

flow detection of droplets. In some examples, the detector may image droplets

of the emulsions while the emulsions are still disposed in the emulsion holder,

and optionally, while the emulsion holder is operatively coupled to the thermal

cycler.

L. Exemplary Droplet Generator Arrays for a
Batch Amplification System

Figures 22-32 relate to exemplary devices for generating an array of

emulsions, which may (or may not) be reacted in parallel, such as batch-

amplified.

Figures 22 and 23 show an exemplary device 1220 equipped with an

array of droplet generators. Device 1220 may be structured as a plate

incorporating an array of droplet generators 1222. Each droplet generator



may have any suitable droplet generator structure, such as any of the

structures described in Sections III and IV. Each droplet generator may

include a plurality of reservoirs, such as wells 1224, 1226, 1228 that can be

accessed (e.g., fluid loaded and/or removed) from above the plate. The

reservoirs may be termed ports and may be connected fluidly by channels

1230 formed near the bottom of the reservoirs. An intersection of the channels

may form a site or intersection 1232 of droplet generation where droplets are

formed by any suitable mechanism, such as flow-focusing.

Figure 24 shows a schematic view of one of droplet generators 1222,

which has a four-port configuration. To form droplets from the generator, one

or more oil wells 1224 may be loaded with a carrier fluid (e.g., oil). Also, a

sample well 1226 may be loaded with a sample (e.g., an assay mixture, such

as a PCR mixture including sample and reagent to perform a reaction, such

as amplification)). Pressure may be applied, indicated by vertical arrows at

1234, to oil wells 1224 and sample well 1226, to drive fluid flow, droplet

generation, and flow of the resulting droplets as an emulsion 1236 to emulsion

well 1228. Fluid flow is indicated by arrows extending parallel to channels

1230. In other examples, each droplet generator may include only one oil well

and one sample well, to provide a three-port configuration (see below) or one

or more oil reservoirs may be shared by droplet generators of the plate.

Figure 25 shows a sectional view of plate 1220 assembled with an

exemplary pressure manifold 1238 for applying pressure to droplet generators

1222 (see Figs. 22-24), to drive droplet generation (and emulsion formation).

In this view, the wells are shown without fluid to simplify the presentation.

Also, the four wells visible in this view do not all belong to the same droplet

generator, but for simplification, these wells are described as if they do.

Plate 1220 may include an upper member 1240 and a lower member

1242. Upper member 1240 may define wells 1224-1228, which may, for

example, be created by ridges 1244 (e.g., annular ridges; also see Fig. 23)

that project upward from a base portion of the upper member and that form

laterally enclosing side walls of each well. The upper member also may define

the top walls and side walls of channels 1230. These channels may provide



communication for fluid movement from wells 1224, 1226 and to well 1228 of

the droplet generator and may be formed in the bottom surface of the upper

member (such as in the cross pattern depicted in Fig. 23). Lower member

1242, which may be termed a cover layer, may be disposed below upper

member 1240 and attached to the upper member 1240 via the bottom surface

of the upper member. The lower member may overlap at least a portion of the

upper member's bottom surface, from below, to cover and seal openings,

such as channels 1230, formed in the bottom surface of upper member 1240.

Lower member 1242 thus may form a bottom wall of channels 1230, such that

the channels are enclosed and fluid cannot escape from the bottom of the

plate via the wells or the channels. In some embodiments, upper member

1240 may be formed of a polymer, such as by injection molding.

Pressure manifold 1238 may include a manifold body or routing

member 1246 that is connected or connectable to one or more pressure

sources 1248, 1250. Manifold body 1246 may mate with plate 1220 from

above to form a seal with wells 1224-1228 of the droplet generators via

sealing elements or gaskets 1252, such as elastomeric O-rings. The manifold

body also may define channels 1254 that communicate with wells 1224-1 228.

Any suitable combination of channels 1254 of the manifold body may

be connected or connectable to one or more pressure sources, to permit

parallel or serial droplet generation from all or a subset of the droplet

generators. Accordingly, the pressure manifold may permit pressurization of

only one of the droplet generators at a time, or parallel pressurization of two

or more of the droplet generators, to drive parallel emulsion formation from

two or more droplet generators of the plate in a batch process. For example,

oil wells 1224 of a subset or all of the droplet generators may be pressurized

with pressure source 1250, and sample wells 1226 may be pressurized with

another pressure source 1248, to permit the pressures exerted on fluid in the

oil wells and the sample wells to be adjusted independently. Thus, in some

examples, the manifold may permit one pressure to be applied to the oil wells

in parallel, and another pressure to be applied independently to the sample

wells in parallel. Alternatively, the same pressure source may exert pressure



on the oil wells and the sample wells. The manifold further may permit

emulsion wells 1228 to be independently pressurized with respect to the other

wells (e.g., to form a pressure sink to draw fluid into the emulsion wells), may

permit the emulsion wells to be vented during emulsion generation, indicated

at 1256, to form a pressure drop with respect to the pressurized oil and

sample wells, or a combination thereof.

Figure 26 shows plate 1220 with the pressure manifold replaced by an

exemplary cover or sealing member 1258 after emulsion formation. (An

emulsion is present in emulsion well 1228, and the oil and assay mixture

fluids are substantially depleted from wells 1224 and 1226.) Cover 1258 may

seal wells 1224-1228 to, for example, prevent fluid loss by evaporation. The

cover may include a resilient member 1260 that engages ridges 1244 to cover

and seal each well. In some examples, the resilient member may be

complementary to at least a portion of the wells, such as to form caps and/or

plugs for individual wells. In some examples, cover 1258 may cover and seal

only emulsion wells 1228. In some examples, a plurality of covers may be

used. In any event, after assembling plate 1220 with cover 1258, the plate

may be subjected to thermal cycling to induce amplification in emulsion wells

of the plate. For example, the plate and its cover may be disposed in a

thermally cycled chamber. Alternatively, each emulsion may be transferred

from plate 1220 to another container, such as a sealable tube (e.g., for use

with a Cepheid SmartCycler) or a sealable well/chamber of a plate (e.g., a 96-

well PCR plate), for thermal cycling. In other examples, sealing the emulsion

in a container to reduce evaporation may not be required if the carrier fluid is

capable of forming a sufficient liquid barrier to evaporation for the droplets.

Droplet signals from the emulsions may be detected during/after

thermal cycling, either with or without transfer of the emulsions from emulsion

wells 1228 to a detection site. In some examples, plate 1220 may permit

imaging from beneath the plate. In some embodiments, emulsion wells 1228

may be sealed with a cover layer of optical quality (e.g., transparent), such as

a tape or thin sheet, among others. The plate then may be inverted, and

droplets imaged through the cover layer. In this case, the carrier fluid and



assay mixture compositions may be selected such that the droplets sink in the

emulsion, to form a monolayer on the cover layer. In some examples, the

detector may be equipped with confocal optics to enable collection of image

data from droplets that are not disposed in a monolayer.

Plate 1220 may have any suitable number of droplet generators 1222

(see Figs. 22-24), disposed in any suitable number of rows and columns. In

some embodiments, the droplet generators and/or wells thereof may

correspond in spacing, number, and/or row/column arrangement to wells of a

standard microplate. For example, the center-to-center distance, number,

and/or arrangement of droplet generators (and/or wells) may correspond to a

microplate with 6, 24, 96, 384, 1536, etc. wells, among others. Thus, the plate

may have 6, 24, 96, 384, or 1536 droplet generators and/or wells (total wells

or of a given type (e.g., emulsion wells), which may be spaced by about 18, 9,

4.5, 2.25, or 1.125 millimeters, among others. With an arrangement of ports

corresponding to a standard microplate, instruments designed for parallel fluid

transfer to/from standard microplates may be utilized with plate 1220.

Figure 27 shows another exemplary device 1270 incorporating an array

of droplet generators 1272. Device 1270 may be structured as a plate and

may have any of the features described above for plate 1220 (see Figs. 22-

26).

Each droplet generator 1272 may include a plurality of ports, which

may be structured as wells 1274-1278. In particular, droplet generator 1272

may have a three-port configuration of an oil well 1274 to receive a carrier

fluid, a sample well 1276 to receive a sample (e.g., a prepared sample that is

an assay mixture, such as an amplification mixture), and an emulsion well

1278 to receive an overflow portion of an emulsion generated by the droplet

generator.

Figure 28 shows a bottom view of droplet generator 1272, taken after

generation of droplets 1280 to form an emulsion 1282. The droplet generator

may include a network of channels 1284 that carry fluid from oil well 1274 and

sample well 1276 to a site or intersection 1286 of droplet generation. A pair of

channels 1284 may extend from oil well 1274 to site 1286 and another



channel 1284 may extend from sample well to site 1286, to form a cross

structure at which droplets are formed by flow focusing of fluid from the

sample well by carrier fluid disposed on opposing sides of fluid stream from

the sample well.

Droplets 1280 may flow from droplet generation site 1286 to emulsion

well 1278 via an outlet channel 1288. The outlet channel may widen as it

extends from site 1286 to form a chamber 1290. The chamber may have a

high aspect ratio, with a height/thickness that generally corresponds to the

diameter of the droplets, to promote formation of a monolayer 1292 of

droplets in the chamber. Droplets also may flow past chamber 1290 to

emulsion well 1278. However, emulsion well 1278 may function predominantly

as an overflow site to collect excess emulsion. In other embodiments,

emulsion well 1278 may be omitted. In any event, chamber 1290 may be

connected to a vent 1294, which may be disposed generally downstream of

the chamber, to permit escape of air as an emulsion flows into the chamber.

Figure 29 shows a sectional view of droplet generator 1272 and

illustrates how droplets may be generated and then imaged with an imager

1296 from below plate 1270. To generate droplets, oil well 1274 may be

loaded with a carrier fluid 1298 and sample well 1276 with a sample (e.g., an

assay mixture 1300). Pressure may be applied to the oil well and the sample

well, indicated by pressure arrows at 1302, to drive droplet generation. For

example, pressure may be applied using a pressure manifold, as described

above for Fig. 25. In other examples, fluid flow and droplet generation may be

driven by application of a vacuum to emulsion well 1278, or by spinning plate

1270 in a centrifuge to apply a centripetal force perpendicular to a plane

defined by the plate, among others. In some examples, plate 1270 may be

designed with an oil reservoir that supplies carrier fluid to two or more droplet

generators 1272. In particular, channels may extend from the oil reservoir to

two or more sites 1286 of droplet generation. In other examples, pistons

received in the wells may be used to drive droplet generation (e.g., see

Section III).



The droplets may be reacted in chamber 1290. For example, plate

1270 may be placed in a heating station, such as a thermal cycler, to induce

amplification of one or more nucleic acid targets in the droplets. Before

heating the plate, wells 1274-1 278 may be sealed from above with at least

one sealing member, as described above for Fig. 26, to reduce evaporation.

Alternatively, the plate may be heated without sealing the wells because fluid

in the chamber may be resistant to evaporation.

Plate 1270 may be designed to permit imaging droplets in the

chamber. For example, the plate may include an upper member 1304

attached to a lower member 1306, as described above for plate 1220 (see

Figs. 25 and 26), with at least one of the members forming a viewing window

or optical window 1308 through which the droplets may be imaged.

Accordingly, the upper member and/or the lower member may be transparent,

to permit imaging from above and/or below the plate. Plate 1270 may provide

the capability to image droplets in place, without unsealing any ports after

reaction of the droplets (e.g., opening ports by removing a plate cover). Plate

1270 may reduce the risk of release of amplicon formed in the plate during

reaction, which could contaminate other subsequent reactions, because the

amplicon can be held in the same substantially enclosed compartment (e.g.,

chamber 1290) during reaction and imaging. In some examples, the imaging

device may be configured to collected image data from droplets as they are

being reacted, for example, while they are being thermally cycled.

Chamber 1290 may have any suitable area. For example, the chamber

may have a substantially larger footprint than a port, such as occupying at

least about 2 , 5, or 10 times the area of the port.

Figure 30 shows yet another exemplary device 131 0 incorporating an

array of droplet generators 1312. Device 1310 may be structured as a plate,

and each droplet generator 1312 may be structured and may operate

generally as described above for droplet generators 1222 (see Figs. 22-26). In

particular, each droplet generator may include a pair of oil wells 1314, a

sample well 1316, and an emulsion well 1318.



Figure 3 1 shows a bottom view of a droplet generator 131 2 of plate

1310 after droplet generation. The droplet generator may include a network of

channels 1320 that permit flow of a carrier fluid and an assay mixture,

respectively, from oil wells 1314 and sample well 131 6 to a site 1322 of

droplet generation. Droplets 1324 formed may flow into a chamber 1326 to

form a substantial monolayer 1328 of droplets, as described above for

chamber 1290 (see Figs. 27-29).

Figure 32 shows a sectional view of droplet generator 1312 and

illustrates how droplets may be generated and then imaged from below

(and/or above) the device. In particular, plate 1310 may form a viewing

window above and/or below chamber 1326.

M. Exemplary Detection for a Batch Amplification System

Figures 33-40 show exemplary modes of detection for a batch

amplification system.

Figure 33 shows an exemplary imaging system 1360 for batch

detection of an array of emulsions 1362 that are held by a plate 1364 in an

array of wells 1366. The emulsions may be reacted (e.g., amplified by thermal

cycling) in plate 1364 or may be transferred to the plate with a fluid transfer

device after reaction, among others. Plate 1364 may be disposable (e.g.,

formed of plastic) or re-usable (e.g., formed of quartz), depending on the

application.

Imaging system 1360 may include an imaging device or imager 1368

connected to a controller 1370, such as a computer. Any suitable aspects of

imaging system 1360 may be used in other imaging systems of the present

disclosure. Also, imaging system 1360 may incorporate any other feature(s)

disclosed for other imaging systems of the present disclosure. Imager 1368

may (or may not) be a fluorescence imager. The imager may collect images of

droplets disposed in wells 1366, for example, using a CCD camera or a line-

scan CCD, among others. For a larger field of view, plate 1364 and/or the

camera may be placed on, and/or may be otherwise connected to, a

translation stage to drive motion in x-, y-, and, optionally, z-directions. In some

examples, imager 1368 may, for example, include a laser/PMT device, as is



used for detection of microarrays. Further aspects of imaging devices and

methods that may be suitable are described in Section Vl.

Figure 34 shows a fragmentary view of plate 1364, with well 1366

holding an emulsion 1362 to be imaged. The well may include a bottom wall

1372, which may be flat, transparent, substantially non-fluorescent, or any

combination thereof, to make the well suitable for imaging from below plate

1364. Well 1366 may have an inner surface that is hydrophobic, which may

prevent aqueous droplets from wetting the well surface.

Well 1366 may contain a substantial monolayer 1374 of droplets 1376.

The monolayer may be disposed adjacent bottom wall 1372. Monolayer 1374

may be obtained by selecting a suitable diameter of the well, number of

droplets in the well, and size of each droplet. Also, monolayer formation may

be promoted by selecting a carrier fluid composition that is less dense than

the fluid phase of the droplets, such that the droplets sink to the bottom of the

well. Monolayer formation also may be promoted by spinning plate 1364 in a

centrifuge.

Figures 35 and 36 show an exemplary imaging system 1380 for

detecting images of droplets held in one or more detection chambers, to

provide parallel detection of droplets. System 1380 may include an imager

1382 and at least one imaging slide 1384 operatively disposed with respect to

the imager, to permit image collection of droplets 1386 held by the slide.

Slide 1384 may define an imaging chamber 1388 and a viewing

window 1390 adjacent the imaging chamber. The imaging chamber may have

a high aspect ratio, with a length and width that are many times the

height/thickness of the chamber. Accordingly, imaging chamber 1388 may be

sized to form a monolayer of droplets 1386 adjacent viewing window 1390,

which may be formed by a bottom wall 1392 of the slide (see Fig. 36). In

some examples, the height of chamber 1388 may correspond to the diameter

of the droplets, such as being about the same as the droplet diameter or no

more than about twice the droplet diameter, among others. The droplets may

be loaded into the imaging slide (as part of an emulsion 1394) after a reaction,

such as amplification (e.g., thermal cycling), has been performed in the



droplets. Alternatively, the emulsion may be loaded into chamber 1388 before

reaction, the slide optionally sealed, and then the emulsion reacted (e.g.,

thermally cycled) and imaged in the same slide.

Imaging chamber 1388 may be connected to a pair of ports 1396,

1398, which may permit an emulsion to be introduced into and removed from

the chamber (see Fig. 35). One or both of the ports may include a fitting 1400

that enables sealed engagement with a flow-based fluid transfer device 1402.

The fluid transfer device, via either port, may introduce fluid (e.g., an emulsion

or wash fluid) into the chamber and may remove and/or flush fluid from the

chamber (e.g., to permit the slide to be re-used and/or the emulsion to be

collected). Slide 1384 may be imaged in any suitable orientation, such as

horizontally, as shown in Figs. 35 and 36, vertically, or the like. Loading

droplets into the imaging slide may be performed with any suitable fluid

transfer device (e.g., a pipette, syringe, autosampler, etc.), which may be

controlled (e.g., positioned and actuated for fluid inflow and outflow) manually

or with a controller (e.g., a computer).

In other embodiments, droplet imaging may be performed with a slide

that lacks a chamber. For example, a cover slip may be utilized with the slide

to form a monolayer of droplets between the slide and the cover slip. In this

case, the slide may, for example, be a standard microscope slide, a slide with

a shallow well formed in one of its faces, a slide with projections that space

the cover slip from a planar surface of the slide, or the like.

Imaging system 1380 may be configured to image two or more slides

1384 serially or in parallel. Accordingly, imager 1382 may have an imaging

area sufficient to encompass the viewing windows of two or more slides at the

same time. Alternatively, or in addition, imager 1382 may be operatively

coupled to a slide exchanger that can position a set of slides serially in an

imaging area of the imager, by adding each slide to the imaging area for

imaging, and then removing the slide from the imaging area after imaging.

Figure 37 shows an exploded view of an exemplary imaging system

1410 including an imager 1412 and a vial 1414 that holds droplets 1416 to be

imaged by the imager. Vial 1414 may define an inlet region or mouth 1418 to



receive the droplets from a fluid transfer device 1420, and an imaging

chamber 1422 to hold the droplets while they are imaged. Air may be vented

through the inlet region as an emulsion is loaded into the chamber or the vial

may define a separate vent for this purpose. Chamber 1422 may (or may not)

have a high aspect ratio to promote formation of a monolayer of droplets.

Also, the vial may include at least one viewing window 1424, which may be

formed by one or more walls of the vial, through which light may be

transmitted. The vial may be disposable (e.g., formed of a polymer) or re¬

usable (e.g., formed of quartz). The vial may be spun in a centrifuge after

loading and before imaging. Spinning may, for example, concentrate droplets

in chamber 1422 and/or remove air bubbles from the detection chamber. Vial

1414 also may include a cap 1426 to seal the vial. Droplets may be reacted

(e.g., amplified by thermal cycling) in the vial after loading and before imaging,

or may be loaded after reaction. In other embodiments, the vial may have any

other suitable shape that defines a chamber, such as a chamber including a

planar surface, and forms a viewing window, such as a viewing window

adjacent the planar surface.

Figure 38 shows a schematic view of an exemplary system 1430 for

stopped-flow imaging of reacted emulsions 1432 transported from an array.

Emulsions 1432 may be held in an array by a plate 1434 and may be reacted

in the array or may be transferred to the array after reaction. The emulsions

(or at least a portion thereof) may be transported serially to at least one

imaging chamber 1436 using an autosampler 1438 connected to an injection

valve 1440. Exemplary imaging chambers that may be suitable are shown in

Figs. 35 and 36 of this Section and in Section Vl. The injection valve may be

used to control filling, holding, emptying, and, optionally, flushing the imaging

chamber. An imager 1442 may be operatively disposed with respect to a

viewing window 1444 adjacent the imaging chamber, to provide image

collection of droplets disposed in the imaging chamber. After each emulsion is

imaged, the emulsion may be removed from the imaging chamber by flow to a

waste/collection reservoir 1446. Further aspects of autosamplers are

described above in relation to Figs. 15-18.



Figure 39 shows a schematic view of another exemplary system 1450

for stopped-flow imaging of reacted emulsions transported from an array.

System 1450 is related to system 1430 of Fig. 38 but includes a plurality of

imaging chambers 1452. One or more inlet valves 1454 and/or outlet valves

1456 may be operated to determine an order in which the imaging chambers

are filled with emulsions, isolated from fluid flow for imaging, emptied, and/or

flushed, among others.

Figure 40 shows a schematic view of an exemplary system 1460 for

transport of reacted emulsions 1462 from an array to a detection channel

1464, for serial droplet detection. System may include an autosampler 1466

and an injection valve 1468 that serially load emulsions 1462 into detection

channel 1464, for flow past a viewing window 1470 that is operatively

disposed with respect to a detector 1470. A flow-focusing assembly 1472 may

focus droplets in the flow stream before they reach detection channel 1464.

Further aspects of flow-focusing upstream of a detection channel are

described in Section Vl.

N. Additional Embodiments

This example describes additional aspects of system architecture, in

accordance with aspects of the present disclosure, presented without

limitation as a series of numbered sentences.

(i). Flow System

1. A system for analyzing a sample, comprising (A) a droplet

generator configured to generate droplets containing portions of a sample to

be analyzed, the droplets being disposed in an immiscible fluid forming a

sample emulsion, (B) a heating and cooling station having a fluid inlet and a

fluid outlet, (C) a detection station downstream from the heating and cooling

station, (D) a channel forming a single-pass continuous fluid route from the

fluid inlet to the fluid outlet of the heating and cooling station, (E) a pump for

moving the sample emulsion through the channel, (F) a controller

programmed to operate fluid transport through the channel, and (G) an

analyzer configured to process data collected at the detection station.



2. The system of paragraph 1, wherein the detection system is

situated to detect presence of target in the sample emulsion after passing

through the heating and cooling system.

3. The system of paragraph 1 further comprising a droplet

reservoir, a first fluid conduit connecting the droplet generator to the reservoir,

and a second fluid conduit connecting the reservoir to the fluid inlet of the

heating and cooling station.

4. The system of paragraph 1, wherein the droplet generator is

adapted for single-use detachable connection to the heating and cooling

station without exposing the heating and cooling station to contamination from

sample contained in the sample emulsion.

5. The system of paragraph 1, wherein the droplet generator is

configured to generate the sample emulsion external to the heating and

cooling station.

6 . The system of paragraph 1, wherein the heating and cooling

station includes multiple heating zones along the fluid route configured for

performing a polymerase chain reaction on a nucleic acid target contained in

a droplet.

7 . The system of paragraph 1, wherein the heating and cooling

station includes at least one thermoelectric cooler.

8. The system of paragraph 1, wherein the controller is

programmed to adjust the droplet generator to alter droplet size based on

data received from the detection station.

9 . The system of paragraph 1, wherein the controller is

programmed to alter sample concentration prior to droplet generation based

on data received from the detection station.

10. The system of paragraph 1, wherein the controller is

programmed to alter a sample preparation procedure prior to droplet

generation in the droplet generator based on data received from the detection

station.

11. The system of paragraph 1, wherein the analyzer is

programmed to determine a concentration of a target molecule in the sample



based at least partially on the frequency of droplets containing the target out

of a population of droplets containing sample portions.

12. The system of paragraph 1, wherein the droplet generator

includes a sample reservoir, an oil source, an oil/sample intersection, and an

emulsion outlet, the emulsion outlet having a distal end portion adapted for

detachable sealed engagement with a receiving port on the heating and

cooling station.

13. The system of paragraph 1, wherein the droplet generator is

contained in a cartridge having at least one piston for driving emulsification.

14. The system of paragraph 1, wherein the droplet generator is

contained in a cartridge having at least one piston for pumping sample

emulsion through the channel network.

15. The system of paragraph 1, wherein the channel includes a

helical capillary tube portion passing through the heating and cooling station.

16. The system of paragraph 15, wherein the capillary tube portion

has a diameter approximately equal to the diameter of droplets generated by

the droplet generator.

17. The system of paragraph 1, wherein the capillary tube portion

includes a hot-start segment passing through a hot-start zone prior to a

denaturation zone in the heating and cooling station.

18. The system of paragraph 1, wherein the heating and cooling

station includes thermoelectric coolers configured for controlling temperatures

in heating and cooling zones by transferring heat between a thermal core and

the heating and cooling zones.

19. The system of paragraph 15, wherein the helical capillary tube

portion defines a helical path that decreases in length over successive cycles.

20. The system of paragraph 1, wherein the heating and cooling

station includes (a) a core defining a central longitudinal axis, (b) a plurality of

segments attached to the core and defining a plurality of temperature regions;

and (c) a plurality of heating elements configured to maintain each

temperature region approximately at a desired temperature, a portion of the



channel configured to transport a sample emulsion cyclically through the

temperature regions.

2 1 . The system of paragraph 20, wherein the plurality of segments

includes a plurality of inner segments defining the plurality of temperature

regions and a plurality of outer segments attached to the inner segments, and

wherein the portion of the channel is disposed between the inner and outer

segments.

22. The system of paragraph 2 1, wherein the portion of channel

includes fluidic tubing that wraps around the inner segments.

23. The system of paragraph 2 1 , wherein the fluidic tubing is

disposed in grooves of the inner segments that wrap substantially helically

around the inner segments.

24. The system of paragraph 1, wherein the droplet generator is

contained in a disposable cartridge.

25. The system of paragraph 24, wherein the cartridge includes a

cell lysing region, a separating region, a reagent mixing region, and a droplet

generation region for extracting nucleic acid from a sample and formation of

droplets into a heat stable sample emulsion.

26. The system of paragraph 1, wherein the channel has open ends

for permitting continuous flow of a sample emulsion.

27. The system of paragraph 1, wherein the droplet generator is

capable of generating a heat stable sample emulsion.

(H). Droplet Generator Plate

1. A device for generating an array of emulsions, comprising a

plate including one or more oil reservoirs and forming an array of emulsion

generator units, each unit including a sample port, a droplet collection site,

and a channel intersection that receives a sample from the sample port and a

carrier fluid from at least one oil reservoir and generates an emulsion of

sample droplets in the carrier fluid that flows to the droplet collection site.

2 . The device of paragraph 1, wherein the sample port is a well

that permits sample loading from above the plate.



3 . The device of paragraph 1, wherein each emulsion generator

unit includes at least one oil reservoir.

4. The device of paragraph 3, wherein the at least one oil reservoir

is a well that permits loading of the carrier fluid from above the plate.

5. The device of paragraph 1, wherein the sample ports collectively

form a port array, and wherein the port array is arranged in correspondence

with wells of a standard microplate.

6. The device of paragraph 5, wherein the plate has 96 sample

ports.

7. The device of paragraph 1, wherein the channel intersection

includes a pair of oil inlets, and wherein the pair of oil inlets connect to one or

more oil reservoirs.

8 . The device of paragraph 7, wherein channel intersection

includes a sample inlet that receives sample from the sample port, and

wherein the pair of oil inlets flank the sample inlet on opposing sides of the

sample inlet.

9 . The device of paragraph 1, wherein the droplet collection site

includes a well.

10. The device of paragraph 1, wherein the droplet collection site

defines a cavity bounded by walls of the plate disposed above and below the

cavity.

11 . The device of paragraph 10, wherein the cavity has a height that

corresponds in size to the droplets such that a substantial monolayer of the

droplets is formed in the cavity when the emulsion flows into the cavity.

12. The device of paragraph 10, wherein the cavity has a width and

a thickness, and wherein the width is at least about ten times the thickness.

13. The device of paragraph 10, wherein an outlet channel extends

from the channel intersection to the droplet collection site, wherein the plate

defines a plane, and wherein the cavity and the outlet channel each have a

width measured parallel to the plane, and wherein the width of the cavity is

substantially greater than the width of the outlet channel.



14. The device of paragraph 10, wherein the cavity is a chamber,

and wherein the chamber is connected to a vent that permits escape of gas

from the chamber as the emulsion flows into the chamber.

15. The device of paragraph 1, wherein the droplet collection site

defines a cavity and includes a window formed by a transparent wall of the

plate adjacent to the cavity, and wherein the window permits optical detection,

through the transparent wall, of droplets in the cavity.

16. The device of paragraph 15, wherein the window is formed

below the cavity.

17. The device of paragraph 1, wherein the plate includes an upper

member attached to a lower member, wherein the upper member defines the

sample port, wherein an upper region of the channel intersection is formed in

a bottom surface of the upper member, and wherein the lower member is

attached to the bottom surface to form a bottom wall of the channel

intersection.

18. The device of paragraph 1, further comprising a cover that

assembles with the plate to seal the sample ports.

19. The device of paragraph 1, wherein the emulsion generator

units are arranged in rows and columns with two or more units per row and

per column.

(Hi). Batch Array Method

1. A method of sample analysis, comprising (A) forming an array of

emulsions, each emulsion including partitions of a respective sample

disposed in droplets; (B) applying heat to the emulsions while they are

disposed in the array, to induce nucleic acid amplification in droplets of the

emulsions; (C) detecting signals from droplets of each emulsion; and (D)

estimating a presence, if any, of a nucleic acid target in each respective

sample based on the signals detected.

2. The method of paragraph 1, wherein the step of forming

includes a step of generating the emulsions with a plate that includes an array

of emulsion generator units.



3 . The method of paragraph 2, wherein the plate includes a

plurality of reservoirs to hold the respective samples, and wherein the step of

generating includes a step of applying pressure to the plurality of reservoirs

after placing the respective samples into the reservoirs.

4 . The method of paragraph 2, wherein the step of generating

includes a step of spinning the plate in a centrifuge.

5. The method of paragraph 2, wherein the step of forming

includes a step of removing each emulsion from the plate and disposing such

emulsion at a position within the array.

6 . The method of paragraph 2 , wherein the plate defines an array

of sample ports that open upwardly, and wherein the step of generating

includes a step of disposing each respective sample in a sample port.

7 . The method of paragraph 2, wherein the step of applying heat is

performed with the emulsions held in the array by the plate.

8 . The method of paragraph 1, wherein the step of applying heat is

performed with the emulsion disposed in a cavity, wherein the cavity has a

width and a thickness, and wherein the width is many times the thickness.

9. The method of paragraph 8, wherein the width is at least about

ten times the thickness.

10. The method of paragraph 1, wherein the step of applying heat

includes a step of heating the emulsions to a temperature sufficient to melt

nucleic acid duplexes in the droplets.

11. The method of paragraph 1, wherein the step of applying heat

includes a step of thermally cycling the array of emulsions to induce

amplification by PCR.

12. The method of paragraph 1, wherein the step of detecting

signals includes a step of imaging droplets of each emulsion.

13. The method of paragraph 12, wherein the step of imaging

droplets is performed while the emulsions are still disposed in the array.

14. The method of paragraph 13, wherein the step of forming

includes (a) a step of generating droplets of each emulsion with a plate and

(b) a step of collecting the emulsions in an array of chambers defined by the



plate, wherein the step of applying heat is performed while the emulsions are

disposed in the array of chambers, and wherein the step of imaging is

performed through a transparent window formed by a wall of the plate

adjacent to each chamber.

15. The method of paragraph 11, wherein the step of thermally

cycling is performed without sealing the plate from above after disposing the

emulsions in the array of chambers.

16. The method of paragraph 1, further comprising a step of

transferring at least a portion of each emulsion out of the array and to a

detection station after the step of applying heat.

17. The method of paragraph 16, wherein the step of transferring is

performed serially with the emulsions.

18. The method of paragraph 16, wherein the step of transferring is

performed with an autosampler.

19. The method of paragraph 16, wherein the step of detecting

signals includes a step of detecting droplet signals serially as droplets flow

past a detection window.

20. The method of paragraph 16, wherein the step of detecting

includes a step of imaging droplets.

2 1. The method of paragraph 1, wherein the step of estimating a

presence provides a qualitative determination of whether the nucleic acid

target is present or absent in the respective sample.

22. The method of paragraph 1, wherein the step of estimating a

presence includes a step of estimating a concentration and/or a copy number

of the nucleic acid target in the respective sample.

23 The method of paragraph 22, wherein the step of estimating a

presence includes a step of assigning a starting copy number of two or more

molecules of a nucleic acid target to at least one of the droplets based on one

or more detected signals.

24. The method of paragraph 1, wherein the step of estimating

includes a step of utilizing an algorithm based on Poisson statistics.



25. The method of paragraph 1, wherein the step of applying heat

induces nucleic acid amplification of respective different species of nucleic

acid target in at least two of the emulsions.

26. The method of paragraph 1, wherein the step of applying heat

induces nucleic acid amplification of two or more distinct species of nucleic

acid target in at least one of the emulsions, and wherein the step of estimating

includes a step of estimating a presence for each of the distinct species of

nucleic acid target.

(iv). Single Emulsion - Batch Amplification

1. A method of sample analysis, comprising (A) forming an

emulsion including droplets disposed in a carrier fluid, each droplet containing

a partition of a sample prepared as a reaction mixture for amplification of a

nucleic acid target; (B) disposing at least a portion of the emulsion in a

chamber that is many times wider than an average diameter of the droplets;

(C) applying heat to the at least a portion of the emulsion disposed in the

chamber to induce nucleic acid amplification in droplets; (D) detecting signals

from droplets of the emulsion; and (E) estimating a presence, if any, of the

nucleic acid target in the sample based on the signals detected.

2. The method of paragraph 1, wherein the emulsion flows

continuously into the chamber from a site of droplet generation.

3 . The method of paragraph 1, wherein the step of applying heat

includes a step of thermal cycling the at least a portion of the emulsion to

induce PCR amplification of the nucleic acid target.

4. The method of paragraph 1, wherein the chamber is at least

about ten times wider than the average diameter of the droplets.

5. The method of paragraph 1, wherein the step of detecting

signals includes a step of collecting an image of a plurality of the droplets.

6. The method of paragraph 1, wherein the step of detecting

signals includes a step of detecting signals serially from the droplets as such

droplets are traveling through a detection station.

7. The method of paragraph 1, wherein the droplets form a

substantial monolayer in the chamber.



8. The method of paragraph 7 , wherein the average separation

between adjacent pairs of droplets in the chamber is less than an average

diameter of the droplets.

(v). System for Batch Amplification

1. A system for sample analysis, comprising (A) a droplet

generator that forms an emulsion including droplets that each contain a

partition of a sample prepared as a reaction mixture for amplification of a

nucleic acid target; (B) an emulsion holder defining a cavity to contain at least

a portion of the emulsion, the cavity being many times wider than an average

diameter of the droplets; (C) a heating station to apply heat to the at least a

portion of the emulsion disposed in the cavity to induce nucleic acid

amplification in droplets; (D) a detection station to detect signals from droplets

of the emulsion; and (E) a controller in communication with the detection

station and programmed to estimate a presence, if any, of the nucleic acid

target in the sample based on the signals detected.

2. The system of paragraph 1, further comprising a plate including

the droplet generator and a plurality of other droplet generators.

3. The system of paragraph 1, wherein the emulsion holder is

connected to the droplet generator such that generated droplets flow

continuously into the cavity.

4. The system of paragraph 1, wherein the detection station

includes at least one detection chamber and at least one imaging device to

collect images of droplets disposed in the detection chamber.

5. The system of paragraph 1, further comprising a fluid transfer

device to transfer droplets from the cavity to the detection station.

6 . The system of paragraph 1, wherein the fluid transfer device is a

manually controlled pipette.

7. The system of paragraph 1, wherein the fluid transfer device is

an autosampler.

8 . The system of paragraph 1, wherein the cavity has a thickness

that corresponds to the average diameter of the droplets such that the

droplets form a substantial monolayer in the cavity.



9. The system of paragraph 1, wherein the cavity is a chamber.

10. The system of paragraph 1, wherein the cavity is at least ten

times wider than the average diameter of the droplets.

(vi). High Throughput System

1. A system for droplet-based sample analysis, comprising (A) a

sample input station to hold a plurality of emulsions each including partitions

of a respective sample disposed in droplets; (B) a heating station to apply

heat to droplets to induce amplification of a nucleic acid target, if present, in

individual droplets; (C) a detection station to detect signals from droplets that

have been heated by the heating station; (D) a fluidics network connecting the

sample input station, the heating station, and the detection station, to provide

fluid flow from the sample input station to the heating station and the detection

station; and (E) a controller programmed to control an order in which packets

of droplets from the emulsions are transferred from the sample input station to

the heating station, and to estimate a presence of a nucleic acid target in

samples corresponding to the packets based on signals from the detection

station.

2 . The system of paragraph 1, wherein the fluidics network

includes a holding station to store packets of droplets upstream from the

heating station.

3. The system of paragraph 2 , wherein the controller is

programmed to control a sequence in which packets are transferred into the

holding station from the sample input station and also to control a sequence in

which such packets are loaded into the heating station from the holding

station.

4. The system of paragraph 3, wherein at least a portion of at least

one of the sequences is selected by the controller based on signals detected

by the detection station.

5. The system of paragraph 2 , wherein the holding station includes

a plurality of discrete storage sites, and wherein the controller is programmed

to control loading of packets into the storage sites and unloading of the

packets from the storage sites.



6 . The system of paragraph 5 , wherein holding station is designed

to permit loading the storage sites with packets in an arbitrary order and

unloading the packets from the storage sites in an arbitrary order.

7 . The system of paragraph 2 , wherein the holding station includes

at least one heater configured to apply heat to packets disposed in the holding

station.

8 . The system of paragraph 1, wherein the controller is

programmed to control formation of a spacer segment of fluid in the fluidics

network between adjacent packets of droplets as the adjacent packets are

introduced into the fluidics network from the sample input station.

9. The system of paragraph 1, wherein the fluidics network

includes an autosampler that picks up packets of droplets from the sample

input region and loads such packets into the heating station.

10. The system of paragraph 1, wherein the controller is

programmed to receive inputs from a user selecting a sequence and to control

transfer of packets to the heating station according to the sequence.

11. The system of paragraph 1, wherein the detection station

detects signals from droplets disposed in a flow stream.

11. The system of paragraph 1, wherein the detection station

collects images of droplets.

12. The system of paragraph 1, wherein the detection station

detects fluorescence signals from droplets.

(Viz). Batch System I

1. A system for sample analysis, comprising (A) at least one

droplet generator that forms a plurality of emulsions including droplets that

each contain a sample partition prepared as a reaction mixture for

amplification of a nucleic acid target; (B) a plate defining an array of cavities to

hold the emulsions; (C) a heating and cooling device to heat the emulsions

disposed in the cavities to induce nucleic acid amplification in droplets; (D) a

detection assembly to detect signals from intact droplets of the emulsions;

and (E) a controller in communication with the detection assembly and



programmed to estimate a presence, if any, of the nucleic acid target in a

sample based on signals detected from the intact droplets.

2. The system of paragraph 1, wherein the droplet generator is

integrated with the plate.

3. The system of paragraph 2, wherein each cavity is supplied by a

separate droplet generator.

4. The system of paragraph 2, wherein each cavity is supplied by

the same droplet generator.

5 . The system of paragraph 1, wherein the droplet generator is not

part of the plate.

6. The system of paragraph 1, wherein the droplet generator

includes at least one oil reservoir, a sample reservoir, and a fluid path from

each reservoir to at least one cavity.

7. The system of paragraph 1, further comprising a pressure

source that drives droplet generation.

8. The system of paragraph 1, wherein the detection assembly is

configured to detect signals from droplets while disposed in the cavities.

9. The system of paragraph 1, further comprising a fluid transfer

device configured to transfer droplets from the cavities to a detection site of

the detection assembly.

10. The system of paragraph 9, wherein the detection site is

separate from the plate.

11. The system of paragraph 9, wherein the detection assembly is

configured to detect droplets serially.

12. The system of paragraph 9 , wherein the detection assembly is

configured to image batches of droplets.

13. The system of paragraph 12, wherein the detection assembly is

configured to image droplet batches serially, each droplet batch

corresponding to a different emulsion.

14. The system of paragraph 1, wherein the detection assembly

includes confocal optics.



15. The system of paragraph 1, wherein each cavity is bounded

above and below by walls of the plate.

16. The system of paragraph 1, wherein each cavity is bounded by

a transparent wall of the plate that permits detection of droplets in such cavity

through the transparent wall.

17. The system of paragraph 1, wherein the droplet generator

includes a sample reservoir that opens upwardly to permit sample loading

from above the plate.

18. The system of paragraph 1, wherein the cavity is a well, further

comprising a sealing member to seal the well.

19. The system of paragraph 1, wherein the droplet generator

includes one or more orifices from which the droplets are generated serially.

20. The system of paragraph 1, wherein the droplet generator is

configured to form droplets that are monodisperse.

2 1. The system of paragraph 1, wherein the controller is configured

to estimate the presence of the nucleic acid target based on a percentage of

droplets that are determined to be positive for amplification of the nucleic acid

target.

(viii). Batch System Il

1. A system for sample analysis, comprising (A) a droplet

generator including an oil reservoir, a sample reservoir, a cavity, and a

channel intersection that receives a sample from the sample reservoir and a

carrier fluid from the oil reservoir and generates droplets that flow to the cavity

as an emulsion; and (B) a heating device to heat the droplet generator to

induce nucleic acid amplification in droplets of the emulsion in the cavity.

2 . The system of paragraph 1, further comprising a plate that

includes the droplet generator and a plurality of other droplet generators.

3. The system of paragraph 1, further comprising a pressure

source that drives droplet generation.

4. The system of paragraph 3, wherein the pressure source

includes a manifold that forms a sealed relation with the droplet generator.



5. The system of paragraph 1, further comprising a detection

assembly to detect signals from droplets of the emulsion.

6. The system of paragraph 5, wherein the detection assembly is

configured to detect signals from droplets while the droplets are disposed in

the cavity.

7. The system of paragraph 5, wherein the detection assembly is

configured to detect signals from the droplets while the droplet generator is

thermally coupled to the heating device.

8. The system of paragraph 5, wherein the detection assembly is

configured to image a batch of droplets.

9. The system of paragraph 8, wherein the detection assembly

includes confocal optics.

10. The system of paragraph 5, further comprising a controller in

communication with the detection assembly and programmed to estimate a

presence, if any, of a nucleic acid target in the sample based on the signals

detected.

11. The system of paragraph 1, wherein the heating device includes

a temperature-controlled chamber that receives the droplet generator.

12. The system of paragraph 1, wherein the heating device is a

heating and cooling device that thermally cycles the droplet generator to

induce PCR amplification in the droplets of the emulsion in the cavity.

13. The system of paragraph 1, wherein the cavity is bounded

above and below by walls of the droplet generator.

14. The system of paragraph 1, wherein the cavity is bounded by a

transparent wall of the droplet generator that permits detection of droplets in

the cavity through the transparent wall.

15. The system of paragraph 1, wherein the cavity is a well, further

comprising a sealing member to seal the well.

(ix). Miscellaneous 1

1. A method of sample analysis, comprising (A) generating a

plurality of droplets from a sample, each droplet containing a mixture to test

occurrence of a reaction; (B) storing a packet of the droplets for a selectable



time period; (C) introducing at least a portion of the packet into a channel after

the step of storing; (D) subjecting the portion of the packet to one more

conditions that promote occurrence of the reaction by moving the at least a

portion of the packet along the channel; and (E) performing, after the step of

subjecting and on each of a plurality of droplets of the at least a portion of the

packet, at least one measurement related to occurrence of the reaction.

2. The method of paragraph 1, wherein the step of generating

includes a step of generating the plurality of droplets by fluid flow from at least

one orifice.

3 . The method of paragraph 1, wherein the step of generating

includes a step of generating droplets with each droplet capable of

amplification of a nucleic acid target, if present, in the droplet, wherein the

step of subjecting includes a step of subjecting the at least a portion of the

packet to conditions that promote amplification of the nucleic acid target in

droplets of the at least a portion of the packet, and wherein the step of

performing includes a step of performing the at least one measurement to

permit determination of whether amplification of the nucleic acid target

occurred in individual droplets.

4. The method of paragraph 1, wherein the step of storing includes

a step of storing the packet of droplets in a compartment that is in fluid

isolation from the channel, and wherein the step of introducing includes a step

of placing the compartment and the channel in fluid communication with one

another.

5 . The method of paragraph 1, wherein the packet of droplets is

disposed in a volume of carrier fluid, wherein the step of storing includes a

step of stopping flow of the volume of carrier fluid, and wherein the step of

introducing includes a step of starting flow of at least a portion of the volume

of carrier fluid.

6 . The method of paragraph 1, wherein the step of subjecting

includes a step of thermally cycling the at least a portion of the packet.

7. The method of paragraph 1, further comprising ( 1) a step of

determining a number of droplets in which amplification of a nucleic acid



target occurred based on data obtained from the step of performing, and (2) a

step of estimating a total presence of the nucleic acid target in the sample

based on the number of droplets.

8. The method of paragraph 1, wherein the steps of storing,

introducing, subjecting, and performing are performed with a plurality of

different packets, and wherein the packets are introduced serially into the

channel.

9. The method of paragraph 8 , further a step of selecting a relative

order in which at least two of the different packets are introduced into the

channel.

10. The method of paragraph 9, wherein the step of selecting is

based on a result obtained based on the step of performing with droplets of

another packet.

11. A method of sample analysis for a nucleic acid target,

comprising (A) generating a plurality of droplets from a sample, each droplet

being capable of amplification of a nucleic acid target, if present, in the

droplet; (B) storing a packet of the droplets for a selectable time period; (C)

introducing at least a portion of the stored packet into a channel; (D) moving

the portion of the packet along the channel such that the portion is subjected

to conditions that promote amplification of the nucleic acid target in droplets of

the portion; and (E) performing at least one measurement related to

amplification of the nucleic acid target on each of a plurality of droplets after

the step of moving.

12. A method of sample analysis, comprising (A) providing a

channel, an array of samples, an array of reagents, and predefined flow paths

connecting all of the samples and reagents to the channel, to permit selection

of any combination of sample and reagent from the arrays; (B) selecting a

combination of a sample from the array of samples and a reagent from the

array of reagents; (C) generating droplets each including the combination and

containing an assay mixture to be tested for occurrence of a reaction involving

the sample and the reagent selected; (D) introducing a plurality of the droplets

into the channel; (E) subjecting the plurality of droplets to one or more



conditions that promote occurrence of the reaction while moving the plurality

of droplets along the channel; and (F) performing at least one measurement

related to occurrence of the reaction on one or more of the plurality of droplets

after the step of subjecting.

14. The method of paragraph 12, wherein the combination is a first

combination, further comprising a step of selecting a second combination of

sample and reagent from the arrays, wherein the steps of generating,

introducing, subjecting, and performing are repeated with the second

combination.

15. The method of paragraph 14, wherein the second combination is

selected based on a result obtained using data from the step of performing at

least measurement on the first combination.

16. The method of paragraph 14, further comprising a step of

changing the array of samples to add or subtract at least one sample, the

array of reagents to add or subtract at least one reagent, or both, and wherein

the step of selecting a second combination selects a combination after the

step of changing.

17. The method of paragraph 16, wherein the step of changing is

performed while the step of subjecting is performed with the first combination.

18. The method of paragraph 14, wherein the step of selecting a

second combination of sample and reagent is performed based on a user

command received after the step of selecting a first combination.

19. The method of paragraph 18, wherein the user command is

received during the step of subjecting with the first combination.

20. The method of paragraph 19, wherein the step of introducing for

the first combination is performed until a predefined condition is satisfied if the

user command is not received, and wherein the step of introducing is

interrupted by the user command before the predefined condition is satisfied.

2 1 . The method of paragraph 20, wherein the predefined condition

is a predefined number of droplets introduced, a predefined time interval

during which droplets are introduced, or both.



22. The method of paragraph 14, wherein the array of reagents

includes different pairs of primers for amplification of different nucleic acid

targets.

23. A method of sample analysis, comprising (A) providing a

channel, an array of samples, an array of reagents, and predefined flow paths

connecting all of the samples and reagents to the channel; (B) selecting first

and second combinations of sample and reagent from the arrays; (C)

generating a first packet of droplets each including the first combination and a

second packet of droplets each including the second combination; (D)

introducing a plurality of droplets of the first packet and of the second packet

serially into the channel; (E) subjecting the plurality of droplets of each packet

to one or more conditions that promote occurrence of a reaction involving the

first combination or the second combination while moving each plurality of

droplets along the channel; and (F) performing at least one measurement

related to occurrence of the reaction on one or more of the plurality of droplets

after the step of subjecting.

24. An apparatus for sample analysis, comprising (A) an adjustable

number of ports to receive samples; (B) an adjustable number of sites to hold

reagents; (C) a channel that extends through one or more temperature-

controlled zones and that connects to the ports and the sites by predefined

flow paths; (D) a droplet generator that generates droplets of a selected

combination of a sample and a reagent for introduction into the channel; (E) a

detector positioned to provide one or more measurements on droplets of the

selected combination after the droplets have been disposed in at least one

temperature-controlled zone; and (F) a controller that controls combination of

samples with reagents.

(x). Miscellaneous 2

1. A system for generating microdroplets comprising (A) a sample-

containing apparatus comprising a sample containing chamber and a first

microfluidic channel having an inlet end and an outlet end, wherein the inlet

end of the first microfluidic channel is connected to the sample containing

chamber; and (B) a microdroplet generator apparatus comprising the outlet



end of the first microfluidic channel, a second microfluidic channel having an

inlet end, and a spacer region that is filled with an immiscible fluid, wherein

the outlet end of the first microfluidic channel forms one wall of the

microdroplet generator apparatus, the inlet end of the second microfluidic

channel forms another wall of the microdroplet generator region, and the

spacer region separates the first microfluidic channel outlet end from the

second microfluidic channel inlet end such that the first microfluidic channel

outlet end only contacts the immiscible fluid.

2. The system of paragraph 1, wherein the sample containing

apparatus is removable.

3 . The system of paragraph 1, wherein the immiscible fluid is an

oil.

4 . A method of nucleic acid amplification comprising (A) diluting or

concentrating a sample comprising a plurality of nucleic acid targets and

components for performing nucleic acid amplification; (B) producing

microdroplets within an immiscible fluid in a capillary tube, wherein a plurality

of microdroplets containing a single nucleic acid template from the plurality of

nucleic acid targets is formed, and wherein the tube has a first open end for

fluid inlet and a second open end for fluid outlet to permit a continuous flow;

and (C) amplifying the single nucleic acid template in the microdroplets by

heating and cooling such that a plurality of single nucleic acid templates within

the microdroplets are amplified.

5 . The method of paragraph 4 , wherein the microdroplets comprise

at least 2 different size microdroplets.

6. The method of paragraph 4, wherein a first microdroplet size is

between 20 and 100 microns, and a second microdroplet size is between 100

and 250 microns.

7. A method of nucleic acid amplification of a sample, comprising

(A) providing a biological sample; (B) producing microdroplets within an

immiscible fluid in a capillary tube, wherein the microdroplets comprise nucleic

acids and components for performing nucleic acid amplification and wherein

the tube has a first open end for fluid inlet and a second open end for fluid



outlet to permit a continuous flow and the tube is in contact with at least two

solid heating blocks, wherein the heating blocks are maintained at different

temperatures and the temperature of at least one heating block is controlled

by a thermoelectric controller; (C) moving the microdroplets through the tube;

and (D) thermally cycling the microdroplets in the tube to amplify the nucleic

acids.

8 . A sequence detection system able to detect a single nucleic acid

mutation using the method of (A) producing microdroplets within an

immiscible fluid in a capillary tube, wherein a plurality of microdroplets

containing a single nucleic acid template from the plurality of nucleic acid

targets is formed; (B) amplifying the single nucleic acid template in the

microdroplets by heating and cooling such that a plurality of single nucleic

acid templates within the microdroplets are amplified; and (C) detecting the

presence or absence of a nucleic acid mutation through the method of

enzymatic nucleic acid amplification or ligation; wherein detection of a single

nucleic acid mutation has >10% better signal discrimination compared to real¬

time PCR.

9. A sequence detection system able to accurately detect the

absolute concentration of a target nucleic acid using the method of (A)

producing microdroplets within an immiscible fluid in a capillary tube, wherein

a plurality of microdroplets containing a single nucleic acid template from the

plurality of nucleic acid targets is formed; (B) amplifying the single nucleic acid

template in the microdroplets by heating and cooling such that a plurality of

single nucleic acid templates within the microdroplets are amplified; and (C)

detecting the presence or absence of a target nucleic acid through the method

of fluorescently detecting a signal generated by an enzymatic nucleic acid

amplification or ligation reaction within the intact droplet; wherein detection of

the absolute concentration of the target nucleic acid has >10% better

quantitative resolution compared to real-time PCR or quantitative PCR, and/or

an adjustable quantitative resolution based on the total number of droplets

and target nucleic acid molecules processed.



10. A sequence detection system able to accurately detect the

concentration of a target nucleic acid using the method of (A) producing

microdroplets within an immiscible fluid in a capillary tube, wherein a plurality

of microdroplets containing a single nucleic acid template from the plurality of

nucleic acid targets is formed; (B) amplifying the single nucleic acid template

in the microdroplets by heating and cooling such that a plurality of single

nucleic acid templates within the microdroplets are amplified; and (C)

detecting the presence or absence of a target nucleic acid through the method

of fluorescently detecting a signal generated by an enzymatic nucleic acid

amplification or ligation reaction within the intact droplet; wherein detection of

small changes (<40%) in the absolute concentration of a target nucleic acid

within a sample or between samples.

11. A sequence detection system able to detect a gene copy

number variation using the method of (A) producing microdroplets within an

immiscible fluid, wherein a plurality of microdroplets containing a single

nucleic acid template from the plurality of nucleic acid targets is formed; (B)

amplifying the single nucleic acid template in the microdroplets by heating and

cooling such that a plurality of single nucleic acid templates within the

microdroplets are amplified; and (C) detecting the number of gene insertions

or deletions in a genome through the method of counting the number of PCR

amplicons of the target gene relative to the number of PCR amplicons of a

reference gene having a known number of gene copies per genome; wherein

detection of a target gene copy number per genome has better signal

discrimination compared to relative quantification (delta cycle threshold or

delta delta cycle threshold) by real time PCR in its ability to discriminate single

copy differences where the number or copies of the target gene is greater

than 2 but less than 20.

12. A sequence detection system able to detect a low abundant

single nucleotide mutation using the method of (A) producing microdroplets

within an immiscible fluid, wherein a plurality of microdroplets containing a

single nucleic acid template from the plurality of nucleic acid targets is formed;

(B) producing microdroplets within an immiscible fluid, wherein a plurality of



microdroplets containing a single nucleic acid template from the plurality of

nucleic acid targets is formed wherein in partitioning the sample reduces the

ratio of target nucleic acid to competing background nucleic acids; (C)

amplifying the single nucleic acid template in the microdroplets by heating and

cooling such that a plurality of single nucleic acid templates within the

microdroplets are amplified; and (D) detecting a single nucleotide mutation in

a genetic sequence; wherein detection of a single nucleotide mutation has at

least ten times better signal discrimination compared by real time PCR in its

ability to detect a mutant genome possessing a single point mutation where

the relative concentration of mutant genetic sequence is less than or equal to

0.1 % of the wild type genome.

(xi). Miscellaneous 3

1. A method of performing asynchronous sequential high-

throughput PCR, comprising (A) providing one or more biological samples; (B)

dividing each of the one or more samples into one or more droplets using one

or more droplet generators; (C) isolating and storing the one or more droplets

from each of the one or more samples, thereby forming a droplet packet from

each of the samples; and (D) sequentially selecting at least a portion of each

of the packets and causing the portion to a flow through a thermal cycling

device.

2. The method of paragraph 1, wherein the method further includes

at least one of (A) random access, (B) result-driven, on-demand

triage/diagnostics, (C) asynchronous loading, (D) stat mode, (E) a flexible

number of samples, (F) a flexible number of reagents, and (G) digital PCR.

3. An apparatus, comprising (A) an injection molded portion

comprising at least a channel for transporting a biological sample and a

second channel for receiving a droplet carrier fluid, partitioning the sample

into one or more sample droplets, and directing the droplets to an outlet, and

(B) an instrument portion comprising an inlet for receiving the droplets from

the outlet a thermal cycler, and a detector; wherein together the injection

molded and the instrument portions perform one or more nucleic acid assays.



4 . The apparatus of paragraph 3, further comprising at least one of

a droplet generator, a bead blender, a low-cost disposable, and a reservoir or

holding coil at the outlet.

III. Sample Preparation / Cartridge

This Section describes exemplary systems for sample preparation,

including cartridges for sample lysis and droplet generation.

It may be desirable to separate an enzymatic amplification system such

as a PCR-based DNA amplification system into disposable and

nondisposable components, for example, by creating a disposable cartridge

or other disposable vessel that would prepare and present samples to a

nondisposable PCR instrument or other reader. Such a separation could

facilitate rapid and low-cost DNA testing and analysis. The disposable

cartridge may be designed as a single-use cartridge, to avoid the possibility of

cross contamination between samples. Although the terms "cartridge" or

"disposable cartridge" will be used to reference the disposable portion of the

DNA amplification system, the disposable portion generally may take various

forms, and need not be rectangular or symmetric in any particular manner or

dimension.

A suitable disposable cartridge will be configured to receive a sample

and to prepare (or at least partially prepare) the sample for amplification and

analysis, prior to PCR thermocycling and amplification. The cartridge may

include an interface configured to pass the prepared sample to a non¬

disposable portion of the system, which generally will be referred to as an

"instrument," for subsequent PCR amplification and analysis steps. In some

cases, the interface between the cartridge and the instrument also may be

configured to transfer various fluids, such as oil and/or aqueous fluid, from the

instrument to the cartridge, to "prime" or partially prime the cartridge for

sample preparation. In other cases, the cartridge may be partially or entirely

pre-primed with fluids, so that fluid transfer from the instrument is not

necessary.

A disposable cartridge according to the present disclosure may be

configured to generate droplets or packets of droplets, each containing a



mixture of sample and reagent, which then may be transported from the

disposable cartridge to the related instrument for rapid serial injection into a

continuous flow thermal cycler. The cartridge or other disposable vessel then

may be removed from the system and discarded. The cartridge may be

configured to perform sample preparation steps relatively quickly, as

measured by sample throughput from the cartridge to the PCR instrument.

For example, a cartridge according to the present disclosure may be

configured to perform sample preparation in a time of less than 5 minutes per

sample, to achieve throughput of at least 10 samples per hour. The cartridge

also may be constructed from and function in conjunction with non-hazardous

materials, to minimize environmental impact.

Figure 4 1 is a flowchart depicting the steps of a DNA amplification

method, generally indicated at 1600, that may be performed within or in

conjunction with a disposable cartridge of a DNA amplification system

according to the present disclosure. The major functions that the disposable

cartridge is configured to perform are purification, lysis, reagent mixing, and

sample isolation into droplets. However, more generally, any subset or

combination of the steps depicted in Fig. 4 1 may be performed within the

cartridge. Alternatively, one or more of the depicted steps, such as sample

collection and extraction, may be performed prior to transferring target-

containing material into the cartridge, while other steps are performed within

the cartridge. Similarly, one or more of the depicted steps, such as droplet

generation, may be performed after transferring target-containing material out

of the cartridge. Furthermore, the steps depicted in Fig. 4 1 may be performed

in various different orders, only some of which will be described below.

At step 1602 of method 1600, a sample is collected for subsequent

analysis. This is typically done by a medical practitioner, a law enforcement

agent, a scientist, or some other person with reason to collect a sample for

nucleic acid analysis. The sample may, for example, be collected using a

sample collector, such as a swab, a sample card, a specimen drawing needle,

a pipette, a syringe, and/or by any other suitable method. Furthermore, pre-

collected samples may be stored in wells such as a single well or an array of



wells in a plate, may be dried and/or frozen, may be put into an aerosol form,

or may take the form of a culture or tissue sample prepared on a slide. Such

pre-collected samples then may be obtained and prepared for droplet-based

processing in a disposable cartridge. The collected sample typically will

include one or more cells, bacteria, viruses, or other material potentially or

actually containing a target sequence of nucleotides suitable for PCR

amplification.

At step 1604, the collected sample is extracted from the sample

collector. This may be accomplished, for example, by transferring the sample

from the sample collector using a pipette, a syringe, or the like, or by soaking

and/or rinsing a sample collector in one or more suitable solutions, such as a

digestive buffer solution, a lysis buffer solution, or an appropriate binder-

containing solution, among others. Extraction may occur within a chamber of

the disposable portion of the PCR system, in which case the sample will be

transferred to the cartridge, as indicated at step 1606 of method 1600, prior to

extraction. Alternatively, extraction may occur outside of the cartridge, and the

resulting sample or sample-containing solution then may be transferred to the

cartridge. In either case, the cartridge may be configured to perform various

additional sample preparation steps, as described below.

At steps 1608 and 1610, the extracted sample, which is now disposed

in a sample chamber within the cartridge, is purified and lysed. These steps

may be performed at different times, simultaneously, or approximately

simultaneously. Furthermore, purification may be performed either before or

after lysing, and in some instances two or more separate purification steps

may be performed, one before lysing and one after lysing. Purification

generally includes some form of filtering to remove unwanted components

from the sample while leaving the desired target components relatively

unaffected, and lysing generally includes disruption of the sample constituents

(e.g., by breaking the cellular membranes) to expose target DNA for

amplification, typically involving some form of physical blending or stirring of

the sample-containing mixture. For example, lysing may proceed through bulk

mixing such as agitation, magnetic stirring, and/or aspiration, or through



microfluidic mixing of various types such as forcing the sample through a

tortuous path, electromagnetic bombardment, sonication, and/or convection.

The fluid containing the contents of the lysed sample may be referred to as a

lysate.

Depending on whether a particular purification step is performed before

or after lysing, the method of purification may vary. For example, purification

prior to lysing may be configured to capture relatively large target-containing

material, such as bacteria or other cells. Purification at this stage may, for

example, include filtering the sample-containing solution through an aperture-

based filter with a characteristic aperture size smaller than the characteristic

size of the target-containing cells, to retain the cells or other target material

within the sample chamber while removing other, smaller waste material. On

the other hand, purification after lysing may be configured to capture relatively

small target material, such as DNA or partial nucleic acid sequences.

Accordingly, post-lysing purification may include filtration through a smaller

filter, and/or affinity capture of DNA or other target material, to retain target

material within the sample while removing other, larger waste material. In

some cases, such as when purification steps are performed both before and

after lysing, two or more different types of filters, including aperture-based

filters and/or affinity-based filters, may be used.

At step 1612, the partially processed sample (i.e., the lysate) is

concentrated. This step is generally accomplished by separating excess fluid

in the lysate from the target DNA or DNA-containing material, for example, by

filtering, ethanol precipitation, butanol extraction, or affinity capture, among

others. In any case, the result of the concentration step is a greater density of

target material per unit volume of fluid. Concentration of the sample at this

stage may result in a detectable amplified target after relatively fewer PCR

amplification cycles than would be necessary without concentration.

At step 1614, a PCR reagent mixture including appropriate enzymes

and DNA primers is mixed with the sample. These reagent constituents are

selected to facilitate DNA amplification of a particular target in conjunction

with cyclical temperature changes (i.e., thermocycling). The reagent mixture



may be combined with the sample in fluid form, or it may be lyophilized

(freeze-dried) and converted into a powder, a pellet, or any other convenient

form. To form a lyophilized reagent, suitable stabilizing and/or sedimenting

agents may be combined with the PCR enzymes and DNA primers.

Two or more reagents may be mixed with the sample at step 1614, to

form either a single sample/reagent mixture containing multiple reagents, or

multiple mixtures each containing a single reagent. A single mixture

containing multiple reagents may, for example, allow screening for multiple

targets simultaneously, whereas multiple mixtures each containing a single

reagent may be configured for PCR amplification of several different DNA

targets, or (when two or more of the mixtures contain the same reagent) to

provide experimental control, for instance, by allowing multiple PCR

amplification and/or detection techniques to be applied to the same

sample/reagent mixture. When multiple sample/reagent mixtures are used,

the different mixtures may be separately prepared and/or separately tracked

through the system.

At step 1616, droplets containing the sample and the reagent are

generated, typically in aqueous form within an oil-based emulsion. The

generated droplets may contain a mixture of sample and reagent, either

activated or not activated (i.e., either requiring or not requiring an additional

activation step before PCR amplification begins), or the droplets each may

contain sample and reagent that are separated from each other, for example,

by a thin membrane, such as an oil membrane. When more than one

sample/reagent mixture is present, droplets containing each of the various

mixtures may be separately produced and tracked. Common modes of droplet

generation include flow focusing, jetting, and shearing. Using these

techniques, stable droplets may be created at throughputs of 10-1000 Hz with

tunable volumes ranging from 15 picoliters (pL) to 5 nanoliters (nl_). Various

techniques for generating droplets are known.

At step 1618, the droplets produced in step 1616 are transferred from

the disposable cartridge to a non-disposable instrument portion of the system.

As noted above, the droplets may be contained within an emulsion, such as



an oil-based emulsion, in which case transferring the droplets will include

transferring portions or the entirety of the emulsion. When more than one

sample/reagent mixture has been created, the droplets containing each type

of mixture may be separately transferred in a continuous or semi-continuous

manner, so that each separate droplet type can be separately processed by

the instrument portion of the system. Continuous or semi-continuous droplet

transfer may allow relatively rapid screening for multiple target DNA

segments. Alternatively, or in addition, droplets containing various

sample/reagent mixtures may be "tagged" in some manner, such as with a bar

code or some other detectable component, in which case different types of

droplets may in some instances be transferred to the non-disposable portion

of the system together and then tracked or detected individually.

After transfer from the disposable, sample-preparation cartridge portion

of the PCR system to the non-disposable instrument portion, thermocycling

and analysis will occur. The following examples describe specific exemplary

methods and apparatus for receiving a sample in a disposable vessel, such

as a cartridge, preparing the sample for PCR amplification, and passing the

prepared sample to a reusable instrument portion of a PCR amplification

system. Additional pertinent disclosure may be found in the U.S. provisional

patent applications listed above under Cross-References and incorporated

herein by reference, particularly Serial No. 61/277,249, filed September 2 1 ,

2009, titled CARTRIDGE WITH LYSIS CHAMBER AND DROPLET

GENERATOR, and naming Kevin Dean Ness, Samuel Burd, Benjamin J .

Hindson, Phillip Belgrader, and BiIIy W . Colston, Jr., as inventors.

A. Example 1: Disposable Sample Cartridge 1

This example depicts a disposable sample preparation cartridge and

suitable fluidic connections between various components of the cartridge; see

Fig. 42.

Figure 42 is a schematic view of the cartridge, generally indicated at

1700, and suitable fluidic connections between various components of the

cartridge. Cartridge 1700 is configured to receive and prepare a target-

containing sample for PCR thermocycling and amplification. Preparation of



the sample may include some or all of the following steps (not necessarily in

this order): purification, lysing, concentration, combination with one or more

reagents, and/or generation of droplets suitable for PCR. Droplets containing

sample and reagent may be transferred from the cartridge to an instrument,

generally indicated at 1700', which is configured to heat the droplets cyclically

to facilitate PCR amplification. Dashed line L in Fig. 42 represents the

interface between disposable cartridge 1700 and instrument 1700'. This

interface may include suitable fluidic connectors, receptors, and the like, to

provide a reliable fluidic connection between the cartridge and instrument

without significant leakage or contamination.

A sample chamber 1702 of cartridge 1700 is configured to receive a

sample. The sample entering chamber 1702 will contain, or at least potentially

contain, a target for PCR amplification, such as one or more bacteria, viruses,

DNA molecules, and/or other material that contains nucleic acid sequences.

For example, the sample may be loaded in the form of eluant that was

prepared from a sample collection swab. In some cases, the sample

transferred to chamber 1702 may already have been prepared to some

extent, for example, by washing, concentrating, and/or lysing, and in other

cases the sample may be substantially unprepared or "raw" when it reaches

chamber 1702. In any case, sample chamber 1702 may be configured to

receive and prepare the sample as described below.

A waste chamber 1704 is fluidically connected to sample chamber

1702, and cartridge 1700 is configured to transfer fluid out of sample chamber

1702, through a filter 1706, and into the waste chamber. Filter 1706 is

configured to allow waste products to pass through itself and into the waste

chamber, while retaining the PCR target material within the sample chamber.

For example, filter 1706 may be a membrane or other similar aperture-type

filter with a known characteristic size cutoff. Alternatively, or in addition, the

filter may be configured to retain the PCR target within the sample chamber

through a suitable form of affinity capture, such as by coating a portion of the

sample chamber with an appropriate binding compound. The filter may be

used to capture and pre-concentrate the target before the sample is washed,



and/or it may be used to retain, additionally concentrate, and/or purify the

sample after the sample is washed.

A reservoir chamber 1708 is fluidically connected to sample chamber

1702, and is configured to transfer to the sample chamber a reconstitution

fluid, a wash solution, and/or any other fluid suitable for combination with the

filtered sample. For example, the fluid transferred from the reservoir chamber

may be water, or a buffer solution, such as TE buffer (i.e., a combination of

tris(hydroxymethyl)aminomethane, hydrochloric acid, and EDTA), which may

remove matrix components that could inhibit downstream PCR amplification.

Fluid transferred from the reservoir chamber generally may include any agent

configured to separate the target from undesirable components that may have

been originally attached to the sample or that may have been used to capture

the target when filter 1706 operates through affinity capture.

Sample chamber 1702 also may be configured to lyse the sample.

Lysing will typically, but not necessarily, be performed after the target has

been washed and/or reconstituted with fluid transferred from reservoir

chamber 1708. Lysing may be performed within the sample chamber through

mechanical agitation, such as blending, vibrating, shaking, and/or stirring the

sample within the chamber, to release nucleic acids from the sample. In some

cases, agitation elements, such as discs, rods, and/or small beads may be

present in the sample chamber to facilitate lysing. The sample and/or the

agitation elements may be agitated by any suitable method, such as

manually, through the application of sound waves (i.e., sonication), and/or

using magnetic or electromagnetic forces.

Sample chamber 1702 also may be configured to concentrate the

target-containing fluid sample. This can be accomplished prior to washing, by

transferring some of the original sample-containing fluid from the sample

chamber, through the filter, and into the waste chamber. Alternatively, or in

addition, concentration can be accomplished by transferring some of the

sample-containing fluid into the waste chamber after the sample is washed,

while completely or substantially retaining the target nucleic acids within the

sample chamber. Concentrating the fluid sample in this manner results in a



greater number of target nucleic acids per unit volume of fluid, which can lead

to more efficient and faster PCR amplification in subsequent processing

steps.

Cartridge 1700 includes one or more reagent chambers. Two reagent

chambers 1710a, 1710b are depicted in Fig. 42, but more generally any

desired number of reagent chambers, such as five or more, may be utilized.

Each reagent chamber contains reagents, such as primers, polymerase, and

appropriate enzymes, configured to react with a particular target nucleic acid

sequence and to undergo PCR amplification if the target is present in the

sample. Typically, the reagents will be pre-loaded into each reagent chamber

during the cartridge manufacture, although in some embodiments the

reagents may be loaded by a user or transferred from a related PCR

instrument.

The reagents may be stored in or introduced into the reagent chambers

in any suitable manner. For example, the reagents may take the form of

lyophilized pellets 171 1a, 17 11b depicted in Fig. 42, or a coating (not shown)

applied to a portion of the interior wall of each reagent chamber. Alternatively,

a reagent coating may be applied to a stir element disposed within the

reagent chamber, and/or to a plunger used to vary transfer fluid into and out

of the reagent chamber. The reagent chambers of Fig. 42 are fluidically

connected in parallel with the sample chamber, so that each reagent chamber

can separately receive a portion of the filtered, lysed sample-containing

solution, without cross-contamination. One or more stir elements (not shown)

may be included in each reagent chamber to facilitate mixing the sample with

the pre-loaded reagents. When stir elements are included in the reagent

chambers, they may operate manually, through sonication, or using magnetic

or electromagnetic forces, in a manner similar to the operation of the agitation

elements used for lysing in the sample chamber.

Reagent chambers 171 0a and 1710b are each fluidically connected to

a droplet generator, generally indicated at 1712. Droplet generator 1712 is

configured to generate discrete micro-volume droplets, each containing all of

the ingredients for subsequent nucleic acid amplification via PCR. In general,



droplet generator 1712 is configured to generate one or more water-in-oil

emulsions, although other types of emulsions, such as oil-in-water, water-in-

oil-in-water, and so forth are also possible.

Parallel fluid connections lead to droplet generator 1712 from reagent

chambers 1710a and 1710b. A common oil reservoir 1714 is configured to

transfer oil along the fluid paths indicated, so that oil arrives at each of

intersection points 1716a and 1716b from two separate directions. At the

intersection points, sample-containing solution arrives from the respective

reagent chambers and combines with the oil from the oil reservoir to form

water-in-oil droplets. The generated droplets are then transferred across

interface L and into instrument 1700'. Each sample/reagent mixture may be

transferred either serially or in parallel to droplet generator 1712. Other

droplet generator configurations may be suitable, as described below.

After droplets have been generated, system 1700 is configured to

facilitate transfer of the droplets through interface L to instrument 1700'. This

transfer may be accomplished through the use of suitable fluidic tubing,

capillaries, pumps, valves, and/or the like, which may be configured to

transfer droplets to the instrument either as parallel streams or in separate

(serial) batches, each of which contains droplets that include a specific

reagent. The droplets then may be transferred through a multi-port valve and

introduced into a thermocycler for PCR amplification.

B. Example 2: Disposable Sample Cartridge 2

This example describes an exemplary disposable cartridge that is

suitable for performing some or all of the sample preparation steps described

above; see Figs. 43-45.

Figure 43 is an isometric view of an interior portion of the exemplary

cartridge, generally indicated at 1720. The cartridge is configured to interface

with an instrument (not shown), so that prepared samples can be transferred

to the instrument, generally in the form of a water-in-oil emulsion, for PCR

amplification and analysis. In addition to the interior portion depicted in Fig.

43, cartridge 1720 also may include a suitable exterior housing (not shown)

disposed around some or the entirety of the interior portion. The exterior



housing may be configured to protect the interior portion and may be shaped

to facilitate storage and/or transportation of multiple cartridges.

Cartridge 1720 includes an upper section 1722 and a lower section

1724, which are configured to fit together to form the interior portion of the

cartridge. For clarity, the upper and lower sections are separated by a slight

gap in the drawings. These sections may be manufactured by any suitable

method, such as by injection molding a thermoplastic material. The upper and

lower sections may be bonded together in any suitable manner, for example,

with connecting pins (or similar connectors), with an adhesive, and/or by

thermal curing, to maintain the structural integrity of the assembled cartridge.

Figures 44 and 45 are side elevation and top views, respectively, of the

interior portion of cartridge 1720. These drawings, together with Fig. 43, show

that the cartridge includes a number of discrete chambers. These chambers

are fluidically connected by a fluid path, which is generally indicated at 1726 in

Fig. 45. Fluid path 1726 may result from joining complementary grooves

formed within each of sections 1722 and 1724, so that a closed fluid path

results when the sections are joined together. The grooves of each section

may, for example, have an approximately hemispherical profile, so that the

grooves form a substantially cylindrical fluid path when the upper and lower

sections of the cartridge are assembled. In other embodiments, the grooves

may have other shapes, such as rectangular, and the allocation of the total

cross section between the upper and lower sections may vary.

A sample chamber 1728 of cartridge 1720 is configured to receive a

sample that contains (or potentially contains) a target nucleic acid sequence.

The sample may be transferred into the sample chamber as a fluid, or it may

be placed in the chamber attached to a swab or some other suitable sample

collection medium. The sample chamber can be constructed to have any

desired shape, such as the cylindrical shape depicted in Figs. 43 and 44, and

any desired volume, such as a volume in the range of 200 microliters (µl_) to 2

milliliters (ml_). The volume of the sample chamber may depend in part on the

number of separate nucleic acid targets for which the cartridge is configured

to test, as described below.



Sample chamber 1728 may include a filter 1730. The filter will typically

be disposed near or below the bottom surface of the sample chamber. Filter

1730 may be a size-exclusion filter configured to prevent passage of material

larger than a particular preselected size. For example, to prevent passage of

bacteria having a characteristic size of 600 nanometers (nm), the filter may be

a membrane with a characteristic cutoff size of 200 - 400 nm. To prevent

passage of other material, the filter may be chosen to have a different

characteristic cutoff size, which is selected based on the material to be

filtered. Membrane filtration based on size fractionation is a simple, yet

effective method of capturing target cells. Once captured, the cells can be

washed to remove potential PCR inhibitors that are soluble or below the size

cutoff of the membrane.

Alternatively, filter 1730 may operate through affinity capture (i.e., by

attracting and/or chemically binding one or more target molecules), or by solid

phase extraction, such as chemical precipitation. However, membrane

filtration may have certain advantages over solid phase extraction, including a

reduced number of processing steps, no hazardous reagents, fast processing

times, and the potential for simultaneous concentration and purification of the

target organisms, as described below.

The sample chamber also may include one or more lysing elements,

such as a stirring disc 1732 and/or lysis beads 1734; see Figs. 43-44. These

elements are generally configured to facilitate lysis of a fluid in the sample

chamber, through agitation of the sample to release nucleic acids by breaking

down surrounding material (such as cellular material). The lysing disc 1732 or

other similar stirring element will typically be disposed toward the bottom of,

but within, the sample chamber. Lysis beads 1734, which can take the form of

beads of any desired material and diameter, such as glass beads with

diameters in the range of 70 - 700 µm, are configured to further facilitate lysis

by colliding with and disrupting material within the agitated fluid of the sample

chamber.

Agitation of stirring disc 1732, which also can take the form of a rod or

any other suitable shape, may be provided by magnetic or electromagnetic



forces. For example, the stirring disc may be sufficiently magnetic to respond

to a changing magnetic field applied to the sample chamber. Thus, variations

in the applied magnetic field can cause the stirring disc to spin and/or tumble,

resulting in agitation of the fluid within the sample chamber. A variable

magnetic field may be provided, for example, by a single low-cost driver

located on the related PCR instrument. The driver may be configured to drive

the lysing elements within one, several, and/or a multitude of sample

chambers simultaneously. Because the lysing elements are contained within

the sample chamber and because the magnetic driver may be configured to

act across a plurality of sample chambers, lysing within cartridge 1720 does

not require a special interface between the disposable cartridge and the

related instrument. This configuration provides a high degree of amenability to

integration and automation within a low-cost single-use cartridge.

Sample chamber 1728 is configured to receive one or more fluids, such

as a wash and/or a reconstitution solution, from a reservoir chamber 1736.

When the sample transferred to the sample chamber is attached to a medium,

such as a swab, fluid from the reservoir chamber may be used to reconstitute

the sample into fluidic form. Fluid from the reservoir chamber also may be

used to purify a sample, such as bacteria, by washing the sample with a

buffer solution. The fluid in reservoir chamber 1736 may be provided with the

cartridge, supplied by a user, and/or transferred to the cartridge from an

instrument to which the cartridge attaches. In any case, fluid may be

transferred from reservoir chamber 1736 to sample chamber 1728 along fluid

path 1726, which connects the two chambers. This connection can be seen,

for example, in Fig. 45, which is a top view of cartridge 1700. Fluid transferred

from the reservoir chamber to the sample chamber passes through filter 1730,

so that the fluid is filtered before entering the sample chamber.

Cartridge 1720 also includes a waste chamber 1738. The waste

chamber is configured to receive waste material, such as nucleic acid

fragments and other waste material either introduced to the sample chamber

with the sample or fragmented during lysing, from the sample chamber.

Waste chamber 1738 is fluidically connected to sample chamber 1728



through fluid path 1726, which passes through filter 1730. Accordingly, fluid

and fragmentary waste products may be transferred from the sample chamber

to the waste chamber, while target material having a characteristic size (or

chemical affinity) suitable for capture by the filter will be retained within the

sample chamber.

For example, sample-containing solution may be purified prior to lysing

by filtering the fluid through filter 1730 and into waste chamber 1738. The fluid

in the sample chamber then may be replenished from reservoir chamber

1736, as described previously. Similarly, sample-containing solution may be

purified and/or concentrated after lysing, again by filtering the fluid through

filter 1730 and into waste chamber 1738. The steps of purification,

concentration, and fluid replenishment may be repeated any desired number

of times by transferring fluid from the sample chamber to the waste chamber

and from the reservoir chamber to the sample chamber.

Figures 43-45 depict five separate reagent chambers 1740a, 1740b,

1740c, 174Od and 174Oe within cartridge 1720. In general, any desired

number of reagent chambers, from one, two, three, four, five, six, seven,

eight, nine, ten, or more, up to an arbitrarily large number, may be provided

(both in this embodiment and other disposable cartridges shown herein). Each

reagent chamber is configured to receive sample-containing fluid from the

sample chamber, and to allow the combination of the sample-containing fluid

with a particular reagent mixture. Sample-containing fluid can be transferred

from the sample chamber to the reagent chambers along fluidic path 1726,

which connects the sample chamber to each of the reagent chambers in

parallel, as can be seen in Fig. 45.

Each reagent mixture may include, for example, primers, polymerase,

and/or enzymes suitable for PCR amplification of a particular nucleic acid

sequence. The reagent mixtures in two or more of reagent chambers 1740

may be the same or substantially similar (for example, to allow for

experimental control), or each reagent mixture may be substantially different,

to search for multiple different target nucleic acid sequences.



The reagent mixtures of cartridge 1720 are depicted as lyophilized

pellets 1742a, 1742b, 1742c, 1742d, and 1742e disposed at the bottom of the

associated reagent chambers; see Fig. 45. However, in general the reagent

mixtures can be provided in any suitable form, such as within a fluid, as a

lyophilized powder (either loose or shaped into a form other than a pellet), or

as a coating applied to the interior surface of each reagent chamber, among

others. Furthermore, the reagent mixtures may be supplied with the cartridge,

supplied by a user, or transferred to the cartridge from a PCR instrument to

which the cartridge is connected.

Cartridge 1720 also includes an oil chamber 1744, which is fluidically

connected to each of reagent chambers 1740a, 1740b, 1740c, 1740d, and

174Oe. Oil chamber 1744 is configured to supply the oil needed to produce a

water-in-oil emulsion containing droplets of sample and reagent fluid. More

specifically, oil can pass from chamber 1744 to a plurality of droplet

generation regions 1745a, 1745b, 1745c, 1745d, and 1745e, each

corresponding to and fluidically connected with one of the reagent chambers.

Each droplet generator is configured to generate droplets of a particular

sample/reagent mixture suspended in an oil background.

Specifically, as depicted in Fig. 45, oil in cartridge 1720 passes from oil

chamber 1744 down a plurality of fluid pathways. These include a pair of oil

pathways corresponding to each droplet generator and configured to intersect

with a fluid pathway from one of the reagent chambers, to create water-in-oil

droplets. The generated droplets then may pass through interface

components, such as a plurality of capillary connectors 1746a, 1746b, 1746c,

1746d, and 1746e. The capillary connectors are configured to transfer fluid to

a plurality of corresponding capillaries 1748a, 1748b, 1748c, 1748d, and

1748e, which are configured to interface with instrument 1700' (see, e.g., Fig.

42).

C. Example 3: Exemplary Hydraulic Mechanisms

This example describes aspects of two exemplary hydraulic

mechanisms suitable for controlling fluid motion between the various

chambers of a disposable cartridge; see Figs. 46 and 47.



Figure 46 schematically illustrates aspects of a two-chamber hydraulic

mechanism, generally indicated at 1760, that is suitable for controlling fluid

motion between the various chambers of a disposable cartridge, such as

cartridges 1700 or 1720 described above. Each side of Fig. 46 depicts two

fluid chambers 1762 and 1764. Each chamber is equipped with a plunger

1766, and a fluid 1768 is partially disposed within each chamber. In the left-

hand portion of Fig. 46, the majority of the fluid is disposed in chamber 1764,

and in the right-hand portion of Fig. 46, the majority of the fluid is disposed in

chamber 1762. A connecting fluid pathway 1770 is provided between

chambers 1762 and 1764, which allows fluid 1768 to pass between the

chambers.

Fluid motion between chambers will occur when unequal forces are

applied to the two plungers 1766, causing one of the plungers to move down

while the other moves up. Such forces will typically be applied by a force

actuator, such as a piston or a push rod, which will be contained within or

otherwise integrated with an instrument configured to receive a disposable

sample preparation cartridge. In this manner, fluid can be transferred between

any of the previously described chambers of a disposable cartridge in a

controlled manner.

More specifically, motions of plungers 1766 may be controlled directly

by a user and/or by an instrument configured to receive and interact with the

cartridge containing the plungers. For example, a user might manually load a

sample or a sample-containing fluid into one of chambers 1762 or 1764

(which would therefore be considered a sample chamber), and then insert a

plunger 1766 into the chamber, sealing the sample or sample-containing fluid

within the chamber. Fluid then may be transferred hydraulically into and out of

the sample chamber by depressing the appropriate plunger either manually or

automatically.

Automatic plunger motions may be controlled by a processor

programmed to transfer fluids between chambers of the system in a

predetermined manner. For instance, if hydraulic mechanism 1760 is

incorporated into cartridge 1700, then instrument 1700' may include force



actuating structures complementary to the plungers of the hydraulic

mechanism, such as pistons, push rods or the like. These force actuators may

be configured to depress the associated plungers at particular times, in a

particular order, or in response to signals sent to the instrument by a user.

Figure 47 schematically depicts a three-chamber hydraulic mechanism,

generally indicated at 1780, which is similar to two-chamber mechanism 1760

of Fig. 46. Fluid chambers 1782, 1784, and 1786 each include a plunger

1787. A fluid 1788 is partially disposed within each chamber, and the

chambers are fluidically connected by a fluid pathway 1790. Accordingly, fluid

will be transferred from one chamber to one or both of the other chambers

when plungers 1787 are moved appropriately. For example, fluid from

chamber 1786 can be transferred to chambers 1782 and 1784 by depressing

the plunger of chamber 1786 and simultaneously raising the plungers of

chambers 1782 and 1784.

If the chambers all have the same size and geometry, then to transfer

an equal amount of fluid from chamber 1786 to chambers 1782 and 1784,

each of the plungers of chambers 1782 and 1784 would be raised at half the

rate with which the plunger of chamber 1786 is depressed. Alternatively, the

chambers may have different sizes and/or shapes, in which case the plunger

motions would be suitably modified to achieve equal fluid transfer from one

chamber to the other chambers. Furthermore, fluid from one chamber can be

divided among two or more other chambers according to any desired ratio of

volumes, by controlling the motions of the various plungers.

Plungers according to the present disclosure may include a locking

mechanism. The locking mechanism of a particular plunger may be

configured to lock the plunger into a particular position, to avoid undesirable

transfer of fluid to or from a particular chamber. For example, a plunger

associated with a waste chamber may include a locking mechanism

configured to lock the plunger in place when the plunger reaches an upper

(retracted) position, corresponding to a maximum volume of fluid within the

waste chamber. This can prevent waste fluid from unintentionally being



transferred back into another chamber, such as a sample chamber or a

reservoir chamber, after waste has been removed from a sample.

A suitable plunger locking mechanism can take various forms, each

having the common property that the mechanism prevents particular

unwanted plunger motions. For example, a suitable locking may include a

mechanism integrated with the plunger itself, such as a spring-biased tab or

the like (not shown) that snaps into place when the plunger reaches a certain

position, preventing subsequent downward plunger motions. Alternatively, the

locking mechanism may be associated with the instrument configured to

receive the disposable cartridge, in which case the locking mechanism may

include programming a controller to avoid causing downward motions of a

particular plunger under certain circumstances.

Plungers according to the present disclosure also may be configured to

limit or eliminate leaks. For example, as depicted in Fig.47, plungers 1787

may include both a lower seal 1790 and an upper seal 1792, attached to a

common shaft 1794 and separated by a desired distance. Seals 1790 and

1792 typically will take the form of o-rings or similar structures configured to fit

in a substantially fluid-tight manner within the inner circumference of the

associated chamber. Thus, as Fig. 47 depicts (see chamber 1786), any

residual fluid 1788 that passes the lower seal as a plunger is depressed will

still be trapped within the associated chamber by the upper seal.

D. Example 4: Exemplary Droplet Generators

This example describes various exemplary droplet generation

configurations that may be suitable for generating water-in-oil droplets

containing a mixture of sample and reagent; see Figs. 48A-48F. The

generated droplets then may be transported to a thermocycling instrument for

PCR amplification. Each depicted configuration is compatible with continuous

production of oil phase emulsions and with both pressure-controlled and

positive displacement pumping. A droplet generator or droplet generation

configuration according to the present disclosure may be connected to a

pressure/pump source located on a complementary PCR instrument, or may



include any pumps and/or pressure sources needed to facilitate droplet

generation.

Each depicted droplet configuration in Figs. 48A-48F may be capable

of high-throughput droplet generation (-1 ,000 droplets per second) in a

disposable device, such as a cartridge. Each configuration may be

constructed by injection molding two layers of material that fit together to form

fluid channels, such as cylindrical channels formed by complementary

hemispherical grooves. The fluid channels of the droplet generation

configurations depicted in Figs. 48A-48F may have varying channel depths,

such as 50, 100, 150, 200, or 250µm, among others.

Figure 48A depicts a 3-port cross droplet generation configuration 1800

wherein oil from a first fluid well (or chamber) 1802 is transferred through two

similar branches of a fluid channel section 1804. The oil from well 1802

intersects with aqueous fluid from a second fluid chamber 1806, which is

transferred along a fluid channel section 1808 to an intersection area

generally indicated at 1810. The oil from well 1802 arrives at intersection 1810

from two different and substantially opposite directions, whereas the aqueous

solution arrives at the intersection along only a single path that is substantially

perpendicular to both directions of travel of the arriving oil. The result is that at

intersection 1810, aqueous droplets in an oil background (i.e., a water-in-oil

emulsion) are produced and transferred along a fluid channel section 1812 to

a third chamber 1814, where the emulsion can be temporarily stored and/or

transferred to a thermocycling instrument.

Figure 48B depicts a configuration 1815 that is similar in most respects

to droplet generation configuration 1800 depicted in Fig. 48A. Specifically, in

droplet generation configuration 181 5, oil from a first fluid chamber 181 6 is

transferred through two similar branches of a fluid channel section 1818. Fluid

channel sections 1818 intersect with a fluid channel section 1822 that

transfers aqueous fluid from a second fluid chamber 1820, at an intersection

area generally indicated at 1824. As in configuration 1800, the oil from

chamber 1816 arrives at intersection 1810 from two different directions, but

unlike in configuration 1800, the oil does not arrive from substantially opposite



(antiparallel) directions. Rather, channel sections 181 8 each intersect channel

section 1822 at a non-perpendicular angle, which is depicted as

approximately 60 degrees in Fig. 48B. In general, configuration 1815 may

include oil fluid channels that intersect an aqueous fluid channel at any

desired angle or angles. Oil flowing through channel sections 1818 and

aqueous solution flowing through channel section 1822 combine to form a

water-in-oil emulsion of aqueous droplets suspended in an oil background. As

in the case of configuration 1800, the droplets then may be transferred along

a fluid channel section 1826 to a third fluid chamber 1828, for storage and/or

transfer to a thermocycling instrument.

Figure 48C depicts a four-port droplet generation configuration 1829

that includes two separate oil wells or chambers. A first oil chamber 1830 is

configured to store oil and transfer the oil through a fluid channel section 1832

toward a channel intersection point generally indicated at 1842. A second oil

chamber 1834 is similarly configured to store and transfer oil toward the

intersection point through a fluid channel section 1836. An aqueous fluid

chamber 1838 is configured to store aqueous fluid, such as a sample/reagent

mixture, and to transfer the aqueous fluid through fluid channel section 1840

toward intersection point 1842. When the oil traveling through fluid channel

sections 1832 and 1836 intersects with the aqueous fluid traveling through

fluid channel section 1840, a water-in-oil emulsion of aqueous droplets

suspended in oil is generated. Although fluid channel 1840 is depicted as

intersecting with each of fluid channels 1832 and 1836 at a perpendicular

angle, in general the channels may intersect at any desired angle, as

described previously with respect to droplet generation configuration 181 5 of

Fig. 48B. The emulsion generated at intersection 1842 travels through

outgoing fluid channel section 1844 toward an emulsion chamber 1846, where

the emulsion may be temporarily held for transfer to an instrument, such as a

thermocycling instrument.

Figures 48D-48F schematically depict fluid channel intersection regions

of several other possible droplet generation configurations, in which the

arrows within the depicted fluid channels indicate the direction of fluid flow



within each channel. Although fluid chambers for receiving and/or storing oil,

water, and any generated emulsion are not depicted in Figs.48D-48F, these

chambers or at least some source of oil and aqueous fluid would be present in

a cartridge containing any of the depicted configurations. The fluid channels

and any associated chambers may be formed by any suitable method, such

as injection molding complementary sections of thermoplastic as described

previously.

Figure 48D depicts a "single T" configuration 1850 in which oil traveling

in an oil channel 1852 intersects with aqueous fluid traveling in an aqueous

channel 1854 at fluid channel intersection 1856, to produce a water-in-oil

emulsion that travels through outgoing fluid channel 1858. This configuration

differs from those of Figs. 48A-48C in that oil arrives at the oil/water

intersection from only a single direction. Accordingly, droplets may be formed

by a slightly different physical mechanism than in configurations where oil

arrives from two directions. For example, droplets formed in the single T

configuration of Fig. 48D may be formed primarily by a shear mechanism

rather than primarily by a compression mechanism. However, the physics of

droplet formation is not completely understood and likely depends on many

factors, including the channel diameters, fluid velocities, and fluid viscosities.

Figure 48E depicts a "double T" configuration 1860 in which oil

traveling in an oil channel 1862 intersects with aqueous fluid traveling in a first

aqueous channel 1864 at a first intersection 1866, to produce a water-in-oil

emulsion that travels through intermediate fluid channel 1868. Channel 1868

intersects with a second aqueous channel 1870 at a second intersection

1872, to generate additional water-in-oil droplets within the emulsion. All of

the generated droplets then travel through outgoing fluid channel 1874. This

configuration again differs from those of Figs. 48A-48C in that oil arrives at the

oil/water intersections from only a single direction. In addition, configuration

1860 differs from single T configuration 1850 depicted in Fig. 48D due to the

presence of two oil/water intersections. This may result in a greater density of

droplets in the water-in-oil emulsion generated by configuration 1860 than in



the emulsion generation by configuration 1850, which includes only one

oil/water intersection.

Figure 48F depicts a droplet generation configuration 1880 in which oil

traveling in an oil channel 1882 intersects with aqueous fluid traveling in first

and second aqueous channels 1884 and 1886 at an intersection 1888. In this

configuration, the aqueous fluid arrives at the intersection from two opposite

directions, both of which are substantially perpendicular to the direction of

travel of the oil in channel 1882. More generally, the aqueous fluid can

intersect with the oil at any desired angles. Depending on at least the sizes of

the various channels, the flow rates of the oil and the aqueous fluid, and the

angle of intersection of the aqueous fluid channels with the oil channel, a

configuration of this type may be suitable for producing either an oil-in-water

emulsion or a water-in-oil emulsion. In either case, the emulsion will travel

away from intersection 1888 through outgoing fluid channel 1890.

E. Example 5: Disposable Sample Cartridge 3

This example describes aspects of three alternative disposable sample

preparation cartridges; see Figs. 49-51 .

Figure 49 is a schematic diagram depicting another disposable sample

preparation cartridge, generally indicated at 1900, and suitable fluidic

connections between various components of the cartridge. Cartridge 1900 is

configured to receive and prepare a target-containing sample for PCR

thermocycling and amplification, and is substantially similar to cartridge 1700

depicted in Fig. 42 in many respects. Accordingly, cartridge 1900 includes a

sample chamber 1902, a waste chamber 1904, a filter 1906, a reservoir

chamber 1908, and reagent chambers 1910a, 1910b that may be pre-loaded

with reagents 191 1a, 19 11b. These components are similar to their

counterparts in cartridge 1700, and will not be described again in detail. As in

the case of cartridge 1700, any desired number of reagent chambers, such as

five or more, may be provided in cartridge 1900.

Cartridge 1900 also includes a droplet generator, generally indicated at

191 2 , which differs slightly from droplet generator 1712 of cartridge 1700.

Specifically, droplet generator 191 2 includes two separate oil reservoirs



1914a, 191 4b corresponding to, and separately connected to, the two

different reagent chambers. Thus, oil reservoir 1914a transfers oil to

intersection point 1916a, where the oil combines with aqueous fluid from

reagent chamber 1910a to form a first water-in-oil emulsion of sample/

reagent droplets, and oil reservoir 1914b transfers oil to intersection point

1916b, where the oil combines with aqueous fluid from reagent chamber

1910b to form a second water-in-oil emulsion of sample/reagent droplets.

Both emulsions then may be transferred to an instrument 1900' for

thermocycling. In comparison to cartridge 1800, providing separate oil

reservoirs and oil channels in the manner of cartridge 1900 may reduce any

chance of cross-contamination between reagents from the separate reagent

chambers.

Figure 50 is a schematic diagram depicting still another disposable

sample preparation cartridge, generally indicated at 2000, and suitable fluidic

connections between various components of the cartridge. Like cartridges

1700 and 1900 depicted in Figs. 42 and 49, respectively, cartridge 2000 is

configured to receive and prepare a target-containing sample for PCR

thermocycling and amplification. Cartridge 2000 includes a sample chamber

2002, a waste chamber 2004, a first filter 2006, and a first reservoir chamber

2008, which are similar to their counterparts in cartridge 1700, and will not be

described again in detail.

Cartridge 2000 also includes a second reservoir chamber 2009. Filter

2006 is disposed between sample chamber 2002 and each of reservoir

chambers 2008 and 2009, and serves to retain the target-containing sample

in the sample chamber as fluid is transferred into and out of the sample

chamber. As in the previously described exemplary cartridges, reconstitution

and/or wash fluid will typically be transferred into the sample chamber from

one of the reservoir chambers, and waste fluid will typically be transferred out

of the sample chamber into the waste chamber.

First and second reservoir chambers 2008 and 2009 are provided so

that the sample in the sample chamber may be reconstituted and/or washed

twice. For example, a reconstitution solution may be transferred into the



sample chamber from reservoir chamber 2008, after which the sample may

be lysed as has been described previously. Waste fluid then may be

transferred from the sample chamber into waste chamber 2004, while the

target material is retained in the sample chamber. Next, a wash solution may

be transferred into the sample chamber from reservoir chamber 2009, and

waste fluid again may be transferred from the sample chamber into the waste

chamber. Providing two reservoir chambers and two reconstitution/wash steps

may result in a sample that contains relatively few impurities and thus a

relatively high fraction of target material.

A second filter 2007 is disposed between sample chamber 2002 and

reagent chambers 201 0a, 2010b. The reagent chambers may be pre-loaded

with reagents 201 1a, 201 1b, and both the reagent chambers and the reagents

are similar to their previously described counterparts. Filter 2007 is configured

to allow passage of target nucleotide material from the sample chamber to the

reagent chambers, while preventing passage of larger material, such as lysis

beads or large waste material that remains in the sample chamber after

purification and lysis. As in the case of cartridges 1700 and 1900, any desired

number of reagent chambers, such as five or more, may be provided in

cartridge 2000.

Alternatively, or in addition, to filter 2007, additional filters 201 2a,

201 2b may be provided with reagent chambers 2010a, 2010b, and similar

additional filters may be provided with each additional reagent chamber.

These additional filters may serve a similar purpose as filter 2007, i.e.,

preventing relatively large waste material, such as lysis beads, from

proceeding further through the cartridge. Providing both a second filter 2007

and additional filters 2012a, 2012b may result in a relatively more pure

sample/reagent mixture transferred from the reagent chambers toward a

droplet generation portion of the cartridge.

Cartridge 2000 includes a droplet generator, generally indicated at

2014, which is configured to generate a water-in-oil emulsion corresponding

to each reagent chamber. Unlike the previously described cartridges,

however, the oil for the emulsion is supplied by a related instrument 2000'



rather than from within the cartridge. To describe the interaction between the

cartridge and the instrument, primed reference numbers will be used to

represent components of instrument 2000', whereas unprimed reference

numbers will continue to be used to reference components of cartridge 2000.

To supply oil to cartridge 2000, an oil reservoir 2016' within instrument

2000' transfers the oil along oil lines 2018a, 2020a, to generate droplets

corresponding to reagent chamber 2010a. The oil intersects aqueous solution

from reagent chamber 2010a at an intersection region 2022a, to generate

droplets containing a sample/reagent mixture that may be transferred into

instrument 2000' for thermocycling. Similarly, oil reservoir 2016' supplies oil

along lines 201 8b, 2020b to generate droplets corresponding to reagent

chamber 2010b at an intersection region 2022b, and oil reservoir 201 6' (or

additional reservoirs, not shown) may be configured to supply oil to generate

droplets corresponding to any desired number of additional reagent chambers

that are included in cartridge 2000.

Sample/reagent droplets generated at regions 2022a, 2022b, and at

any other additional droplet generation intersection regions of cartridge 2000,

all may be transferred through corresponding fluidic pathways 2024a, 2024b

(and so forth) to a multi-port valve 2026' of instrument 2000'. Valve 2026'

may, for example, be configured to receive droplets from multiple fluidic input

channels, and to transfer the droplets to a thermocycling region of the

instrument in any desired manner, such as in controlled batches of one type

of sample/reagent droplets at a time.

Figure 5 1 is a schematic diagram depicting yet still another disposable

sample preparation cartridge, generally indicated at 2100, and suitable fluidic

connections between various components of the cartridge. Like the previously

described cartridges, cartridge 2 100 is configured to receive and prepare a

target-containing sample for PCR thermocycling and amplification. Cartridge

2100 includes several of the features of the other cartridges, including a

sample chamber 2102, a waste chamber 2104, a filter 2106, and reagent

chambers 2 110a, 2 110b (plus any desired number of additional reagent



chambers). These components are similar to their previously described

counterparts, and will not be described again in detail.

Cartridge 2100 is configured to be inserted into or otherwise interact

with a related PCR instrument 2100', shown to the right of interface line L in

Fig. 5 1 . In this case, instrument 2100' supplies substantially all of the working

fluids, other than the sample or sample-containing fluid, to the cartridge. In

other words, instrument 2100' is configured to prime cartridge 2100 with

fluids. As in the case of the description relating to Fig. 50, primed reference

numbers will be used in the description of Fig. 5 1 to represent components of

instrument 2100', whereas unprimed reference numbers will continue to be

used to reference components of cartridge 2100.

A reservoir pump 2 112' of instrument 2100' may be equipped with a

selector valve or similar mechanism to allow fluid to be selectively transferred

from the reservoir pump through the various fluid channels leading from the

pump. After cartridge 2100 is placed in a secure position within or adjacent to

instrument 2100', so that a substantially fluid tight seal is formed, the reservoir

pump pumps fluid into fluid channel 2 114 toward waste chamber 2104, which

is typically empty of fluid when the cartridge is connected to the instrument.

Reservoir pump 2 112' continues pumping fluid into channel 2 114 until the

fluid fills channel 2 114 and proceeds through channel 2 116 to fill filter 2106.

The reservoir pump then stops pumping fluid into channel 2 114 and begins

pumping fluid into channel 2 118a toward reagent chamber 2 110a, continuing

until fluid fills channel 2 118a. During operation of reservoir pump 2 112', a

waste pump 2120', which is fluidically connected to reagent chamber 2 110a

through a channel 2122a, operates to draw away air and any excess fluid.

Once fluid channels 2 114, 2 116, and 2 118a have been primed with

fluid, reservoir pump 2 112' transfers a measured amount of fluid into fluid

channel 2124 between the reservoir pump and sample chamber 2102, to fill

channel 2124, channel 2126a between the sample chamber and reagent

chamber 2 110a, and channel 2122a between reagent chamber 2 110a and

waste pump 2120'. Waste pump 2120' operates to draw away air and fluid as

channels 2124, 2126a, and 2122a are primed with fluid. Next, reservoir pump



2 112' transfers additional fluid through channel 2 118a to reagent chamber

2 110a, into channel 2130a, through droplet generation region 2 132a, and into

a multi-port valve 2 134' of instrument 2 100'.

At this point, the fluid channels leading from reservoir pump 2 112' to

sample chamber 2102, waste chamber 2104, and reagent chamber 2 1 10a,

and from reagent chamber 2 1 10a to multi-port valve 2 134', have all been

primed with fluid. Reservoir pump 2 112' may then be used to prime the fluid

channels associated with any additional reagent chambers. For example,

reservoir pump 2 112' may transfer a measured amount of fluid through

channel 2124 to fill channel 2126b between the sample chamber and reagent

chamber 2 110b,and channel 2122b between reagent chamber 2 110b and

waste pump 2120', while waste pump 2120' operates to draw away air and

fluid. Reservoir pump 2 112' then may transfer fluid through channel 2 128b

directly to reagent chamber 2 110b, into channel 2130b, through droplet

generation region 2132b, and into multi-port valve 2134'. In a similar manner,

reservoir pump 2 112' (or in some cases, additional reservoir pumps) can be

used to prime the fluid channels associated with any desired number of

reagent chambers.

Once the channels of cartridge 2 100 have been primed to a desired

degree, a sample or sample-containing fluid may be placed in the sample

chamber, and all of the previously described steps of purification,

concentration, lysing, reagent combination, and/or droplet generation may be

performed as described previously with respect to other cartridge

embodiments. However, one additional distinction between cartridge 2100

and the previously described cartridges is that cartridge 2100 does not include

an oil reservoir to supply oil for droplet generation. Rather, an oil reservoir

2140' is included in instrument 2100'. Oil reservoir 2140' is configured to

supply oil through lines 2 142a and 2144a to droplet generation region 2132a,

and through lines 2142b and 2144b to droplet generation region 2132b. The

oil reservoir can be configured to supply oil to any desired number of

additional droplet generation regions, corresponding to additional reagent

reservoirs beyond the two depicted in Fig. 5 1. After sample/reagent droplets



are generated, they may be transferred to multi-port valve 2134', which is

configured to transfer the droplets to a thermocycling portion of instrument

2100' for PCR amplification.

F. Example 6: Disposable Sample Cartridge 4

This example describes aspects of yet another alternative disposable

sample preparation cartridge; see Figs. 52 and 53.

Figure 52 is an isometric view of an interior portion of the exemplary

cartridge, generally indicated at 2 150. Cartridge 2150 is configured to

interface with an instrument (not shown), so that prepared samples can be

transferred to the instrument, generally in the form of a water-in-oil emulsion,

for PCR amplification and analysis. In addition to the interior portion depicted

in Fig. 52, cartridge 2150 also may include a suitable exterior housing (not

shown) disposed around some or the entirety of the interior portion. The

exterior housing may be configured to protect the interior portion and may be

shaped to facilitate storage and/or transportation of multiple cartridges.

Cartridge 2 150 includes an upper body portion 2 152, plus various

plungers and connectors that will be described in more detail below. Body

portion 2 152 may be unitarily constructed, for example, by injection molding a

thermoplastic or other similar material. A second, lower body portion (not

shown) may be included in cartridge 2150 and connected to the upper body

portion by heat sealing, gluing, or otherwise fastening the two body portions

together, but this lower body portion is simply a substantially planar,

featureless sheet of material and therefore will not be described further.

Restricting the significant features within a unitarily constructed cartridge body

portion, such as upper body portion 2 152, may have advantages in cost,

simplicity, structural integrity, and/or improved functionality compared to a

two-piece construction where both pieces include features used for fluid

manipulation and transfer, as shown and described (for example) with

reference to Figs. 43-44 above.

Body portion 2152 of cartridge 2150 includes a sample chamber 2 154

configured to receive a sample that potentially contains a target nucleic acid

sequence, a reservoir chamber 2 156 configured to supply a wash and/or a



reconstitution solution, a waste chamber 2 158 fluidically connected to the

sample chamber and configured to receive waste material, and various

reagent chambers 2160a, 2160b, 2160c, 216Od, 216Oe each fluidically

connected to the sample chamber and configured to receive sample-

containing fluid and to combine the sample-containing fluid with a reagent

mixture prior to PCR thermocycling. In addition, body portion 2 152 of cartridge

2150 includes droplet chambers 2161a, 2161b, 2161c, 2161d, 2161e, each of

which is configured to receive an emulsion of water-in-oil, sample-containing

droplets including the sample/reagent mixture contained in the corresponding

reagent chamber. As described previously, any desired number of reagent

chambers (and corresponding droplet chambers) may be included in a

cartridge. The sample chamber, reservoir chamber, waste chamber, and

reagent chambers are substantially similar in both structure and function to

their counterparts in cartridge 1720 of Fig. 43, including any appropriate

filters, stirring elements, and the like, and accordingly will not be described in

detail again.

Body portion 2 152 also includes an oil input chamber 2162, an oil

outlet chamber 2164, and a primer outlet chamber 2166. Oil input chamber

2162 is configured to hold and transfer oil that will be used to produce

sample-containing droplets in a water-in-oil emulsion, in a manner described

below in more detail. Oil outlet chamber 2164 is configured to receive oil that

has been transferred out of the oil input chamber, but that has not been

utilized in the water-in-oil emulsion of sample-containing droplets. The excess

oil received in oil outlet chamber 2164 may be either discarded or recycled

(i.e., redirected to the oil input chamber). Primer outlet chamber 2 166 is

configured to receive one or more priming fluids during an initial cartridge

priming step, in a manner that will be described in more detail below.

In addition to upper body portion 2152, cartridge 2 150 also includes a

fluid manipulation portion, generally indicated at 2168. The fluid manipulation

portion of the cartridge includes a sample chamber plunger 2170 and various

reagent chamber plungers 2 172a, 2172b, 2172c, 2172d, 2172e. The plungers

are configured to move up and down within their respective chambers, to



cause fluid to be transferred into and out of the chambers in a desired fashion.

Fluid manipulation portion 2168 of the cartridge also includes a plurality of

substantially similar capillary connectors 2174, and a plurality of substantially

similar capillaries 2176. The capillary connectors are configured to transfer

fluid to and/or from the corresponding chamber to the corresponding capillary,

which is configured to interface with an associated thermocycling instrument.

Figure 53 is a bottom view of upper body portion 2 152, illustrating a

network of fluid channels forming the fluid connections between various

portions of the cartridge. As noted above, a lower body portion (not shown) of

cartridge 2150 will generally be disposed flush against the bottom surface of

upper body portion 2152, to form a fluid tight seal so that fluid is only able to

travel between portions of the cartridge through the various fluid channels

shown in Fig. 53. Thus, the network of fluid channels is defined by a lower

surface of the upper body portion and an upper surface of the lower body

portion, although the upper surface of the lower body portion is in this

example a substantially planar surface, so that the fluid channels are formed

entirely in the upper body portion of the cartridge.

Specifically, a fluid channel 2178 is configured to transfer

reconstitution/wash and/or priming fluid into sample chamber 2 154 from

reservoir chamber 2156, and another fluid channel 2180 is configured to

transfer waste fluid out of sample chamber 2 154 and into waste chamber

2158. Yet another fluid channel 2182 is configured to transfer sample-

containing fluid from sample chamber 2154 into reagent chambers 2160a,

2160b, 2160c, 2 16Od, 216Oe, and also to transfer priming fluid from sample

chamber 2154 into primer outlet chamber 2166. Yet another fluid channel

2184 is configured to transfer oil from oil input chamber 2162 to a plurality of

droplet generation regions 2186a, 2186b, 2186c, 2186d, 2186e. The droplet

generation regions are each fluidically connected to one of the reagent

chambers and each configured to receive sample/reagent mixture fluid from

one of the reagent chambers and to combine the sample/reagent mixture fluid

with a background fluid to form an emulsion of sample-containing droplets. A

plurality of fluid channels 2188a, 2188b, 2188c, 2188d, 2188e are configured



to transport the generated droplets from their respective droplet generation

regions to corresponding droplet chambers 2161a, 2 161b, 2161c, 2161d,

2161 .

Typically, cartridge 2 150 will be primed with fluid(s) supplied by a

related instrument. For instance, when a fluid connection has been

established between the cartridge and the instrument, priming fluid such as

oil, water, or any other substantially incompressible fluid may be transferred

from the instrument, through the appropriate capillary and capillary connector,

and into reservoir chamber 2 156. The priming fluid then may be transferred

from the reservoir chamber, through fluid channel 2 178, and into sample

chamber 2154. From the sample chamber, the priming fluid may be

transferred through fluid channel 2182 and into primer outlet chamber 2166

and/or the reagent chambers. Similarly, oil or some other priming fluid may be

transferred from the instrument into oil input chamber 2162, through fluid

channel 2184, and into oil outlet chamber 2164 and/or the droplet generation

chambers. In this manner, desired priming fluids can be used to prime any

desired subset of the fluid chambers and channels of cartridge 2 150.

Plungers 2170, 2172a, 2 172b, 2 172c, 2172d, and 2172e (and any

other plungers contemplated by the present disclosure) each may be

configured both to direct fluids as desired through particular fluid channels,

and also to selectively allow or prevent fluid flow in and out of various

chambers. In other words, each plunger may be configured to operate as a

valve in addition to operating as a plunger, by selectively opening or closing

the entrance to one or more particular fluid channels. For example, when

reagent plungers 2 172a, 2172b, 2 172c, 2172d, and 2172e are in their most

downward positions (minimizing the volumes of the reagent chambers), the

plungers may be configured to block fluid connection between fluid channel

2182 and fluid channel 2184 (see Fig. 53), so that channel 2182 can be

primed with fluid independently of channel 2184. In a similar manner, the

plungers of any cartridge can be used as valves, to prevent or allow fluid flow

between various portions of the cartridge.



Disposable cartridge 2150 of Figs. 52 and 53 is just one example of a

disposable cartridge that is configured to be primed with fluid supplied by an

associated instrument. The present disclosure contemplate other disposable

cartridges that may be substantially similar except for the disposition of

various chambers and/or variations in how fluids are routed between the

various chambers, or between the chambers and the instrument. For

example, the waste chamber and/or the reservoir chamber may be disposed

on the instrument rather than on the cartridge as in Figs. 52 and 53. A plurality

of oil input chambers may be provided, with each chamber supplying oil to a

single droplet generation region rather than one chamber supplying oil to

multiple regions as in Figs. 52 and 53. The droplet generation regions may

take any of the various forms described previously with respect to Figs.48A-

48F, such as a cross configuration instead of a single T configuration as in

Figs. 52 and 53. Excess oil or priming fluid may either be discarded as in Figs.

52 and 53, recycled, or routed through the droplet generator outlet(s).

Droplets may be routed either through multiple outlets as in Figs. 52 and 53 or

through a single, common outlet. Virtually any combination of the above

variations may be adopted, resulting in a modified system that may be most

appropriate for a particular application.

G. Example 7: Selected Embodiments

This subsection describes additional aspects of sample preparation

and sample cartridges, in accordance with aspects of the present disclosure,

presented without limitation as a series of numbered sentences.

1. A method of target molecule amplification, comprising (A)

purifying a fluid sample; (B) lysing the sample; (C) combining the sample with

a reagent mixture; (D) generating droplets of the sample in an emulsion; and

(E) transferring the emulsion to a thermocycling instrument; wherein the steps

of purifying, lysing, combining, and generating are all performed within a

disposable, single-use cartridge.

2. The method of paragraph 1, further comprising extracting the

sample from a sample collector within the disposable cartridge.



3. The method of paragraph 1, further comprising concentrating

the sample within the disposable cartridge.

4 . The method of paragraph 1, wherein purifying includes purifying

prior to lysing by retaining target material within the sample while removing

waste material smaller than the target material.

5 . The method of paragraph 1, wherein purifying includes purifying

after lysing by retaining target material within the sample while removing

waste material larger than the target material.

6. A single-use sample preparation cartridge, comprising a first

body portion and a second body portion, wherein the the first body portion

includes (A) a sample chamber configured to receive a sample; (B) a reservoir

chamber fluidically connected to the sample chamber and configured to

supply a reconstitution fluid to the sample chamber; (C) a waste chamber

fluidically connected to the sample chamber and configured to receive waste

fluid from the sample chamber; (D) a plurality of reagent chambers each

fluidically connected to the sample chamber and each configured to receive

sample-containing fluid from the sample chamber and to combine the sample-

containing fluid with a reagent mixture; and (E) a plurality of droplet

generation regions, each fluidically connected to one of the reagent chambers

and each configured to receive sample/reagent mixture fluid from one of the

reagent chambers and to combine the sample/reagent mixture fluid with a

background fluid to form an emulsion of sample-containing droplets; and

wherein the sample chamber, the reservoir chamber, the waste chamber, the

reagent chambers, and the droplet generation regions are fluidically

connected to each other by a network of fluid channels defined by a lower

surface of the first body portion and an upper surface of the second body

portion.

7. The cartridge of paragraph 6, wherein the fluid channels are

formed entirely in the first body portion, and wherein the upper surface of the

second body portion is a substantially planar surface.



8 . The cartridge of paragraph 6, wherein the background fluid is oil,

and further comprising an oil input chamber configured to receive oil to be

transferred to the droplet generation regions.

9 . The cartridge of paragraph 8 , further comprising an oil outlet

chamber configured to receive oil that has been transferred out of the oil input

chamber, but that has not been utilized in one of the emulsions.

10. The cartridge of paragraph 6 , further comprising a plurality of

droplet chambers each configured to receive one of the generated emulsions.

11. The cartridge of paragraph 6 , further comprising a fluid

manipulation portion including a plurality of plungers configured to cause fluid

to be transferred into and out of the chambers.

12. The cartridge of paragraph 11, wherein the fluid manipulation

portion further includes a plurality of connectors configured to transfer fluid

between at least one chamber of the cartridge and the instrument.

13. The cartridge of paragraph 11, wherein each plunger is

configured to act as a valve by selectively closing an entrance to at least one

of the fluid channels when in its most downward position.

14. The cartridge of paragraph 11, wherein the sample chamber

includes an agitation element configured to be agitated by magnetic forces.

15. The cartridge of paragraph 11, wherein the reagent chambers

are fluidically connected to the sample chamber in parallel.

16. The cartridge of paragraph 11, wherein the background fluid is

oil, and further comprising at least one oil reservoir fluidically connected to at

least one of the reagent chambers and configured to supply the oil used to

form the corresponding emulsion.

17. The cartridge of paragraph 16, wherein the at least one oil

reservoir includes one oil reservoir corresponding to each reagent chamber

and configured to supply the oil used to form the corresponding emulsion.

18. A microfluidic device having integrated lysing, separating,

reagent mixing and microdroplet generating regions for extracting nucleic acid

from a sample and for formation of microdroplets, comprising (A) a lysing

region for lysing a cell or microorganism to release the nucleic acid; (B) a



separating region for separating the nucleic acid from other parts of the cell or

microorganism, wherein the separating region is connected to the lysing

region; (C) a reagent mixture region for mixing the nucleic acid with at least

one reagent; wherein the reagent mixture region is connected to the

separating region; and (D) a droplet generating region comprising a sample

inlet end, an immiscible fluid, and an outlet end, wherein the droplet

generating region is connected to the reagent mixture region.

IV. Droplet Generator

This Section describes exemplary droplet generators, for example, for

use in droplet-based assays.

It may be desirable, in systems such as DNA amplification systems,

among others, to generate sample-containing droplets using a partially or

completely disposable apparatus. This may be accomplished by a disposable

cartridge configured to generate droplets as part of a series of sample

preparation steps that also may include lysing, purification, and concentration,

among others. However, in other cases, it may be desirable to provide a

partially or completely disposable apparatus configured to perform droplet

generation without performing substantial additional sample preparation

steps. This may be desirable, for example, when the DNA amplification

system is configured to analyze samples that are typically prepared at another

location or by a practitioner. Under these circumstances, a dedicated droplet

generation system may be the simplest and most economical solution.

Figure 54 schematically illustrates a droplet generation system,

generally indicated at 2200. System 2200 includes a droplet generator 2202

and a fluid reservoir 2204. Droplet generator 2202 is configured to generate

sample-containing droplets, typically in the form of a water-in-oil emulsion,

and to transport the generated droplets to a desired location such as a

storage location or a thermocycling instrument. Fluid reservoir 2204 is

configured to store and/or receive the fluids that will be used to form the

emulsion, typically a background fluid such as oil and a foreground fluid such

as an aqueous solution containing a DNA sample and a reagent mixture.



To generate an emulsion of droplets, droplet generator 2202 will

typically be at least partially disposed within fluid reservoir 2204, as Fig. 54

indicates. To transport droplets away from reservoir 2204, droplet generator

2202 will typically either be physically removable from the reservoir, or will

include suitable fluid connections, schematically indicated at 2206, configured

to receive droplets from the droplet generator and to transfer them to another

desired location. When droplet generator 2202 is configured to be removable

from reservoir 2204, one or both of the droplet generator and the reservoir

may be disposable. Disposing of any portions of the system that have come

into direct contact with a sample may, for example, help to avoid the

possibility of cross-contamination between multiple samples.

Many configurations of droplet generators and fluid reservoirs may be

suitable as components of a droplet generation system such as system 2200.

For example, suitable droplet generators include butted tubes, tubes drilled

with intersecting channels, tubes partially or completely inserted inside other

tubes, and tubes having multiple apertures, among others, where "tubes"

means elongate hollow structures of any cross-sectional shape. Suitable fluid

reservoirs include pipette tips, spin columns, wells (either individual or in a

plate array), tubes, and syringes, among others. The following examples

describe specific exemplary droplet generators and fluid reservoirs; see Figs.

55-71 . Additional pertinent disclosure may be found in the U.S. provisional

patent applications listed above under Cross-References and incorporated

herein by reference, particularly Serial No. 61/277,204, filed September 2 1 ,

2009, titled DROPLET GENERATOR FOR DROPLET-BASED ASSAYS, and

naming Kevin Dean Ness, Benjamin J. Hindson, Billy W. Colston, Jr., and

Donald A . Masquelier as inventors.

A. Example 1

Figures 55 and 56 depict exemplary cross-type droplet generators.

Figure 55 schematically depicts a first exemplary cross-type droplet

generator, generally indicated at 2210, in the form of a pair of butted tubes.

The term "cross-type droplet generator" indicates that a background emulsion

fluid (typically oil) travels inward from two substantially opposite directions to



intersect a foreground emulsion fluid (typically an aqueous fluid) traveling at

right angles to the direction of travel of the background fluid, to form an

emulsion that moves along the original direction of travel of the foreground

fluid. Thus, the directions of travel of the incoming background fluid, the

incoming foreground fluid, and the outgoing emulsion form a cross.

Accordingly, droplet generator 2210 includes two complementary

sections of hollow fluidic tubing 2212, 2214, separated by a small distance D.

Tubing sections 2212, 2214 may be constructed from a single continuous

hollow tube that has been cut and separated, in which case the tubing

sections will have substantially equal outer and inner diameters. Alternatively,

tubing sections 2212, 2214 may be constructed separately and then disposed

appropriately within droplet generator 2210, in which case the tubing sections

may have substantially different outer and/or inner diameters.

Tubing sections 2212, 2214 are disposed at least partially within an oil

channel 2216. Oil channel 2216 will typically be a portion of a fluid reservoir

configured to supply fluids, including oil and/or sample-containing aqueous

fluid, to droplet generator 2210. Various exemplary fluid reservoirs are

described in Example 2 below. Oil channel 2216 may take various forms,

such as a cylindrical channel formed within a tube, a rectangular channel

formed between substantially planar channel walls, or simply a fluid flow path

within a surrounding reservoir of fluid, among others. Tubing sections 221 2 ,

2214 may be formed integrally with oil channel 221 6, or the tubing sections

may be inserted into one or more apertures of the oil channel in a

substantially fluid tight manner.

Tubing section 2212 includes a hollow inner portion forming an

incoming fluid channel 2218, and tubing section 221 4 includes a hollow inner

portion forming an outgoing fluid channel 2220. Incoming fluid channel 2218 is

configured to transport sample-containing fluid from a fluid source such as a

surrounding fluid reservoir or a reagent chamber into oil channel 2216, and

may be pressurized relative to the oil channel to facilitate that transfer. To

generate sample-containing droplets, oil in oil channel 2216 and sample-

containing fluid in incoming fluid channel 2218 each may be pressurized



relative to outgoing fluid channel 2220, tending to draw both oil and sample-

containing fluid toward an inlet aperture 2222 of the outgoing fluid channel. As

the sample-containing fluid exits an outlet aperture 2224 of incoming fluid

channel 2218, aqueous droplets of sample-containing fluid may be formed in

an oil background, resulting in a water-in-oil emulsion of droplets entering the

outgoing fluid channel.

One of tubing sections 2212, 2214 may be fixed within a surrounding

fluid reservoir, whereas the other section may be removable from the

surrounding reservoir. In such cases, tubing section 2212 will typically be

fixed in place, whereas tubing section 2214 will typically be removable, and

may be configured to be selectively placed into position at a known, desired

distance from tubing section 2214. For example, tubing section 2214 may

represent the tip of a syringe, pipette, or the like, which may be inserted into a

reservoir containing oil channel 2216 and used to create and store sample-

containing droplets by applying suction to draw an emulsion of sample-

containing droplets into inlet aperture 2222 of the outgoing fluid channel.

Tubing section 2214 then may be removed from the fluid reservoir, and the

emulsion transferred to another desired location such as a thermocycling

instrument.

Figure 56 depicts a second exemplary cross-type droplet generator,

generally indicated at 2230. Droplet generator 2230 is constructed from a

single section of fluidic tubing, through which two perpendicular and

intersecting fluid channels 2232 and 2234 are formed. Droplet generator 2230

may be temporarily or permanently disposed within a fluid reservoir (not

shown) configured to hold fluids used to form an emulsion of sample-

containing droplets, such as a background oil and a foreground sample-

containing aqueous solution. A distal aperture 2236 of fluid channel 2232 is

configured to receive and transport the sample-containing solution, and

intermediate apertures 2238, 2240 of fluid channel 2234 is configured to

receive and transport the background oil.

At an intersection region generally indicated at 2242, sample-

containing fluid traveling through channel 2232 intersects with oil traveling



through channel 2234, and a water-in-oil emulsion of sample-containing

droplets is generated. This emulsion then continues to travel through channel

2232 along the original direction of travel of the sample-containing fluid (from

left to right in Fig. 56). The emulsion then may be transferred to a storage

location and/or to a thermocycling instrument as is desired. In some cases,

droplet generator 2230 may be the tip of a removable and/or disposable

component such as a syringe or pipette, or alternatively, droplet generator

2230 may represent the distal portion of a fixed, nondisposable component

that is configured to transport a droplet emulsion away from a fluid reservoir to

a desired location.

B. Example 2

Figures 57 and 58 depict exemplary flow-focus droplet generators.

Figure 57 depicts a first exemplary flow-focus droplet generator,

generally indicated at 2250. The term "flow-focus droplet generator" indicates

that droplets are generated when a background fluid is focused by the local

geometry of its surroundings toward an intersection region where it intersects

a foreground, sample-containing fluid. An emulsion of sample-containing

droplets is then formed. Unlike in a cross-type droplet generator, the

background and foreground fluids in a flow-focus droplet generator need not

intersect at substantially right angles, as indicated in Fig. 57.

Flow-focus droplet generator 2250 includes a fluid input channel 2252,

a droplet output channel 2254, and an oil reservoir 2256. Fluid input channel

2252 is configured to transport sample-containing fluid toward a fluid

intersection region generally indicated at 2258. As Fig. 57 depicts, fluid input

channel 2252 may be substantially cylindrical with an elongate tapered tip

2260 configured to produce fluid droplets of a desired size, although

variations such as a non-tapered tip also may be suitable. Droplet output

channel 2254 also may be substantially cylindrical or have any other desired

shape suitable for directing the background oil toward intersection region

2258 in conjunction with tip 2260, as described below. Oil reservoir 2256 is

configured to receive and/or store oil or any other suitable emulsion

background fluid.



To generate droplets, a pressure differential is created to draw fluid

from both input channel 2252 and oil reservoir 2256 into output channel 2254.

Due to the geometry of the input channel, the output channel, and the

reservoir, oil from the reservoir forms a fluid path that is focused toward

intersection region 2258 with a component of fluid velocity parallel to the

direction of travel of the sample-containing fluid within the fluid input channel,

as indicated by arrows 2262 in Fig. 57. An emulsion of sample-containing

droplets in an oil background is formed and travels away from intersection

region 2258 within fluid output channel 2254, in substantially the same

direction of motion as the direction of motion of the sample-containing fluid

within fluid input channel 2252.

Output channel 2254 either may be fixed within oil reservoir 2256, in

which case it will be configured to transfer the generated water-in-oil emulsion

out of the oil reservoir to another desired location such as a storage location

or a thermocycling instrument. Alternatively, output channel 2254 may be part

of a removable and/or disposable component such as the tip of a syringe or a

pipette, in which case it may be removed once a desired amount of emulsion

has been generated. The emulsion then may be physically transported, in

bulk, to another desired location.

Figure 58 depicts a second flow-focus droplet generator, generally

indicated at 2280. Droplet generator 2280 is similar to droplet generator 2250

of Fig. 57, except that droplet generator 2280 does not include a separate

sample-containing fluid input channel. Instead, droplet generator 2280

includes only a droplet output channel 2282 and a fluid reservoir 2284. In this

case, however, fluid reservoir 2284 is configured to receive and/or store both

sample-containing fluid and a suitable emulsion background fluid such as oil.

As in the embodiment of Fig. 57, the droplet output channel may be part of a

removable and/or disposable component.

To generate droplets with droplet generator 2280, a pressure

differential is created to draw fluid into output channel 2282. Again due to the

local geometry of the area near a fluid intersection region 2286, oil from the

reservoir forms a fluid path that is focused toward intersection region 2286, as



indicated by arrows 2288. In addition, sample-containing fluid is drawn toward

intersection region 2286, where the meniscus at the boundary between the

sample-containing fluid and the oil forms a necking region 2290 adjacent to

the intersection region. In the necking region, the meniscus is periodically

deformed into an elongate "neck," at which point a discrete droplet is

separated from the meniscus. An emulsion of sample-containing droplets in

an oil background is thus formed as droplets are generated one at a time in

the necking region.

C. Example 3

Figures 59 and 60 depict yet another cross-type droplet generator,

generally indicated at 2300. Droplet generator 2300 includes a disposable

sample-containing portion 2302, and a nondisposable droplet outlet portion

2304. Sample-containing portion 2302 may be configured to be a single-use,

disposable component, and accordingly may be constructed of a relatively

inexpensive material such as an injection-molded thermoplastic. Figure 59

depicts droplet generator 2300 with sample-containing portion 2302 and

droplet outlet portion 2304 substantially separated from each other and thus

not in a position suitable for producing sample-containing droplets. Figure 60

depicts droplet generator 2300 with sample-containing portion 2302 and

droplet outlet portion 2304 disposed in close proximity to each other, in

position for producing sample-containing droplets as described below.

Sample-containing portion 2302 of droplet generator 2300 includes a

sample reservoir 2306 and a sample fluid channel 2308. The sample reservoir

may be configured to receive sample-containing fluid through any suitable

fluid input mechanism such as fluidic tubing (not shown), manual insertion of

sample-containing fluid by a practitioner, or automatic insertion of sample-

containing fluid by a machine. Sample fluid channel 2308 is configured to

transport fluid from the sample reservoir toward a fluid outlet aperture 2310,

which is configured to emit droplets of sample-containing fluid that have

passed through the sample fluid channel from the sample reservoir. Sample-

containing portion 2302, sample reservoir 2306, and sample fluid channel



2308 depicted in the cross-sectional view of Figs. 59-60 are all substantially

cylindrical, although other shapes may be suitable.

Droplet outlet portion 2304 of droplet generator 2300 includes an

emulsion outlet channel 2312, which is configured to transport an emulsion of

sample-containing droplets toward a desired location such as a storage

chamber or a thermocycling instrument (not shown). Droplet outlet portion

2304 also includes an oil channel 2314, which is defined by upper and lower

channel walls 231 6 , 231 8 of the outlet portion. Oil channel 2314 may take the

form of a n elongate groove, a cylindrical (or alternately shaped) substantially

planar reservoir, or any other desired form suitable for facilitating the transfer

of oil toward droplet outlet channel 2312.

A substantially cylindrical aperture 2320 is formed in upper channel

wall 231 6 of the droplet outlet portion, and is configured to receive a

complementary cylindrical lower part 2322 of sample-containing portion 2302.

A fluid tight sealing ring 2324, such as an o-ring, may be provided to help form

a substantially fluid tight seal between sample-containing portion 2302 and

droplet outlet portion 2304 when the two portions are assembled together. A

cylindrical groove may be formed in the exterior surface of sample-containing

portion 2302 to retain the o-ring in a desired position, and another similar

groove may be provided within aperture 2320. Aligning the o-ring within these

grooves may help a user to locate the correct mounting position of the

sample-containing portion within cylindrical aperture 2320. Alternatively or in

addition, various locating pins or other similar protrusions (not shown) may be

provided and attached to one or both of the sample-containing portion and the

droplet outlet portion, to stop those portions at a desired separation distance

from each other when the sample-containing portion is mounted to the droplet

outlet portion.

Figure 60 shows the two main portions of droplet generator 2300

assembled together and droplets being formed. Oil travels within oil channel

2314, inward toward droplet outlet channel 2312, as indicated by arrows

2330. At the same time, sample-containing fluid travels downward through

sample fluid channel 2308 to intersect the oil at an intersection region



generally indicated at 2332. At intersection region 2332, an emulsion of water-

in-oil droplets is produced and passes into droplet outlet channel 231 2. All of

these fluid motions are typically caused by negative pressure introduced at a

distal end of the droplet outlet channel. The generated emulsion may pass

through the outlet channel and into a storage chamber, a transport chamber,

or directly to a thermocycling instrument. In summary, when the droplet outlet

portion and the sample-containing portion of droplet generator 2300 are

assembled together, a substantially fluid tight seal is formed between the

droplet outlet portion and the sample-containing portion, and droplets emitted

by the fluid outlet aperture intersect oil traveling in the oil channel to produce

an emulsion of water-in-oil droplets that passes into the emulsion outlet

channel.

When oil channel 2314 takes the form of an elongate groove, the oil

and sample-containing fluid intersect and produce droplets with the various

fluid velocities forming a cross shape, as described previously. If oil channel

2314 takes the form of an extended planar channel or reservoir, the oil within

the channel may approach droplet outlet channel 2312 radially from many

different directions, each of which is substantially perpendicular to both the

sample fluid channel and the droplet outlet channel. Accordingly, such a

configuration still may be thought of as a cross-type droplet generator.

Sample-containing portion 2302 of droplet generator 2300 may be

disposable, as mentioned previously. Thus, after an emulsion is created and

transported to a desired location, sample-containing portion 2302 may be

removed from aperture 2320 and discarded. Another sample-containing

portion then may be placed into aperture 2320 and used to create another

emulsion, using either the same or a different sample/reagent mixture. The

internal surfaces of droplet outlet portion 2304, including the walls of outlet

channel 231 2 and channel walls 2316, 2318, all may be coated with a

hydrophobic coating and/or washed with one or more rinse solutions, to

reduce the possibility of cross contamination from one sample/reagent

solution to another.



D. Example 4

Figures 61-63 depict exemplary droplet generation systems generally

configured to generate an emulsion of relatively less dense fluid droplets in a

background of relatively more dense fluid.

Figure 6 1 depicts a first such droplet generation system, generally

indicated at 2340, including both a droplet generator 2342 and a fluid

reservoir 2344. Droplet generator 2342 includes a substantially cylindrical

emulsion chamber 2346 and an elongate tip 2348, although other emulsion

chamber and tip shapes are possible. The tip of the droplet generator is

configured to be at least partially inserted into the fluid reservoir. Droplet

generator 2342 also includes an interface portion 2350, which is configured to

join emulsion chamber 2346 to a body portion of the droplet generator (not

shown). The body portion of the droplet generator may, for example, be

configured to be grasped by a user, and may include a pressure mechanism

such as a pipettor bulb, a syringe plunger or the like, to effect pressure

changes within the droplet generator.

Tip 2348 of the droplet generator is depicted as cylindrical, i.e., as

having a circular cross-section, but the cross-section of the tip (and of the

emulsion chamber) can take many other shapes, such as rectangular, square,

or oval. The tip includes both a distal end aperture 2352 configured to receive

a background fluid such as oil, and a side aperture 2354 configured to receive

a foreground fluid such as an aqueous sample/reagent mixture. In some

cases, distal aperture 2352 will be formed simply by leaving the distal end of

tip 2348 open, and accordingly will have the same shape as a cross-section of

the tip. However, the distal aperture may be given any desired shape to

facilitate a desired flow rate of background fluid into the aperture. Side

aperture 2354 may be formed in various shapes, such as circular, square,

rectangular, star-shaped, oval, or triangular, among others. The shape of side

aperture 2354 may be selected based on a desired flow rate and/or flow

pattern of fluid passing through the side aperture.

Fluid reservoir 2344 is depicted substantially as a parabaloid, but

virtually any three dimensional container that is closed at one end and open at



another may form a suitable reservoir. The fluid reservoir may, for example,

be one of many reservoirs disposed in an array on a chip or a microplate, or it

may be a single freestanding reservoir such as an individual well, a test tube,

a pipette body, or a spin column chamber, among others. Regardless of its

precise shape, reservoir 2344 is configured to hold both a background

emulsion fluid and a foreground emulsion fluid, which will be used in

conjunction with droplet generator 2342 to form an emulsion of sample-

containing droplets as described below.

Figure 62 shows a magnified view of a portion of the droplet generation

system of Fig. 6 1 , illustrating how an emulsion of sample-containing droplets

can be generated by the system. As shown, reservoir 2344 is configured to

hold both a background emulsion fluid 2356 (such as oil) and a foreground

emulsion fluid 2358 (such as an aqueous sample/reagent mixture). In system

2340, background fluid 2356 has a different and greater density than

foreground fluid 2358, and thus is disposed at the bottom portion of reservoir

2344, with the foreground fluid disposed in a layer above the background

fluid. Accordingly, distal aperture 2352 of droplet generator 2342 is in contact

with the background fluid, whereas, side aperture 2354 of droplet generator

2342 is in contact with the foreground fluid. In other words, the distal aperture

is configured to be in contact with background fluid held by the reservoir and

the side aperture is configured to be in contact with foreground fluid held by

the reservoir when the reservoir contains background and foreground fluids

and the elongate tip is inserted into the reservoir.

To generate an emulsion of foreground-in-background fluid droplets, a

negative or upward pressure is applied to an interior fluid channel 2360 of

droplet generator 2342. This pressure may be applied by any suitable

mechanism such as a manual or motor-driven plunger, a bulb, or a pump,

among others. In any case, the applied pressure causes background fluid

2356 to flow into distal aperture 2352 of droplet generator 2342, and also

causes foreground fluid to flow into side aperture 2354 of droplet generator

2342. Accordingly, foreground fluid flowing into the side aperture intersects

with a stream of background fluid that enters the tip through the distal



aperture, to form an emulsion of foreground fluid droplets 2362 in background

fluid in the vicinity of the side aperture. An emulsion of droplets 2362 in

background fluid then proceeds up channel 2360, where it is received in

emulsion chamber 2346. The emulsion then may be stored and/or transported

to another location such as to a thermocycling instrument for DNA

amplification, as described previously. Because the directions of the incoming

background fluid velocity, the incoming foreground fluid velocity, and the

outgoing emulsion velocity form the shape of a "T," the system shown in Figs.

61-62 may be described as a "single T" droplet generator configuration.

Figure 63 shows a magnified end portion of another droplet generation

system, generally indicated at 2380, which is similar to system 2340 of Figs.

6 1 and 62. Specifically, system 2380 includes a droplet generator 2382 and a

fluid reservoir 2384 having all the same features as the corresponding parts of

system 2340, except that tip 2385 of droplet generator 2382 includes a distal

end aperture 2386 and two distinct side apertures 2388, 2390, all of which

provide fluid access to a fluid channel 2392 within the tip of the droplet

generator. Accordingly, when upward pressure is applied to fluid channel

2392, a background fluid 2394 flows into distal aperture 2386, and a

foreground fluid 2396 flows into both side apertures 2388, 2390. This may

result in a greater number and/or a different distribution of droplets being

produced in an emulsion, relative to systems with just a single side aperture.

Because of the directions of the various fluid velocities in the vicinity of

side apertures 2388, 2390, system 2380 may be characterized as a "double

T" droplet generator configuration. This configuration may be generalized in

various ways. For example, a pair of side apertures may be disposed at the

same longitudinal position along the tip of a droplet generator, rather than

longitudinally offset as depicted in Fig. 63. Furthermore, any desired number

of side apertures, such as three or more, may be disposed along the length of

a droplet generator, some of which may be longitudinally aligned while others

are longitudinally offset. Because the fluid velocities form a "T" at each side

aperture, such generalized configurations naturally may be characterized as

"multi-T" droplet generation systems. The number, location, size and shape of



the various side apertures in a multi-T system typically will be selected based

on the desired properties of the resulting emulsion.

E. Example 5

Figures 64-66 depict droplet generation systems generally configured

to generate an emulsion of relatively more dense fluid droplets in a

background of relatively less dense fluid. In contrast, Figs.61-63, in the

previous example, depicted droplet generation systems generally configured

to generate an emulsion of relatively less dense fluid droplets in a background

of relatively more dense fluid.

Figure 64 depicts a magnified end portion of a first such droplet

generation system, generally indicated at 2400. System 2400 includes a

droplet generator 2402 and a fluid reservoir 2404. Fluid reservoir 2404 is

substantially similar to reservoir 2344 depicted in Figs. 61-62, including all of

the possible variations in its structure and shape, and accordingly will not be

described again in detail. A foreground fluid 2406 of relatively high density is

disposed at the bottom of reservoir 2404, and a background fluid 2408 of

relatively low density is disposed above the foreground fluid within the

reservoir.

Droplet generator 2402 includes a tip 2410, the interior of which forms

a fluid channel 2412, a distal aperture 2414, and a side aperture 241 6.

However, tip 2410 of droplet generator 2402 includes a nonlinear u-shaped

distal portion 2418, configured so that distal aperture 2414 is disposed above

side aperture 2416 relative to the bottom of reservoir 2404. Accordingly, when

upward pressure is applied to fluid channel 2412, the upper fluid in reservoir

2404, which is background fluid 2408, is drawn into fluid channel 2412

through distal aperture 2414. At the same time, the lower fluid in reservoir

2404, which is foreground fluid 2406, is drawn into fluid channel 2412 through

side aperture 2416. Just as described previously, the intersection of the

foreground and background fluids in the vicinity of the side aperture results in

generation of an emulsion of foreground fluid droplets 2418 in the background

fluid, and the generated emulsion proceeds upward through channel 2412 for

storage and/or transport.



It should be apparent from the configuration shown in Fig. 64 that

droplet generator 2402 may be characterized as a "single T" generator, based

on the directions of the various incoming and outgoing fluid velocities. Other

configurations, such as a "double T" configuration or a "multi-T" configuration,

may be used in conjunction with a droplet generator having a u-shaped or

similarly shaped tip. By altering the number of side apertures, their positions,

their sizes, and their shapes, the resulting emulsion may be given essentially

any desired characteristics.

Figure 65 depicts another droplet generation system, generally

indicated at 2420, which is configured to generate an emulsion of relatively

more dense droplets in a background of relatively less dense fluid. System

2420 includes a droplet generator 2422 and a fluid reservoir 2424. Droplet

generator 2422 is a syringe having a body 2426 that serves as a variable-

volume emulsion reservoir, and an elongate sharp tip 2428 that defines a fluid

channel 2430. The syringe includes a movable plunger 2431 , which is

configured to slide up and down to create pressure differences within the

syringe and to vary the volume of the emulsion reservoir. They syringe also

will include a plunger control mechanism (not shown), such as a handle or

plunger head configured to allow a user to move the plunger longitudinally

within the body of the syringe.

Droplet generator 2422 includes a distal aperture 2432 at the end of tip

2428, configured to receive or expel fluid in fluid channel 2430. Tip 2428 also

includes a side aperture 2434, also configured to receive or expel fluid. When

negative pressure is exerted (i.e., when a partial vacuum is created) within

fluid channel 2430, fluid thus may be drawn into both distal aperture 2432 and

side aperture 2434. When fluids of different densities are disposed in fluid

reservoir 2424 (as depicted in Fig. 65), different fluids may be drawn into the

two different apertures, so that tip 2428 acts as a "single T" emulsion

generator as described in detail above. Also as described previously, any

desired number, size and/or shape of side apertures may be used to generate

an emulsion having desired properties.



Fluid reservoir 2424 is depicted in Fig. 65 as a substantially cylindrical

chamber having a removable threaded top 2436, which includes a penetrable

membrane such as a layered septum 2438. Thus, once a desired amount of

emulsion has been produced and drawn into body 2426, droplet generator

2422 may be withdrawn from the fluid reservoir to transport the emulsion to

another location such as a thermocycling instrument. The fluid reservoir is

configured to contain the fluid ingredients of a desired emulsion without

significant leakage, while allowing droplet generator 2422 to penetrate the

reservoir and establish fluid contact with the fluids in the reservoir. Any

alternative reservoir having these features may be used with droplet generator

2422, such as reservoirs of various shapes and sizes, and reservoirs having

various alternative types of penetrable membranes.

Droplet generator 2422 is disposed below fluid reservoir 2424 in Fig.

65. Accordingly, a relatively high density sample-containing fluid 2440 will be

disposed in the vicinity of side aperture 2434 of the droplet generator,

whereas a relatively low-density background fluid 2442 (such as oil) will be

disposed in the vicinity of distal aperture 2432 of the droplet generator. This

results in an emulsion of sample-containing droplets in an oil background. Of

course, system 2420 could be turned 180 degrees (i.e., flipped upside down

relative to Fig. 65), in which case it would be configured to produce an

emulsion of sample-containing droplets in an oil background when the

sample-containing fluid is less dense than the background fluid.

Figure 66 depicts a lower portion of yet another droplet generation

system, generally indicated at 2450, which is configured to produce an

emulsion of relatively higher density droplets in a background of relatively

lower density fluid. System 2450 includes a butted tube type droplet generator

2452, and a fluid reservoir 2454. Fluid reservoir 2454 is substantially similar to

the fluid reservoirs depicted in Figs. 61-64 and described above, and

accordingly will not be described further. Droplet generator 2452 includes a

tube 2456 having a distal aperture 2458 and a pair of opposing side apertures

2460, 2462. When a partial vacuum is created within tube 2456 from above,

higher density sample-containing fluid 2464 is drawn into distal aperture 2458



and lower density background fluid 2466 is drawn into side apertures 2460,

2462. The fluids intersect in the vicinity of the side apertures to produce

droplets 2468 of sample-containing fluid that travel upward through tube 2456

in an emulsion. Due to the directions of fluid velocity near the side apertures,

droplet generator 2452 may be characterized as a cross-type droplet

generator.

F. Example 6

Figure 67 depicts a lower portion of another cross-type droplet

generation system, generally indicated at 2480. Droplet generation system

2480 includes an emulsion generator 2482, and an emulsion reservoir 2484

configured to receive the emulsion generated by the emulsion generator. As

its name suggests, emulsion generator 2482 is configured to generate an

emulsion of sample-containing droplets, typically in the form of aqueous

droplets in an oil background. Emulsion reservoir 2484 is depicted in Fig. 67

as a test tube, but more generally may be any reservoir configured to receive,

contain and/or transport an emulsion to a desired location.

Emulsion generator 2482 includes an inner fluid chamber 2486

configured to contain a sample-containing fluid 2488, and an outer fluid

chamber 2490 surrounding portions of the inner fluid chamber and configured

to contain a background fluid 2492, typically an oil. The depicted lower

portions of inner fluid chamber 2486 and outer fluid chamber 2490 are

substantially cylindrical and concentric, but other geometries may be chosen.

Inner fluid chamber 2486 includes a distal aperture 2494, configured to allow

passage of sample-containing fluid 2488 out of the inner fluid chamber at a

desired rate. Outer fluid chamber 2490 includes a distal aperture 2496,

configured to allow passage of an emulsion out of the outer fluid chamber at a

desired rate. Accordingly, distal apertures 2494, 2496 may have any suitable

size and/or shape resulting in desirable flow characteristics through the

apertures.

Background fluid channels 2498, 2500 are formed between the lower

external boundary of the inner fluid chamber and the lower internal boundary

of the outer fluid chamber, and configured to transfer background fluid 2492



radially inward toward distal aperture 2496 of the outer fluid chamber. In some

cases, the lower boundary of inner fluid chamber 2486 may rest directly upon

the lower inside surface of outer fluid chamber 2490, except for a pair of

grooves forming discrete fluid channels 2498, 2500. In other cases, inner fluid

chamber 2486 and outer fluid chamber 2490 may be held out of direct contact

with each other by some spacing mechanism (not shown). In this case,

background fluid channels 2498, 2500 will be portions of a single circular

background fluid channel through which background fluid can move radially

inward toward aperture 2496.

System 2480 may be operated by applying positive pressure from

above chambers 2486, 2490, to push sample-containing fluid 2488 and

background fluid 2492 toward their respective apertures. The inner and outer

fluid chambers are positioned so that oil flowing radially inward through the

background fluid channels will intersect with sample-containing fluid passing

out of the inner fluid chamber through distal aperture 2494 of the inner fluid

chamber, to generate an emulsion of sample-containing droplets within the

background fluid which will pass through distal aperture 2496 of the outer fluid

chamber and into emulsion reservoir 2484, where it may be stored or

transported as desired. Emulsion reservoir 2484 may at least partially

surround the emulsion generator or be otherwise configured to receive the

emulsion generated by the emulsion generator. Typically, emulsion generator

2492 is removable from emulsion reservoir 2484, and would likely be removed

after the emulsion has been generated. The emulsion generator then may be

disposed of or cleaned in preparation for the introduction of a new sample.

Alternatively, inner chamber 2486 may be removable from outer chamber

2490 and disposable, while outer chamber 2490 may be reusable.

Aside from applying positive pressure to the fluids within chambers

2486 and 2490, an emulsion may be formed similarly by applying negative

pressure to pull the fluids through apertures 2494 and 2496, for example, by

creating a partial vacuum in the emulsion reservoir. In the case of either

positive or negative pressure, the pressure may be created through any

suitable mechanism such as a pump, a bulb, or a plunger. Furthermore,



system 2480 may be placed in a centrifuge and spun, to create an emulsion

based on the inertia of the constituent fluids. This technique may sometimes

be referred to as causing fluid motions through "centrifugal force." When a

centrifuge is used in this manner, system 2480 may be characterized as a

"spin column" droplet generator or emulsion generator.

Figure 68 depicts portions of another emulsion generation system,

generally indicated at 2520. System 2520 is similar in many respects to

system 2480 of Fig. 67, and further illustrates the potentially removable and/or

disposable nature of various parts of the system. System 2520 includes an

emulsion generator 2522 and an emulsion reservoir 2524. Emulsion generator

2522 includes an inner fluid chamber 2525 configured to contain a sample-

containing fluid 2526, and an outer fluid chamber 2528 configured to contain a

background fluid 2530. Inner fluid chamber 2525 and outer fluid chamber

2528 are substantially cylindrical and concentric. A distal aperture 2532 of the

inner fluid chamber is configured to allow passage of sample-containing fluid

out of the inner fluid chamber, and a distal aperture 2534 of the outer fluid

chamber is configured to allow passage of an emulsion out of the outer fluid

chamber.

Fluid channels 2536, 2538 are formed between the lower boundary of

the inner fluid chamber and the lower inside surface of the outer fluid

chamber, and configured to transfer background fluid inward toward distal

aperture 2534. An emulsion 2540 of sample-containing droplets 2542 is

formed either by applying positive pressure push sample-containing fluid and

background fluid toward their respective apertures, or by applying negative

pressure to accomplish the same motions. Pressure may be created by any

suitable mechanism such as a pump, bulb, plunger, or centrifuge, as

described previously with respect to Fig. 67. The generated emulsion passes

through aperture 2534 into emulsion reservoir 2524, for storage or transport to

a thermocycling instrument.

Emulsion generator 2522 is a self-contained component that may be

inserted and removed from emulsion reservoir 2524 as desired. A supporting

lip 2544 of the emulsion generator is configured to overlap side wall 2546 of



the emulsion chamber, to support the emulsion generator in a desired position

with respect to the emulsion chamber. The emulsion generator includes a lid

2548 that may be rotated away from the emulsion generator to allow the

addition of fluids and/or pressure, and rotated to cover the emulsion generator

to form a fluid tight seal. This may allow convenient transport of the emulsion

generator, and also may allow the use of a centrifuge without undesirable

leaking. Similarly, the emulsion reservoir includes a lid 2550 that may be used

to selectively form a fluid tight seal at the top of the emulsion reservoir. This

may allow convenient transport, storage or further processing of an emulsion

with substantially no loss of fluid from the reservoir.

G. Example 7

Figure 69 illustrates the relationship between various cross-type droplet

generators. More specifically, Fig. 69 shows a first cross-type droplet

generator 2560 including a single cross, a second cross-type droplet

generator 2580 including two crosses, a third cross-type droplet generator

2600 including three crosses, and a butted tube cross-type droplet generator

2620.

Droplet generator 2560 includes hollow channels 2562, 2564 that

intersect at an intersection region 2566. To generate droplets, one of these

channels will generally carry a foreground fluid toward intersection region

2566 from one direction, while the other channel carries a background fluid

toward intersection region 2566 from both directions. Typically, channel 2562

will carry a foreground fluid such as a sample-containing solution, and

channel 2564 will carry a background fluid such as oil, but the opposite is also

possible. In any case, an emulsion will be created at intersection region 2566

and will continue moving through channel 2562 in the direction of travel of the

foreground fluid, as described in detail above.

Droplet generator 2580 includes three hollow channels 2582, 2584,

2586 that intersect at an intersection region 2588. To generate droplets,

channel 2582 will typically carry a foreground fluid such as a sample-

containing solution toward intersection region 2588 from a single direction,

and each of channels 2584, 2586 will typically carry a background fluid such



as oil toward intersection region 2588 from two opposite directions. In that

case, an emulsion will be created at intersection region 2588 and will continue

moving through channel 2582 in the direction of travel of the foreground fluid.

It is also possible that each of channels 2584, 2586 would carry a foreground

fluid toward intersection region 2588 from a single direction, and channel

2582 would carry a background fluid toward intersection region 2588 from two

opposite directions. In that case, the emulsion created at intersection region

2588 would travel through both channels 2584 and 2586, in the original

directions of travel of the foreground fluid in each of those channels. Droplet

generator 2580 thus may function to produce droplets that emerge from two

separate channels.

Similarly, droplet generator 2600 includes four channels 2602, 2604,

2606, 2608 that intersect to generate an emulsion of foreground fluid droplets

in background fluid at an intersection region 2610. By analogy to the three-

channel configuration of droplet generator 2580, the four-channel

configuration of droplet generator 2600 may be used either to generate a

single emulsion that travels through channel 2602, or to generate multiple

emulsions that travel through channels 2604, 2606, and 2608.

Droplet generator 2620 is a butted tube generator that includes a first

section of hollow tube 2622 and a second section of hollow tube 2624. Tube

section 2622 includes a fluid channel 2626, and tube section 2624 includes a

fluid channel 2628. The tube sections are separated by a small distance,

forming an intersection region 2630 between the tubes. Accordingly, if a

foreground fluid flows toward intersection region 2630 through channel 2626,

and a background fluid flows radially inward toward intersection region 2630

from the region outside the tubes, an emulsion can be created and flow into

channel 2628.

The progression from droplet generator 2560 through droplet generator

2620 illustrates the relationship between these various droplet generators.

Specifically, if the variable n is chosen to represent the number of radial fluid

channels that intersect a longitudinal fluid channel at an intersection region

within a tube, then droplet generator 2560 may be characterized as an "n = 1"



cross-type droplet generator, droplet generator 2580 may be characterized as

an "n = 2" cross-type droplet generator, droplet generator 2600 may be

characterized as an "n = 3" cross-type droplet generator, and droplet

generator 2620 may be characterized as an "n = " cross-type droplet

generator, because the gap between tubes 2622 and 2624 may be viewed as

formed from an infinite number of radial fluid channels extending continuously

around the circumference of a single elongate tube.

H. Example 8

Figures 70 and 7 1 depict additional cross-type droplet generation

systems, which are similar to droplet generation system 2480 of Example 6,

but which are configured to generate droplets of two or more substantially

different sizes.

Figure 70 shows a lower portion of a first such cross-type droplet

generation system, generally indicated at 2640, which is configured to

generate droplets of two substantially different sizes. Accordingly, droplet

generation system 2640 includes an emulsion generator 2642, and an

emulsion reservoir 2644 configured to receive the emulsion generated by the

emulsion generator. Emulsion reservoir 2644 may be any reservoir configured

to receive, contain and/or transport an emulsion to a desired location, such as

a well, a pipette tip, a spin column or vial, or a syringe body.

Emulsion generator 2642 is configured to generate an emulsion of

sample-containing droplets of two different sizes. Specifically, emulsion

generator 2642 includes first and second inner fluid chambers 2646, 2648

each configured to contain a sample-containing fluid 2650, and an outer fluid

chamber 2652 surrounding portions of the inner fluid chambers and

configured to contain a background fluid 2654, such as an oil. Alternatively,

inner fluid chambers 2646, 2648 each may contain a different fluid, in which

case the generated droplets will have different constituents as well as different

sizes.

Regardless of their contents, inner fluid chambers 2646, 2648

respectively include distal apertures 2656, 2658, configured to allow passage

of sample-containing fluid out of each inner fluid chamber. Outer fluid



chamber 2652 includes distal apertures 2660, 2662, each aligned with one of

apertures 2656, 2658. Each pair of aligned apertures is configured to allow

passage of droplets of a particular size, as Fig. 70 indicates. Emulsion 2664

created via the aligned apertures of system 2640 is otherwise produced in the

same way emulsion 2520 is produced in droplet generation system 2480 of

Fig. 67, and the details will not be repeated here.

Figure 7 1 shows a droplet generation system 2670 much like droplet

generation system 2640 of Fig. 70, except that system 2670 is configured to

generate droplets across a range of many different sizes. Accordingly, droplet

generation system 2670 includes an emulsion generator 2672, and an

emulsion reservoir 2674 configured to receive the emulsion generated by the

emulsion generator. As in many of the previously described embodiments,

emulsion reservoir 2674 may be any reservoir configured to receive, contain

and/or transport an emulsion to a desired location, such as a well, a pipette

tip, a spin column or vial, or a syringe body.

Emulsion generator 2672 is configured to generate an emulsion of

sample-containing droplets of a plurality different sizes. Emulsion generator

2672 thus includes an inner fluid chamber 2676 configured to contain a

sample-containing fluid 2678, and an outer fluid chamber 2679 surrounding

portions of the inner fluid chamber and configured to contain a background

fluid 2680. Although Fig. 7 1 depicts only a single inner chamber 2676, two or

more separate inner chambers could alternatively be used, as in Fig. 70.

Inner fluid chamber 2676 includes a plurality of distal apertures 2682,

2684, 2686, 2688, each configured to allow passage of sample-containing

fluid out of the inner fluid chamber at a particular rate. Outer fluid chamber

2678 includes distal apertures 2690, 2692, 2694, 2696, each aligned with one

of the apertures of the inner chamber to allow passage of an emulsion

including droplets of a particular size. Thus, droplet generation system 2670 is

configured to generate an emulsion 2698 that includes droplets of a wide

range of sizes. In a similar manner, a droplet generation system may be

configured to produce an emulsion having any desired characteristic droplet

size distribution.



/. Example 9

This example describes further aspects of exemplary droplet

generators. The droplet generation systems described above generally

involve multiple separate components, such as a droplet generator and a

complementary reservoir. However, a droplet generation system according to

the present disclosure also may take the form of an injection molded

cartridge, with or without sample preparation capabilities. Such a cartridge

would generally include chambers or protrusions acting as the barrels of

syringes, wells, or reservoirs to contain the sample and oil for combination

into an emulsion of sample-containing droplets. These chambers will require

sturdy walls that can withstand the side forces expected during pumping,

insertion of the disposable portion into a non-disposable portion of the system,

and shipping/handling. Therefore, the walls of the chambers are envisioned to

be approximately 0.020 inch thick but could range in thickness from 0.04 to

0.40 inches.

A disposable cartridge-style droplet generator also would generally

include very precise microchannels to contain and direct the flow of sample-

containing solution and oil. These channels could be, for example,

approximately 250 microns wide and 250 microns deep, although these

dimensions each could range from approximately 50 microns to approximately

350 microns. Furthermore, some areas of the droplet generator (specifically,

those contacting a sample) must be biocompatible, whereas others areas of

the disposable need not meet this requirement.

Integrating droplet generation into a single assembly such as a

disposable cartridge may have certain efficiency advantages over a multi-

component droplet generation system. Specifically, if droplet generation

involves the use of two or more subassemblies manufactured separately,

there will typically be more potential for (a) leakage at the connections

between the subassemblies, (b) increased unswept volumes in those

connections, (c) more volume in the lines connection, (d) greater complexity in

the fluid circuit, and (e) increase fabrication/assembly costs. On the other



hand, integrating these diverse requirements into a single assembly results in

potential savings in all the areas listed.

A molded droplet generator cartridge also may have various other

advantageous features. For example, moldable plastic typically has minimal

or no absorption of material such as protein, DNA, RNA, lipids, or other

constituents of biological samples expected to be tested. Furthermore, it is

possible to mold protrusions able to withstand side forces on one side of a

part and microfluidic channels on the opposite side, as part of a single

molding step. A plate, thin sheet, or foil of the same or similar material is then

bonded to the side of the part with microfluidic channels, resulting in tube-like

channels connecting various areas of the assembly. Holes through the part

connect the barrel type features to the channels. This means that all

alignments between these features can be inexpensively manufactured, since

they are molded into one structure.

The anticipated average operating pressures within a disposable

droplet generating cartridge are 2 to 5 psi. By keeping the fluid pressures

relatively low, a single molded cartridge can meet the diverse functions listed

elsewhere in this disclosure. Maintaining lower internal operating pressures

rather than higher pressures also means that the cartridge can have (a)

thinner wall sections (i.e., less need for strong structures to withstand

breakage), (b) less bulging of the walls (i.e., more uniformity in controlling fluid

flows with pressure variations), and (c) thinner plates bonded to the

microchannel side of the cartridge. These factors result in decreased

production assembly times and deceased product cost.

Depending on whether a disposable cartridge-type droplet generator is

used to generate water-in-oil emulsions or multiple emulsions, it may be

desirable for the fluid contacting surfaces of the droplet generator to be either

hydrophobic or hydrophilic. Either of these alternatives may be accomplished

by choosing an appropriate material that is compatible with the molding

process, and/or by applying a coating to alter surface properties of the chosen

material.



J. Example 10

This example describes additional aspects of droplet generation, in

accordance with aspects of the present disclosure, presented without

limitation as a series of numbered sentences.

1. A droplet generator system, comprising (A) a droplet outlet

portion including an emulsion outlet channel and upper and lower channel

walls defining an oil channel; and (B) a sample-containing portion configured

to be selectively assembled with the droplet outlet portion and including (i) a

sample reservoir; and (ii) a fluid outlet aperture configured to emit droplets of

sample-containing fluid from the sample reservoir; wherein when the droplet

outlet portion and the sample-containing portion are assembled together,

wherein a substantially fluid tight seal is formed between the droplet outlet

portion and the sample-containing portion; and wherein droplets emitted by

the fluid outlet aperture intersect oil traveling in the oil channel to produce an

emulsion of water-in-oil droplets that passes into the emulsion outlet channel.

2. The system of claim 1, wherein the sample-containing portion is

configured to be a single-use, disposable component of the system.

3 . The system of claim 2, wherein the sample-containing portion is

constructed of injection-molded thermoplastic.

4. A droplet generation system, comprising (A) a fluid reservoir

configured to hold a background emulsion fluid having a first density and a

foreground emulsion fluid having a second density; and (B) a droplet

generator including an elongate tip configured to be at least partially inserted

into the fluid reservoir and having at least one side aperture and a distal

aperture; wherein the distal aperture is configured to be in contact with

background fluid held by the reservoir and the side aperture is configured to

be in contact with foreground fluid held by the reservoir when the reservoir

contains background and foreground fluids and the elongate tip is inserted

into the reservoir; and wherein the droplet generator is configured so that

foreground fluid flowing into the side aperture intersects with a stream of

background fluid that enters the tip through the distal aperture, to form an

emulsion of foreground fluid droplets in background fluid.



5. The droplet generation system of paragraph 4, wherein the

droplet generator further includes an emulsion chamber configured to receive

the emulsion.

6. The droplet generation system of paragraph 4 , wherein the at

least one side aperture includes a plurality of side apertures.

7. The droplet generation system of paragraph 4 , wherein the

elongate tip includes a u-shaped distal portion.

8. A droplet generation system, comprising (A) an emulsion

generator including (i) an inner fluid chamber configured to contain a sample-

containing fluid and having a distal aperture configured to allow passage of

the sample-containing fluid out of the inner fluid chamber; and (ii) an outer

fluid chamber configured to contain a background fluid, the outer fluid

chamber surrounding at least portions of the inner fluid chamber and having a

distal aperture configured to allow passage of an emulsion out of the outer

fluid chamber; wherein background fluid channels are formed between an

external boundary of the inner fluid chamber and an internal boundary of the

outer fluid chamber, and configured to transfer background fluid radially

inward toward the distal aperture of the outer fluid chamber; and wherein the

inner and outer fluid chambers are positioned so that oil flowing radially

inward through the background fluid channels will intersect with sample-

containing fluid passing out of the inner fluid chamber through the distal

aperture of the inner fluid chamber, to generate an emulsion of sample-

containing droplets within the background fluid which will pass through the

distal aperture of the outer fluid chamber; and (B) an emulsion reservoir at

least partially surrounding the emulsion generator and configured to receive

the emulsion generated by the emulsion generator.

V. Continuous Flow Thermocvcler

This Section describes exemplary thermocyclers, for example, for use

in droplet-based assays.

It may be desirable, in systems such as DNA amplification systems, to

perform temperature-dependent reactions for increasing the number of copies

of a sample, or component(s) thereof. Methods of cyclically varying the



temperature of a fluid or other material generally may be termed methods of

"thermocycling," and an apparatus used to accomplish such cyclical

temperature variations generally may be termed a "thermocycler." In the case

of DNA amplification through PCR, cyclical temperature changes cause

repeated denaturation (also sometimes termed DNA "melting"), primer

annealing, and polymerase extension of the DNA undergoing amplification.

Typically, twenty or more cycles are performed to obtain detectable

amplification. In other processes, such as alternative enzymatic amplification

processes, thermocycling may have other effects, and different temperature

ranges and/or different numbers of temperature changes may be appropriate.

Fig. 72 is a flowchart depicting a method, generally indicated at 3100,

of thermocycling a sample/reagent emulsion or other fluid mixture to promote

PCR. Typically, three separate temperatures or temperature ranges are

provided to the fluid to accomplish thermocycling for PCR. Other numbers of

temperature ranges, such as one, two, four, or more, may be provided for

different processes. In the case of PCR, providing a first, relatively higher

temperature to the fluid, as indicated at step 3102, causes the target DNA to

become denatured. This denaturing temperature is typically in the range of

92-98 0C. Providing a second, relatively lower temperature to the fluid, as

indicated at step 3104, allows annealing of DNA primers to the single-

stranded DNA templates that result from denaturing the original double-

stranded DNA. This primer annealing temperature is typically in the range of

50-65 0C. Finally, providing a third, middle temperature to the fluid, as

indicated at step 3106, allows a DNA polymerase to synthesize a new,

complementary DNA strand starting from the annealed primer. This

polymerase extension temperature is typically in the range of 70-80 °C, to

achieve optimum polymerase activity, and depends on the type of DNA

polymerase used.

In some cases, a single temperature may be provided for both primer

annealing and polymerase extension (i.e., steps 3104 and 3106 above),

although providing a single temperature for these processes may not optimize

the activity of the primers and/or the polymerase, and thus may not optimize



the speed of the PCR reaction. When provided for both annealing and

extension, this single temperature is typically in the range of 55-75 °C.

A PCR thermocycler also may include, in addition to the two or three

temperature zones described above, an integrated or complementary "hot

start" mechanism configured to provide a relatively high hot-start temperature,

as indicated at step 3108. The hot-start temperature is provided to initiate

PCR and/or to prepare a sample/reagent mixture for initiation of PCR upon

the addition of a suitable polymerase. More specifically, providing a hot-start

temperature may reverse the inhibition of a polymerase enzyme that has been

added to inhibit priming events that might otherwise occur at room

temperature. In this case, heating the sample/reagent mixture to a hot-start

temperature initiates the onset of PCR. In other instances, providing a hot-

start temperature may preheat the sample and the primers in the absence of

the polymerase, in which case subsequent addition of the polymerase will

initiate PCR. The hot start temperature is typically in the range of 95-98 0C.

The thermocycler also may include integrated or complementary

mechanisms for allowing "final elongation" and/or "final hold" steps, after

thermocycling has (nominally) been completed. For example, in the former

case, the thermocycler may include a mechanism configured to maintain

samples at the extension temperature long enough (e.g., for 5-1 5 minutes) to

ensure that any remaining single-stranded nucleotide is fully extended. In

continuous flow systems, this mechanism may include a relatively long piece

of narrow tubing to increase path length, and/or a relatively short piece of

wider tubing to decrease flow rate, both maintained at an extension

temperature. Alternatively, or in addition, the thermocycler may include a

mechanism for holding or storing samples (e.g., for an indefinite time) at a

temperature below the extension temperature (e.g., 4-1 5 °C).

Various methods of providing the desired temperatures or temperature

ranges to a sample/reagent fluid mixture may be suitable for PCR. For

example, a fluid may be disposed within one or more stationary fluid sites,

such as test tubes, microplate wells, PCR plate wells, or the like, which can

be subjected to various temperatures provided in a cyclical manner by an



oven or some other suitable heater acting on the entire thermal chamber.

However, such array-type PCR systems may be limited by the number of fluid

sites that can practically be fluidically connected to the system and/or by the

kinetics of changing temperatures in a large (high-thermal-mass) system (e.g.,

transition times between melt, anneal, and extension temperatures in

commercial systems may be orders of magnitude longer than the fundamental

limits of Taq polymerase processivity). Alternatively, fluid may be passed

continuously or quasi-continuously through various temperature regions, in a

cyclical manner. In this case, it is desirable to minimize heat transfer between

the regions, to provide sharp temperature transitions between the regions. It is

also desirable to monitor the temperature of each region continuously and to

provide rapid feedback to maintain a relatively constant desired temperature

in each region.

One type of continuous-flow PCR system involves coiling or winding

fluidic tubing to form a fluid channel in a helical shape around a thermocycler

that is configured to provide the various desired temperatures or temperature

regions. Furthermore, various alternatives to externally wrapped fluidic tubing

may be used to provide a fluid channel configured to transport an emulsion of

sample-containing droplets cyclically through various temperature regions.

For example, tubing may be disposed within the body of thermocycler, such

as by casting the thermocycler (or the inner segments of the thermocycler)

around the tubing. Alternatively, a fluid tight coating (such as a silicon coating)

may be applied to external grooves or channels of the thermocycler and then

wrapped with a fluid tight sheet (such as a silicon sheet), to define an

integrated fluid channel passing cyclically around the thermocycler without the

need for any separate tubing at all.

Thus, providing the first, second, third and/or hot-start temperatures at

steps 3 102, 3104, 3106, 3108 of method 3100 may include transporting an

emulsion in a substantially helical path cyclically through a denaturing

temperature region, a primer annealing temperature region, a polymerase

extension temperature region, and/or a hot-start temperature region of the

thermocycler. These various temperature regions may be thermally insulated



from each other in various ways, and each region may provide a desired

temperature through the use of resistive heating elements, thermoelectric

coolers (TECs) configured to transfer heat between a thermal core and the

temperature regions, and/or by any other suitable mechanism. Various heat

sinks and sources may be used to provide and/or remove heat from the

thermocycler, either globally (i.e., in substantial thermal contact with two or

more temperature regions) or locally (i.e., in substantial thermal contact with

only one temperature region).

The following examples describe specific exemplary methods and

apparatus for cyclically heating and cooling a sample/reagent mixture to

facilitate DNA amplification through PCR, i.e., exemplary thermocyclers and

methods of thermocycling suitable for PCR applications. Additional pertinent

disclosure may be found in the U.S. provisional patent applications listed

above under Cross-References and incorporated herein by reference,

particularly Serial No. 61/277,200, filed September 2 1 , 2009, titled

CONTINUOUS FLOW THERMOCYCLER, and naming Kevin Dean Ness,

Donald A . Masquelier, Billy VV. Colston, Jr., and Benjamin J . Hindson as

inventors.

A. Selected Embodiments 1

This Section describes a first exemplary thermocycler 3200, in

accordance with aspects of the present disclosure; see Figs. 73-80.

Figure 73 is an exploded isometric view of key components of

thermocycler 3200. The thermocycler includes a core 3202 defining a central

longitudinal axis, three inner segments 3204, 3206, 3208, and three outer

segments 3210, 3212, 3214. The three pairs of segments correspond to the

three portions of the PCR thermal cycle described above, in connection with

Fig. 72, and define the corresponding temperature regions. Specifically,

segments 3204 and 3210 correspond to the melt phase, segments 3206 and

3212 correspond to the anneal phase, and segments 3208 and 3214

correspond to the extension (extend) phase, respectively. In alternative

embodiments, the thermocycler could include alternative numbers of

segments, for example, two segments in a thermocycler in which the



annealing and extension phases were combined. Collectively, portions or

regions of the thermocycler involved in maintaining particular temperatures (or

temperature ranges) may be termed "temperature regions" or "temperature-

controlled zones," among other descriptions.

Figure 74 is an unexploded isometric view of a central portion of the

thermocycler of Fig. 73, emphasizing the relationship between the core and

inner segments. Core 3202 is configured as both a heat source and a heat

sink, which can be maintained at a constant desired temperature regardless

of whether it is called upon to supply or absorb heat. For example, in some

embodiments, core 3202 may be maintained at approximately 70° Celsius.

However, more generally, in embodiments in which the core acts as a heat

source and a heat sink between two or more segments, the core may be

maintained at any suitable temperature between the temperatures of the

warmest and coolest segments (e.g., between the temperature of the melt

segment and the annealing segment).

Inner segments 3204, 3206, 3208 are attached to the core and

configured to form an approximate cylinder when all of the inner segments are

attached or assembled to the core. Inner segments 3204, 3206, 3208 are

equipped with external grooves 321 6 on their outer peripheral surfaces, as

visible in Figs. 73 and 74. When the inner segments are assembled to the

core, these grooves form a helical pattern around the circumference of the

cylindrical surface formed by the inner segments. Grooves 3216 are

configured to receive fluidic tubing that can be wrapped continuously around

the inner segments, as described below, to allow a fluid traveling within the

tubing to travel helically around the circumference formed by the assembled

inner segments. The fluidic tubing acts as a fluid channel to transport an

emulsion of sample-containing droplets cyclically through the various

temperature regions of the thermocycling system.

Outer segments 3210, 3212, 3214 are configured to fit closely around

the inner segments, as seen in Fig. 73. Thus, the fluidic tubing may be wound

between the inner and outer segments and held in a stable, fixed,

environmentally controlled position by the segments.



Figure 75 is an isometric magnified view of a portion of the assembled

thermocycler. This embodiment is particularly suitable for relatively small

outer diameter fluidic tubing. Portions of outer segments 3210, 3214 are

disposed around inner segments 3204, 3208 and core 3202 (not visible).

Fluidic tubing 3218 can be seen disposed in grooves 321 6, which are partially

visible within an aperture 3220 formed by the outer segments. Additional

fastening apertures 3222 are provided in the outer segments to facilitate

attachment of the outer segments to the inner segments. The tubing may

pass from outside to inside thermocycler 3200 through an ingress region

3224. The tubing is then wrapped helically around the inner segments a

minimum number of times, such as 20 or more times, after which the tubing

may pass from inside to outside thermocycler 3200 through an egress region

3226. Egress region 3226 is relatively wide, to allow the tubing to exit

thermocycler 3200 after forming any desired number of coils around the inner

segments.

Figure 76 is an isometric magnified view of a portion of an alternative

embodiment of the assembled thermocycler. This embodiment, which shows

a slight variation in the shape of the outer segments, is particularly suitable for

relatively large outer diameter fluidic tubing. Specifically, Fig. 76 shows outer

segments 3210', 3214' disposed around inner segments 3204', 3208' and

core 3202. Grooves 3216', which are relatively wider than grooves 3216 of

Fig. 75, are partially visible within an aperture 3220' formed by the outer

segments. In Fig. 76, fluidic tubing may pass from outside to inside

thermocycler 3200 and vice versa at any desired groove positions, simply by

overlapping the edge of aperture 3220' with the tubing. Between the ingress

and egress tubing positions, the tubing may be wrapped around the inner

segments to make any desired number of helical coils around the inner

segments.

Figure 77 is a top plan view of the assembled thermocycler, without the

outer segments attached. This view shows three thermoelectric coolers

(TECs) 3228, 3230, 3232 disposed between core 3202 and inner segments

3204, 3206, 3208. One of these, TEC 3228, can be seen in Fig. 73. Each



TEC is configured to act as a heat pump, to maintain a desired temperature at

its outer surface when a voltage is applied across the TEC. The TECs may be

set to steady-state temperatures using a suitable controller, such as a

proportional-integral-derivative (PID) controller, among others. The TECs

operate according to well-known thermoelectric principles (in which, for

example, current flow is coupled with heat transfer), such as the Peltier effect,

the Seebeck effect, and/or the Thomson effect. The TECs may be configured

to transfer heat in either direction (i.e., to or from a specific thermocycler

element), with or against a temperature gradient, for example, by reversing

current flow through the TEC. Thus, the TECs may be used to speed up or

enhance heating of an element intended to be warm, speed up or enhance

cooling of an element intended to be cool, and so on, to maintain each

temperature region approximately at a different desired temperature. Suitable

TECs include TECs available from RMT Ltd. of Moscow, Russia.

Each TEC, in turn, may be sandwiched between a pair of thermally

conductive and mechanically compliant pads 3234, as seen in Figs. 73 and

77. Pads 3234 may be configured to protect the TECs from damage due to

surface irregularities on the outer surface of core 3202 and in the inner

surfaces of inner segments 3204, 3206, 3208. Alternatively, or in addition,

pads 3234 may be configured to minimize the possibility of potentially

detrimental shear stresses on the TECs. Suitable pads include fiberglass-

reinforced gap pads available from the Bergquist Company of Chanhassen,

Minnesota.

Figure 78 is a schematic section diagram depicting the relative

disposition of core 3202, TECs 3228, 3230, 3232, inner segments 3208,

3206, 3204, and tubing 3218. Here, the core, TECs, and inner segments are

collectively configured to maintain the outer surfaces 3236, 3238, 3240,

respectively, of the inner segments at any desired temperatures to facilitate

PCR reactions in fluids passing through tubing disposed helically around the

cylindrical perimeter of the assembled inner segments. Figure 78 can be

thought of as the top view shown in Fig. 77, cut along line C in Fig. 77 and

shown "unrolled" into a representative linear configuration. Figure 78 can be



obtained from Fig. 77 by continuous deformation, making these figures

topological^ equivalent (homeomorphic), and meaning that Fig. 78 may

simply be viewed as an alternate way of visualizing the arrangement of

components shown in Fig. 77.

TECs 3228, 3230, and 3232 are configured to maintain outer surfaces

3236, 3238, 3240, respectively, of the inner segments at various temperatures

corresponding to the different stages of PCR, as depicted in Fig. 78. Because

tubing 3218 is in thermal contact with outer surfaces 3236, 3238, 3240, the

temperature of any fluid in tubing 321 8 also may be controlled via the TECs.

Specifically, outer surface 3236 is maintained at a temperature Tmeιt suitable

for melting (or denaturing) DNA, outer surface 3238 is maintained at a

temperature Tanneai suitable for annealing primers to single-stranded DNA

templates, and outer surface 3240 is maintained at a temperature TΘχtend

suitable for synthesizing new complementary DNA strands using a DNA

polymerase.

TECs 3228, 3230, 3232 respond relatively rapidly to electrical signals

and are independently controllable, so that the desired temperatures at outer

surfaces 3236, 3238, 3240 may be maintained relatively accurately. This may

be facilitated by temperature sensors that monitor the temperatures of the

outer surfaces and provide real-time feedback signals to the TECs.

Maintaining the various temperatures is also facilitated by gaps 3242, 3244,

3246, which are visible in both Fig. 77 and Fig. 78, between the inner

segments. These gaps, which in this example are filled simply with air,

provide insulation between the neighboring inner segments to help keep the

inner segments thermally well-isolated from each other. In other

embodiments, the gaps may be filled with other materials.

Figure 79 is a magnified isometric view of a central portion of grooves

3216 and tubing 321 8 of Fig. 75, spanning the interface between two of the

inner segments of the thermocycler. The features of the grooves shown in Fig.

79 are also present in grooves 3216' of Fig. 76. Specifically, grooves 321 6

and 3216' include sloping edge contours 3248 disposed at the periphery of

each inner segment 3204, 3206, 3208. Edge contours 3248 allow the tubing



to be wrapped around the inner segments, even if there is a slight

misalignment of two of the inner segments with respect to each other,

because the edge contours do not include sharp edges that can be fracture

points for tubing under stress from curvature due to potential misalignment.

The configuration of the inner segments in this example provides that

each inner segment 3204, 3206, 3208 is substantially thermally decoupled

from the other inner segments, as Fig. 78 illustrates schematically. This has

advantages over systems in which the various temperature regions are in

greater thermal contact, because in this exemplary configuration there is

relatively little heat conduction between segments. One source of conduction

that still exists is conduction via the fluid and fluidic tubing that passes from

one inner segment to the next; however, as described below, the effects of

this conduction on temperature uniformity are generally small.

Figure 80 shows actual measured temperature versus arc length, as a

function of average fluid velocity, near the interface between two inner

segments configured according to this example. In particular, the effects of

fluid heat conduction on temperature uniformity generally become

insignificantly small within a few one-thousandths of a radian from the

interface between inner segments, even for relatively rapid fluid velocity.

Cycle times in the system can be adjusted dynamically by changing the flow

rate through either software or hardware modifications (e.g., pump settings,

drum radius, arc length of each segment (since length of time in a given

segment or zone is proportional to the arc length of that segment), capillary

internal diameter, etc.).

Figures 73 and 77 each show aspects of a mounting system for TECs

3228, 3230, 3232. Here, one TEC is mounted between core 3202 and each of

inner segments 3204, 3206, 3208, as described previously. To attain

positional accuracy when attaching each inner segment to the core, locating

pins 3250 are configured to attach to both the core and one of the inner

segments, to align each segment precisely with the core. Furthermore, the

presence of the locating pins should reduce the likelihood that shear forces

will act on the TECs and potentially damage them. The locating pins fit into



complementary pin apertures 3252 disposed in both the inner segments and

the core. In the exemplary embodiment of Fig. 73, a single locating pin is

positioned at one end of the core (the top end in Fig. 73), and two locating

pins are positioned at the other end of the core (the bottom end in Fig. 73).

Figure 73 also shows bolts 3254 and washers 3256 configured to

attach the inner segments to the core. The bolts are generally chosen to have

low thermal conductivity, so that the TECs remain the only significant heat

conduction path between the core and the inner segments. For instance, the

bolts may be constructed from a heat-resistant plastic or a relatively low

thermal conductivity metal to avoid undesirable thermal conduction. The

washers may be load compensation washers, such as Belville-type washers,

which are configured to provide a known compressive force that clamps each

inner segment to the core. This bolt/washer combination resists loosening

over time and also allows application of a known stress to both the bolts and

the TECs, leading to greater longevity of the thermocycler.

B. Selected Embodiments 2

Various modifications and/or additions may be made to the exemplary

embodiments of Figs. 73-80 according to the present disclosure. For example,

a "hot start" mechanism may be added to facilitate a high-temperature PCR

activation step. Figure 8 1 shows a central portion (i.e., outer segments not

shown) of an exemplary thermocycler 3200' including a hot start region 3258,

which is separated from the remainder of the thermocycler by a gap 3260.

The hot start region is configured to accept fluidic tubing just as are the inner

segments, but is separated from the inner segments by gap 3260 to avoid

unwanted heat conduction between the hot start region and the other portions

of the thermocycler. A separate core portion (not shown) may be configured to

heat region 3258 to a relatively high activation temperature, typically in the

range of 95-98 0C, to dissociate any polymerase inhibitors that have been

used to reduce non-specific or premature PCR amplification.

Aside from hot start region 3258 and its associated gap and core

portion, the remainder of thermocycler 3200', which is generally indicated at

3262, may have a similar construction to thermocycler 3200 described



previously. Alternatively, instead of thermoelectric controllers, thermocycler

3200' may include an air core surrounded by a plurality of resistive section

heaters (not shown) for heating various temperature regions 3263, 3265,

3267 of the thermocycler. These regions may be separated by insulating gaps

3269, 3271 , which extend into an insulating base portion 3273 to help

thermally isolate the temperature regions from each other. The configuration

of the base portion, including the insulating gaps, can be changed to adjust

thermal conductance between the different temperature regions.

C. Selected Embodiments 3

This subsection describes various alternative exemplary thermocyclers

3202a-h, in accordance with aspects of the present disclosure; see Figs.82-

89.

Figures 82-89 are schematic diagrams depicting top views of the

thermocyclers. These diagrams, like Fig. 78, correspond to and are

topologically equivalent to three-dimensional cylindrical thermocycling units.

The thermocyclers each include three inner (e.g., melt, anneal, and extend)

segments 3204a-h, 3206a-h, 3208a-h in thermal contact with fluidic tubing

3218a-h for carrying samples undergoing PCR. The segments, in turn, each

may (or optionally may not) be in thermal contact with respective (e.g., melt,

anneal, and extend) heating elements 3252a-h, 3254a-h, 3256a-h (denoted

by vertical bars) for delivering heat to the segments. The segments also may

be in direct or indirect contact with one or more TECs (indicated by cross-

hatching), one or more thermal conductive layer(s) (indicated by stippling),

one or more thermal insulating layer(s) (indicated by dashed-dotted hatching),

and/or one or more heated or unheated cores (indicated by hatching or

stippling, respectively). These and other components of the thermocyclers

may be selected and initially and/or dynamically adjusted to establish,

maintain, and/or change the absolute and relative temperatures of the

different segments and thus of the associated fluidic tubing and PCR

samples. Specifically, the components may be selected and/or adjusted to

accomplish a temperature goal by accounting for heat added to or removed

from the segments via conduction through other core components (including



fluidic tubing and the associated fluid) and/or convection with the

environment. In particular, the TECs, where present, may transfer heat to or

from the segments to facilitate more rapid and precise control over the

associated segment temperatures and thus the associated reaction

temperatures.

Figure 82 depicts a first alternative thermocycler 3200a. In this

embodiment, the melt, anneal, and extend segments 3204a, 3206a, and

3208a are in thermal contact with a common unheated (e.g., plastic block)

core 3260 via respective thermal insulating layers 3264, 3266, 3268. The

insulating layers (and insulating layers described elsewhere in this Section)

independently may be made of the same or different materials, with the same

or different dimensions, such that the layers may have the same or different

thermal conductivities. For example, in this embodiment, the insulating layers

for the melt and extend segments are made of the same material, with the

same thickness, whereas the insulating layer for the anneal segment is made

of a different material, with a different thickness. Heat for performing PCR is

supplied to the segments by heating elements 3254a, 3256a, 3258a. This

embodiment is particularly simple to construct, with relatively few, mostly

passive components. However, it is not as flexible or responsive as the other

pictured embodiments.

Figure 83 depicts a second alternative thermocycler 3200b. In this

embodiment, the melt, anneal, and extend segments 3204b, 3206b, and

3208b are in thermal contact with a common heated (e.g., copper) core 3270.

However, disposed between the segments and the core, preventing their

direct contact, are respective insulating layers 3274, 3276, 3278 (one for each

segment), a common thermal conductor 3280 (in contact with all three

insulating layers), and a common TEC 3282 (in contact with the common

thermal conductor and with the common heated core). Heat for performing

PCR is supplied to the segments by heating elements 3254b, 3256b, 3258b

and by the common core. The TEC may be used to transfer heat to and from

the inner segments and the heated core, across the intervening insulating and

conducting layers, to adjust, up or down, the temperatures of the segments.



Figure 84 depicts a third alternative thermocycler 3200c. In this

embodiment, the melt and extend segments 3204c and 3208c are in thermal

contact with a common unheated core 3290 via respective insulating layers

3294, 3298, whereas the anneal segment 3206c is in thermal contact with a

heated core 3300 via a dedicated intervening TEC 3296. This configuration

substantially thermally decouples the anneal segment from the melt and

extend segments and allows the temperature of the anneal segment to be

changed relatively rapidly via heating element 3256c, heated core 3300, and

the TEC. The temperatures of the melt and extend segments, which are

thermally connected through unheated core 3284, may be changed via

heating elements 3254c, 3258c (to add heat) and conduction to the unheated

core (to remove heat).

Figure 85 depicts a fourth alternative thermocycler 320Od. In this

embodiment, thermocycler 3200c (from Fig. 84) is further coupled to a

common heated core 3302 via an intervening TEC 3304, allowing enhanced

feedback and control over the temperatures of the melt and extend segments

via the TEC layer.

Figure 86 depicts a fifth alternative thermocycler 320Oe. In this

embodiment, the melt, anneal, and extend segments 3204e, 3206e, 3208e

are in thermal contact with a common heated core 3310 via either a dedicated

insulating layer 3314, 3318 (in the case of the melt and extend segments) or a

dedicated TEC layer 331 6 (in the case of the anneal layer). This configuration

allows relatively rapid feedback and control over the temperature of the

anneal segment via a combination of the heating element 3256e and the TEC,

while still providing a measure of control over the temperatures of the melt

and extend segments via heating elements 3254e, 3258e.

Figure 87 depicts a sixth alternative thermocycler 320Of. In this

embodiment, which is similar to thermocycler 320Oe of Fig. 86, a common

conducting layer 3320 and a common TEC 3322 separate the segments from

the entirety of a heated thermal core 3323. The TEC is in thermal contact with

the anneal segment through the conducting layer, whereas the TEC is



separated from the melt and extend segments both by the conducting layer

and by dedicated insulating layers 3324, 3328.

Figure 88 depicts a seventh alternative thermocycler 320Og. In this

embodiment, the melt, anneal, and extend segments 3204g, 3206g, 3208g

each are in thermal contact with a respective heated core 3334, 3336, 3338

via a dedicated intervening TEC 3344, 3346, 3348 (for a total of three

segments, three heated cores, and three TECs). This embodiment provides

rapid feedback and separate control over the temperature of each inner

segment. In particular, each segment is independently in thermal contact with

dedicated heating element and a dedicated heated core, such that heat can

be transferred to or from the segment from two dedicated sources or sinks.

However, this embodiment also is more complicated, requiring controllers for

each TEC.

Figure 89 depicts an eighth alternative thermocycler 320Oh. In this

embodiment, in which a single section of a heated core 3354 is aligned

interior to one inner segment (e.g., the extend segment 3208h) of the

thermocycler, separated from the segment by a TEC 3358. The extend

segment, in turn, is in thermal contact with a neighboring inner segment (e.g.,

the anneal segment 3206h) via an unheated conductor 3362, which is

separated from the inner segment by a second TEC 3364. The anneal

segment, in turn, is in thermal contact with a neighboring inner segment (e.g.,

melt segment 3204h) via another unheated conductor 3368, which is

separated from the inner segment by a third TEC 3370. Thus, core section

3354 remains available to all of the TECs as a heat source and heat sink.

D. Selected Embodiments 4

This example describes a thermocycler disposed within an instrument

that also includes other components such as a cooling mechanism and a

protective housing; see Fig. 90.

Figure 90 generally depicts an exemplary thermocycling instrument

3400 at various stages of assembly. Instrument 3400 includes a thermocycler,

generally indicated at 3402, which is substantially similar to thermocycler

3200 described above, but which generally may take various forms, including



one or more features of any of the thermocyclers described in the previous

examples. The instrument may include additional components, such as a front

plate, connection port, a heat sink, a cooling fan, and/or a housing, as

described below.

A front plate 3404 is attached to the thermocycler with a plurality of

fasteners 3406 that pass through central apertures 3408 in the front plate and

complementary apertures in the thermocycler. The front plate helps to isolate

the thermocycler from external air currents and thus to maintain controlled

temperature zones within the unit.

A connection port 3412 is attached to the front plate, and is configured

to supply power to the instrument and to receive sensor information obtained

by the instrument. Thus, the connection port is configured to receive electrical

power from outside the instrument and transmit the power to the instrument,

and to receive sensor signals from within the instrument and transmit the

signals outside the instrument. Transfer of power and sensor signals may be

accomplished through suitable connecting wires or cables (not shown)

disposed within and outside the instrument.

A heat sink 3414 and a cooling fan 341 6, which will be collectively

referred to as a cooling mechanism 3418, are shown attached to a side of the

thermocycler opposite the front plate. One or both components of cooling

mechanism 3418 will generally be mounted to the thermocycler using suitable

fasteners such as bolts, pins and/or screws. In Fig. 90, heat sink 3414 is

attached directly to the thermocycler, and cooling fan 3416 is attached to the

heat sink. Heat sink 3414 includes a central aperture 3420, which is aligned

with a central aperture of the thermocycler core that defines a central

longitudinal axis (see, e.g., Figs. 73, 74, and 77). These aligned apertures

facilitate heat transfer from the central (axial) portion of thermocycler 3402

into the heat sink. The heat sink also may be formed of a relatively thermally

conductive material to facilitate conduction of excess heat away from the

thermocycler, and includes convection fins 3424 to facilitate convection of

heat away from the thermocycler.



Cooling fan 341 6 is configured to blow cooling air through fins 3424

and aperture 3420 of the heat sink, to increase convective heat transfer away

from the heat sink. Air from fan 3416 also may flow or be directed through the

heat sink and into the central aperture of thermocycler 3402, to provide a

convection current within the thermocycler. Dedicated structures such as

baffles, angled walls or canted fins (not shown) may be provided to facilitate

the transfer of air from the cooling fan into the thermocycler.

Thermocycler 3402 and cooling mechanism 341 8 are mounted within

an external housing, generally indicated at 3426. Housing 3426 may include

several discrete sections 3428, 3430, 3432, 3434, which are configured to

conform to various portions of the thermocycler and the cooling mechanism,

and which are further configured to fit together and interface with front plate

3404 to form housing 3426. The various discrete sections and the front plate

of housing 3426 are collectively configured to insulate the thermocycler from

external air currents and other factors that could lead to uncontrolled

temperature variations within the thermocycler.

E. Selected Embodiments 5

This example describes exemplary thermocyclers having temperature

regions that vary in size and/or number along the length of the thermocycler,

in accordance with aspects of the present disclosure; see Figs. 91-92.

Figure 9 1 shows a side elevational view of portions of an exemplary

thermocycler, generally indicated at 3450, having three connected segments

3452, 3454, 3456, each defining a different temperature region. Segments

3452, 3454, 3456 may be connected via a common core or through materials

(typically thermally insulating materials), not shown, disposed between the

segments. Segments 3452, 3454, 3456 are angled along the length of the

thermocycler (i.e., along the longitudinal axis), so that the inner segments of

thermocycler 3450 collectively form a generally frustoconical shape as Fig. 9 1

depicts. Accordingly, each winding of fluidic tubing 3458 wrapped around the

exterior of thermocycler 3450 will be progressively shorter from top to bottom

in Fig. 9 1, so that the helical path followed by the tubing decreases in length

over successive cycles. Assuming fluid flows through tubing 3458 at a uniform



speed, fluid within the tubing will therefore spend progressively less time in

the temperature regions defined by segments 3452 and 3456. On the other

hand, segment 3454 has a substantially constant width, so that fluid flowing

through tubing 3458 will spend a substantially constant amount of time in the

corresponding temperature region with each successive cycle, again

assuming the fluid flows with a uniform speed.

The thermocycler depicted in Fig. 9 1 may be useful, for example, when

it is desirable to begin a thermocycling operation with relatively long time

duration cycles, and subsequently to decrease the cycle duration to speed up

the overall thermocycling process. In applications such as PCR, this may be

the case because efficient target molecule replication becomes increasingly

less important with each successive thermocycle. For instance, if a single

target molecule fails to replicate during the first cycle and then replicates with

perfect efficiency in the subsequent 19 cycles, the result after 20 cycles will be

219 target molecules. However, if a single target molecule replicates with

perfect efficiency for the first 19 cycles, but one molecule fails to replicate

during the twentieth cycle, the result after 20 cycles will be (220 - 1) target

molecules.

Aside from a frustoconical shape, many other thermocycler

configurations can be used to affect the time of passage of a sample fluid

through the various temperature regions of a thermocycler. For example, the

sizes of various temperature regions may be decreased in discrete steps, by

sequentially decreasing the radius of a cylindrical thermocycler in discrete

steps. In general, any configuration that results in a changing path length

traveled by successive windings of fluidic tubing may be suitable for altering

the time a fluid spends at each desired temperature over the course of the

entire thermocycling process.

Figure 92 shows a side elevational view of portions of an exemplary

thermocycler, generally indicated at 3500, having temperature regions that

vary in number along the length of the thermocycler, in accordance with

aspects of the present disclosure. Specifically, thermocycler 3500 includes a

plurality of inner segments 3502, 3504, 3506, 3508, 3510 that each may be



configured to define a separate temperature region. These segments may be

attached to a common core (not shown) or bound together in any suitable

manner, and may be separated by air or any other suitable medium, typically

a thermally insulating material. The gaps between segments, if any, may have

any chosen widths to generate a desired temperature profile in both the

longitudinal direction and the tangential direction. As Figure 92 depicts, the

plurality of inner segments includes a different number of inner segments

attached to the core at different positions along the longitudinal axis.

Fluid traveling through fluidic tubing 3520 would encounter a first

portion 3512 of the thermocycler having just a single temperature region

defined by segment 3502. Subsequently, the fluid would encounter a second

portion 3514 of the thermocycler having three temperature regions defined by

segments 3504, 3506, and 3508. Next, the fluid would encounter a third

portion 3516 of the thermocycler having two temperature regions defined by

segments 3504, 3508, and finally the fluid would encounter a fourth portion

3518 of the thermocycler having a single temperature region defined by

section 3510.

Any desired number of longitudinal portions, instead of or in addition to

portions 3512, 3514, 351 6 and 351 8, may be included in a thermocycler, to

alter the number of temperature regions encountered by a fluid as it proceeds

through a thermocycling process. Furthermore, any desired number of

tangential segments may be included within each longitudinal portion, so that

particular windings of fluidic tubing may be configured to encounter essentially

any number of temperature regions. By combining the features of

thermocycler 3500 with the features of thermocycler 3450 depicted in Fig. 9 1,

a thermocycler can be constructed to provide virtually any temporal

temperature profile to a moving fluid, making the disclosed thermocyclers

suitable for a wide range of applications.

F. Selected Embodiments 6

This example describes various additional aspects and possible

variations of a thermocycler, in accordance with aspects of the present

disclosure.



Whereas thermocyclers are primarily described above as including a

single "strand" of fluidic tubing wrapped substantially helically around the

circumference of heated sections of the thermocyder, many variations are

possible. For example, more than one strand of tubing may be provided, and

the various strands all may be wrapped around a portion of the thermocyder.

In some cases, the strands may be braided in some fashion so that they cross

each other repeatedly, whereas in other cases the strands all may be

configured to directly contact the heated thermocyder sections for

substantially the entirety of their wrapped length. In addition, one or more

tubes may be configured to pass through the heated sections of a

thermocyder, rather than wrapped around their exteriors. For instance, the

heated sections may be cast, molded, or otherwise formed around the tubes.

In some cases, fluid tight channels may be formed in this manner, so that

tubes are not necessary.

In some cases it may be desirable to vary the number of thermocycles

provided by a thermocycling instrument, either dynamically or by providing

several varying options for the number of cycles a particular fluid will

encounter. Dynamic changes in the number of thermocycles may be provided,

for example, by unwinding or additionally winding the fluidic tubing around the

thermocyder. Optional numbers of cycles may be provided, for example, by

providing multiple fluidic tubes that are wound a different number of times

around the instrument, or by creating various optional bypass mechanisms

(such as bypass tubes with valves) to selectively add or remove cycles for a

particular fluid.

Although the heated segments of the thermocyclers described above

are generally shown separated from each other by thermally insulating air

gaps, any desired thermally insulating material may be placed between the

heated segments of a thermocyder according to the present disclosure. For

example, the use of a low-density polymer or a silica aerogel may provide

increased thermal isolation of neighboring segments, both by reducing the

thermal conductivity of the insulating regions and by decreasing convective

heat transfer.



The disclosed thermocyclers may be used for PCR any other

molecular amplification process, or indeed any process involving cyclical

temperature changes of a fluid sample, whether or not the sample includes

discrete droplets. For example, potentially target-containing samples may be

separated into discrete units other than droplets, such as by binding sample

molecules to a carrier such as a suitable bead or pellet. These alternative

carriers may be placed in a background fluid and thermocycled in much the

same way as droplets in an emulsion. Alternatively, a plurality of

thermocyclers may be used simultaneously to cycle different bulk fluid

samples in parallel or in an overlapping sequence, without separating the fluid

samples into many discrete units.

6 . Selected Embodiments 7

This example describes additional aspects of a thermocycler, in

accordance with aspects of the present disclosure, presented without

limitation as a series of numbered sentences.

1. A method of thermocycling a sample-containing fluid to promote

target molecule amplification, comprising (A) transferring an emulsion of

sample-containing droplets into a thermocycling instrument; (B) providing a

denaturing temperature to the emulsion; (C) providing a primer annealing

temperature to the emulsion; and (D) providing a polymerase extension

temperature to the emulsion; wherein providing the denaturing temperature,

the primer annealing temperature, and the polymerase extension temperature

respectively include transporting the emulsion in a substantially helical path

cyclically through a denaturing temperature region, a primer annealing

temperature region, and a polymerase extension temperature region.

2 . The method of paragraph 1, further comprising providing a hot-

start temperature to the emulsion, prior to providing the denaturing

temperature to the emulsion, by transporting the emulsion in a substantially

helical path through a hot-start temperature region.

3. The method of paragraph 1, wherein the temperatures are

provided through the use of thermoelectric coolers configured to transfer heat

between a thermal core and the temperature regions.



4. The method of paragraph 1, wherein the helical path decreases

in length over successive cycles.

5. A thermocycling system configured to promote molecular

amplification, comprising (A) a core defining a central longitudinal axis; (B) a

plurality of inner segments attached to the core and definining a plurality of

temperature regions; (C) a plurality of heating elements configured to maintain

each temperature region approximately at a different desired temperature;

and (D) a fluid channel configured to transport an emulsion of sample-

containing droplets cyclically through the temperature regions.

6. The system of paragraph 5 , further comprising a plurality of

outer segments attached to the inner segments, and wherein the fluid channel

is disposed between the inner and outer segments.

7. The system of paragraph 5, wherein the fluid channel is

configured to transport the emulsion in a substantially helical path.

8. The system of paragraph 5 , wherein the fluid channel includes

fluidic tubing wrapped around the inner segments.

9. The system of paragraph 8, wherein the fluidic tubing is

disposed in grooves of the inner segments that define a substantially helical

path around the inner segments.

10. The system of paragraph 5, wherein the fluid channel is

disposed within the inner segments.

11. The system of paragraph 5, wherein the inner segments include

external grooves, and wherein the fluid channel is defined by the grooves and

by a fluid tight sheet wrapped around the inner segments.

12. The system of paragraph 5, wherein the core is configured as a

heat source and as a heat sink, and wherein the heating elements include at

least one thermoelectric cooler disposed between one of the inner segments

and the core.

13. The system of paragraph 12, wherein at least one independently

controllable thermoelectric cooler is disposed between each of the inner

segments and the core.



14. The system of paragraph 12, wherein the core is maintained at

an operating temperature that falls between two of the desired temperatures.

15. The system of paragraph 12, wherein the at least one

thermoelectric cooler is disposed between a pair of thermally conductive and

mechanically compliant pads.

16. The system of paragraph 5, wherein the core is unheated, and

further comprising a thermal insulating layer disposed between the core and

each inner segment.

17. The system of paragraph 5, wherein the core includes a plurality

of core sections, each independently in thermal contact with one of the inner

segments.

18. The system of paragraph 5, wherein at least a portion of each

inner segment is angled along the longitudinal axis so that the inner segments

collectively form an approximately frustoconical shape.

19. The system of paragraph 5 , wherein the plurality of inner

segments includes a different number of inner segments attached to the core

at different positions along the longitudinal axis.

20. A thermocycling instrument configured to promote molecular

amplification, comprising (A) a core including a central aperture defining a

central longitudinal axis; (B) a plurality of inner segments attached to the core

and defining a plurality of temperature regions; (C) a plurality of heating

elements configured to maintain each temperature region approximately at a

different desired temperature; (D) a fluid channel configured to transport an

emulsion of sample-containing droplets cyclically through the temperature

regions; and (E) a thermally conductive heat sink including a central aperture

aligned with the central aperture of the core.

2 1 . The instrument of paragraph 20, further comprising a cooling fan

configured to blow air through the central aperture of the heat sink and the

central aperture of the core.

22. An apparatus for performing reactions in droplets, comprising

(A) a droplet generator that produces droplets disposed in an immiscible

carrier fluid; (B) a heater assembly comprising at least two temperature-



controlled zones maintained at respective distinct temperatures (C) a coiled

tube that receives droplets from the droplet generator and that traverses the

temperature-controlled zones serially and repeatedly; and (D) a pump that

drives travel of droplets through the coiled tube such that the droplets are

cyclically heated and cooled by the temperature-controlled zones.

23. The apparatus of paragraph 22, wherein the distinct temperature

of at least one of the temperature-controlled zones is regulated by a

thermoelectric cooler.

24. The apparatus of paragraph 22, further comprising a controller

in communication with the thermoelectric cooler and programmed to actively

adjust electrical power supplied to the thermoelectric cooler to maintain a set

point temperature of at least one of the temperature-controlled zones under

varying thermal loads.

25. The apparatus of paragraph 22, wherein a pair of the

temperature-controlled zones are thermally coupled to each other by a

thermoelectric cooler.

26. The apparatus of paragraph 4 , wherein the thermoelectric cooler

is disposed between the pair of temperature-controlled zones.

27. The apparatus of paragraph 22, wherein the heater assembly

includes a thermally conductive core, and wherein each of the temperature-

controlled zones includes a conductive segment disposed at least generally

radially from the thermally conductive core.

28. The apparatus of paragraph 22, wherein the distinct temperature

of each member of a pair of the temperature-controlled zones is regulated by

a respective thermoelectric cooler, and wherein the heater assembly includes

a thermally conductive core that is connected to the respective thermoelectric

coolers and is maintained at a temperature intermediate to the distinct

temperatures of the pair of temperature-controlled zones.

29. The apparatus of paragraph 22, wherein the tube wraps around

the heater assembly a plurality of times.



30. The apparatus of paragraph 22, wherein the heater assembly

includes a thermally conductive core and a heating element coupled to the

thermally conductive core.

3 1 . The apparatus of paragraph 22, wherein the heater assembly

comprises at least three temperature-controlled zones maintained at three or

more respective distinct temperatures, wherein the coiled tube comprises a

plurality of coils, and wherein each coil thermally couples to each of the at

least three temperature-controlled zones.

32. The apparatus of paragraph 3 1 , wherein two or more coils of the

coiled tube thermally couple to a same temperature-controlled zone at a same

range of angular positions on each of the coils.

33. The apparatus of paragraph 22, further comprising one or more

other discrete, coiled tubes that traverse the temperature-controlled zones

serially and repeatedly.

34. The apparatus of paragraph 33, wherein the at least one other

coiled tube is interspersed with the coiled tube.

35. The apparatus of paragraph 22, further comprising at least one

thermally controlled incubation region maintained at a predefined incubation

temperature, the incubation region being located upstream from the

temperature-controlled zones thereby causing a temperature of droplets

flowing through the tube to at least substantially reach the incubation

temperature prior to being heated and cooled cyclically by the temperature-

controlled zones.

36. The apparatus of paragraph 35, wherein heat for the incubation

region is supplied by a heater or a thermoelectric cooler.

37. An apparatus for performing reactions in droplets, comprising

(A) a heater assembly comprising at least two temperature-controlled zones

maintained at respective distinct temperatures, a temperature of at least one

of the temperature-controlled zones being regulated by a thermoelectric

cooler; (B) a coiled tube that traverses the temperature zones serially and

repeatedly; and (C) a pump that drives fluid flow through the coiled tube such



that the fluid is cyclically heated and cooled by the temperature-controlled

zones.

38. The apparatus of paragraph 37, wherein a pair of the

temperature-controlled zones are thermally coupled to each other by the

thermoelectric cooler.

39. The apparatus of paragraph 38, wherein the thermoelectric

cooler is disposed between the pair of temperature-controlled zones.

40. The apparatus of paragraph 37, wherein the heater assembly

includes a thermally conductive core, and wherein each of the temperature-

controlled zones includes a conductive segment disposed at least generally

radially from the thermally conductive core.

4 1. The apparatus of paragraph 37, wherein the distinct temperature

of each member of a pair of the temperature-controlled zones is regulated by

a respective thermoelectric cooler, and wherein the heater assembly includes

a thermally conductive core that is connected to each of the respective

thermoelectric coolers and is maintained at a temperature intermediate to the

distinct temperatures of the pair of temperature-controlled zones.

42. The apparatus of paragraph 37, wherein the tube wraps around

the heater assembly a plurality of times.

43. The apparatus of paragraph 42, wherein the heater assembly

includes a thermally conductive core and a heating element coupled to the

thermally conductive core.

44. The apparatus of paragraph 37, wherein the heater assembly

comprises at least three temperature-controlled zones maintained at three or

more respective distinct temperatures, wherein the coiled tube forms a

plurality of coils, and wherein each coil thermally couples to each of the at

least three temperature-controlled zones.

45. The apparatus of paragraph 44, wherein two or more coils of the

coiled tube thermally couple to a same temperature-controlled zone at a same

range of angular positions on each of the coils.



46. The apparatus of paragraph 37, further comprising one or more

other discrete, coiled tubes that traverse the temperature-controlled zones

serially and repeatedly.

47. The apparatus of paragraph 37, further comprising at least one

thermally controlled incubation region maintained at a predefined incubation

temperature, the incubation region being located upstream from the

temperature-controlled zones thereby causing a temperature of droplets

flowing through the tube to at least substantially reach the incubation

temperature prior to being heated and cooled cyclically by the temperature-

controlled zones.

48. The apparatus of paragraph 47, wherein heat for the incubation

region is supplied by a heater or a thermoelectric cooler.

49. A method of nucleic acid analysis, comprising (A) generating

droplets disposed in an immiscible carrier fluid, each droplet including a

partition of a sample disposed in an amplification reaction capable of

amplifying a nucleic acid target, if present in the droplet; (B) driving the

droplets through a coiled tube that traverses two or more temperature-

controlled zones serially and repeatedly, to thermally cycle the droplets under

conditions promoting amplification of the nucleic acid target; (C) detecting one

or more signals from one or more of the droplets; and (D) determining a

presence of the nucleic acid target in the sample based on the signals.

50. A thermocycling apparatus comprising a coiled tube traversing a

plurality of temperature controlled regions in at least one substantially helical

winding, each of the regions including at least a first zone maintained at a first

temperature and a second zone maintained at a second temperature thereby

causing the temperature of one or more droplets in an immiscible carrier fluid

flowing through the tube to cycle between the first and the second

temperatures.

5 1 . The apparatus of paragraph 50, wherein the plurality of regions

includes between two and fifty regions.



52. The apparatus of paragraph 50, wherein the temperature of at

least one of the temperature controlled zones is regulated by a thermoelectric

controller.

53. The apparatus of paragraph 52, wherein at least two

temperature controlled zones are separated by a thermoelectric controller.

54. The apparatus of paragraph 50, wherein the temperature of the

first temperature controlled zone is regulated by a first thermoelectric

controller and the temperature of the second temperature controlled zones is

regulated by a second thermoelectric controller.

55. The apparatus of paragraph 53, wherein the first and second

thermoelectric controllers are connected to a common conductor, and wherein

the common conductor is maintained at a temperature intermediate to the first

and second zone temperatures.

56. The apparatus of paragraph 50, wherein the droplets include at

least one of water, salt, DNA, RNA, proteins, prions, fluorescent dyes, probes,

primers, surfactants sample, and nucleotides.

57. The apparatus of paragraph 50, wherein the immiscible carrier

fluid includes at least one of vegetable oil, fluorocarbon oil, mineral oil, and

surfactants.

58. The apparatus of paragraph 50, wherein the coiled tube

comprises a plurality of loops, and wherein the first and the second

temperature controlled zones extend across at least two of the loops, thereby

causing the temperature of fluid flowing through the tube to cycle between the

first and the second cycling temperatures at the same relative angular position

on each of the loops.

59. The apparatus of paragraph 58, wherein each winding

comprises a plurality of separately controlled temperature controlled regions

and the temperature of any of the first and second zones of any member of

the plurality of regions can be maintained at the same temperature thereby

allowing the angular section of the winding regulated at the first temperature

and the angular section of the winding regulated at the second temperature to

be set to independent predetermined values.



60. The apparatus of paragraph 50, wherein the coiled tube further

comprises at least one thermally controlled incubation region maintained at a

predefined incubation temperature, the incubation region located upstream

from the temperature controlled regions thereby causing the temperature of

the fluid flowing through the tube to reach the incubation temperature prior to

entering the cycling regions.

61. The apparatus of paragraph 60, wherein the heat for the

incubation region is supplied by either a thermoelectric controller or a resistive

heater.

62. The apparatus of paragraph 50, wherein the heat to maintain the

temperatures of the temperature controlled regions is provided by at least one

of conduction, convection, radiation, electric heaters, circulating liquid heaters,

air blowers, incandescent light sources, lasers, LEDs, and microwaves.

63. The apparatus of paragraph 52, wherein the thermoelectric

controller is actively adjusted to maintain a substantially constant temperature

under varying thermal loads caused by changes in advective heat flux,

including at least one of the following changes: turning fluid flow on and off

within the tube, changing flow rate of a fluid within the tube, alternating oil and

droplet packets within the tube, receiving a plug of cleaning solution within the

tube, a change in density of fluid within the tube, a change in heat capacity of

fluid within the tube, a change in thermal conductivity of fluid within the tube,

and a change in thermal diffusivity of fluid within the tube.

64. An apparatus for performing a continuous-flow reaction,

comprising (A) at least one capillary tube having a first open end for fluid inlet

and a second open end for fluid outlet to permit a continuous flow; and (B) at

least two solid heating blocks, wherein the temperature of at least one heating

block is controlled by a thermoelectric controller.

65. The apparatus of paragraph 64 wherein at least one heating

block is controlled by a resistive heater.

66. The apparatus of paragraph 64 wherein the heating blocks are

in direct contact with each other.



67. The apparatus of paragraph 64 wherein the heating blocks are

maintained at different temperatures.

68. The apparatus of paragraph 64 wherein the apparatus

comprises three heating blocks, wherein a first heating block is maintained at

a temperature between 85 and 99 °C, a second heating block is maintained at

a temperature between 50 and 65 0C, and a third heating block is maintained

at a temperature between 60 and 80 °C.

69. The apparatus of paragraph 64 wherein the capillary tube is

looped around the heating blocks.

70. The apparatus of paragraph 64 wherein the capillary tube

contacts the heating blocks sequentially and repetitively.

7 1. The apparatus of paragraph 64 wherein the capillary tube

contacts each heating block at least 20 times.

72. An apparatus for performing a continuous-flow reaction,

comprising (A) at least one capillary tube having a first open end for fluid inlet

and a second open end for fluid outlet to permit a continuous flow; and (B) at

least two solid heating blocks, wherein at least one heating block is resistively

heated and the capillary tube is looped around the heating blocks.

73. An apparatus for performing high-throughput nucleic acid

amplification, comprising (A) a microdroplet generator comprising an orifice,

wherein the orifice connects a sample flow pathway to a tube comprising an

immiscible fluid; (B) at least one capillary tube having a first open end for fluid

inlet and a second open end for fluid outlet to permit a continuous flow; and

(C) a thermal cycling device, wherein the device has a plurality of fixed

heating blocks, wherein the capillary tube is looped around the heating blocks

and contacts the heating blocks sequentially.

Vl. Detection

This Section describes exemplary detection systems, for example, for

detecting sample-containing droplets. The systems may involve sensing or

detecting the droplets themselves and/or contents of the droplets. The

detection of droplets themselves may include determining the presence or

absence of a droplet (or a plurality of droplets) and/or a characteristic(s) of the



droplet, such as its size (e.g., radius or volume), shape, type, and/or

aggregation state, among others. The detection of the contents of droplets

may include determining the nature of the contents (e.g., whether or not the

droplet contains a sample(s)) and/or a characteristic of the contents (e.g.,

whether or not the contents have undergone a reaction, such as PCR, the

extent of any such reaction, etc.).

The detection of droplets and their contents, if both are detected, may

be performed independently or coordinately, in any suitable order. For

example, the detection may be performed serially (one droplet at a time), in

parallel, in batch, and so forth.

The detection of droplets and their contents may be performed using

any technique(s) or mechanism(s) capable of yielding, or being processed to

yield, the desired information. These mechanisms may include optical

techniques (e.g., absorbance, transmission, reflection, scattering,

birefringence, dichroism, fluorescence, phosphorescence, etc.), electrical

techniques (e.g., capacitance), and/or acoustic techniques (e.g., ultrasound),

among others. The fluorescence techniques, in turn, may include

fluorescence intensity, fluorescence polarization (or fluorescence anisotropy)

(FP), fluorescence correlation spectroscopy (FCS), fluorescence recovery

after photobleaching (FRAP), total internal reflection fluorescence (TIRF),

fluorescence resonance energy transfer (FRET), fluorescence lifetime, and/or

fluorescence imaging, among others.

The remainder of this Section describes exemplary detection systems,

including droplet sensors and reaction sensors. In these exemplary systems,

the droplet sensor may generate and detect scattered light, and the reaction

sensor may generate and detect fluorescence, among other approaches.

These systems are described, for convenience, in the context of a PCR

reaction; however, the techniques apply more generally to any reaction, such

as a biochemical reaction, capable of generating, or being modified to

generate, a detectable signal.

In an exemplary PCR assay (or other nucleic acid amplification assay),

the sample is first combined with reagents in a droplet, and the droplet is then



thermocycled to induce PCR. It may then be desirable to measure the

fluorescence of the droplets to determine which, if any, contained one or more

target nucleotide sequences. This generally involves illuminating the droplets

with radiation at a wavelength chosen to induce fluorescence, or a change in

a characteristic of the fluorescence, from one or more fluorescent probes

associated with the amplified PCR target sequence(s). For example, in an

exemplary fluorescence intensity assay, if a relatively large intensity of

fluorescence is detected, this indicates that PCR amplification of the target

nucleotide occurred in the droplet, and thus that the target was present in that

portion of the sample. Conversely, if no fluorescence or a relatively small

intensity of fluorescence is detected, this indicates that PCR amplification of

the target nucleotide did not occur in the droplet, and thus that a target was

likely not present in that portion of the sample. In other fluorescence-based

embodiments, the extent of reaction could be determined from a decrease in

fluorescence intensity, instead of a decrease, and/or a change in one or more

other fluorescence parameters, including polarization, energy transfer, and/or

lifetime, among others.

The following examples describe specific exemplary detection systems,

in accordance with aspects of the invention. Additional pertinent disclosure

may be found in the U.S. provisional patent applications listed above under

Cross-References and incorporated herein by reference, particularly Serial

No. 61/277,203, filed September 2 1 , 2009, titled DETECTION SYSTEMS

FOR DROPLET-BASED ASSAYS, and naming Donald A . Masquelier, Kevin

Dean Ness, Benjamin J. Hindson, and Billy W. Colston, Jr., as inventors.

A. Example 1: Detection System 1

This example describes an optical detection system based on

measuring the end-point fluorescence signal of each sample/reagent droplet

after a PCR amplification process is complete. The exemplary system is

suitable for making both qualitative and quantitative measurements; see Figs.

93 and 94.

Figure 93 depicts a cytometry-type optical detection system, generally

indicated at 4200. The term "cytometry" refers to the fact that the detection



system is configured to detect both scattered and fluorescence radiation.

Detection system 4200 includes a radiation source 4202, transmission optics

generally indicated at 4204, a forward scatter detector 4206, and a

fluorescence detector 4208. The forward scatter detector may be replaced or

augmented, in some embodiments, by side and/or back scatter detectors,

among others, configured to detect light detected to the side or back of the

sample, respectively. Similarly, the fluorescence detector may be replaced or

augmented, in some embodiments, by an epi-fluorescence detector, among

others, configured to detect fluorescence emitted anti-parallel to the excitation

light (e.g., back toward transmission optics 4204 (which could, in such

embodiments, include a dichroic or rnulti-dichroic beam splitter and suitable

excitation and emission filters)).

Sample-containing droplets 421 0, which have already undergone at

least some degree of PCR thermocycling, are transferred through a capillary

tube or other similar fluid channel 4212, which intersects the path of radiation

from radiation source 4202 at an intersection region generally indicated at

4214. An optical element 421 6, such as a converging lens, may be placed

between intersection region 4214 and forward scatter detector 4206, to focus

scattered radiation on the scatter detector. Similarly, an optical element 4218

may be placed between intersection region 4214 and fluorescence detector

4208, to focus fluorescence radiation on the fluorescence detector. The

system may include an obscuration bar 4219, operatively positioned between

the sample and detector, which reduces the amount of direct (unscattered)

excitation radiation (light) that falls on the detector. The obscuration bar,

shown here as a small square object in front of optical element 4216, may

create a triangular-shaped shadow 421 9a behind the optical element. This

arrangement makes it easier for detector 4206 to detect changes in index of

refraction that have scattered (at small angles) the normal beam.

Radiation from source 4202 may be partially scattered when it

encounters a droplet, and the scattered radiation may be used to determine

one or more properties of the droplet. For example, scattered radiation

indicating the presence of a droplet in intersection region 4214 may be



sensed by scatter detector 4206, and this information may be used to activate

fluorescence detector 4208, which may otherwise remain deactivated (i.e.,

when a droplet is not present in the intersection region) to conserve power

within the system. Even if the fluorescence detector remains continuously

active, detecting the presence of a droplet may be useful for other purposes.

For example, tracking the droplets passing through intersection region 4214

may be desirable because some droplets passing through the intersection

region may not be detected by the fluorescence detector (e.g., if the droplets

do not contain reaction product). In addition, tracking the droplets may allow

background noise (i.e, the signal received by the detector in the absence of a

droplet) to be removed, improving the signal-to-noise ratio. Furthermore, as

described below, various properties of a detected droplet may be estimated

from data sensed by forward or side scatter detector 4206.

Radiation detected by scatter detector 4206 may be used to infer the

size (or other properties) of a detected droplet. Specifically, a measurement of

the duration of a scattering event representing the presence of a droplet within

intersection region 4214, in conjunction with knowledge of the average speed

of droplet passage through the intersection region, can be used to determine

the width of the droplet in a plane normal to the direction of the incident

radiation from source 4202. If this width is less than the diameter of channel

4214, then it can be inferred that the droplet is an approximate sphere with a

diameter less than the diameter of channel 4214, and the volume of the

droplet can be calculated. If, on the other hand, the width of the droplet

exceeds the diameter of channel 4214, this indicates that the droplet is likely

contacting the walls of the channel and is not spherical. However, the droplet

volume still may be estimated by modeling the droplet as a cylinder or other

similar shape passing through the channel. As described below, a

determination of droplet volume may be useful for normalizing the results of

any corresponding fluorescence detection.

In some cases, radiation from source 4202 also may be scattered from

intersection region 4214 even if it does not encounter a droplet, for instance, if

it encounters a partially reflective surface such as a fluid interface or a wall of



fluid channel 4212. This type of scattered radiation will generally have a

different signature than radiation scattered from a droplet, so that it generally

serves merely as a background for droplet scattering events. Whether

scattering occurs in the absence of a droplet depends on the particular

configuration of system 4200, as will be described below. Similarly, scattering

may occur when droplets outside a desired size range pass through the

intersection region, and the signature of radiation scattered from such droplets

may be used to affect the subsequent treatment of such droplets. For

example, the fluorescence signals received from unusually small or large

droplets may be removed from a statistical sample, to increase statistical

accuracy. In any case, after passing through intersection region 4214,

scattered and/or unscattered radiation from radiation source 4202 is directed

toward forward scatter detector 4206.

Radiation from source 4202 that is absorbed by droplets within

intersection region 4214 may stimulate the emission of fluorescence radiation

that can be detected by fluorescence detector 4208. More specifically,

radiation intersecting a droplet may excite a fluorescent probe, such as a

TAQMAN probe, that is configured to fluoresce significantly only if the

fluorescent portion of the probe becomes separated from a quencher

molecule. This separation, or cleaving, typically occurs only when polymerase

replicates a sequence to which the probe is bound. In other words, a probe

will fluoresce significantly only in droplets within which a target nucleotide

sequence has been amplified through PCR. Accordingly, radiation source

4202 will generally be configured to emit radiation at a wavelength that

stimulates fluorescent emission from one or more probes known to be present

in the sample, and fluorescence detector 4208 will be configured to detect

such stimulated radiation.

Radiation source 4202 may take any form suitable for transmitting

radiation at one or more desired wavelengths or wavelength bands. For

example, radiation source 4202 may be a laser, such as a diode laser,

emitting substantially monochromatic light at a wavelength of 488 nanometers

(nm) or at some other desired wavelength. Radiation source 4202 also may



include multiple separate lasers, emitting light at either a single wavelength or

at multiple different wavelengths. One or more (or all) of the lasers of radiation

source 4202 may be replaced by an alternate source of light, such as a light-

emitting diode (LED) configured to emit a directed beam of radiation at one or

more desired wavelengths. In yet other embodiments, white light illumination,

for example, from a Halogen lamp, may also be used to provide the radiation

source.

Transmission optics 4204 may include any optical components suitable

for directing, focusing, or otherwise desirably affecting radiation from source

4202. For example, as depicted in Fig. 93, the transmission optics may

include one or more steering mirrors 4220, each configured to direct incident

radiation in a desired direction such as toward another optical component or

toward intersection region 4214. Also as depicted in Fig. 93, the transmission

optics may include a converging lens 4222, which is configured to focus

radiation from source 4202 onto intersection region 4214 to maximize

scattering and fluorescence caused by the radiation. The transmission optics

may further include additional components such as aperture stops, filters,

diverging lenses, shaped mirrors, and the like, to affect the transmission path

and/or properties of the radiation from source 4202 before it arrives at

intersection region 4214. In addition, the transmission optics further may

include (in this and other embodiments) a mechanism for monitoring

properties of the incident (excitation) radiation. For example, the transmission

optics may include a partial mirror 4224 for reflecting a portion of the incident

radiation to a detector 4226, such as a photodiode, for monitoring the intensity

of the incident light. This would allow correction of the detected scattering and

fluorescence for changes that simply reflect changes in the intensity of the

incident light.

Forward scatter detector 4206 is configured to receive and detect

radiation scattered from droplets passing through intersection region 4214, as

described previously. Various types of detectors may be suitable, depending

on the desired cost and/or sensitivity of the detector. In approximate order of

decreasing sensitivity, exemplary types of scatter detectors that may be



suitable include photodiodes, avalanche photodiodes, multi-pixel photon

counters, and photomultiplier tubes. The presence of optical element 4216,

which typically will be a converging lens used to refocus scattered radiation

toward scatter detector 4206, may decrease the necessary sensitivity of the

forward scatter detector for a given application, by increasing the intensity per

unit area of scattered radiation incident on the detector.

Fluorescence detector 4208 is configured to receive and detect

fluorescence radiation emitted by droplets at or near the time they pass

through intersection region 4214. Various types of fluorescence detectors may

be suitable, depending on factors such as desired cost and/or sensitivity,

including photodiodes, avalanche photodiodes, multi-pixel photon counters,

and photomultiplier tubes. Also as in the case of the forward scatter, utilizing

an optical element 4218, typically a converging lens, between intersection

region 4214 and fluorescence detector 4208 may decrease the necessary

sensitivity of the fluorescence detector by increasing the intensity per unit

area of fluorescence radiation incident on the detector.

Figure 94 depicts exemplary fluorescence measurements made by

fluorescence detector 4208. More specifically, Fig. 94 shows a post-PCR end-

point fluorescence trace from droplets, in which each "peak" 4230 represents

the intensity of detected fluorescence emitted by an individual droplet flowing

through intersection region 4214. As Fig. 94 indicates, the resulting histogram

can be used to identify positive from negative signals. Specifically, the signals

depicted in Fig. 94 each may be compared to a cut-off or threshold

fluorescence level, as indicated by dashed line 4232. Signals exceeding the

threshold level will be interpreted as positive for PCR amplification, and thus

for the presence of the target nucleotide sequence in the corresponding

droplet, as indicated for an exemplary signal at 4234. On the other hand,

signals falling below threshold level 4232 will be interpreted as negative

outcomes, indicating that the corresponding droplet did not contain the target.

An example of a negative signal is indicated at 4236, where the

detection of a sub-threshold amount of fluorescence is due to the presence of

uncleaved fluorescent probe in the droplet. As described previously, the



fluorescence of such probes is generally not completely quenched even in the

absence of cleavage by a binding polymerase. Also, the differences in

fluorescent intensity of a positive, as seen in the signal voltage peak heights

between the positive peak at 4230 and positive peak 4234, can be attributed

to different amounts of starting nucleic acid target originally in the droplet prior

to PCR (e.g., one versus two starting targets). The ratio of different amounts

of starting target amounts may be governed by Poisson statistics.

Typically, hundreds to millions of droplets are analyzed per run. In any

case, after a desired number of signals have been detected by fluorescence

detector 4208, i.e., after a desired number of droplets have passed through

intersection region 4214, the positive and negative signals are counted and

analyzed. Analysis is typically performed using receiver-operator

characteristic curves and Poisson statistics to determine target presence and

target concentration, respectively. Running analysis using Poisson statistics

can also be performed to give an estimate of target concentration prior to

processing all the droplets (i.e., subsets of the total droplets are used in the

statistical analysis). The analysis of droplets is further described in Section

VII.

B. Example 2: Detection Systems Using Optical Fibers

This example describes fluorescence detectors configured to measure

the end-point fluorescence signal of sample/reagent droplet after PCR, and

which utilize one or more optical fibers to transmit radiation to and/or from an

intersection region within which illuminating radiation intersects the path of the

sample-containing droplets. The exemplary systems are suitable for making

both qualitative and quantitative measurements; see Figs. 95-99.

Figure 95 depicts an optical detection system, generally indicated at

4250, which is similar to system 4200 depicted in Fig. 93 except that

transmission optics 4204 of system 4200 have been replaced by an optical

fiber 4254. Optical fiber 4254 may be constructed from a glass, a plastic,

and/or any other material that is substantially transparent to radiation of one

or more particular desired wavelengths and configured to transmit that



radiation along the length of the fiber, preferably with little or no loss of

intensity.

Replacing the transmission optics with optical fiber 4254 may allow

system 4254 to be constructed relatively inexpensively and in a more space-

saving manner than systems using optical elements such as mirrors and

lenses. This results from the fact that the cost and space associated with the

other optical elements is no longer necessary, and also from the fact that

optical fiber 4254 may be shaped in any desired manner, allowing significant

design flexibility. Aside from optical fiber 4254, detection system 4250

otherwise includes a radiation source 4252, a forward scatter detector 4256,

and a fluorescence detector 4258, all of which are similar to their counterparts

in system 4200 and will not be described again in detail.

Optical fiber 4254 is depicted in Fig. 95 as ending a short distance from

droplets 4260 traveling in fluid channel 4262 through an intersection region

generally indicated at 4264, in which radiation emitted from the end of the

optical fiber intersects with the droplets traveling through the fluid channel.

Other configurations are possible in which, for example, the optical fiber is

configured to focus radiation more precisely toward the intersection region

and/or is integrated directly into the fluid channel. These possibilities are

described below in more detail; see Figs. 98 and 99 and accompanying

discussion.

Figure 96 depicts an optical detection system, generally indicated at

4270, which is similar to system 4200 depicted in Fig. 93 except that optical

elements 4216 and 4218 of system 4200 have been replaced by optical fibers

4286 and 4288 in system 4270 of Fig. 96. As in the case of optical fiber 4254

shown in Fig. 95 and described above, optical fibers 4286 and 4288 each may

be constructed from a glass, a plastic, and/or any other material that is

substantially transparent to radiation of one or more particular desired

wavelengths and configured to transmit that radiation along the length of the

fiber, preferably with little or no loss of intensity.

In the case of system 4270, optical fiber 4286 will be configured to

transmit at least scattered radiation having a wavelength equal to the



wavelength of light emitted by radiation source 4272 (which generally does

not change during scattering), and optical fiber 4288 will be configured to

transmit at least fluorescence radiation emitted by any fluorescent probes

within droplets 4280 that are excited by incident radiation from source 4272.

Accordingly, optical fibers 4286 and 4288 may in some cases be constructed

from different materials. The use of optical fibers 4286 and 4288 may result in

cost and space savings for the same reasons described previously with

respect to the use of optical fiber 4254 in system 4250.

Aside from the use of optical fibers 4286 and 4288, system 4270 is

similar to system 4200, including radiation source 4272, transmission optics

4274, a forward scatter detector 4276, and a fluorescence detector 4278,

which are similar to their previously described counterparts and will not be

described further. Radiation from source 4272 passes through transmission

optics 4274 and encounters droplets 4280 traveling through fluid channel

4282, at an intersection region 4284. Some of the forward scattered radiation

is transmitted through optical fiber 4286 to forward scatter detector 4276.

Similarly, some of the fluorescence radiation emitted from droplets 4280 is

transmitted through optical fiber 4288 to fluorescence detector 4278. As in the

case of optical fiber 4254 in Fig. 95, optical fibers 4286 and 4288 are shown

starting at a distance from fluid channel 4282, but as noted above, other

configurations are possible and will be described below with reference to Figs.

98 and 99.

Figure 97 depicts an optical detection system, generally indicated at

4300, in which optical fibers are used to transmit both incident and outgoing

radiation. More specifically, system 4300 includes a radiation source 4302, an

optical fiber 4204 for transmitting emitted radiation away from source 4302, a

forward scatter detector 4306, and a fluorescence detector 4308. Post-PCR

sample-containing droplets 431 0 are transferred through fluid channel 431 2

toward intersection region 4314. Optical fiber 4316 transmits scattered

radiation from intersection region 4314 to forward scatter detector 4306, and

optical fiber 4318 transmits fluorescence radiation from intersection region

4314 to fluorescence detector 4308.



As described previously, the use of optical fibers may result in various

cost and space savings. These savings may be further amplified, relative to

systems 4250 and 4270, by the use of fiber optics for all of the radiation

transfer in system 4300. Aside from the use of optical fibers for radiation

transfer and any associated efficiencies, system 4300 is similar in both its

components and its operation to the previously described systems, and

accordingly will not be described further.

Figure 98 shows a magnified view of an intersection region, generally

indicated at 4320, in which incident radiation from a radiation source (not

shown) is transmitted through an optical fiber 4322 to intersect with sample-

containing droplets 4324 traveling through a droplet input fluid channel 4326.

Intersection region 4320 differs from the intersection regions described

previously in that optical fiber 4322 is integrated into a radiation input fluid

channel 4328 that is fluidically connected with fluid channel 4326. Thus,

radiation is emitted from optical fiber 4322 directly into the fluid within the

connected fluid channels, so that it encounters droplets 4324 without crossing

either an interface between air and the fluid channel material (typically some

form of glass) or an interface between the fluid channel material and the fluid

within the channel.

By configuring the intersection region in this manner and avoiding two

interfaces between media with different indices of refraction, undesirable

reflections of the incident radiation may be decreased, resulting in a greater

intensity of radiation reaching droplets 4324. Furthermore, embedding optical

fiber 4322 within a connected fluid channel may allow for more convenient

and stable placement of the optical fiber at a small distance from fluid channel

4326 and at a desired orientation relative to fluid channel 4326, again

potentially resulting in a greater intensity of radiation reaching the droplets. To

secure optical fiber 4322 in place within channel 4328, a fluidic fitting 4330

may be placed at an end of channel 4328, and configured so that optical fiber

4322 passes through an aperture of the fitting in a fluid tight manner.

Intersection regions of the type depicted in Fig. 98 may take various

forms. For example, as depicted in Fig. 98, optical fiber 4322 may have a



slightly smaller outer diameter than the inner diameter of fluid channel 4328.

Alternatively, optical fiber 4322 may have an outer diameter approximately

equal to the inner diameter of fluid channel 4328, which may lead to an even

more secure placement of the optical fiber within the fluid channel. In addition,

Fig. 98 depicts an outgoing optical fiber 4332 disposed within a fluid channel

4334 that is also fluidically connected with fluid channel 4326. Optical fiber

4332, which is secured within channel 4334 by a fluidic fitting 4336, is

configured to transmit scattered radiation to a forward scatter detector (not

shown). In some embodiments, one of incoming optical fiber 4322 and

outgoing optical fiber 4332 may be used, but not the other. Furthermore, one

or more additional optical fibers, such as an outgoing optical fiber leading to a

fluorescence detector (not shown) may be fluidically coupled into intersection

region 4320.

Figure 99A depicts another intersection region, generally indicated at

4340, between sample-containing droplets 4342 traveling through a fluid

channel 4344 and excitation radiation 4346 emitted from a radiation source

(not shown). Excitation radiation 4346 is transmitted to intersection region

4340 through an optical fiber 4348, which is oriented with its long axis parallel

to fluid channel 4344. As depicted in Fig. 99A, optical fiber 4348 may come to

a point or otherwise be tapered in the region proximal to fluid channel 4344, to

focus excitation radiation 4346 (through internal reflections within the optical

fiber) into channel 4344 and toward droplets 4342. This may allow the

excitation radiation to be directed primarily at a single droplet 4342', despite

the collinear disposition of optical fiber 4348 with multiple droplets.

Fluid channel 4344, which is configured to transport the droplets to

intersection region 4340 where the droplets encounter stimulating radiation

transmitted by optical fiber 4348, is shown splitting into two (or more) outgoing

fluid channels 4350 and 4352 after droplets 4342 pass through the central

part of intersection region 4340. This allows the sample-containing droplets to

continue their motion through the PCR system while still allowing a collinear

arrangement of fluid channel 4344 and optical fiber 4348. As Fig. 99A

illustrates, the outgoing fluid channels and the optical fiber may be given



complementary shapes, so that the optical fiber fits snugly between outgoing

channels 4350 and 4352. This may lead to a relatively stable collinear

configuration of the optical fiber and fluid channel 4344 (to help self-align the

fiber and channel).

The intersection region shown in Fig. 99A is configured so that optical

fiber 4348 transmits both excitation radiation 4346 and also fluorescence

radiation 4354 emitted by the droplets. The fluorescence radiation is then

transmitted back through the optical fiber and toward a fluorescence detector

(not shown), which may be integrated with a radiation source into a single

component. Due to the shape of the proximal end of optical fiber 4348,

emitted fluorescence radiation from stimulated droplet 4342' may enter optical

fiber 4348 both "head on" and also from a subsequent position along one side

of the optical fiber. This effectively lengthens the integration time of the

fluorescence detection, resulting in better detection with a given detector

sensitivity.

Figure 99B depicts another intersection region, generally indicated at

4360, which is similar in some respects to intersection region 4340 of Fig.

99A. Specifically, an optical fiber 4368 in Fig. 99B is configured to transmit

excitation radiation 4366 from a radiation source (not shown) toward sample

containing droplets 4362 traveling in a fluid channel 4364, and fluorescence

radiation 4374 from an excited droplet 4362' back through the optical fiber and

toward a fluorescence detector (not shown). Unlike intersection region 4340,

however, fluid channel 4364 of intersection region 4360 is oriented mostly

perpendicular to the long axis of optical fiber 4368, except for a "dog leg" or

side-facing region 4380 in the central portion of intersection region 4360.

Side-facing region 4380 of intersection region 4360, which is

configured to transport the droplets to intersection region 4360 where the

droplets encounter stimulating radiation transmitted by optical fiber 4368, is

configured to allow only a small number of droplets, such as one droplet at a

time, to travel parallel to the long axis of optical fiber 4368. This configuration

may result in relatively more accurate detection of fluorescence radiation,

because only one droplet (or a small number of droplets) is stimulated with



incident radiation at a time, and only the stimulated droplet(s) emits

substantial fluorescence radiation back into optical fiber 4368 for detection.

Optical fiber 4368 of Fig. 99B may be partially or completely

surrounded by fluid, and this surrounding fluid may be in fluid communication

with fluid channel 4364. However, unlike fluid channels 4350 and 4352 of Fig.

99A, fluid regions 4370 and 4372 surrounding optical fiber 4368, which may in

some cases constitute a single continuous fluid region, are too small to allow

passage of any sample-containing droplets. Rather, these surrounding fluid

region(s) are configured primarily to remove unnecessary interfaces between

the optical fiber and the droplets, increasing the intensity of the incident

radiation as described previously.

C. Example 3: Detection Systems with Plural Radiation Channels

In some cases, a detection system according to the present disclosure

may include multiple separate incident radiation channels to illuminate

sample-containing droplets that have undergone PCR thermocycling. This

example describes two such systems and some of their potential uses; see

Figs. 100 and 101 .

Figure 100 depicts a multi-channel cytometry-type optical detection

system, generally indicated at 4400. Detection system 4400 includes a

radiation source 4402, configured to emit radiation at one or more desired

wavelengths. As described previously, a radiation source according to the

present disclosure may be of various types, such as an LED source or a laser

source, and may emit radiation substantially at a single wavelength, at a

plurality of substantially discrete wavelengths, or within one or more ranges of

wavelengths.

Radiation from source 4402 passes from the source toward

transmission optics, as generally indicated at 4404. Transmission optics 4404

may include one or more optical elements, such as a mirror 4406, configured

primarily to redirect radiation emitted by source 4402 in a desired direction.

Transmission optics 4404 also may include one or more optical elements,

such as reflective elements 4408, 4410, 4412, configured to split the radiation

emitted by source 4402 into several different portions, each of which may be



redirected in a particular manner, such as the manner shown in Fig. 100.

Alternatively, radiation source 4402 may be omitted, and reflective elements

4408, 4410, 4412 each may be replaced by a separate radiation source. In

some cases, providing plural radiation sources in this manner may be simpler

than splitting the radiation from a single source.

In some instances, reflective elements 4408, 4410, 4412 may be

configured to transmit and reflect incident radiation in different ways. For

example, reflective element 4408 may be configured to reflect approximately

one-third of the radiation incident upon it and to transmit approximately two-

thirds of the radiation incident upon it, reflective element 441 0 may be

configured to reflect approximately one-half of the radiation incident upon it

and to transmit approximately one-half of the radiation incident upon it, and

reflective element 441 2 may be configured to reflect substantially all of the

radiation incident upon it. In this manner, radiation emitted by radiation source

4402 may be split into three portions of approximately equal intensity.

In cases where it is desirable to split the radiation emitted by source

4402 into a number of channels other than three, a plurality of reflective

surfaces may be configured appropriately. Specifically, when n channels are

desired, n reflective elements may be used, with the first reflective element

configured to reflect fraction Mn and to transmit fraction (n - )In of the

radiation incident upon it, the second reflective element configured to reflect

fraction 1/(n-1) and to transmit fraction (n-2)/(n-1 ) of the radiation incident

upon it, the third reflective element configured to reflect fraction 1/(n-2) and to

transmit fraction ( -3)/( -2) of the radiation incident upon it, and so forth, until

the last reflective element in the sequence is a pure mirror that reflects all of

the radiation incident upon it and transmits none. This results in each of the n

reflective elements reflecting an equal fraction Mn of the radiation emitted by

the radiation source.

An arrangement configured to split radiation from a source into several

portions of either approximately equal intensity or differing intensities may be

useful, for example, when it is desirable to search for various targets, each of

which is bound to a fluorescent probe configured to be excited by the same



wavelength of incident radiation but to fluoresce at a different wavelength. For

instance, reflective surfaces 4408, 4410 and 4412 may be configured to

reflect radiation toward intersection regions 4414, 4416 and 4418,

respectively, which may be viewed as different adjacent portions of a single,

larger intersection region. Similarly, when a plurality of radiation sources are

used instead of reflective surfaces, each radiation source may be configured

to transmit fluorescence stimulating radiation to a different adjacent portion of

the intersection region.

In the intersection region(s), the arriving radiation will intersect a fluid

channel 4420 (such as a capillary tube) through which sample-containing

droplets 4422 are moving. Each droplet thus may be irradiated a plurality of

times, and accordingly may be stimulated to emit fluorescence radiation a

plurality of times if the irradiated droplet contains any of several desired target

nucleic acid sequences. However, the droplet may emit a different wavelength

of stimulated radiation depending upon which target it contains (and thus

which fluorescent probe has been cleaved from its associated quenching

molecule by replication of the target).

To detect stimulated fluorescence radiation corresponding to the

various targets, a plurality of fluorescence detectors 4424, 4426, 4428 may be

used, with each detector positioned and oriented to receive fluorescence

radiation produced at a different one of intersection regions 4414, 4416, 4418

(or at a different portion of the larger intersection region encompassing

regions 4414, 441 6 , 4418). Furthermore, each fluorescence detector may be

configured to detect fluorescence at a different wavelength, corresponding to

one or more (but not all) of the varieties of target molecules or target nucleic

acid sequences. Thus, a given irradiated droplet may emit stimulated

fluorescence that is detected by just one of detectors 4424, 4426, 4428,

resulting in a "positive" detection of just one (or a subset) of the target

sequences. In this manner, system 4400 may be used to search for multiple

targets simultaneously.

Splitting incident radiation in the manner of system 4400 also may be

useful when it is desirable to illuminate sample-containing droplets for more



time than it takes the droplet to pass through the unsplit beam of the source.

For instance, as described above, system 4400 may be configured so that

droplets 4422 passing through a fluid channel 4420 intersect radiation from

source 4402 at several intersection regions 441 4, 4416, 4418 corresponding

to the various split beams. If these intersection regions are disposed relatively

near each other, then each droplet may essentially be continuously

illuminated in an area spanning all of the intersection regions 4414, 4416,

4418. The resulting relatively long integration time (i.e., the time of exposure

of a droplet to illuminating radiation) may result in greater fluorescence from

each target-containing droplet, and thus in greater accuracy of the detection

system. Another way to obtain a similar result is illustrated in Fig. 10 1 and will

be described in detail below.

Still considering Fig. 100, detection system 4400 also may be used to

search for multiple different nucleic acid targets in cases where various

probes that respond to different incident wavelengths of excitation radiation

have been combined with a sample. For example, radiation source 4402 may

be configured to emit radiation at a plurality of discrete wavelengths or

wavelength ranges, by using a plurality of radiation emitters or a single emitter

configured to produce radiation at all of the desired wavelengths. In this case,

each of reflective surfaces 4408 and 441 0 (and possibly 4412) may be

dichroic and configured to reflect substantially all of the radiation at a

particular wavelength (or within a particular wavelength range) and to transmit

the remaining incident radiation. Alternatively, as described above, a plurality

of radiation sources may be provided and configured to transmit fluorescence

stimulating radiation at a different wavelength.

When dichroic reflective surfaces are provided, reflective surface 4408

may be configured to reflect a particular wavelength or wavelength range

toward intersection region 4414, reflective surface 4410 may be configured to

reflect another particular wavelength or wavelength range toward intersection

region 4416, and reflective surface 441 2 may be configured to reflect yet

another particular wavelength or wavelength range toward intersection region

441 8 . Alternatively, reflective surface 4412 may be configured to reflect all



radiation toward region 4418, since this will include any desired radiation that

was not already reflected by surfaces 4408 and 4410. Accordingly, different

wavelengths of incident radiation will arrive at each intersection region 441 4,

441 6 , 4418, and stimulated fluorescence emission will occur only if a probe

sensitive to a particular arriving wavelength has been activated due to

polymerase cleaving of its associated quenching molecule, i.e., only if a

particular target is present. Detectors 4424, 4426, 4428 may be used to

monitor the activation of droplets within the various intersection regions, as

described previously.

Figure 101 depicts another multi-channel cytometry-type optical

detection system, generally indicated at 4450. System 4450 is generally

similar to system 4400, including a radiation source 4452 and transmission

optics generally indicated at 4454. In the case of system 4450, the

transmission optics may include first and second mirrors 4456, 4458

configured to redirect radiation emitted by source 4452 in a desired manner.

Transmission optics 4454 also may include one or more other optical

elements (not shown) for focusing radiation from source 4452, as described

previously.

As indicated in Fig. 101 , mirror 4458 may be adjustable so that it is

configured to reflect radiation at a range of different angles, to direct it toward

a range of different positions along a fluid channel 4460 through which

sample-containing droplets 4462 are being transferred. Thus, the reflected

radiation defines an intersection region, generally indicated at 4464, which is

substantially wider than it would be if mirror 4458 was fixed in a single

orientation. If mirror 4458 is adjusted relatively rapidly, this configuration may

allow radiation from source 4452 to illuminate more than one droplet at a time,

or may cause a single droplet to fluoresce at various positions within fluid

channel 4460. In this case, a plurality of detectors 4466, 4468, 4470 may be

oriented to look for radiation at particular wavelengths corresponding to

various target probes.

Alternatively, if the adjustment speed of mirror 4458 is chosen to

correspond to the known approximate speed of sample-containing droplets



traveling within fluid channel 4460, then the mirror may effectively increase

the illumination time of each droplet by "tracking" the droplet through the

channel. In this case, it may be appropriate to use only a single fluorescence

detector, with a field of view that spans the entire path traveled by a droplet

during its illumination.

D. Example 4: Separation of Droplets

This example describes fluid focus mechanisms for achieving a desired

separation between sample-containing droplets as they pass through a

fluorescence detection system; see Figs. 102-104. As the discussion above

indicates, it may be desirable for droplets within a detection region to be

separated by some known average distance, or at least by some approximate

minimum distance. For example, adequate spacing may permit split beams of

radiation and/or detectors to be disposed most appropriately, and may allow a

suitable choice of adjustment range for an adjustable mirror, when one is

used.

In addition, proper spacing can help to avoid unintentionally detecting

radiation from two or more droplets simultaneously, which can result in false

positives and other errors in the detection system. For instance, as described

previously, an uncleaved probe within a droplet still emits some amount of

fluorescence even though the nucleic acid target is not present in the droplet.

Thus, the intensity of fluorescence emitted from two or more droplets, neither

of which contains a target, may be sufficient to trigger a positive detection

result if the fluorescence from those multiple droplets is mistakenly thought to

come from a single droplet. Other errors, such as errors in determining droplet

volume and target concentration, also may result when droplets are spaced

too closely together.

Figure 102 shows a fluid focus mechanism, generally indicated at

4480, which is configured to separate sample-containing droplets from each

other by some desired amount of distance. This mechanism may be used, for

example, to separate droplets prior to transferring them toward a detector

intersection region such as intersection region 4214 of Fig. 93, intersection

region 4264 of Fig. 95, or any of the other intersection regions described



above. Focus mechanism 4480 includes a droplet input channel 4482, which

contains sample-containing droplets 4484 that are spaced closely together.

Focusing fluid, indicated by arrows 4486, is transferred through focus fluid

input channels 4488, 4490, so that it encounters droplets from the droplet

input channel at a focus region generally indicated at 4492.

A droplet entering focus region 4492 will be channeled into droplet

egress channel 4494, which is the only channel through which fluid can exit

the focus region. Egress channel 4494 may be configured to have regions

with a smaller inner diameter 4496 than the inner diameter of some or all of

droplet input channel 4482 and focus fluid input channels 4488, 4490,

although in some instances this may not be the case. Because fluid is flowing

into focus region 4492 from focus fluid input channels 4488 and 4490 as well

as from droplet input channel 4482, and/or because egress channel 4494 has

a smaller cross sectional area than the other channels, fluid will flow more

rapidly through the egress channel than through the other channels.

Because of the increase in fluid speed as fluid approaches the egress

channel, droplets will accelerate as they enter the egress channel, and will

become separated from each other as Fig. 102 indicates. By appropriate

choices of channel inner diameters and focus fluid input velocity, essentially

any desired average spacing between droplets can be achieved. Within

egress channel 4494, there may be an irradiation zone, generally indicated at

4498. The irradiation zone may have features, such as increased

transparency and/or thinner channel walls, which are conducive to irradiating

droplets with radiation from a radiation source 4500. A forward scatter

detector 4502 and a fluorescence detector 4504 may be positioned

appropriately to detect scattered and fluorescence radiation, as described

previously.

Figure 103 shows another fluid focus mechanism, generally indicated

at 4510. As in the case of fluid focus mechanism 4480 of Fig. 102, fluid focus

mechanism 4510 is configured to increase the distance between closely

spaced sample-containing droplets to some desired minimum average value.

Fluid focus mechanism 451 0 includes a droplet input channel 451 2 that has a



body portion 4514 and a neck portion 4516. Body portion 4514 may be

configured to contain a relatively large number of closely spaced sample-

containing droplets 451 5, as Fig. 103 depicts, or in some cases it may contain

a stream of continuously flowing droplets. In either case, the diameter of neck

portion 451 6 may be chosen to substantially match, or to be just slightly larger

than, the expected average droplet diameter, so that only one droplet at a

time will typically be able to travel through the neck portion.

Mechanism 4510 also includes an outer fluid channel 451 8, which

surrounds at least a portion of droplet input channel 4512, including neck

portion 4516. In conjunction with droplet input channel 4512, outer fluid

channel 451 8 defines a focus fluid input channel 4520 between the droplet

input channel and the outer fluid channel. Typically, droplet input channel

451 2 and outer fluid channel 4518 will be cylindrical, so that focus fluid input

channel 4520 will take the form of a concentric cylindrical shell. Focusing fluid,

generally indicated by arrows 4522, may be transferred through focus fluid

input channel 4520 at a desired velocity. Accordingly, as each droplet 4515

exits neck portion 4516, it will accelerate away from the neck portion due to

the flow of the focusing fluid. Through careful selection of the geometry of the

system and the focusing fluid velocity, any desired separation between

adjacent droplets exiting the neck portion can be attained. A radiation source

4524, a forward scatter detector 4526, and a fluorescence detector 4528 may

be provided to irradiate, track, and analyze droplets as described previously.

Figure 104 is a section of fluidic tubing 4540 illustrating how an

appropriate choice of fluid channel diameter(s) can contribute to an

appropriate separation between droplets. This point was discussed above, in

the description of neck portion 4516 of fluid focus mechanism 4510. This

description applies not only to a neck portion of a droplet input channel, but

also more generally to any fluid channel through which droplets pass within a

detection system according to the present disclosure. For example, the same

considerations apply to fluid channel 4512 of Fig. 93, fluid channel 4262 of

Fig. 95, etc.



As Fig. 104 depicts, fluidic tubing 4540 may be selected to have an

inner diameter that is correlated with the expected average droplet diameter.

Accordingly, a droplet 4542 having a slightly smaller than average diameter

will be relatively unlikely to be in close proximity to additional droplets in the

tubing. Similarly, a droplet 4544 having the expected average diameter will

move freely within tubing 4540, and will maintain its spherical shape. Finally, a

droplet 4546 having a diameter slightly greater than the expected average

diameter will take on a partially cylindrical shape, the volume of which may be

estimated accordingly. Thus, an appropriate choice of fluid tubing size can

help to ensure proper separation between droplets.

E. Example 5: Batch Fluorescence Detection

In some cases, it may be desirable to irradiate and/or detect

fluorescence from sample-containing droplets in relatively large batches

rather than one droplet at a time. This example describes a system for

detecting fluorescence emitted from a plurality of droplets that have been

transferred to a chamber for batch detection; see Fig. 105.

Figure 105 schematically depicts a batch optical detection system,

generally indicated at 4560. In contrast to the previously described continuous

flow detection systems, in which sample-containing droplets flow continuously

through an intersection region where excitation radiation intersects the path of

the moving droplets, system 4560 is configured to detect radiation from a

plurality of droplets that have been collected in a detection region, and in

some cases temporarily stopped from flowing through the system. This allows

the fluorescence level of many droplets to be detected in a single detection

operation, which may be advantageous in some applications.

Batch detection system 4560 includes a droplet input channel 4562,

within which sample-containing droplets 4564 may be caused to flow in an

emulsion (such as a water-in-oil emulsion), just as in the previously described

detection systems. System 4560 also includes a valve mechanism, generally

indicated at 4566, which is configured to selectively direct droplets toward

either of two fluorescence detection chambers 4568, 4570. For example,

valve mechanism 4566 may include a first valve 4572 disposed between



droplet input channel 4562 and detection chamber 4568, and a second valve

4574 disposed between droplet input channel 4562 and detection chamber

4570. Thus, by opening and closing valves 4572 and 4574 appropriately,

droplets may be transferred selectively into chambers 4568, 4570. This may

allow a substantially continuous flow of emulsion to be transferred from the

droplet input fluid channel to the fluorescence detection chambers.

Chambers 4568, 4570 may be configured to have a relatively shallow

depth, to allow substantially only a monolayer of droplets within each

chamber, so that only one droplet is disposed within each portion of the line of

sight of a detector and is confined to the focal plane of the detector.

Alternatively, various three-dimensional detection configurations, such as

confocal imaging or wide-field imaging with deconvolution, may be used with

non-monolayer samples.

A radiation source 4576 is configured to illuminate droplets within

chambers 4568, 4570, and after a desired number of droplets are transferred

into one of the detection chambers, the chamber may be illuminated with

radiation from source 4576. Source 4576 may be configured in various ways

to illuminate substantially all of the droplets within a chamber. For example,

radiation source 4576 may include a single radiation emitting element,

configured to illuminate substantially the entire chamber either by emitting a

broad beam of radiation or by emitting radiation toward intermediate optics

(not shown) that spread the emitted beam to cover the entire chamber. The

radiation source also may include a plurality of radiation emitting elements,

such as lasers, LEDs, and/or lamps, among others, each configured to

illuminate a portion of the appropriate detection chamber. Alternatively or in

addition, one or more radiation emitting elements of radiation source 4576

may be configured to scan the chamber, to sequentially illuminate droplets

within the chamber, or the chamber itself may be configured to move so that

all portions of the chamber intersect a substantially stationary beam of

radiation. In some cases, a combination of two or more of the above

techniques may be effective.



A fluorescence detector 4578 is provided and configured to detect

fluorescence emitted from droplets 4564. As has been described previously,

the amount of fluorescence emitted by a particular droplet is expected to be

significantly higher if the droplet contains a target nucleotide sequence,

because in that case the corresponding fluorescent probe will typically have

been cleaved from its associated quenching molecule. Thus, after the droplets

within a detection chamber have been illuminated with stimulating radiation or

in some cases while illumination is occurring, detector 4578 may be

configured to receive fluorescence from the detection chamber. As in the case

of illumination, detection may proceed in various ways. For example, a large

format detector such as a CCD focal plane array may be used to detect

radiation emitted from an entire detection chamber simultaneously.

Alternatively, a smaller detector such as a photodiode or a photomultiplier

may be scanned across the chamber, or the chamber may be repositioned

with respect to the detector, to detect fluorescence radiation from various

portions of the detection chamber sequentially.

System 4560 may be configured to allow substantially continuous flow

through droplet input channel 4562, by transferring droplets into two or more

detection chambers, such as chambers 4568, 4570, sequentially. For

example, Fig. 105 depicts the system at a time when chamber 4568 has

already been filled with droplets and is being illuminated and/or imaged,

whereas chamber 4570 is in the process of being filled. Accordingly, valve

4572 will be in its closed position, and valve 4574 will be in its open position,

to allow droplets to flow into chamber 4570.

Upon completion of the detection process on the droplets within

chamber 4568, valve 4574 may be closed, valve 4572 may be opened, and

another valve 4580 at the distal end of chamber 4568 also may be opened.

This stops the flow of droplets into chamber 4570 and restarts the flow of

droplets into chamber 4568, while allowing the droplets already in chamber

4568 to escape through distal valve 4580. Another distal valve 4582 may be

disposed at the end of chamber 4570 for a similar purpose. Alternatively,

before the flow of droplets into a given chamber is resumed, and while



droplets are still flowing into the other chamber, the chamber not receiving

droplets may be washed with a fluid that enters through another fluid channel

(not shown). This may help to avoid the possibility of mistakenly illuminating

and detecting the same droplet twice. With or without a wash step,

coordinated motions of valves as described above may allow an emulsion of

sample-containing droplets to be continuously transferred in and out of any

desired number of detection chambers.

Batch fluorescence detection may be performed without actually

stopping droplets within the detection chambers of the system. For example,

even if valves 4580, 4582 are not provided or are left open, droplets entering

one of chambers 4568, 4570 may slow sufficiently to allow batch detection,

and the lateral width of the detection chambers may be chosen to facilitate

this. Alternatively or in addition, various particle tracking algorithms may be

used to track droplets as they move within the detection chambers.

Furthermore, a batch detection system may be partially or completely

fluidically decoupled from other portions of a molecular amplification system.

For example, a simple array of droplet-containing wells or reservoirs (such as

a plate array) may be placed in a fluorescence detection region and imaged

as described above.

F. Example 6: Detection Methods

This example describes a method of detecting fluorescence from

sample-containing droplets that have undergone PCR thermocycling; see Fig.

106.

Figure 106 is a flowchart depicting the steps of a fluorescence

detection method, generally indicated at 4600, which may be performed in

conjunction with a PCR system of DNA amplification according to the present

disclosure. Although various steps of method 4600 are described below and

depicted in Fig. 106, the steps need not necessarily all be performed, and in

some cases may be performed in a different order than the order shown in

Fig. 106.

At step 4602, sample-containing droplets are separated by a desired

average distance. This may be accomplished, for example, by various flow



focusing techniques such as those described above (i.e., by flow focusing the

droplets as they are generated), and/or by generating droplets at a suitable

rate. In cases of batch detection such as in a stop-flow system, it may be

appropriate for droplets to remain closely spaced during fluorescence

detection, and accordingly a droplet separation step may not be performed.

At step 4604, the sample-containing droplets are transferred into a

radiation intersection region, within which they will be exposed to illuminating

radiation chosen to stimulate emission of fluorescence radiation from one or

more fluorescent probes within the droplets, with an intensity that depends in

part on whether or not a quenching moiety has been cleaved from the probe

due to polymerase binding of the associated nucleotide target primer. In the

case of continuous flow detection, the intersection region may be disposed

within a fluid channel such as a capillary tube. In the case of batch detection,

the intersection region may be disposed within one or more detection

chambers. In this case, transferring droplets into the intersection region may

include steps such as opening and closing one or more valves to allow a

continuous flow of droplets into and out of the intersection region.

At step 4606, the droplets in the radiation intersection region encounter

and are irradiated with stimulating radiation, which includes at least one

wavelength chosen to excite the fluorescent probe(s) known to be present in

the reagents within the droplets. As described above, the illuminating radiation

may be produced by a laser, and LED, or any other suitable radiation source,

and may be transferred to the intersection region through free space or

through one or more optical fibers. Furthermore, the radiation may be

focused, diverged, split, filtered, and/or otherwise processed before reaching

the intersection region, to efficiently irradiate the droplets in the most suitable

manner for a particular detector system configuration.

At step 4608, radiation scattered from the droplets in the intersection

region may be detected by a forward scattering detector. This step will

typically not be performed in a batch detection system, where each droplet is

approximately stationary or at least relatively slow moving in a detection

chamber that serves as the radiation intersection region. However, detecting



scattered radiation in a continuous flow detection system may help to

correlate simultaneous or subsequent fluorescence detection with the

presence of droplets in the intersection region, and may allow the volume and

target molecule concentration of each droplet to be estimated, as described

above. More generally, step 4608 may include performing any measurement

to enable an estimation of the volume of each droplet, such as the amount of

radiation scattered from the droplet, the time of flight of the droplet as it

passes through the intersection region, an electrical property of the droplet, or

a thermal property of the droplet. Method 4600 also may include estimating

the volume of each droplet based on the measurement performed in step

4608.

At step 4610, fluorescence emitted by droplets irradiated in the

intersection region is detected by a fluorescence detector. As described in the

preceding examples, the emitted radiation may be transferred to the

fluorescence detector with or without passing through one or more

intermediate optical elements such as lenses, apertures, filters, or the like.

The emitted radiation also may or may not be transferred to the fluorescence

detector through one or more optical fibers. In batch detection applications,

the detector and/or the intersection region may be configured to move in a

manner that allows an optical scan of the intersection region by a detector

having a smaller field of view than the entire intersection region.

At step 4612, detected fluorescence is analyzed to determine whether

or not a particular target nucleotide sequence was present in the droplets.

Additional information, including but not limited to an estimate of the number

or fraction of droplets containing a target molecule, the average concentration

of target molecules in the droplets, an error margin, and/or a statistical

confidence level, also may be extracted from the collected data.

Using the data collected from each droplet in an analysis may be

conditional and may depend, for example, on whether the estimated volume

of the droplet falls within a particular predetermined range. More specifically, if

the estimated volume of a droplet falls within a predetermined range, then the

fluorescence intensity emitted by that droplet may be used in a determination



of target molecule concentration in the sample, whereas if the estimated

volume of the droplet falls outside the predetermined range, then the

fluorescence intensity emitted by the droplet may be excluded from a

determination of target molecule concentration in the sample.

G. Example 8: Additional Embodiments

This example describes additional aspects of sample detection, in

accordance with aspects of the present disclosure, presented without

limitation as a series of numbered sentences.

1. A method of detecting target molecule concentration in a

sample, comprising (A) generating sample-containing droplets with a droplet

generator; (B) amplifying target molecules within the droplets; (C) transferring

the droplets through an intersection region where the droplets encounter

radiation from a radiation source; (D) estimating the volume of each droplet

based on a measurement performed as the droplet passes through the

intersection region; (E) detecting fluorescence intensity emitted by each

droplet; and (F) for each droplet, if the estimated volume of the droplet falls

within a predetermined range then using the fluorescence intensity emitted by

the droplet in a determination of target molecule concentration in the sample,

and if the estimated volume of the droplet falls outside the predetermined

range then excluding the fluorescence intensity emitted by the droplet from a

determination of target molecule concentration in the sample.

2 . The method of paragraph 1, wherein the measurement is an

amount of radiation scattered from the droplet.

3. The method of paragraph 1, wherein the measurement is time of

passage of the droplet through a detector field of view.

4. The method of paragraph 1, wherein the measurement is an

electrical property of the droplet.

5. The method of paragraph 1, wherein the measurement is a

thermal property of the droplet.

6. The method of paragraph 1, further comprising separating the

droplets by a desired average distance prior to transferring them through the

intersection region.



7. A fluorescence detection method, comprising (A) generating

sample-containing droplets; (B) separating the droplets by a desired average

distance; (C) transferring the droplets to a radiation intersection region; (D)

exposing the droplets to radiation configured to stimulate emission of

fluorescence radiation from a fluorescent probe within the droplets; and (E)

detecting fluorescence radiation emitted by the droplets.

8 . The method of paragraph 7, wherein separating the droplets

includes flow focusing the droplets as they are generated.

9. The method of paragraph 7, further comprising analyzing the

detected fluorescence radiation to determine whether or not each droplet

contains a target molecule.

10. A target molecule detection system, comprising (A) a droplet

generator configured to generate sample-containing droplets; (B) a molecular

amplifier configured to replicate target molecules within the droplets; (C) a

radiation source configured to stimulate emission of fluorescence radiation

from droplets containing target molecules; (D) a fluorescence detector

configured to detect fluorescence radiation emitted by the droplets; and (E) a

first optical fiber configured to transmit stimulating radiation from the radiation

source to the droplets.

11. The system of paragraph 10, wherein the first optical fiber has a

long axis oriented substantially parallel to a droplet input fluid channel

configured to transport the droplets to an intersection region where the

droplets encounter stimulating radiation transmitted by the first optical fiber.

12. The system of paragraph 10, wherein the first optical fiber has a

long axis oriented substantially parallel to a side-facing region of a droplet

input fluid channel configured to transport the droplets to an intersection

region where the droplets encounter stimulating radiation transmitted by the

first optical fiber, and wherein the side-facing region is configured to allow

substantially only one droplet at a time to travel parallel to the long axis of the

first optical fiber.



13. The system of paragraph 11 or 12, wherein the first optical fiber

is further configured to transmit fluorescence radiation from the droplets to the

fluorescence detector.

14. The system of paragraph 10 , further comprising a second optical

fiber configured to transmit fluorescence radiation from the droplets to the

fluorescence detector.

15. The system of paragraph 14, further comprising a scattering

detector configured to detect radiation scattered from the droplets, and a third

optical fiber configured to transmit the scattered radiation to the scattering

detector.

16. The system of paragraph 10, further comprising (F) a droplet

input fluid channel; and (G) a radiation input fluid channel; wherein the droplet

input fluid channel is configured to transport a fluid containing the droplets

through an intersection region, the first optical fiber is configured to emit

radiation from the radiation source directly into fluid within the radiation input

fluid channel, the radiation input fluid channel is configured to transmit

radiation from the first optical fiber to the intersection region, and the droplet

input fluid channel is fluidically connected to the radiation input fluid channel.

17. A target molecule detection system, comprising (A) a droplet

generator configured to generate sample-containing droplets; (B) a molecular

amplifier configured to replicate target molecules within the droplets; (C) a

fluid channel configured to transport the droplets through a radiation

intersection region; (D) a plurality of radiation sources, each configured to

transmit fluorescence stimulating radiation to a different adjacent portion of

the intersection region; and (E) at least one fluorescence detector configured

to detect fluorescence radiation emitted by droplets disposed within the

intersection region.

18. The system of paragraph 17, wherein the at least one

fluorescence detector includes a plurality of fluorescence detectors, each

configured to detect fluorescence radiation emitted by droplets within one of

the different portions of the intersection region.



19. The system of paragraph 18, wherein each fluorescence

detector is configured to detect fluorescence radiation at a different

wavelength, each wavelength corresponding to at least one variety of target

molecule.

20. The system of paragraph 19, wherein each radiation source is

configured to transmit fluorescence stimulating radiation at a different

wavelength.

2 1. A target molecule detection system, comprising (A) a droplet

generator configured to generate an emulsion of sample-containing droplets;

(B) a molecular amplifier configured to replicate target molecules within the

droplets; (C) a droplet input fluid channel configured to transfer the emulsion

to at least one fluorescence detection chamber; (D) a radiation source

configured to illuminate droplets within the at least one detection chamber

with stimulating radiation; and (E) a fluorescence detector configured to detect

fluorescence radiation emitted by the illuminated droplets.

22. The system of paragraph 2 1 , wherein the at least one detection

chamber is configured to contain substantially only a monolayer of droplets.

23. The system of paragraph 2 1 , wherein the at least one detection

chamber includes two detection chambers and a valve mechanism configured

to selectively direct droplets toward one of the two detection chambers.

24. The system of paragraph 23, wherein the valve mechanism is

configured to allow a substantially continuous flow of emulsion to be

transferred from the droplet input fluid channel to the fluorescence detection

chambers.

VII. Quantification / Analysis

This Section describes exemplary systems for analyzing reaction data

and, optionally, for using results of the analysis to adjust system parameters

to improve the quality of subsequent data, for example, for use with droplet-

based assay systems. The systems are described, for convenience, in terms

of fluorescence intensity data obtained in connection with PCR; however, the

systems apply more generally to discrete data obtained in connection with any

suitable reaction. Additional pertinent disclosure may be found in the U.S.



provisional patent applications listed above under Cross-References and

incorporated herein by reference, particularly Serial No. 61/277,216, filed

September 2 1 , 2009, titled QUANTIFICATION OF DROPLET-BASED

ASSAYS, and naming Vincent Riot, Kevin Dean Ness, Billy W. Colston, Jr.,

Benjamin J . Hindson, Douglas N. Modlin, and Anthony J . Makarewicz, Jr., as

inventors.

It may be desirable, once a sample-containing emulsion has been

created, thermocycled by an enzymatic amplification system such as a PCR

thermocycler, and passed through a detection system, to analyze the data

gathered by the detection system to extract desired information about the

sample. As described previously, the gathered data will typically include at

least a fluorescence intensity level emitted by each detected droplet under

excitation from a radiation source. The fluorescence intensity emitted by a

given droplet typically will reflect the number of replicated target nucleic acid

molecules in the droplet, and thus will be a measure of the target molecule

concentration in the original, unamplified sample. Fluorescence intensity will

be measured by one or more fluorescence detectors such as a photomultiplier

tube or a photodiode or a digital camera. For example, the fluorescence

signals from the detector may be digitized and a peak intensity determined as

each droplet passes within the field of view of the detector. The peak intensity

may be determined using a curve fitting technique such as a local parabolic fit

or any other suitable method.

Aside from fluorescence intensities, various other data may be

gathered during the detection phase. For example, the time of passage of

each droplet in front of either a fluorescence detector or a forward scatter

detector may be measured. In conjunction with knowledge of the emulsion

fluid velocity as it passes through the detection region, and the geometry of

each droplet, this may allow an estimate of each droplet's volume. Droplet

volume also can be estimated by measuring various one or more other

properties of the droplets, such as thermal or electrical conductivity,

capacitance, and/or dielectric permittivity, among others.



In any event, it is expected that there will be data, at least including

fluorescence intensity, available for each of a relatively large number of

sample-containing droplets. This will generally include thousands, tens of

thousands, hundreds of thousands of droplets, or more. Statistical tools

generally may be applicable to analyzing this data. For example, statistical

techniques may be applied to determine, with a certain confidence level,

whether or not any target molecules were present in the unamplified sample.

This information may in some cases be extracted simply in the form of a

digital ("yes or no") result, whereas in other cases, it also may be desirable to

determine an estimate of the concentration of target molecules in the sample,

i.e., the number of target molecules per unit volume.

Because target molecule concentration depends not just on the

number of target molecules within the emulsion but also on the volume of

each droplet, determining the target concentration generally also involves

either an explicit or an implicit determination of the volume distribution of the

droplets. In some cases, a droplet volume distribution may be determined by

measuring parameters such as time of passage of the droplets in the field of

view of a detector, or various thermal or electrical properties of each droplet,

as noted above. In other cases, the droplet sizes may be assumed to have a

certain uniform value, for instance based on knowledge of the underlying

characteristics of the droplet generator(s) used in the system. Knowledge of

droplet volumes generally facilitates a determination of the concentration of

target molecules per unit volume of sample-containing fluid.

Using statistical methods, it is possible to estimate target molecule

concentration even when the droplet volumes are unknown and no parameter

is measured that allows a direct determination of droplet volume. More

specifically, because the target molecules are assumed to be randomly

distributed within the droplets, the probability of a particular droplet containing

a certain number of target molecules may be modeled by a Poisson

distribution function, with droplet concentration as one of the parameters of

the function.



If the droplets are assumed to have a known average size but an

unknown size distribution, the detected fluorescence data, or a quantity

calculated from that data, may be compared to the results predicted by

various concentration values. The actual concentration value then may be

estimated using an error minimization technique such as a least mean

squares (LMS) fit.

Even when the droplets are not assumed to be uniform in size, target

concentration may be estimated in a similar manner. To accomplish this, a

particular functional form, such as a Gaussian distribution with a particular

mean and standard deviation, may be assumed for the probability distribution

of droplet volumes. A new Poisson-type distribution function for the probability

of finding a given number of target molecules in a droplet then may be

calculated, again assuming a random distribution of target molecules

throughout the sample. An estimate of the target concentration again may be

obtained by comparing one or more quantities determined from the actual

fluorescence data with the same quantities predicted by various concentration

values, and applying an error minimization technique as described previously.

Statistical techniques also may be applied to improve the accuracy of

the data analysis in various ways. For example, statistical analysis of

fluorescence data may help to determine an appropriate choice of a threshold

fluorescence level between negative and positive detection of a target

molecule within a given droplet. Applying this detection threshold to the data

then may result in a more accurate determination of target concentration than

simply choosing a threshold value a priori. Alternatively, the detection

threshold may be left as a variable, and information may be extracted from the

data across a range of different threshold values spanning a portion of (or all

of) the range of detected fluorescence intensities.

Furthermore, the confidence level of the detection threshold

fluorescence level may be increased (or equivalents, the confidence interval

for a given confidence level may be narrowed) using various statistical

resampling techniques such as random sampling with replacement (known in

the field of statistics as "bootstrapping") of subsets of the fluorescence data



(known as "jackknifing" or "jackknife bootstrapping"). In either case, an

improved confidence level in the detection threshold may be obtained by

analyzing the variability of the threshold level across replacement data sets.

Similarly, statistical methods may be used to provide other forms of

feedback that can result in more efficient use of the amplification system

and/or more accurate data analysis. For example, an initial determination of

target molecule concentration in the unamplified sample-containing droplets

may reveal that the concentration is either too high or too low to be optimal,

and this information may be used to adjust various parameters of the system.

More specifically, if the target concentration is too low (but nonzero), many

droplets may contain no target molecules at all, resulting in poor statistics and

wasted resources in preparing and processing large numbers of "empty"

droplets despite the fact that some target molecules are present in the

sample. On the other hand, if the target concentration is too high, virtually all

of the droplets will be saturated with target molecules after amplification, and

it will not be possible to determine the target concentration of the original

sample accurately because there will be no significant fluorescence variation

among droplets. Either of these situations may result in an undesirably large

confidence interval for the determination of target concentration.

Several system parameters may be adjusted in response to a

determination that the concentration of target molecules in the unamplified

sample-containing droplets is not optimal for the existing parameters. For

example, the sample-containing solution may be diluted or concentrated prior

to droplet generation, to respectively decrease or increase target

concentration. Similarly, the size range of the generated droplets may be

increased to lower the probability of droplets becoming saturated with the

target molecule after amplification, or decreased to increase the likelihood of

finding a target molecule (and the average number of target molecules) in

each droplet. In addition, various characteristics of the amplification system,

such as the thermocycling temperatures and/or the number of thermocycles,

may be increased in response to a determination that too little amplification is



occurring, or decreased in response to a determination that too much

amplification is occurring.

Figure 107 is a flowchart depicting a method, generally indicated at

4800, of determining target molecule concentration in a plurality of sample-

containing droplets. As described below, method 4800 includes a feedback

mechanism that can be used to adjust one or more parameters of droplet

generation in response to an undesirably low confidence condition in the

concentration value.

At step 4802, a confidence condition is chosen. This condition can

include, for example, a desired confidence level and/or an associated

confidence interval.

At step 4804, sample-containing droplets are generated. Various

methods and apparatus for generating such droplets are described elsewhere

herein, for example, in Sections III and IV.

At step 4806, target molecules within the droplets are amplified by PCR

or some other enzymatic amplification technique. Methods and apparatus for

amplifying target nucleotide sequences are described elsewhere herein, for

example, in Section V.

At step 4808, data such as fluorescence intensity, time of passage, one

or more thermal properties, and/or one or more electrical properties, are

collected from the droplets. Methods and apparatus for detecting properties of

sample-containing droplets are described elsewhere herein, for example, in

Section Vl.

At step 4810, a measure of target molecule concentration (i.e., the

number of target molecules per unit volume) in the unamplified sample is

estimated from the collected data. The estimated measure may include the

fraction of droplets containing one or more target molecules, and/or an

estimate of the actual concentration.

At step 4812, a confidence condition for the measure estimated in step

481 0 is determined. Typically, this will include a confidence level and/or an

associated confidence interval, which can be compared to the desired

confidence condition received at step 4802.



At step 4814, the determined confidence condition is compared with

the desired confidence condition, and at step 4816, a determination is made

as to whether the desired confidence condition has been attained.

At step 4818, if the desired confidence condition was attained by the

estimated measure of step 4810, then the measure is accepted.

At step 4820, if the desired confidence condition was not attained by

the estimated measure of step 481 0, then a determination is made as to

whether a suitable droplet generation parameter adjustment is available.

Suitable adjustments may include adjusting the number of droplets generated

(i.e., generating more droplets), changing the sample chemistry, diluting or

concentrating the sample prior to droplet generation, generating droplets of

different sizes, adjusting thermocycling temperatures, and/or adjusting the

number of thermocycles applied to the droplets, among others.

At step 4822, if step 4820 determines that a suitable droplet generation

parameter adjustment is available, then one or more droplet generation

parameter adjustments is made, and the process returns to step 4804 to

generate additional droplets using the adjusted parameter(s). The parameter

adjustment may in some cases be simply to generate more droplets to

improve statistical confidence, without changing any other parameter of the

system. In other cases, a sufficient number of appropriate droplets already

may have been created, and the parameter adjustment may relate entirely to

the thermocycler. In that case, step 4804 need not be performed again, but

rather the method may proceed directly from step 4822 back to step 4806. In

any event, the method then proceeds cyclically as Fig. 107 depicts, until either

the desired confidence condition is met or until no further parameter

adjustments can be made. In some cases, it may not be possible to further

adjust any droplet generation parameters even if the desired confidence

condition has not been attained, for example, because of chemical, physical,

and/or technological limitations. In this case, i.e., if step 4820 determines that

a suitable droplet generation parameter adjustment is not available, then the

measure of step 4810 is again accepted at step 4818, although it was not

possible to meet the desired confidence condition.



Given a set of droplet fluorescence data, there are various techniques

that can be used to estimate concentration measures and a confidence

condition such as confidence level and confidence interval. The following

examples describe several specific statistical techniques that may be applied

to the data to extract useful information to a desired degree of accuracy under

various circumstances.

A. Example 1

This example describes techniques for estimating the concentration per

droplet (average number of target molecules per droplet) with the use of some

pre-determined calibration or knowledge on the data set, nominally a

characteristic such as a fluorescence threshold that may be used to

distinguish target-containing droplets from empty droplets, and the statistical

characterization of the confidence of this determination. This example

assumes that a collection of values representing the fluorescence intensity for

each droplet is available. The techniques described in this example can be

applied to peak fluorescence data (i.e., the maximum fluorescence intensity

emitted by a droplet containing a particular number of target molecules), but

are not limited to this type of data. The described techniques may be

generalized to any measurements that could be used to distinguish target-

containing droplets from empty droplets.

If C is the target concentration of a sample (number of target molecules

per unit volume), Vd is the volume of a droplet (assumed constant in this

example), and λ = CVd is the average number of copies per droplet, the

probability that a given droplet will contain k target molecules is given by the

Poisson distribution:

fe ϋ

If, for example, there is an average of 3 copies of target nucleic acid per

droplet, Poisson's distribution would indicate that an expected 5.0% of

droplets would have zero copies, 14.9% would have one copy, 22.4% would

have 2 copies, 22.4% would have 3 copies, 16.8% would have 4 copies, and



so on. It can be reasonably assumed that a droplet will react if there is one or

more target nucleic acid molecules in the volume. In total, 95% of the droplets

should be positive, with 5% negative. Because the different numbers of initial

copies per droplet can, in general, be distinguished after amplification, a

general description of the analysis taking this into account can provide

improved accuracy in calculating concentration.

Fig. 108 displays a sample data set where the number of detected

droplets is plotted as a histogram versus a measure of fluorescence intensity.

The data indicates a peak in droplet counts at an amplitude of just less than

300, and several peaks of different intensity positives from about 500 to 700.

The different intensity of the positives is the result of different initial

concentrations of target molecules. The peak at about 500 had one initial

copy, the peak at about 600 had two initial copies, and so on until the peaks

become indistinguishable.

We can define an initial number of copies K after which there is no

difference in detection probability. We can now define a variable, X,

describing the probability that a given fluorescence measurement will be

defined as a positive detection (X=1 ) . As equation (2) below indicates, this is

defined to be the sum of the probabilities of a droplet containing any

fluorescently distinguishable positive (first term right hand side) plus the

fluorescently saturated positives (second term right hand side), plus the

negatives that are incorrectly identified as positives (third term right hand

side):

This can also be written in terms of λ by substituting equation ( 1 ) for the

Poisson probabilities:

The probability that a given measurement will be defined as a negative (X=O)

can also be defined as:
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The equations above are simplified for an apparatus where K=1, i.e.,

where one or more target copies per droplet fall within the same fluorescence

peak or the separation between positive and negatives is so clear that Pf can

be neglected. In some cases, however, there may be significant overlap

between fluorescence peaks of the negative droplets and the positive

droplets, so that Pf is not negligible. This example applies in either case.

The mean of the variable X is the sum of the product of the realizations

and the probabilities:

, α r t = 1 C = I)) + 0(PQX = O)) = P(X = 1) (5)

or

and its standard deviation is given by

^measurement ~ f* ieasιιrement — JU l - measurement ) • ' measιιreτnent '™m£asurem&πt \ ' )

Because the definition of X is such that a negative droplet corresponds to X=O

and a positive droplet corresponds to X=1 , the mean of X is also the fraction

of positive droplets:

Equation 6 and 7 can then be rewritten:

(9)

and

pu τnβasu.re π ιβ~nt

Because of their high degree of non-linearity, equations (9) and (10) cannot

be readily used to find λ without prior knowledge of the probabilities Pd, and

Pfa. A special case occurs when all droplets are detected (Pd, = 1) , only one



fluorescent state is distinguishable (K=1 ) , and the positive and negative peaks

are easily discernible so that the probability of a false detection is negligible

(Pfa = 0). In this case, equation (9) can be solved for λ:

( 11)
V N J

B. Example 2

This example describes extension of the previous example to situations

where the simplifying assumptions Pdi = 1, K = 1, and Pf = 0 are not made. It

allows processing the data without the use of some pre-determined calibration

or knowledge on the data set. This example relies on a least mean squares

(LMS) or similar fit of the data to the general theory as outlined by equation

(9). We define F as a function describing the difference between the

theoretical ratio of droplets (see equation (9) above) and the measured

equivalent:

V Exp(-A)l . /V+- , - J + / (- ) --i (12)

This difference should be equal to zero if the proper probabilities and λ can be

found. F is, in general, a function of the threshold value set to distinguish

positives from negatives, and the distribution of fluorescence signals from a

set of droplets with the same initial number of target copies, each of which

under basic assumptions can be described by Gaussian distribution, although

other distributions are possible and are conceptually simple extensions of the

described method. More specifically, due to droplet size variation, PCR

efficiency, flow rate variability through the detector, electrical noise and other

such random factors, for each number / of initial target molecules in equation

(12), there will be a distribution of fluorescence values characterized by a

mean value, Λ//, and standard deviation σ;.

The droplets detected as positive from these distributions would be dependent

on the chosen threshold:



The function F then becomes:

Equation ( 15) is a general example that applies to a Gaussian

distribution of droplet fluorescence including multiple states of detectable

positives. A least mean squares fit of equation (15) to a particular data set

may be found through iterative numerical methods, resulting in best fit

estimates of λ, M1, and σ, for all possible threshold settings. The same

technique may be applied to any other well-defined distribution of target

molecules. For example, the configuration may be assumed to follow a

distribution that takes into account the number of PCR cycles and/or the PCR

efficiency.

Figure 109 shows both the same fluorescence data shown in Fig. 108,

again displayed as a histogram of the number of droplets detected versus a

measure of fluorescence intensity, and the fluorescence distribution recreated

numerically from equation (15) with several values of K. As Fig. 109 indicates,

the numerically determined function recreates the actual data well, indicating

an accurate determination of λ , M and σ,. To determine the numerically

optimal fit order, the least mean square residual between the measured

fluorescence data and the numerically recreated function may be calculated

for each fit order, and the fit order corresponding to the lowest residual may

be adopted. For example, Fig. 110 is a histogram showing the least mean

square residual for fit orders two through seven obtained with equation ( 15),

showing that the numerical method becomes increasingly accurate at least up

to seven fit orders.



Figure 111 is a flowchart depicting a method, generally indicated at

4900, for numerically estimating target molecule concentration in a sample

based on aspects of this example. At step 4902, sample-containing droplets

are generated. Various methods and apparatus for generating such droplets

are described elsewhere herein, for example, in Sections III and IV. At step

4904, target molecules within the droplets are amplified by PCR or some

other enzymatic amplification technique. Methods and apparatus for

amplifying target nucleotide sequences are described elsewhere herein, for

example, in Sections V. At step 4906, data such as fluorescence intensity,

time of passage, one or more thermal properties, and/or one or more

electrical properties, are collected from the droplets. Methods and apparatus

for detecting properties of sample-containing droplets are described

elsewhere herein, for example, in Section V.

The remaining steps of method 4900 are generally computationally

intensive, and accordingly are typically performed with the aid of a digital

processor programmed with suitable instructions. At step 4908, a measured

fraction of droplets containing one or more target molecules is determined

from the data collected at step 4906. As described above, this fraction will

generally be a function of the threshold fluorescence value chosen to

distinguish a positive (target-containing) droplet from a negative droplet. At

step 4910, a theoretical value of the fraction of droplets containing one or

more target molecules is determined as a function of target molecule

concentration in the original, unamplified sample. This theoretical value will,

like the value determined from the data, generally also be a function of the

chosen detection threshold. A suitable theoretical value is provided, for

example, by the integral terms of equation (15) above. At step 4912, the

target concentration is estimated by minimizing a measure of the difference

between the theoretical fraction determined in step 4910 and the fraction

determined in step 4908 from the collected data. More generally, this step

may be performed by comparing the measured fraction to the theoretical

fraction in some manner.



C. Example 3

This example describes methods that may be used to estimate the

confidence interval in an estimated value of target concentration that has

been obtained, for example, using the methods of Examples 1 and 2

described above. The confidence interval cannot be directly estimated when a

non-linear least mean square is used (as in Example 2). The bootstrap

method, on the other hand, can provide some idea of the error of the

estimation. The principle is based on estimating a plurality of values of target

molecule concentration, where each value is estimated based on a subset of

the collected fluorescence intensity values, and then determining a mean

value and a standard deviation of the estimated concentration from the

plurality of estimated concentration values. The subsets of the samples (here

the droplet intensities) are chosen randomly (Monte Carlo). The standard

deviation and mean can then provide an estimated concentration as well as a

confidence interval defined from the standard deviation (if the assumption is

that the estimation follows a Gaussian distribution) or directly from the actual

results.

One particular type of bootstrap method, which is sometimes referred

to as a form of the jackknife bootstrap method, uses data subsets each

chosen to include the total number of data points minus 1. This maximizes the

statistics available for the estimation while allowing up to the total number of

point subsets. This works particularly well for a large data set. In the case of

droplet-based detection, the number of measurements is expected to be on

the order of thousands or more, so the jackknife bootstrap technique may be

particularly appropriate. In the present application of the jackknife bootstrap,

this means that each subset includes all but one of the collected fluorescence

intensity values.

The confidence interval obtained using the jackknife bootstrap method

may be characterized by its dependence on the following factors:

• the number of droplet intensities used in the analysis;

• the number of data subsets used (the upper limit is the total number of
intensities);



• the number of threshold values used for the fit; and

• the fit order.

Numerical studies using sample droplet fluorescence data suggest the

following conclusions regarding these factors:

• the more droplets, the smaller the confidence interval, with the
confidence interval decreasing approximately as the inverse square
root of the number of droplets;

• 100 jackknife data subsets is typically sufficient to find the smallest
confidence interval for a given set of other parameters;

• using a number of different fluorescence thresholds greater than or
equal to approximately a factor of 3 times the number of unknowns
(which equals 2 times the fit order plus one) is typically sufficient to find
the smallest confidence interval for a given set of other parameters;
and

• the fit order providing the lowest least mean square residuals should be
used.

D. Example 4

This example describes how the methods of the previous examples

may be extended to situations in which droplet size is not uniform, but rather

varies among the droplets according to a Gaussian distribution function. The

application of equation ( 15) above relies on the assumption of a constant

droplet volume to calculate the initial concentration, C, from the calculated

value of λ and the assumed droplet volume V:

= CV (16)

If the droplet volume varies significantly, the same principles can be applied to

solving for the concentration for a given droplet size distribution. Equation (2)

can be restated as a function of volume:

P ur m t = , ) = 00 P .P{k i , V + P P{k KΛ' + P{ αPQc = 0,V)

For a Gaussian distribution of droplet volumes with mean Mv and standard

deviation σv, equation ( 15) can be placed into the more general form:



Equation (18) can be solved with the same basic principles of least mean

squares as equation ( 15). A knowledge of the mean droplet volume by

alternate measurements as described previously, as well as a knowledge of

the standard deviation, will help the least mean square process to converge to

a stable solution. However, the least mean square process can also be tried

without that knowledge, in which case the mean and standard deviation of the

droplet volume will be additional unknown variables. Additionally, theoretical

studies have shown that a standard deviation of less than 7% of the mean

value has a negligible effect on the results. Therefore, extension of equation

(15) to the more general case of equation (18) may not be needed for large

required confidence intervals

For the special case where all droplets are detected, Pd, = 1, only one

fluorescence state is distinguishable, K=1 , and the positive and negative

peaks are easily discernible so that the probability of a false detection is

negligible, Pf = 0, equation ( 17) will give

M ,measuremen t = [ P(IO(I - Exp(-CV))dV (19)
'a

and the standard deviation becomes:

a = If P(IOd - dV (20)

In general, for any known or measured droplet volume distribution P(V), the

mean and standard deviation can be calculated.

E. Example 5

This example describes various alternative methods of estimating

droplet concentration, assuming uniform droplet volume and perfect

detectability (i.e., all positive droplets detected, and no false detections).



Under these assumptions, an analysis can be performed on the volume

spacing between positives in the data. It is straightforward to derive the

probability of detecting n negative droplets (i.e., droplets containing no target

molecules) before detecting a positive. Applying the Poisson distribution of

equation (1), the probability of a droplet containing no target molecules is:

P(O; Λ) =Exp(- λ) ≡ N _ / N (21)

Therefore, the probability of n consecutive droplets containing no target

molecules is:

[P(CW)]" = [Exp(-λ)]" =Exp(-n λ) (22)

Furthermore, the probability of a droplet containing one or more target

molecules is:

P(k; λ) =l-Exp(- λ) ≡ NJN (23)

Thus, the theoretical probability distribution of detecting n consecutive

droplets containing no target molecules before detecting a droplet containing

at least one target molecule is:

[P(n; λ)] =[P(O; λ)]" P{k; λ) =(\ - e -λ)e "λ (2 4 )

Accordingly, the target molecule concentration may be estimated by

comparing the measured probability distribution to this theoretical probability

distribution. For example, taking the natural log of both sides,

\n[P(n; λ)] \n{\ - e λ) - nλ (25)

Accordingly, a plot of In [F(re; ) ] versus n will be a line with slope -λ and y-

intercept In [1 —e ] , and P(n; λ.) as determined from the data may be used to

generate different estimate of λ.

Using equation (24), a related estimator for λ may be derived using a

maximum likelihood analysis. Specifically, the value of λ that maximizes the

probability of a spacing of n droplets before detecting a positive droplet will

correspond to the average spacing value. This value may be found by setting

the derivative of P with respect to λ equal to zero:



0 = — = -ne "λ ( 1 - e ) + e " ( )

where <n> is the average value of the spacing calculated from the observed

data, i.e., the average number of droplets containing no target molecules

before detecting a droplet containing at least one target molecule.

F. Example 6

This example describes how the confidence interval for the fraction of

positive detections can be determined analytically for the case K = 1 using the

central limit theorem. Recall from above that the mean value of the positive

detection ratio may be expressed as:

Mm easurement - U pfaExp (-X) (6)

and its standard deviation is given by

^measurement ~ ' mea remer.t ~ * K - eas rement ) "I ' πeasu.rem.ent ™mscsuremer.t \ ' )

where the positive detection ratio is measured by the ratio of positively

detected droplets to the total number of measurements:

measurem ent ~T7~ V /

The central limit theorem then states that the standard deviation of N

measurements is given by Therefore, with 95% confidence (2

standard deviations), we have:

N H o ! lα P (27)

with

Ê
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For simple cases (here shown with K = 1, Pdl = Pdk = 1, and Pf = 0), λ can be

derived by inverting the previous equation and the result with a confidence

interval at 95% confidence (2 standard deviations) can be expressed as:

j " < N
+. 4 .

1 1 N

G, Example 7

This example describes additional aspects of systems for analyzing

data and improving data collection, in accordance with aspects of the present

disclosure, presented without limitation as a series of numbered sentences.

1. A method of determining target molecule concentration in a

sample to a desired degree of confidence, comprising (A) generating sample-

containing droplets with a droplet generator; (B) amplifying target molecules

within the droplets; (C) collecting data from the droplets including at least

values of fluorescence intensity emitted by a plurality of the droplets; (D)

estimating target molecule concentration in the sample based on the collected

data; (E) comparing a confidence condition for the estimated concentration

with a desired confidence condition; and (F) if the desired confidence

condition has not been attained, then adjusting at least one droplet generation

parameter.

2. The method of paragraph 1, wherein the droplet generation

parameter is the number of droplets generated.

3 . The method of paragraph 1, wherein the droplet generation

parameter is sample chemistry.



4 . The method of paragraph 1, wherein the droplet generation

parameter is droplet concentration.

5. The method of paragraph 1, wherein the droplet generation

parameter is droplet size.

6. The method of paragraph 1, wherein the droplet generation

parameter is a thermocycling temperature.

7 . The method of paragraph 1, wherein the droplet generation

parameter is a number of thermocycles.

8. The method of paragraph 1, wherein the droplet generator is a

single-use droplet generator.

9 . The method of paragraph 1, wherein collecting data includes

measuring time of passage of each of the plurality of droplets in a field of view

of a detector.

10. The method of paragraph 1, wherein collecting data includes

measuring an electrical property of each of the plurality of droplets sufficient to

estimate a volume of each droplet.

11. The method of paragraph 1, wherein collecting data includes

measuring a thermal property of each of the plurality of droplets sufficient to

estimate a volume of each droplet.

12. A method of determining target molecule concentration in a

sample, comprising (A) generating sample-containing droplets with a droplet

generator; (B) amplifying target molecules within the droplets; (C) collecting

data from the droplets including fluorescence intensity emitted by each of a

plurality of the droplets; (D) determining from the collected data a measured

fraction of droplets containing at least one target molecule; (E) determining a

theoretical fraction of droplets containing at least one target molecule, as a

function of target molecule concentration; and (F) determining the

concentration by comparing the measured fraction to the theoretical fraction.

13. The method of paragraph 12, wherein the theoretical fraction is

determined by assuming that the target molecules are randomly distributed in

the droplets.



14. The method of paragraph 12, wherein the theoretical fraction is

determined by assuming that all droplets are detected, only one fluorescent

state is distinguishable, and there are no false detections.

15. The method of paragraph 12, wherein the theoretical fraction is

determined by assuming that the droplet fluorescence intensities follow a

Gaussian distribution.

16. The method of paragraph 15, wherein comparing the measured

fraction to the theoretical fraction includes minimizing a measure of the

difference between the theoretical fraction and the measured fraction.

17. The method of paragraph 15 , wherein comparing the measured

fraction to the theoretical fraction includes applying a least mean squares fit of

the theoretical fraction to the collected data.

18. The method of paragraph 12, wherein the measured fraction

and the theoretical fraction are both functions of a detection threshold

fluorescence value, and wherein determining the concentration includes

comparing the measured fraction to the theoretical fraction for a plurality of

detection threshold values.

19. The method of paragraph 12, wherein the theoretical fraction is

determined by assuming that the droplets have a uniform volume.

20. The method of paragraph 12, wherein the theoretical fraction is

determined by assuming that the droplets have a Gaussian distribution of

volumes.

2 1 . A method of determining target molecule concentration in a

sample, comprising (A) generating sample-containing droplets with a droplet

generator; (B) amplifying target molecules within the droplets; (C) collecting

data from the droplets including a value of fluorescence intensity emitted by a

plurality of the droplets; (D) estimating a plurality of values of target molecule

concentration, wherein each value is estimated based on a subset of the

collected fluorescence intensity values; and (E) determining a mean value and

a standard deviation of the estimated concentration from the plurality of

estimated concentration values.



22. The method of paragraph 21, wherein the subsets are chosen

randomly.

23. The method of paragraph 22, wherein each subset includes all

but one of the collected fluorescence intensity values.

24. A method of determining target molecule concentration in a

sample, comprising (A) generating sample-containing droplets with a droplet

generator; (B) amplifying target molecules within the droplets; (C) collecting

data from the droplets including a value of fluorescence intensity emitted by a

plurality of the droplets; (D) determining from the collected data a measured

probability distribution of detecting a particular number of droplets containing

no target molecules before detecting a droplet containing at least one target

molecule; and (E) estimating target molecule concentration by comparing the

measured probability distribution to a theoretical probability distribution.

25. The method of paragraph 24, wherein determining the

measured probability distribution includes determining the average number of

droplets containing no target molecules before detecting a droplet containing

at least one target molecule, and wherein estimating target molecule

concentration includes estimating a maximum likelihood value of target

molecule concentration.

26. A system for determining target molecule concentration in a

sample, comprising (A) a droplet generator configured to generate sample-

containing droplets; (B) a thermocycler configured to amplify target molecules

within the droplets; (C) a fluorescence detector configured to collect values of

fluorescence intensity emitted by a plurality of the droplets; and (D) a digital

processor configured to estimate target molecule concentration in the sample

based on the collected data, compare a confidence condition for the

estimated concentration with a desired confidence condition, and send a

signal to adjust at least one parameter of the droplet generator or the

thermocycler if the desired confidence condition has not been attained.

27. A method of analyzing a sample for a nucleic acid target,

comprising (A) removing a portion of a sample; (B) creating an assay mixture

from the portion for amplification of the nucleic acid target, if present; (C)



generating a packet of droplets from the assay mixture, the packet having an

at least substantially predetermined number of the droplets; (D) subjecting the

packet to conditions for nucleic acid amplification; (E) performing one or more

measurements on each of a plurality of droplets of the packet; (F) using the

one or more measurements to determine a number of the plurality of droplets

in which amplification of the nucleic acid target occurred; and (G) estimating

the total presence of molecules of the nucleic acid target in the sample based

on the number of droplets determined.

28. A method of analyzing a sample for a nucleic acid target,

comprising (A) generating a first packet of droplets from a sample, each

droplet having a composition capable of amplification of the nucleic acid

target, if present, in the droplet; (B) subjecting the first packet to conditions for

nucleic acid amplification; (C) performing one or more measurements on each

of a plurality of droplets of the first packet; (D) using the one or more

measurements to determine a first fraction of droplets in which amplification of

the nucleic acid target occurred; (E) determining whether the first fraction

satisfies a predefined confidence condition for estimating the total presence of

target in the sample and, if not, repeating the steps of subjecting, performing,

and using with a second packet of droplets having a different average droplet

volume and/or a different concentration of the sample relative to the first

packet, to determine a second fraction of droplets in which amplification of the

nucleic acid target occurred; and (F) estimating the total presence of the

nucleic acid target in the sample based on the first fraction, the second

fraction, or both.

29. A method for quantifying nucleic acid concentration and/or

confidence interval, comprising (A) providing a sample having a given starting

volume, the sample to be analyzed for the presence of a target nucleic acid

molecule, (B) removing a sub-sample of a predetermined volume from the

sample; (C) creating an assay mix by performing the steps of any of

combining the sub-sample with any of primers and or probes for replicating

the target nucleic acid molecule, diluting the subsample, concentrating the

sub-sample, and combinations thereof; (D) creating a droplet packet having a



pre-determined number of droplets from the assay mix, the droplets having a

droplet volume distribution; (E) subjecting the packets to conditions for nucleic

acid replication; (F) performing one or more measurements on at least one

droplet from the packets; (G) using the one or more measurements to

determine the number of droplets comprising replicated target nucleic acid

molecules and optionally droplet volume if the volume distribution is unknown;

and (H) using the number of droplets comprising replicated target nucleic acid

molecules to estimate any of the number of target nucleic acid molecules in

the sample volume and the confidence interval thereof and combinations

thereof.

30. The method of paragraph 29, wherein droplet volume is

measured using optical (e.g., scattering, fluorescence) or electrical (e.g.,

conductivity, dielectric permittivity) methods.

3 1 . The method of paragraphs 29 or 30, wherein nucleic assay

replication is measured using optical (e.g., luminescence, fluorescence) or

electrical (e.g., conductivity, dielectric permittivity) methods.

32. A method for determining concentration by changing droplet

volume, comprising (A) adjusting the sample partition volume and measuring

the percentage of partitions that amplified at least until finding the responsive

range at which point the concentration can be determined, (B) creating a

predetermined number of droplets at first volume that has a concentration

range spanning a responsive range, (C) subjecting the droplets to conditions

that support amplification, (D) measuring a signal (physical property) to

determine if amplification has occurred and if DNA was present in the droplets

prior to amplification, (E) counting droplets and determining the percentage of

droplets that amplified, (F) estimating the concentration range using the

percentage droplets amplified from Poisson curve or derivative thereof, and

(G) if the estimated concentration is outside the optimal range then performing

analysis using a second droplet volume.

33. A method of determining concentration by diluting or

concentrating droplet solution, by analogy with paragraph 32.



VIII. Controls and Calibrations for Droplet-based Assays

This Section describes exemplary control and calibration systems,

including methods and apparatus, for example, for performing droplet-based

assays, such as tests of nucleic acid amplification, that are controlled and/or

calibrated using signals detected from droplets. Additional pertinent disclosure

may be found in the U.S. provisional patent applications listed above under

Cross-References and incorporated herein by reference, particularly Serial

No. 61/275,731 , filed September 1, 2009.

A. Introduction

Droplet-based tests for amplification generally need to be accurate. If

inaccurate, these tests can generate erroneous results, that is, false negatives

and false positives. Each type of erroneous result can have detrimental

consequences. False negatives related to detection of a disease could mean

that the disease is not treated early and is permitted to spread. In contrast,

false positives could cause unnecessary alarm, potentially triggering an

unnecessary response that may be costly and disruptive. To avoid problems

associated with false negatives and false positives, inaccurate amplification

tests must be repeated to improve their reliability, which increases cost and

uses more sample and reagent, each of which may be precious.

Figure 112 shows a graph 5710 illustrating an exemplary approach for

using fluorescence to measure amplification of a nucleic acid target in

droplets formed by partitioning a sample. The graph plots, with respect to

time, fluorescence signals that may be detected from a flow stream containing

the droplets. Each droplet may be detected as a transient change (e.g., a

transient increase) in intensity of the fluorescence signal, such as a peak or

spike 571 2 (i.e., a wave) formed by the fluorescence signal.

To improve clarity, the illustrative data shown here and in other figures

of this Section are presented as serial data detected from a flow stream

containing droplets. However, the methods disclosed in this Section also may

be applied to droplet image data, which may be collected from a set of

droplets in parallel (e.g., see Sections Il and Vl). Also, to improve clarity, the

illustrative data are presented in a simplified form: each peak has no width



and projects from a constant background signal 5713 formed by detection of a

continuous phase carrying the droplets. However, a signal peak may have

any suitable shape based on, for example, the frequency of detecting signals,

the shape of each droplet, the size and geometry of a channel carrying the

flow stream, the flow rate, and the like. Moreover, the signal peaks may have

any suitable temporal distribution, for example, occurring at relatively constant

intervals, as shown here, or at varying intervals. A droplet signal provided by

and/or calculated from the peak (e.g., a signal corresponding to peak height

or peak area, among others) may be used to determine whether amplification

occurred in the corresponding droplet, and thus whether the droplet received

at least one molecule of the nucleic acid target when the sample was

partitioned.

Each droplet signal may be compared to a signal threshold 571 4 , also

termed a cutoff. This comparison may provide a determination of whether

each droplet signal represents a positive signal (target is present) or a

negative signal (target is absent and/or not detected), for amplification in the

droplet. For example, droplet signals greater than (and, optionally, equal to)

the threshold may be considered as representing positive droplets.

Conversely, droplet signals less than (and, optionally, equal to) the threshold

may be considered as representing negative droplets. (A positive droplet

signal above threshold 571 4 is indicated at 5716, and a negative droplet

signal below threshold 5714 is indicated at 5718 in Fig. 112.) Comparison to

the threshold thus may transform each droplet signal to a digital value, such

as a binary value (e.g., a " 1" for a positive droplet and "0" for a negative

droplet). In any event, the fraction of droplets that are positive can be

determined. For a given droplet size, the fraction of positive droplets can be

used as an input to an algorithm based on Poisson statistics to determine the

number of copies (molecules) of the nucleic acid target present in the initial

sample volume. In some embodiments, more than one threshold may be used

to categorize results (e.g., negative, positive, or inconclusive; or no copies,

one copy, two copies, three or more copies; etc.).



Figure 113 shows an exemplary histogram 5720 of ranges of droplet

signal intensities that may be measured from the flow stream of Fig. 112. The

relative frequency of occurrence of each range is indicated by bar height. The

distribution of positive and negative signal intensities may be larger than the

modest difference in signal intensity produced by amplification (a positive

droplet) relative to no amplification (a negative droplet). Thus, the distributions

of droplet signals from positive droplets and negative droplets may produce a

problematic overlap between the amplification-positive and amplification-

negative droplet signals, indicated at 5724. Accordingly, as shown in Fig. 112,

some amplification-positive droplets may provide relatively weak droplet

signals, such as false-negative signal 5726, that are less than threshold 571 4,

resulting in incorrect identification of these positive droplets as negative.

Conversely, some amplification-negative droplets may provide relatively

strong droplet signals, such as false-positive negative signal 5728, that are

greater than threshold 5714, resulting in incorrect identification of these

negative droplets as positive. Since either type of erroneous result may be

costly and harmful, it is desirable to minimize their occurrence.

There are many factors that can lead to variation in signals detected

from droplets. Examples of physical parameters that may affect the signals

may include droplet position when detected (e.g., relative to the "sensed

volume" of the detector), droplet volume and shape, optical alignment of

detection optics (including excitation source, filters, and detector), detector

response, temperature, vibration, and flow rate, among others. Examples of

reaction chemistry parameters that may affect the fluorescence signal include

the number of target molecules and/or the amount of background nucleic acid

present in each droplet, amplification efficiency, batch-to-batch variations in

reagent concentrations, and volumetric variability in reagent and sample

mixing, among others. Variations in these physical and chemical parameters

can increase the overlap in the distribution of positive and negative droplet

signals, which can complicate data interpretation and affect test performance

(e.g., affect the limit of detection). The variations can occur within a run and/or

between runs, within a test on a target and/or between tests on different



targets, on the same instrument and/or different instruments, with the same

operator and/or different operators, and so on.

Thus, there is a need for improved accuracy and reliability in droplet-

based assays. For example, it would be desirable to have droplet-based

controls for these tests, optionally, droplet-based controls that can be

incorporated into test droplets (for performing assays) or incorporated into

control droplets (for controlling assays) that can be intermixed with test

droplets. Such integrated controls may have the benefit of reducing cost by

processing control reactions in parallel with test reactions, which may speed

the analysis. It also would be useful to have one or more controls that can be

used in system calibration (e.g., to verify hardware, reagent, and/or software

(e.g., algorithm) performance, among others).

B. Definitions

Technical terms used in this disclosure have the meanings that are

commonly recognized by those skilled in the art. However, the following terms

may have additional meanings, as described below.

Signal - detectable and/or detected energy and/or information. Any of

the signals detected, after detection, may be described as signals and/or data.

For example, detected droplet signals may provide test signals and test data,

control signals or control data, reference signals and reference data,

calibration signals and calibration data, transformed signals and transformed

data, or any combination thereof, among others.

Transform - to change one or more values, and/or the number, of

signals of a data set using one or more mathematical and/or logical

operations. Transformation of a set of signals may produce a transformed set

of the signals by changing values of one or more of the signals and/or by

deleting/invalidating any suitable subset of the signals. Signal transformation

may include reducing signal variation, deleting/invalidating outlier signals,

subtracting a baseline value from signals, reducing the frequency of outliers,

reducing the overlap of distributions of positive and negative droplet signals,

modifying signals according to a regression line, assigning new values to



signals based on comparing signal values to a threshold or range, or any

combination thereof, among others.

Run - an operating period during which a set of droplets, generally

droplets of about the same size and including partitions of a sample, are

tested.

Oligonucleotide - a nucleic acid of less than about one-hundred

nucleotides.

Exogenous - originating externally. For example, a nucleic acid

exogenous to a sample is external to the sample as originally isolated. As

another example, a nucleic acid exogenous to an organism or cell is not

native to the organism or cell, such as a nucleic acid introduced into the

organism or cell by infection or transfection.

Endogenous - originating internally, such as present in a sample as

originally isolated or native to a cell or organism.

C. Summary

The present disclosure provides a system, including methods and

apparatus, for performing droplet-based tests of nucleic acid amplification that

are controlled and/or calibrated using signals detected from droplets.

The present disclosure provides a method of sample analysis. Droplets

may be obtained. The droplets may be generated on-line or at least a subset

of the droplets may be pre-formed off-line. At least a subset or all of the

droplets may include a partition of a sample to be tested and may be capable

of amplification of at least one test nucleic acid target, if present, in the

partition. In some embodiments, the droplets may be capable of amplification

of a test nucleic acid target and a control nucleic acid target. The droplets

collectively or each may include a dye, or at least a first dye and a second

dye. In some embodiments, the droplets may be of at least two types, such as

two or more types of test droplets, test droplets and calibration droplets, or

test droplets and control droplets, among others. In some embodiments, the

two or more types of droplets may be distinguishable based on distinct

temporal positions of the droplet types in a flow stream (or distinct times of

exit from the flow stream, e.g., distinct times at which the droplets are



collected in one or more detection chambers for imaging), the presence of

respective distinct dyes in the droplet types, distinguishable signal intensities

of the same dye (or different dyes), or a combination thereof, among others.

Signals, such as fluorescence signals, may be detected from the

droplets. The signals may include test signals, calibration signals, control

signals, reference signals, or any combination thereof. In some embodiments,

test signals and control signals may indicate respectively whether

amplification of a test nucleic acid target and a control nucleic acid target

occurred in individual droplets. In some embodiments, detection may include

(a) exciting first and second dyes with a same wavelength of excitation light

and (b) detecting emitted light from the first and second dyes at least

substantially independently from one another in respective first and second

detector channels.

The signals detected may be analyzed to determine a test result

related to a presence (number, concentration, etc.), if any, of a test nucleic

acid target in the sample. In some embodiments, analysis may include

transforming test signals based on reference signals to reduce variation in the

test signals. The test signals and the reference signals may be detected in

respective distinct detector channels or in the same detector channel. In some

embodiments, the reference signals may be provided by a second dye that is

not coupled to an amplification reaction and thus serves as a passive

reference. In some embodiments, the reference signals may be provided by

control signals detected from a control amplification reaction. The control

amplification reaction may measure amplification of an exogenous or

endogenous template. In some embodiments, analysis may include (a)

comparing test signals, or a transformed set of the test signals, to a signal

threshold to assign individual droplets as positive or negative for a test nucleic

acid target, and (b) estimating a number of molecules of the test nucleic acid

target in the sample based on the comparison. In some embodiments,

analysis may include (a) analyzing control signals to determine a control value

corresponding to a number and/or fraction of the droplets that are



amplification-positive for a control nucleic acid target, and (b) interpreting a

test result, such as determining its validity, based on the control value.

The systems disclosed herein may offer improved instrument

calibration and/or substantial improvements in the accuracy and/or reliability

of droplet-based amplification tests. Exemplary capabilities offered by the

present disclosure may include any combination of ( 1) correcting/minimizing

variations in the fluorescence signal to increase the accuracy of droplet PCR

results; (2) providing an internal indicator of whether nucleic acid amplification

failed (e.g., PCR inhibition from interfering components in the sample,

incorrect sample and reagent mixing, incorrect thermal cycling, incorrect

droplet formation); (3) providing measurement of droplet volumes without

having to add additional hardware components; (4) providing measurement of

changes in the baseline fluorescence signal (i.e., baseline drift); (5) providing

calibration of a droplet detector before and/or during a run; (6) monitoring the

performance of quantitative droplet PCR measurements and data processing

algorithms before and/or during a run; (7) verification of droplet integrity (e.g.,

absence of coalescence); (8) obtaining information on droplet generation and

detection frequency (spatially and temporally) using an in-line detector; (9)

measuring variations and comparing them to predefined tolerances; (10)

processing of raw droplet PCR data to correct for variations and increase test

accuracy and performance; ( 11) incorporating control assays preferably using

a single excitation source; and/or (12) quantifying more than one species of

genetic target by amplifying and detecting more than one species of genetic

target in individual droplets.

D. System Overview

Figure 114 shows an exemplary system 5740 for performing droplet-

based tests of with the aid of controls and/or calibrators. Other exemplary

systems that may be suitable are described elsewhere herein, such as in

Section II, among others. System 5740 may include any combination of a

sample preparation station 5742, at least one droplet generator 5744, a

heating station, such as a thermal cycler 5746, a detection station 5748, and a



controller 5750 incorporating a data analyzer 5752 and a feedback and

control portion 5754, among others.

The system may provide at least one flow stream that carries at least

one sample and reagents from one or more upstream positions and in a

downstream direction to detection station 5748. Signals detected from the

flow stream (or detected with stopped flow, such as by imaging), and

particularly droplet signals, may be communicated to data analyzer 5752. The

data analyzer may analyze the signals to determine one or more test results,

control results, calibration results, a quality (e.g., validity, reliability, confidence

interval, etc.) of any of the results, or a combination thereof. Any of the results

may be communicated to feedback and control portion 5754, which may

control and/or adjust control of any of sample preparation station 5742,

droplet generator 5744, thermal cycler 5746, detection station 5748, and data

analyzer 5752, based on the results determined.

Preparation station 5742 may contain and/or supply at least one

sample 5756, at least one set of test reagents 5758 (also termed target

reagents), one or more control reagents 5760, one or more calibration

reagents 5762, or any combination thereof. Any of the samples and/or

reagents may be stored and/or supplied separately, may be stored and/or

supplied as one or more pre-formed mixtures, and/or may be mixed selectably

before they are supplied to a downstream region of the system (e.g., droplet

generator 5744, thermal cycler 5746, or detection station 5748). Furthermore,

any of the samples and/or reagents may travel sequentially from sample

preparation station 5742 to droplet generator 5744, thermal cycler 5746, and

then detection station 5748 for detection of droplet signals. Alternatively, any

of the samples and/or reagents may reach the detection station without travel

through the droplet generator, as indicated at 5764, the thermal cycler, or

both, as indicated at 5766. Accordingly, any of the samples and/or reagents

disclosed herein may be stored and/or supplied in pre-formed droplets.

Droplets may, for example, be pre-formed off-line, either locally or remotely.

Pre-formed droplets may be intermixed randomly with droplets formed by

droplet generator 5744 before reaching detection station 5748, or distinct



types of droplets may be detected as spatially and/or temporally separated

packets of droplets.

Test reagents 5758 may be any reagents used to test for amplification

of one or more targets, such as one or more primary targets, in partitions of a

sample. Primary targets generally comprise any targets that are of primary

interest in a test. Primary targets may be present at an unknown level in a

sample, prior to performing tests on the sample. Test reagents 5758 generally

include one or more sets of target reagents conferring specificity for

amplification of one or more particular nucleic acid targets to be tested in a

sample. Thus, the test reagents may include at least one pair (or two or more

pairs) of primers capable of priming amplification of at least one (or two or

more) nucleic acid target(s). The test reagents also may comprise at least one

reporter to facilitate detecting amplification of each test target, a polymerase

(e.g., a heat stable polymerase), dNTPs, and/or the like. The test reagents

enable detection of test signals from droplets.

Control reagents 5760 are any reagents used to control for test signal

variation (generally, variation other than that produced by differences in

amplification) and/or to interpret results obtained with the test reagents (such

as a reliability and/or validity of the results). The control reagents permit

control signals and/or reference signals to be detected from droplets, either

the same or different droplets from the test signals. Control reagents may be

mixed with test reagents prior to droplet formation and/or control droplets

containing control reagents may be produced separately from the test droplets

and introduced independently of the sample.

The control reagents may provide instrument controls, that is, controls

for variation introduced by the system (and/or its environment). Thus,

instrument controls may control for variation in droplet volume, droplet

detection efficiency, detector drift, and the like. Reference signals may be

detected from droplets containing control reagents that function as instrument

controls.

The control reagents also or alternatively may provide amplification

controls, that is, controls that test for secondary/control amplification in



droplets. The control reagents thus may include reagents used to test for

amplification of at least one secondary or control target in droplets. The

secondary/control target may be of secondary interest in a test, and/or may be

present at a known or expected level in the sample, among others. In any

event, the control reagents may include one or more sets of target reagents

conferring specificity for amplification of one or more control nucleic acid

targets to be tested in droplets. The control reagents may include at least one

pair (or two or more pairs) of primers capable of priming amplification of at

least one (or two or more) control nucleic acid target(s). The control reagents

also may comprise at least one reporter to facilitate detecting amplification of

each control target, a polymerase (e.g., a heat stable polymerase), dNTPs,

and/or the like, or any suitable combination of these control reagents may be

supplied by the test reagents. Control signals may be detected from control

reagents that function as amplification controls.

Calibration reagents 5762 are any reagents used to calibrate system

operation and response. Droplets containing a calibration reagent (i.e.,

calibration droplets) may be introduced into a flow stream of the system, at

any position upstream of the detection station, for the purpose of calibrating

the system (e.g., calibrating flow rates, excitation power, optical alignment,

detector voltage, amplifier gain, droplet size, droplet spacing, etc.). Calibration

droplets may be introduced into a flow stream of the system before, during,

and/or after introduction of test droplets into the flow stream. In some

embodiments, the level of a dye within control droplets may be used to

calibrate and/or validate detector response, such as by using a pair of dye

concentrations providing calibration signals that bracket an intended

measuring range and/or that are disposed near upper and lower ends of the

measuring range. For example, droplets of known size and containing one or

more known dye concentrations may be prepared off-line and introduced into

the system, and/or may be generated by the system. In some embodiments,

calibration droplets may comprise fluorescent particles such as quantum dots,

polymer beads, etc.



System 5740 may used to perform a method of analyzing one or more

samples. The method may include any suitable combination of the steps

disclosed herein, performed in any suitable order.

Droplets may be obtained. The droplets may be of one type or two or

more types. At least a subset, or all, of the droplets may be generated by the

system or may be pre-formed off-line. At least a subset of the droplets may

include test reagents for testing amplification of a test nucleic acid target. At

least a subset of the droplets may include control reagents and/or calibration

reagents for testing amplification of a control nucleic acid target. The droplets

may contain one or more dyes.

The droplets may be introduced into a flow stream upstream of a

detector. All of the droplets may be introduced into the flow stream at the

same position or the droplets, particularly droplets of different types, may be

introduced at two or more distinct positions.

The droplets, in the flow stream, may be subjected to conditions that

facilitate amplification. For example, the droplets may be heated and/or may

be heated and cooled repeatedly (thermally cycled).

Signals may be detected from the droplets. The signals may include

test signals, control signals, reference signals, calibration signals, or any

combination thereof.

The signals may be analyzed. Analysis may include transforming test

signals. Analysis also or alternatively may include comparing test signals

and/or transformed test signals to a signal threshold to assign individual

droplets as being positive or negative for amplification of a nucleic acid target.

A number and/or fraction of target-positive droplets may be determined based

on results of the comparison. Analysis further may include estimating a

presence of a nucleic acid target in the sample. The estimated presence may

be no target in the sample. Estimation of the presence may (or may not) be

performed using Poisson statistics.

E. Exemplary Instrument Controls and Calibrations

Figure 115 shows selected aspects of system 5740 in an exemplary

configuration 5780 for detecting amplification of a nucleic acid target using a



first dye and for controlling for system variation during a test using a second

dye. In Fig. 115 and in other system configurations presented in succeeding

figures of the present disclosure, the terms "droplet generator," "thermal

cycler," and "detection station" are abbreviated "DG," "TC," and "DET."

Sample preparation station 5742 may supply an amplification mixture

to droplet generator 5744. The amplification mixture may incorporate a

sample 5756, target reagents 5782 (i.e., test reagents 5758) including a first

dye 5784 (dye 1) , and a second dye 5786 (dye 2). The second dye and the

target reagents may be mixed with one another before introduction into

system 5740 or may be mixed within the system. Target reagents 5782 may

provide primers for amplification of a nucleic acid target, and the first dye may

enable detection of whether amplification occurred. The first and second dyes

may be fluorescent dyes that are distinguishable optically. The second dye

may be a passive reference or instrument control. In other words, the second

dye may provide a detectable signal having an intensity that is at least

substantially independent of the extent of amplification, if any, of any nucleic

acid target.

Droplet generator 5744 may form droplets of the amplification mixture.

The droplets may travel through thermal cycler 5746, to promote amplification

of the nucleic acid target, if any, in each droplet. The droplets then may travel

to detection station 5748. Station 5748 may detect, for each droplet, a test

signal from the first dye and a reference signal (also termed a control signal)

from the second dye.

Figure 116 shows exemplary target reagents 5782 and a control

reagent 5760 that may be included in system configuration 5780 of Fig. 115.

The target and control reagents may permit detection of test signals in a first

detector channel 5788 ("channel 1") and detection of reference signals in a

second detector channel 5790 ("channel 2"). The first and second channels

may represent distinct wavelengths and/or at least substantially

nonoverlapping wavelength ranges.

Target reagents may include a reporter, such as a probe 5792, and

target-specific forward and reverse primers 5794. Probe 5792 may be an



energy transfer probe (e.g., a TAQMAN probe) including a nucleic acid, such

as an oligonucleotide 5796, that binds to amplified target, and an energy

transfer pair connected to strand 5796. The energy transfer pair may, for

example, be formed by first dye 5784 and a quencher 5798.

Control reagent 5760 may include second dye 5786. The second dye

may (or may not) be connected to a nucleic acid, such as an oligonucleotide

5800. Connection to the oligonucleotide may be covalent and/or through a

binding interaction. Connection of the second dye to an oligonucleotide or

other water-soluble molecule may improve retention of the second dye in the

aqueous phase of a droplet and/or may facilitate distribution of the dye

throughout the aqueous phase, among others.

Figure 117 shows a flowchart illustrating of an exemplary approach to

correcting for system variation using system configuration 5780 (Fig. 115),

and, optionally, the reagents illustrated in Fig. 116. Test signals (i.e., target

signals) and reference signals may be detected from the same droplets. For

example, test signals may be detected in a first channel and reference signals

may be detected in a second channel. Graphs illustrating coincident detection

of test signals and reference signals are shown at 5810, 5812, respectively.

Test signal variation may introduce errors in data processing. For

example, graph 5810 shows substantial variation in the intensity of the test

signals detected. As a result, some of the test signals may be erroneously

classified as positives or negatives. In the present illustration, two false

positives are marked. However, variation of the test signals may be mirrored

by variation of the reference signals detected from the same droplets.

Accordingly, the test signals may be transformed based on the reference

signals, indicated at 5814, to correct for variation in the test signals, as shown

in a graph 5816, which plots the transformed test signals. The test signals

may be transformed by any suitable operation or set of operation involving the

reference signals. For example, the test signals may be transformed through

dividing test signals by reference signals, such as dividing each test signal by

its corresponding reference signal, which may be described as normalizing

the test signals. Alternatively, the test signals may be transformed based on



the reference signals by, for example, baseline subtraction, distance from the

regression line, or the like. A transformation may compensate for variations in

the test channel. This compensation or correction may make the test signals

(i.e., negative test signals and/or positive test signals) more uniform in value

and/or more Gaussian. The transformation also or alternatively may reduce

the frequency of outliers and/or the overlap of the distributions of positive and

negative signals.

Figure 118 shows selected aspects of system 5740 in an exemplary

configuration 5830 for (a) detecting amplification of a nucleic acid target in a

set of droplets and (b) system calibration and/or correction for system

variation in another set of droplets. Configuration 5830 is similar to

configuration 5780 of Fig. 115, except that target reagents 5782 and control

reagent 5760 are not in the same droplets. Accordingly, the target reagents

and the control reagent may be supplied to respective distinct droplet

generators of the system, indicated at 5832, may be supplied to the sample

droplet generator at different times, or the control reagent may be supplied in

pre-forrned droplets that do not pass through the droplet generator, indicated

at 5834, 5836. Since the target reagents and the control reagent are not in the

same droplets in this configuration, the control reagent may include the same

dye as the target reagent (i.e., first dye 5784) or may include a distinct dye

(such as second dye 5786).

Figure 119 shows an exemplary graph 5850 of fluorescence signals

that may be detected over time from a flow stream of system configuration

5830 (Fig. 118) during system calibration, indicated at 5852, and sample

testing, indicated at 5854. Calibration and sample testing may be performed

without or with mixing of calibration and test droplets.

Calibration and sample testing may be performed serially, without

mixing of droplet types, using the same dye (and/or detection of the same

wavelength(s)). By keeping calibration and test droplets separate, the

distributions of test and calibration signal intensities may overlap. For

example, calibration droplets and test droplets may be separated temporally

in the flow stream, such that each type of droplet is identifiable based on its



time of arrival at the detection station. The time of arrival may be calculated

based on the relative time of introduction of each droplet type into the flow

stream and the velocity of the flow stream. Thus, the calibration and test

droplets may not (or may) be distinguishable based on signal intensity, but

may be distinguishable temporally. In particular, the test and calibration

droplets may be separated by a temporal (and spatial) gap 5856, which may

identify a transition between droplet types. The use of temporal gaps also may

permit introduction of a set of calibration droplets within a set of test droplets

(i.e., within a test run), with a gap preceding and following the set of

calibration droplets, to provide identification of each transition to a different

droplet type. Stated differently, calibration may be performed during sample

testing, by inserting calibration droplets into a train of test droplets, such that

the train of test droplets is divided into two or more discrete groups.

Calibration droplets may include two or more types of droplet, which

may be introduced separately or intermixed. For example, Fig. 119 shows a

set of stronger calibration signals 5858 followed by a set of weaker calibration

signals 5860 produced by distinct types of calibration droplets. Stronger and

weaker calibration signals 5858, 5860 may correspond generally in intensity

to respective positive test signals 5862 and negative test signals 5864. In

other embodiments, only one type or three or more types of calibration droplet

may be used, and may be configured respectively to provide one or three or

more intensities of calibration signals.

Calibration and sample testing alternatively may be performed with

calibration and test droplets randomly intermixed and thus not distinguishable

temporally. Intermixed calibration and test droplets may be distinguishable by

incorporating distinguishable dyes into the respective droplet types and,

optionally, by detection of the distinguishable dyes at respective distinct

wavelengths. Alternatively, or in addition, calibration droplets and test droplets

may be distinguishable according to signal intensity detected at the same

wavelength(s) and optionally from the same dye. In particular, calibration

droplets may be designed to have one or more signal intensities outside the

signal range of test droplets (i.e., the signal range provided by the collective



distribution of signal intensities from negative and positive test droplets (e.g.,

see Fig. 113)). Thus, calibration droplets may be identified based on their

calibration signals having signal intensities above and/or below the signal

range of test droplets.

Figure 120 shows a flowchart 5880 of an exemplary approach to

correcting for signal variation during an amplification test using system

configuration 5830 of Fig. 118. The approach illustrated in Fig. 120

distinguishes types of droplet signals, namely, test droplet signals 5882 and

reference droplet signals 5884, based on differences in signal intensity

detected in the same detector channel, as described above for calibration

droplets. In particular, test droplets may produce a range 5886 of signal

intensities, and reference signals 5884 may have intensities below (or above)

the range. Accordingly, the distinct types of droplets may be interspersed

randomly in the flow stream.

The reference droplets may be formed with the same amount (or two or

more discrete amounts) of dye. Accordingly, without signal variation

generated by the system, the reference droplets should produce reference

signals of the same intensity. Variation in reference signal intensity may be

mirrored by corresponding changes in the intensity of test signals. For

example, in graph 5888, the intensity of reference signals 5884 and negative

test signals 5890 show a gradual increase with respect to time. As a result,

test signals from amplification-negative droplets may produce false positives

5892.

Variation in test signals 5882 may be reduced by transforming the test

signals, indicated at 5894, based on reference signals 5884, to produce

normalized test signals 5896 presented in graph 5898. Transformation may,

for example, be performed by transforming each test signal based on one or

more reference signals temporally proximate to the test signal, a weighted

average of reference signals temporally proximate to the test signal, a sliding

window of averaged reference signals that overlaps the test signal, or the like.

Transformation before comparing test signals to a threshold may reduce the



incidence of false positives, as shown here, the incidence of false negatives,

or both.

F. Exemplary Amplification Controls

Figure 121 show selected aspects of system 5740 of Fig. 114, with the

system in an exemplary configuration 5910 for testing amplification of at least

a pair of nucleic acid targets in the same droplets. System configuration 591 0

may form an amplification mixture, which is supplied to droplet generator

5744. The amplification mixture may incorporate a sample 5756, test

amplification reagents 5858, control amplification reagents 5912, and at least

one control template 5914. Any combination of the sample, test reagents,

control reagents, and control template may be mixed with one other before

introduction into system 5740, or may be mixed within the system. Test

reagents 5758 and control reagents 5912 may provide primers for respective

amplification of at least one test target and at least one control target.

Amplification of the test and control targets may, for example, be

detected via a first dye and a second dye, respectively, which may be

included in respective first and second reporters (e.g., first and second

probes). Signals from the first and second dyes may be detected in distinct

(e.g., at least substantially nonoverlapping) first and second channels (i.e., a

test channel and a control channel) as test signals and control signals,

respectively.

Control template 5914 may comprise exogenous molecules of the

control target. In contrast, the sample may be tested for a presence of

endogenous molecules of the test target. The control template 5914 may be

present in any suitable amount to provide any suitable average number of

control template molecules per droplet, to generate a desired fraction of

droplets positive for the control template. For example, the number of

template molecules provided by template 5914 may be substantially less than

an average of one per droplet, such as an average of about 0.1 , 0.05, 0.02, or

0.01 molecule per droplet. Accordingly, the number/concentration of control

template molecules may be selected such that the frequency of amplification

of both test and control targets in the same droplet is low, which may minimize



competition that may be caused by amplification of both test and control

targets. For example, the control template may be present in no more than

about one in five droplets.

The frequency of amplification of the control target may be determined

by performing an analysis with the system. In some embodiments, this

frequency may be compared with one or more previously determined

frequencies of amplification for the control target and/or may be compared

with an expected value for the frequency provided by a manufacturer. In any

event, a control value may be determined, with the control value

corresponding to a number and/or fraction of the droplets that are

amplification-positive for the control nucleic acid target.

Control signals acquired in the control channel may be used to

measure and/or verify the quantitative accuracy of a run and/or the

measurement precision of the system during two or more runs. The control

signals also or alternatively may be used to interpret a test result, such as the

quality of test data measured from a sample, for example, to verify the

quantitative accuracy of the test data and/or to determine the validity and/or

reliability of the test data. The test result may be interpreted based on control

value determined. For example, the test result may be determined as being

invalid if the control value is less than a threshold value. Furthermore, data

acquired from the control channel, such as signals from amplification-negative

control droplets, may provide reference signals, as described above in relation

to Fig. 117. In other words, test signals may be transformed using control

signals that functions as reference signals, to normalize the test signals.

Figure 122 shows selected aspects of system 5740 of Fig. 114, with

the system in another exemplary configuration 5920 for testing amplification of

at least a pair of nucleic acid targets in the same droplets. System

configuration 5920 differs from configuration 5910 of Fig. 121 by including a

different set of control amplification reagents 5922 (or a second set of test

amplification reagents) and by the absence of an exogenous control template.

Control reagents 5922 may amplify a control target that is known or expected

to be present in sample 5756, and/or that has a known or expected



representation with respect to a bulk nucleic acid population present in the

sample (e.g., total DNA, total genomic DNA, genomic DNA from a particular

species of organism, total RNA, total mRNA, etc.). In contrast, target reagents

5758 may amplify a test target that has an unknown presence in the sample

and/or an unknown presence in with respect to the bulk nucleic acid

population. In any event, amplification of the control target may be used to

determine the quality of test data measured from a sample, such as to verify

the quantitative accuracy of the test data and/or to determine the reliability of

the test data. Furthermore, an amount of control target determined to be

present in the sample may provide a standard against which an amount of

test target determined to be present in the sample can be compared and/or

normalized. In some embodiments, a control target is selected that is rare in

the sample, such as a target representing a particular gene mutation. By

selecting a rare control target, amplification of the control target can indicate

the limit of detection of a test target and/or whether amplification of a low-

abundance test target can occur. In some embodiments, the control target

may be replaced by a second test target with an unknown presence in the

sample (before testing).

Figure 123 shows exemplary test target reagents 5758 and control

target reagents 591 2 (or 5922) that may be included in system configuration

5910 (or 5920) of Fig. 121 (or 122), to permit detection of amplification signals

in a different detector channel (i.e., channels 1 and 2, respectively) for each

nucleic acid target. Test target reagents for channel 1 are described above in

relation to Fig. 116 . Control target reagents 5912 (or 5922) may be similar in

general structure to the test target reagents, but different with respect to the

nucleic acid sequences of the primers and probes, to provide test target and

control target specificity, respectively. Also, the test and control probes may

include distinct dyes 5784, 5786 and/or distinct energy transfer partners 5798,

5930 (e.g., distinct quenchers suitable for the respective dyes). In other

embodiments, at least one of the probes may be replaced by a reporter

including an intercalating dye, such as SYBR Green.



Figures 124 and 125 show representative portions of exemplary data

that may be obtained using system configuration 5910 or 5920 and the

reagents of Fig. 123. The figures show exemplary graphs 5940-5946 of

fluorescence signals that may be detected over time from a flow stream of the

system using different detector channels, namely, a test channel (channel 1)

that detects test data and a control channel (channel 2) that detects control

data. In Fig. 124, graph 5940 of the test data contains no positive droplet

signals. In contrast, graph 5942 of the control data identifies positive droplet

signals, such as a positive signal 5948, at a frequency of about one in ten.

Thus, the control data demonstrates that amplification in the droplets is not

inhibited substantially and suggests that the lack of positive signals from the

test data is due to an absence or undetectable level of the test target in the

sample. Accordingly, the control data supports and helps to validate the

negative result in the test data. In contrast, control graph 5946 of Fig. 125

shows no amplification of the control target (a substantially larger data set

may be analyzed to demonstrate that the control result holds). The control

data of graph 5946 thus indicates that amplification of the test target also is

inhibited (or the sample is defective, such as too dilute (configuration 5920)),

and that the negative test result is not valid.

Figure 126 shows selected aspects of system of Fig. 114, with the

system in an exemplary configuration 5960 for testing amplification of a pair of

nucleic acid targets in respective different (i.e., nonoverlapping) sets of

droplets. Configuration 5960 may be similar to that of configuration 5910,

except that control reagents 5912 and control template 5914 are not mixed

with sample 5756 and test target reagents 5758. Instead, droplets containing

the control reagents and the control template may be formed separately in the

system, indicated at 5962, or may be supplied as pre-formed droplets that are

introduced into the flow stream downstream of droplet generator 5744,

indicated at 5964.

Figure 127 shows a pair of exemplary graphs 5980, 5982 of

fluorescence signals that may be detected over time from a flow stream of

system configuration 5960 of Fig. 126 using different detector channels.



Graph 5980 plots fluorescence signals detected from a first channel, which

detects amplification, if any, of a test target. Graph 5982 plots fluorescence

signals detected from a second channel, which detects amplification, if any, of

a control target. Successful amplification of the control target, as shown here,

may, for example, verify and/or measure aspects of the system, such as

operation of the thermal cycler and/or the detection station, the quality of the

reagents, fraction of amplification-positive droplets, or any combination

thereof, among others.

In configuration 5960, the test and control reagents are disposed

separately in distinct droplets, so droplet signals in the first and second

channels are not coincident, that is, they are not detected at the same time. In

other embodiments, the control target may, instead, be a second test target

and the control template may, instead, be another sample (or the same

sample). Thus, the use of at least two detector channels permits droplets for

distinct amplification tests to be interspersed in the flow stream.

G. Exemplary Mufti-channel Detection

Figure 128 shows a pair of graphs 5990, 5992 illustrating exemplary

absorption and emission spectra of fluorescent dyes that may be used in the

system of Fig. 114 . The dyes are arbitrarily labeled dye 1 and dye 2,

respectively. However, either dye may be used to detect test signals or control

signals in the various system configurations disclosed herein. Moreover, while

illustrated here for two distinguishable dyes, the system may be used for

detection and analysis with three, four, or more distinguishable dyes.

Each graph plots the intensity of absorption ("AB"), indicated at 5994,

5996, and emission ("EM"), indicated at 5998, 6000, for the corresponding

dye. The dyes may have substantially overlapping absorption spectra, such

that the same wavelength of light may be utilized to excite both dyes. In

contrast, the dyes may exhibit Stokes shifts (i.e., the difference (in wavelength

or frequency units) between the maxima of the absorption and emission

spectra) of different magnitudes. For example, dye 1 may exhibit a smaller

Stokes shift and dye 2 a larger Stokes shift, or vice versa. Accordingly, the

emission spectra of the dyes may be substantially shifted with respect to one



another. As a result, emission from the two dyes may be detected at least

substantially independently of one another in different detector channels, such

as a detector channel that detects light of a first wavelength or wavelength

range (e.g., λ1) and another detector channel that detects light of a second

wavelength or wavelength range (e.g., λ2).

Figure 129 is a schematic diagram illustrating exemplary use of the

fluorescent dyes of Fig. 128 in an exemplary embodiment 6010 of system

5740 of Fig. 114. Droplets 6012 containing dyes 1 and 2, either in the same

droplets or different sets of droplets, may be carried in a flow stream 6014 in a

channel 6016. Flow stream 6014 may pass through a detection area 601 8

established by an embodiment 6020 of detection station 5748.

Detection station 6020 may include a light source 6022 for exciting the

fluorescent dyes in the droplets and at least one detector 6024 for detecting

light emitted from the droplets. Light source 6022 may, for example, include

an LED or laser that emits at least substantially a single wavelength of

excitation light. Alternatively, or in addition, the light source may include at

least one excitation optical filter that excludes other wavelengths of light

emanating from the light source. Detector 6024 may be equipped with

detection optics 6026, 6028 (e.g., beamsplitters, emission optical filters,

separate detectors) that permit emitted light from the dyes to be detected

separately.

Exemplary fluorescent dyes that may detected using system 601 0

include a fluorescein derivative, such as carboxyfluorescein (FAM), and a

PULSAR 650 dye (a derivative of Ru(bpy)3) . FAM has a relatively small

Stokes shift, while Pulsar® 650 dye has a very large Stokes shift. Both FAM

and PULSAR 650 dye may be excited with light of approximately 460-480 nm.

FAM emits light with a maximum of about 520 nm (and not substantially at

650 nm), while PULSAR 650 dye emits light with a maximum of about 650 nm

(and not substantially at 520 nm). Carboxyfluorescein may be paired in a

probe with, for example, BLACK HOLE Quencher™ 1 dye, and PULSAR 650

dye may be paired in a probe with, for example, BLACK HOLE Quencher™2

dye.



H. Exemplary Self-Normalization of Droplet Signals

Test signals may be normalized using methods different from those

described above in relation to Figs. 117 and 120. In particular, the methods

illustrated in Figs. 117 and 120 involve transformation of test data with

reference data detected (a) in a different detector channel (Fig. 117) or

detected (b) in different droplets (Fig. 120). This subsection describes

methods that transform test data using aspects of itself rather than another

data set.

Figure 130 shows a flowchart 6040 illustrating an exemplary method of

correcting for system fluctuations during a test. The method involves

processing a set of droplet test signals, shown in a first graph 6042, to

produce a transformed set of test signals, shown in a second graph 6044.

Negative test signals 6046 and positive test signals 6048 each should have

respective constant values over time if there is no system variation. However,

system variation, such as the negative drift over time illustrated in graph 6042,

may produce false negatives, such as a false negative signal 6050, and/or

false positives. Transformation of the test signals may be performed to correct

for system variation before the test signals are used to estimate a presence of

a test target in sample being tested. In particular, individual test signals may

be transformed differently using the test data, accordingly to the temporal

position of each test signal. For example, each test signal may be transformed

using temporally proximate test data, such as normalization of each test

signal with respect to a sliding window that averages a subset of the test

signals including or adjacent the test signal. The subset of the test signals

used may be provisionally negative, positive, or negative plus positive test

signals, any of which may be re-assigned as negative/positive after

transformation. For example, graph 6044 shows re-assignment of false

negative signal 6050 as positive after transformation.

Figure 131 shows a flowchart 6060 illustrating an exemplary method of

transforming droplet signals based on the width of respective signal peaks

providing the droplet signals. The flowchart involves graphs 6062, 6064,

which represent test data before and after transformation, respectively.



Graph 6062 presents test data in which the width and height of each

droplet peak is shown. (Here, each droplet peak is presented as a square

wave to simplify the presentation. However, in other embodiments, each

droplet peak may be detected as having any suitable shape, such as a wave

with sloped leading and trailing sides.) The width of a droplet fluorescence

peak may be used to determine the size and volume of each droplet, if droplet

signals are detected in a flow stream with known flow rate, generally within a

channel of fixed geometry. Knowing the volume of sample that is tested for

amplification in droplets may be required for accurately determining the

concentration/number of target molecules in the sample. If droplets of uniform

size are desired, peak width may be used to identify droplets of sizes that are

outside the desired range. For example, in Fig. 131 , peaks 6066, 6068 having

widths outside a predefined range are excluded from the data set. The droplet

signals also may be transformed based on width, to provide transformed test

data (i.e., graph 6064), that has been corrected for volume variation and/or

variation in peak width.

/. Selected Embodiments

This subsection describes additional aspects of methods of using

controls and calibrations for droplet-based amplification tests, in accordance

with aspects of the present disclosure, presented without limitation as a series

of numbered sentences.

1. A method of sample analysis, comprising: (A) generating

droplets, each droplet including first and second dyes and a partition of a

sample and being capable of amplification of a test nucleic acid target, if

present, in the partition; (B) detecting respective test signals and control

signals from the first and second dyes in the droplets, the test signals and the

control signals respectively indicating whether amplification of the test nucleic

acid target and a control nucleic acid target occurred in individual droplets; (C)

analyzing the test signals to determine a test result related to a presence, if

any, of the test nucleic acid target in the sample; (D) analyzing the control

signals to determine a control value corresponding to a number and/or



fraction of the droplets that are amplification-positive for the control nucleic

acid target; and (E) interpreting the test result based on the control value.

2 . The method of paragraph 1 , wherein the step of generating

droplets includes a step of forming droplets that contain primers conferring

specificity for amplification of the control nucleic acid target.

3 . The method of paragraph 2, wherein the step of forming droplets

includes a step of forming one or more droplets that contain a control template

corresponding to the control nucleic acid target, and wherein the control

template is exogenous to the sample.

4. The method of paragraph 2 , wherein the step of forming droplets

includes a step of forming one or more droplets that contain a control template

corresponding to the control nucleic acid target, and wherein the control

template is endogenous to the sample.

5. The method of paragraph 1, wherein the step of detecting

includes a step of exciting the first and second dyes with a same wavelength

of excitation light and a step of detecting emitted light from the first and

second dyes in respective first and second detector channels.

6. The method of paragraph 1, further comprising a step of

transforming the test signals based on the control signals to reduce variation

of the test signals.

7. The method of paragraph 6 , wherein the step of transforming

the test signals includes a step of transforming two or more test signals

individually with corresponding control signals each detected from a

respective same droplet as each of the two or more test signals.

8. The method of paragraph 7 , wherein the step of transforming

two or more test signals includes a step of dividing each test signal by its

corresponding control signal.

9. The method of paragraph 1, wherein no more than about one in

five droplets contain the control template.

10. The method of paragraph 1, wherein the step of analyzing the

test signals includes a step of comparing the test signals, or a transformed set

of the test signals, to a signal threshold to assign individual droplets as



positive or negative for amplification of the test nucleic acid target, and a step

of estimating a number of molecules of the test nucleic acid target in the

sample based on results of the step of comparing.

11. The method of paragraph 1, wherein the step of interpreting the

test result includes a step of determining a quality of the test result.

12. The method of paragraph 11, wherein the step of determining a

quality includes a step of determining the test result as being invalid if the

control value is less than a threshold value.

13. A method of sample analysis, comprising: (A) generating

droplets, each droplet including first and second dyes and a partition of a

sample and being capable of amplification of a test nucleic acid target, if

present, in the partition; (B) detecting respective test signals and reference

signals from the first and second dyes in the droplets, the test signals

indicating whether amplification of the test nucleic acid target occurred in

individual droplets; (C) transforming the test signals based on the reference

signals to reduce variation of the test signals and to produce a set of

transformed test signals; and (D) analyzing the transformed test signals to

determine a test result related to a presence, if any, of the test nucleic acid

target in the sample.

14. The method of paragraph 13 , wherein the step of transforming

the test signals includes a step of transforming two or more test signals

individually with corresponding reference signals each detected from a

respective same droplet as each of the two or more test signals.

15 . The method of paragraph 14, wherein the step of transforming

two or more test signals includes a step of dividing each test signal by its

corresponding reference signal.

16. The method of paragraph 13, wherein the step of detecting

includes a step of exciting the first and second dyes with a same wavelength

of excitation light and a step of detecting emitted light from the first and

second dyes at least substantially independently from one another in

respective first and second detector channels.



17. The method of paragraph 13, wherein the step of generating

droplets includes a step of forming droplets that contain primers conferring

specificity for amplification of a control nucleic acid target, wherein the step of

detecting includes a step of detecting control signals from the second dye,

and wherein the control signals include the reference signals and indicate

whether amplification of the control nucleic acid target occurred in individual

droplets.

18 . The method of paragraph 17, wherein the reference signals and

the control signals are a same set of signals.

19. The method of paragraph 13 , wherein the step of analyzing the

test signals includes a step of comparing the transformed test signals to a

signal threshold to assign individual droplets as positive or negative for

amplification of the test nucleic acid target, and a step of estimating a number

of molecules of the test nucleic acid target in the sample based on results of

the step of comparing.

20. A method of sample analysis, comprising: (A) generating

droplets, each droplet including first and second dyes and a partition of a

sample and being capable of amplification of a test nucleic acid target, if

present, in the partition; (B) exciting the first and second dyes with a same

wavelength of excitation light; (C) detecting emitted light from the first and

second dyes at least substantially independently from one another in

respective first and second detector channels to provide respective test

signals and other signals measured from the first and second dyes in the

droplets, the test signals indicating whether amplification of the test nucleic

acid target occurred in individual droplets; and (D) analyzing the test signals

to determine a test result related to a presence, if any, of the test nucleic acid

target in the sample, wherein the other signals are utilized to determine the

test result, to interpret the test result, to generate another test result, or any

combination thereof.

2 1. The method of paragraph 20, wherein the other signals include

reference signals, and wherein the step of analyzing includes (a) a step of

transforming the test signals based on the reference signals to reduce



variation of the test signals and to produce a set of transformed test signals

and (b) a step of utilizing the set of transformed test signals to determine the

test result.

22. The method of paragraph 20, wherein the other signals include

control signals that indicate whether amplification of a control nucleic acid

target occurred in individual droplets.

23. A method of sample analysis, comprising: (A) generating

droplets, each droplet including a partition of a sample and being capable of

amplification of a nucleic acid target, if present, in the partition; (B) detecting

signal peaks corresponding to the droplets, each signal peak including a width

and providing a value, the value indicating whether amplification of the nucleic

acid target occurred in an individual droplet; (C) transforming the value of

each signal peak based of the width of such signal peak to create a set of

transformed values; (D) comparing the set of transformed values to a signal

threshold to a signal threshold to assign individual droplets as positive or

negative for amplification of the test nucleic acid target; and (E) estimating a

presence, if any, of the nucleic acid target in the sample based on results of

the step of comparing.

24. A method of sample analysis, comprising: (A) obtaining droplets,

each droplet of at least a subset of the droplets including a partition of a

sample and being capable of amplification of a nucleic acid target, if present,

in the partition; (B) detecting test signals and reference signals from the

droplets, the test signals indicating whether amplification of the target

occurred in individual droplets; (C) transforming the test signals based on the

reference signals to obtain transformed test signals; (D) comparing the

transformed test signals to a signal threshold to assign individual droplets as

positive or negative for amplification of the nucleic acid target; and (E)

estimating a number of molecules of the nucleic acid target in the sample

based on the step of comparing.

25. The method of paragraph 24, wherein the step of obtaining

droplets includes a step of obtaining test droplets and reference droplets,

wherein the test droplets and the reference droplets represent respective



different types of droplets, and wherein the test signals and the reference

signals are detected from the test droplets and the reference droplets,

respectively.

26. The method of paragraph 25, wherein the test signals and the

reference signals are detected optically at a same wavelength or same

wavelength range.

27. The method of paragraph 26, wherein the test droplets and the

reference droplets contain a same dye, and wherein fluorescence of the same

dye is detected as the test signals and the reference signals.

28. The method of paragraph 26, further comprising a step of

distinguishing the test signals from the reference signals by intensity.

29. The method of paragraph 28, wherein the step of distinguishing

includes a step of interpreting, as test signals, one or more droplet signals

within a range of intensities and, as reference signals, one or more droplet

signals outside the range of intensities.

30. The method of paragraph 25, wherein the step of detecting is

performed in a detection area, and wherein the droplets travel to the detection

area in a flow stream.

3 1. The method of paragraph 30, wherein the test droplets and the

reference droplets are intermixed in the flow stream.

32. The method of paragraph 30, wherein the test droplets are

spaced from the reference droplets in the flow stream.

33. The method of paragraph 25, further comprising a step of

thermally cycling the test droplets before the step of detecting.

34. The method of paragraph 33, wherein the reference droplets are

not thermally cycled after the step of obtaining and before the step of

detecting.

35. The method of paragraph 24, wherein the test signals and the

reference signals are detected from the same droplets.

36. The method of paragraph 26, wherein the step of transforming

includes a step of transforming each test signal detected from a droplet based

on a corresponding reference signal detected from the same droplet.



37. The method of paragraph 24, wherein the step of obtaining

includes a step of generating droplets each including first and second

fluorescent dyes.

38. The method of paragraph 37, wherein the step of detecting

includes a step of exciting the fluorescent dyes with a same wavelength of

excitation light and a step of detecting emission light from the fluorescent dyes

at least substantially independently in respective detector channels.

IX. Clinical Applications for Droplet-based Assays

This Section describes exemplary clinical applications for the droplet-

based assays disclosed herein. The assays may be used to perform clinical

(and/or forensic) tests related to etiology, pathogenesis, diagnosis,

surveillance, and/or therapy monitoring of any suitable infection, disorder,

physiological condition, and/or genotype, among others, as illustrated below.

Pathogen testing may involve pathogen detection, speciation, and/or drug

sensitivity applications, among others.

Each clinical (or non-clinical) test listed below may analyze any suitable

aspect of a particular nucleic acid target or set of two or more targets (e.g.,

clinically related targets) using any suitable amplification methodology. For

example, the test may be qualitative, to determine whether or not the target

(or each target) is present at a detectable, statistically significant level above

background in a sample, or the test may be quantitative, to determine a total

presence (i.e., a concentration/copy number) of the target (or each target) in

the sample. Alternatively, or in addition, the test may determine a sequence

characteristic of a target (such as to determine the identity of a single

nucleotide polymorphism (SNP) in the target, whether the target is wild-type

or a variant, to genotype the target, and/or the like). Any suitable amplification

methodology may be used in performing the tests, such as any of those

described above in Section I .

The tests may provide diagnosis of a genetic disease by testing for a

presence (or absence for diseases characterized by deletions) of a nucleic

acid target for the genetic disease. Illustrative genetic diseases that may be

diagnosed with suitable disease-specific primers include sickle cell anemia,



cystic fibrosis (CF), Prader-Willi syndrome (PWS), beta-thalassemia,

prothrombin thrombophilia, Williams syndrome, Angelman syndrome, fragile X

syndrome, Factor V Leiden, or the like. Exemplary primers include

hemoglobin sequences for sickle cell anemia, cystic fibrosis transmembrane

conductance regulator (CFTR) gene sequences for cystic fibrosis, and so on.

The diagnosis may include determining the variant for diseases having more

than one form (e.g., distinguishing among sickle trait (AS), sickle cell anemia

(SS), hemoglobin SC disease, hemoglobin SD disease, and hemoglobin SO

disease, among others, for hemoglobin-related diseases). These tests may be

performed pre- or postnatally, to screen for a single disease or variant, or for a

panel of diseases and/or variants (for example, in prenatal screens, using

genetic material obtained from an amniocentesis or maternal peripheral

circulation, among others).

The tests may provide detection and/or delineation of native and/or

pathogenic gene transcripts. For example, primers may be chosen to amplify

one or more targets that signal initiation and/or amplification of any

pathophysiological messaging cascade (e.g., TNF-alpha, one or more

interleukins, NF-kappaB, one or more inflammatory modulators/mediators),

viable infectious agent proliferation, etc.

The tests may be utilized (e.g., forensically) to determine identity,

paternity, maternity, sibling relationships, twin typing, genealogy, etc. These

tests may be performed by amplifying nucleic acid from the individuals at

issue (including self for identity testing) and comparing nucleic acid

sequences, nucleic acid restriction patterns, etc. Suitable nucleic acids may

include Y-chromosome DNA for paternity testing, mitochondria DNA for

maternity testing, genomic DNA for sibling tests, etc.

The tests may provide detection of viruses, their transcripts, their drug

sensitivity, and/or pathogenic consequences thereof. For example, the tests

may use primers that amplify one or more viral targets (e.g., at least a region

of one or more viral genes or transcripts), to diagnose and/or monitor viral

infections, measure viral loads, genotype and/or serotype viruses, and/or the

like. Exemplary viral targets may include and/or may be provided by, but are



not limited to, hepatitis C virus (HCV), hepatitis B virus (HPB), human

papilloma virus (HPV), human immunodeficiency virus (HIV), cytomegalovirus

(CMV), Epstein-Barr virus (EBV), respiratory syncytial virus (RSV), West Nile

virus (WNV), varicella zoster virus (VZV), parvovirus, rubella virus, alphavirus,

adenovirus, coxsackievirus, human T-lymphotropic virus 1 (HTLV-1 ) , herpes

virus (including for Kaposi's sarcoma), influenza virus, enterovirus, and/or the

like. In some embodiments, the tests may provide detection/identification of

new viral pathogens.

The tests may provide detection of prokaryotic organisms (i.e.,

bacteria), their transcripts, their drug sensitivity, and/or pathogenic

consequences thereof (e.g., bacterial infections). For example, the tests may

use primers that amplify one or more bacterial targets (e.g., at least a region

of one or more bacterial genes or transcripts). Suitable bacteria that may be

detected include, but are not limited to, gram-positive bacteria, gram-negative

bacteria, and/or other fastidious infectious agents. Exemplary bacterial

diseases/conditions that may be diagnosed and/or monitored include sexually

transmitted diseases (e.g., gonorrhea (GC), Chlamydia (CT), syphilis, etc.);

healthcare associated infections (HAIs), such as methicillin-resistant

Staphylococcus aureus (MRSA), Clostridium difficule (C. diff.), vancomycin

resistant entereococci (VRE), etc.; Group B streptococcus (GBS);

mycobacteria (e.g., causing tuberculosis, leprosy, etc.); and/or the like.

Further aspects of tests for HAIs that may be performed by the system

disclosed herein are described in the following U.S. provisional patent

applications, which are incorporated herein by reference: Serial No.

61/206,975, filed February 5, 2009; and Serial No. 61/271 ,538, filed July 2 1,

2009.

The tests may provide detection of fungi (single-celled (e.g., yeast)

and/or multi-celled), their transcripts, pathogenic consequences thereof (e.g.,

fungal infections), and/or drug sensitivity. For example, the tests may use

primers that amplify one or more fungal targets (e.g., at least a region of one

or more viral genes or transcripts). Exemplary types of fungal infections that

may be diagnosed and/or monitored may be caused by Histoplasma (e.g.,



causing histoplasmosis), Blastomyces (e.g., causing blastomycosis),

Crytococcus (e.g., causing meningitis), Coccidia (e.g., causing diarrhea),

Candida, Sporothrix genuses of fungi, and/or the like.

The tests may be used for screening, diagnosis, monitoring, and/or

designing treatment of diseases such as cancer. For example, tests for

cancer may detect one or more cancer mutations (e.g., her2/neu, BRACA-1 ,

etc.), insertion/deletion/fusion genes (bcr-abl, k-ras, EFGR, etc.), amplified

genes, epigenetic modifications, etc.; may identify cancer stem cells; may

identify, monitor, and/or evaluate residual cancer disease burden, p53 margin

assessment, etc.; and/or the like. These tests may use any suitable cancer

markers as targets and may be applied to any suitable type of cancer, such as

bladder cancer, bone cancer, breast cancer, brain cancer, cervical cancer,

colorectal cancer, esophageal cancer, gastric cancer, oropharyngeal cancer,

ovarian cancer, prostate cancer, uterine cancer, leukemia, lymphoma,

myeloma, melanoma, etc.

The present system may be used to perform any other suitable tests.

For example, the system may test, pre- or postnatally for aneuploidy (e.g.,

Down's Syndrome, Patau Syndrome, Edwards Syndrome, Fragile X

Syndrome, etc.), inborn errors of metabolism (e.g., hepatopathies,

encephalopathies (e.g., acyl CoA dehydrogenase deficiency)), blood group

antigens, a congenital anomalies including but not limited to

myelomeningocele (e.g., testing for mutations in methylenetetrahydrofolate

reductase (MTHFR), methionine synthase, cystathionine beta-synthase, etc.),

and/or the like. Alternatively, or in addition, the system may test for a sign of

an auto-immune disorder, such as systemic lupus erythematosus (SLE),

psoriasis, etc. Autoimmune testing may include HLA classification, analysis of

MHC codon biomarkers, and/or the like. The system may test for signals of

neurodegeneration or a predisposition thereto using targets such as parkin,

PINK1 , tau, alpha synuclein, allele specification and triplet penetration depth

in huntingtin gene, etc. Tests may be performed for genotyping enzymes

engaged in drug metabolism (e.g., cytochrome P alleles, NAT2

polymorphisms, UGT polymorphisms, etc). Genotyping tests may be



performed in determination of susceptibility to any particular disease state.

Tests may be performed to determine clonality, such as for immunological

applications, oncology applications, etc. Tests may be designed to diagnose

and/or monitor acute central nervous system (CNS) infection, such as

encephalitis, meningitis, etc., for example, using nucleic acid from one or

more viruses and/or bacteria capable of causing these disorders for diagnosis

and nucleic acid from the virus or bacterium identified as the cause for

subsequent monitoring. Tests also may be configured to diagnose acute

ischemic disease. Suitable targets for this diagnosis may include CNS cellular

transcripts corresponding to circulating receptor fragments post-stroke

(glutamate receptors, NMDA receptors, 2nd messenger transcripts, etc.).

Other suitable targets may include intracellular cardiomyocyte transcripts

released from ischemic cardiac regions. Tests also may be used to assess

transcripts (e.g., types, numbers, etc.) in tissue proliferative disorders (e.g.,

renal failure, cirrhoses, etc.). Exemplary targets for these disorders may

include trophic factors and/or extracellular matrix components, among others.

X. Multiplexed Assays

This Section describes exemplary strategies for performing multiplexed

detection of nucleic acid targets in the same set of droplets.

Digital PCR assays may be rendered detectable through the use of a

5'-nuclease assay (i.e., a TAQMAN probe) to amplify a target sequence while

producing a signal from the probe. The assays disclosed herein may be

configured to multiplex the 5'-nuclease assay to permit detection of two or

more species of target from individual droplets, which is termed multiplex

detection. It is also possible to "query" for multiple target molecules through

the presence of the target-specific reagents in each droplet. For example, if

one were to have 50 pairs of primers each specific to a different gene

sequence in each droplet, then each target molecule present will be counted

for analysis. Conversely, any absent target molecules will not be counted.

Thus, throughout this Section, the term "query" refers to a digital "yes" or "no"

determination for multiple target molecules.



It is possible to distinguish different target molecules in the same

volume based on the reporter dyes used in the 5'-nuclease assay. The dyes

differ in emission spectra so that they may be distinguished. For example,

fluorescein, fluorescein derivatives, and rhodamine dyes may be utilized for

multiplexing detection from PCR and the 5'-nuclease assay.

Different dyes could be used to code sets of 5' nuclease reagents.

Thus, one dye could signal the presence or absence of one set of 25 targets

while a second dye could signal the presence or absence of a different set of

25 targets. For example, one might code one set as targets from chromosome

18 and another set from chromosome 2 1. One could then query chromosome

18 and 2 1 to count the number present based on digital results of two sets of

assays.

It is also possible to detect different molecules in the same volume

based on the melting curve specific to homoduplexes versus heteroduplexes.

A detection station may include a controllable heater to produce one or more

melting curves for each droplet, to detect multiple target molecules by digital

PCR.

Other multiplexed detection strategies may be utilized in the systems

disclosed herein. For example, a flap endonuclease assay, commercially

known as an INVADER assay, is multiplexed for SNP detection in tube or

microplate-based systems. The INVADER assay may be utilized to provide

digital information in a multiplex fashion in the systems disclosed herein. The

INVADER assay also can be used to query for many target molecules by

formulating a set of two or more in every droplet. Coding is also possible.

Molecular beacon probes also may be used for multiplex detection.

These probes may use similar dyes to 5-nuclease assay, but the detection

method may be different. The structure of the probe when hybridized vs. un-

hybridized produces a signal. The hybridized version produces a measurable

signal if and only if the target sequence is amplified. It is possible to use

different temperatures to multiplex detect while simultaneously using dyes.

For example, three sets of probes may be designed to melt away from their

target sequences at three different temperatures. The systems disclosed



herein may produce multiplex digital results by both temperature and dye.

Thus, in this example, the system can multiplex six assays with two dyes and

probes that melt at three temperatures. Also, it is possible to couple querying

and coding with molecular beacons.

An assay mixture as disclosed herein may utilize various combinations

of primers and one or more reporters to perform a multiplexed assay.

Exemplary combinations include (1) a single primer pair and no target-specific

probe (e.g., use of an intercalating dye or universal probe as reporter for

targets), (2) multiple primer pairs to amplify distinct target species and no

target-specific probe (e.g., use of an intercalating dye or universal probe), (3)

multiple primer pairs to amplify distinct target species and a single color

target-specific probe (e.g., a TAQMAN probe), (4) single primer pairs and

multiple one color target-specific probes, (5) multiple primer pairs and multiple

one-color target specific probes, or (6) multiple primer pairs and multiple color

target specific probes, among others.

The disclosure set forth above may encompass multiple distinct

inventions with independent utility. Although each of these inventions has

been disclosed in its preferred form(s), the specific embodiments thereof as

disclosed and illustrated herein are not to be considered in a limiting sense,

because numerous variations are possible. The subject matter of the

inventions includes all novel and nonobvious combinations and

subcombinations of the various elements, features, functions, and/or

properties disclosed herein. The following claims particularly point out certain

combinations and subcombinations regarded as novel and nonobvious.

Inventions embodied in other combinations and subcombinations of features,

functions, elements, and/or properties may be claimed in applications claiming

priority from this or a related application. Such claims, whether directed to a

different invention or to the same invention, and whether broader, narrower,

equal, or different in scope to the original claims, also are regarded as

included within the subject matter of the inventions of the present disclosure.



WE CLAIM:

1. A system for analyzing a sample, comprising

a droplet generator configured to generate droplets containing portions

of a sample to be analyzed, the droplets being disposed in an immiscible fluid

forming a sample emulsion,

a heating and cooling station having a fluid inlet and a fluid outlet,

a detection station downstream from the heating and cooling station,

a channel forming a single-pass continuous fluid route from the fluid

inlet to the fluid outlet of the heating and cooling station,

a pump for moving the sample emulsion through the channel,

a controller programmed to operate fluid transport through the channel,

and

an analyzer configured to process data collected at the detection

station.

2. The system of claim 1, wherein the detection system is situated

to detect presence of target in the sample emulsion after passing through the

heating and cooling system.

3. The system of claim 1 further comprising a droplet reservoir, a

first fluid conduit connecting the droplet generator to the reservoir, and a

second fluid conduit connecting the reservoir to the fluid inlet of the heating

and cooling station.

4 . The system of claim 1, wherein the droplet generator is adapted

for single-use detachable connection to the heating and cooling station

without exposing the heating and cooling station to contamination from

sample contained in the sample emulsion.



5. The system of claim 1, wherein the droplet generator is

configured to generate the sample emulsion external to the heating and

cooling station.

6. The system of claim 1, wherein the heating and cooling station

includes multiple heating zones along the fluid route configured for performing

a polymerase chain reaction on a nucleic acid target contained in a droplet.

7. The system of claim 1, wherein the heating and cooling station

includes at least one thermoelectric cooler.

8. The system of claim 1, wherein the controller is programmed to

adjust the droplet generator to alter droplet size based on data received from

the detection station.

9. The system of claim 1, wherein the controller is programmed to

alter sample concentration prior to droplet generation based on data received

from the detection station.

10. The system of claim 1, wherein the controller is programmed to

alter a sample preparation procedure prior to droplet generation in the droplet

generator based on data received from the detection station.

11. The system of claim 1, wherein the analyzer is programmed to

determine a concentration of a target molecule in the sample based at least

partially on the frequency of droplets containing the target out of a population

of droplets containing sample portions.



12. The system of claim 1, wherein the droplet generator includes a

sample reservoir, an oil source, an oil/sample intersection, and an emulsion

outlet, the emulsion outlet having a distal end portion adapted for detachable

sealed engagement with a receiving port on the heating and cooling station.

13. The system of claim 1, wherein the droplet generator is

contained in a cartridge having at least one piston for driving emulsification.

14. The system of claim 1, wherein the droplet generator is

contained in a cartridge having at least one piston for pumping sample

emulsion through the channel network.

15. The system of claim 1, wherein the channel includes a helical

capillary tube portion passing through the heating and cooling station.

16. The system of claim 15 , wherein the capillary tube portion has a

diameter approximately equal to the diameter of droplets generated by the

droplet generator.

17. The system of claim 1, wherein the capillary tube portion

includes a hot-start segment passing through a hot-start zone prior to a

denaturation zone in the heating and cooling station.

18. The system of claim 1, wherein the heating and cooling station

includes thermoelectric coolers configured for controlling temperatures in

heating and cooling zones by transferring heat between a thermal core and

the heating and cooling zones.

19. The system of claim 15 , wherein the helical capillary tube

portion defines a helical path that decreases in length over successive cycles.



20. The system of claim 1, wherein the heating and cooling station

includes:

a core defining a central longitudinal axis,

a plurality of segments attached to the core and defining a plurality of

temperature regions; and

a plurality of heating elements configured to maintain each temperature

region approximately at a desired temperature, a portion of the channel

configured to transport a sample emulsion cyclically through the temperature

regions.

2 1 . The system of claim 20, wherein the plurality of segments

includes a plurality of inner segments defining the plurality of temperature

regions and a plurality of outer segments attached to the inner segments, and

wherein the portion of the channel is disposed between the inner and outer

segments.

22. The system of claim 2 1, wherein the portion of channel includes

fluidic tubing that wraps around the inner segments.

23. The system of claim 2 1, wherein the fluidic tubing is disposed in

grooves of the inner segments that wrap substantially helically around the

inner segments.

24. The system of claim 1, wherein the droplet generator is

contained in a disposable cartridge.

25. The system of claim 24, wherein the cartridge includes a cell

lysing region, a separating region, a reagent mixing region, and a droplet

generation region for extracting nucleic acid from a sample and formation of

droplets into a heat stable sample emulsion.



26. The system of claim 1, wherein the channel has open ends for

permitting continuous flow of a sample emulsion.

27. The system of claim 1, wherein the droplet generator is capable

of generating a heat stable sample emulsion.

28. A system for sample analysis, comprising:

at least one droplet generator that forms a plurality of emulsions

including droplets that each contain a sample partition prepared as a reaction

mixture for amplification of a nucleic acid target;

a plate defining an array of cavities to hold the emulsions;

a heating and cooling device to heat the emulsions disposed in the

cavities to induce nucleic acid amplification in droplets;

a detection assembly to detect signals from intact droplets of the

emulsions; and

a controller in communication with the detection assembly and

programmed to estimate a presence, if any, of the nucleic acid target in a

sample based on signals detected from the intact droplets.

29. The system of claim 28, wherein the droplet generator is

integrated with the plate.

30. The system of claim 29, wherein each cavity is supplied by a

separate droplet generator.

3 1 . The system of claim 29, wherein each cavity is supplied by the

same droplet generator.

32. The system of claim 28, wherein the droplet generator is not part

of the plate.



33. The system of claim 28, wherein the droplet generator includes

at least one oil reservoir, a sample reservoir, and a fluid path from each

reservoir to at least one cavity.

34. The system of claim 28, further comprising a pressure source

that drives droplet generation.

35. The system of claim 28, wherein the detection assembly is

configured to detect signals from droplets while disposed in the cavities.

36. The system of claim 28, further comprising a fluid transfer

device configured to transfer droplets from the cavities to a detection site of

the detection assembly.

37. The system of claim 36, wherein the detection site is separate

from the plate.

38. The system of claim 36, wherein the detection assembly is

configured to detect droplets serially.

39. The system of claim 36, wherein the detection assembly is

configured to image batches of droplets.

40. The system of claim 39, wherein the detection assembly is

configured to image droplet batches serially, each droplet batch

corresponding to a different emulsion.

40. The system of claim 28, wherein the detection assembly

includes confocal optics.

4 1. The system of claim 28, wherein each cavity is bounded above

and below by walls of the plate.



42. The system of claim 28, wherein each cavity is bounded by a

transparent wall of the plate that permits detection of droplets in such cavity

through the transparent wall.

43. The system of claim 28, wherein the droplet generator includes

a sample reservoir that opens upwardly to permit sample loading from above

the plate.

44. The system of claim 28, wherein the cavity is a well, further

comprising a sealing member to seal the well.

45. The system of claim 28, wherein the droplet generator includes

one or more orifices from which the droplets are generated serially.

46. The system of claim 28, wherein the droplet generator is

configured to form droplets that are monodisperse.

47. The system of claim 28, wherein the controller is configured to

estimate the presence of the nucleic acid target based on a percentage of

droplets that are determined to be positive for amplification of the nucleic acid

target.

48. A system for sample analysis, comprising:

a droplet generator including an oil reservoir, a sample reservoir, a

cavity, and a channel intersection that receives a sample from the sample

reservoir and a carrier fluid from the oil reservoir and generates droplets that

flow to the cavity as an emulsion; and

a heating device to heat the droplet generator to induce nucleic acid

amplification in droplets of the emulsion in the cavity.

49. The system of claim 48, further comprising a plate that includes

the droplet generator and a plurality of other droplet generators.



50. The system of claim 48, further comprising a pressure source

that drives droplet generation.

5 1 . The system of claim 50, wherein the pressure source includes a

manifold that forms a sealed relation with the droplet generator.

52. The system of claim 48, further comprising a detection assembly

to detect signals from droplets of the emulsion.

53. The system of claim 52, wherein the detection assembly is

configured to detect signals from droplets while the droplets are disposed in

the cavity.

54. The system of claim 52, wherein the detection assembly is

configured to detect signals from the droplets while the droplet generator is

thermally coupled to the heating device.

55. The system of claim 52, wherein the detection assembly is

configured to image a batch of droplets.

56. The system of claim 55, wherein the detection assembly

includes confocal optics.

57. The system of claim 52, further comprising a controller in

communication with the detection assembly and programmed to estimate a

presence, if any, of a nucleic acid target in the sample based on the signals

detected.

58. The system of claim 48, wherein the heating device includes a

temperature-controlled chamber that receives the droplet generator.



59. The system of claim 48, wherein the heating device is a heating

and cooling device that thermally cycles the droplet generator to induce PCR

amplification in the droplets of the emulsion in the cavity.

60. The system of claim 48, wherein the cavity is bounded above

and below by walls of the droplet generator.

6 1 . The system of claim 48, wherein the cavity is bounded by a

transparent wall of the droplet generator that permits detection of droplets in

the cavity through the transparent wall.

62. The system of claim 48, wherein the cavity is a well, further

comprising a sealing member to seal the well.
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