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ABSTRACT
(57)
System, including methods, apparatus, compositions, and
kits, for assays with an emulsion including capsules. A
method of performing an assay is provided. In the method, an
aqueous phase may be provided. The aqueous phase may
include a sample and an effective concentration of one or
more skin-forming proteins. An emulsion may be formed.
The emulsion may include droplets of the aqueous phase
disposed in a nonaqueous continuous phase. The emulsion
may be heated to create an interfacial skin between each
droplet and the continuous phase, to transform the droplets
into capsules. Assay data related to the sample may be collected from the capsules.
60 Claims, 4 Drawing Sheets
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ASSAYS WITH DROPLETS TRANSFORMED
INTO CAPSULES

volumes use less reagent, thereby lowering the cost per test of
consumables. Furthermore, microfluidic technology can pro-

CROSS-REFERENCES TO PRIORITY
APPLICATIONS

vide control over processes used for generation, mixing, incubation, splitting, sorting, and detection of &coplets, to attain
repeatable droplet-based measurements.

5

Aqueous droplets can be suspended in oil to create a waterin-oil emulsion (W/O). The emulsion can be stabilized with a
surfactant to reduce coalescence of droplets during heating,
cooling, and transport, thereby enabling thermal cycling to be
No. 61/309,845, filed Mar. 2, 2010; U.S. Provisional Patent
Application Ser. No. 61/341,218, filed Mar. 25, 2010; U.S. 10 performed. Accordingly, emulsions have been used to perform single-copy amplification of nucleic acid target molProvisional Patent Application Ser. No. 61/317,635, filed
ecules in droplets using the polymerase chain reaction (PCR).
Mar. 25, 2010; U.S. Provisional Patent Application Ser. No.
Compartmentalization of single molecules of a nucleic
61/380,981, filed Sep. 8, 2010; U.S. Provisional Patent Appliacid target in droplets of an emulsion alleviates problems
cation Ser. No. 61/409,106, filed Nov. 1, 2010; U.S. Provisional Patent Application Ser. No. 61/409,473, filed Nov. 2, 15 encountered in amplification of larger sample volumes. In
This application is based upon and claims the benefit under
35 U.S.C. § 119(e) of U.S. Provisional Patent Application Ser.

particular, droplets can promote more efficient and uniform
amplification of targets from samples containing complex
heterogeneous nucleic acid populations, because sample
tion Ser. No. 61/417,241, filed Nov. 25, 2010; each of which
complexity in each &oplet is reduced. The impact of factors
is incorporated herein by reference in its entirety for all pur2o that lead to biasing in bulk amplification, such as amplificaposes.
2010; U.S. Provisional Patent Application Ser. No. 61/410,
769, filed Nov. 5, 2010; and U.S. Provisional Patent Applica-

tion efficiency, G+C content, and amplicon annealing, can be
minimized by droplet compartmentalization. Unbiased
amplification can be critical in detection of rare species, such
as pathogens or cancer cells, the presence of which could be
This application incorporates by reference in their entirety 25 masked by a high concentration of background species in
for all purposes the following materials: U.S. Pat. No. 7,041,
complex clinical samples.
481, issued May 9, 2006; U.S. patent application Ser. No.
The accuracy and reproducibility of droplet-based assays
often relies on droplets having a uniform, stable size. How12/862,542, filed Aug. 24, 2010; U.S. Patent Application
Publication No. 2010/0173394 A1, published Jul. 8, 2010;
ever, maintaining the integrity of &oplets can present a chaland Joseph R. Lakowicz, PRrNCm ES OF FLUORESCENCE SPECTROS- 30 lenge. Manipulation and processing of droplets can cause the
droplets to break, coalesce, or both, which can change an
COPY (T’d Ed. 1999).
emulsion with a uniform size of droplets (a monodisperse
INTRODUCTION
emulsion) to one with a wide range of droplets (a polydisperse
emulsion). For example, emulsions can become unstable as
Many biomedical applications rely on high-throughput 35 the packing density of droplets is increased, because droplet

CROSS-REFERENCES TO ADDITIONAL
MATERIALS

assays of samples combined with reagents. For example, in
research and clinical applications, high-throughput genetic
tests using target-specific reagents can provide accurate and
precise quantification of nucleic acids for drug discovery,
biomarker discovery, and clinical diagnostics, among others.
The trend is toward reduced volumes and detection of more
targets. However, mixing smaller volumes can require more
complex instrumentation, which increases cost. Also, assays
performed in smaller volumes may tend be less accurate.
Accordingly, improved technology is needed to permit testing more combinations of samples and reagents, at a higher
speed, a lower cost, with reduced instrument complexity,
and/or with greater accuracy and precision, among others.
Emulsions hold substantial promise for revolutionizing
high-throughput assays. Emulsification techniques can create
billions of aqueous droplets that function as independent
reaction chambers for biochemical reactions. For example, an
aqueous sample (e.g., 200 microliters) can be partitioned into
droplets (e.g., four million droplets of 50 picoliters each) to
allow individual sub-components (e.g., cells, nucleic acids,
proteins) to be manipulated, processed, and studied discretely
in a massively high-throughput manner.
Splitting a sample into droplets offers numerous advantages. Small reaction volumes (picoliters to nanoliters) can be
utilized, allowing earlier detection by increasing reaction
rates and forming more concentrated products. Also, a much
greater number of independent measurements (thousands to
millions) can be made on the sample, when compared to
conventional bulk volume reactions performed on a micoliter
scale. Thus, the sample can be analyzed more accurately (i.e.,
more repetitions of the same test) and in greater depth (i.e., a
greater number of different tests). In addition, small reaction

proximity enables coalescence. This instability limits the
ability to store droplets. Also, the tendency of droplets to
coalesce at a high packing density restricts the options for
batch processing of droplets in a bulk phase. The tendency of
40 droplets both to coalesce and break is exacerbated by higher
temperatures and particularly the repetitive cycles of heating
and cooling that are utilized for PCR amplification of a
nucleic acid target in droplets. In addition, fluidic manipulation can damage droplets. Droplets may be induced to c0a45 lesce by an electric field ("electro-coalescence"), which can
be created by a static charge on a surface. Accordingly, droplets may be induced to coalesce during fluidic manipulation,
such as in a flow channel, or during aspiration into or dispensing from a pipet tip, among others. Furthermore, emulsion
50 droplets tend to be susceptible to breakage when subjected to
shear, such as when flowing in a channel and/or when there is
a sudden change in direction of flow. For quantitative assays,
droplet aggregation, coalescence, and breakage can all introduce large errors to make the assays inaccurate and unreli55 able.
New systems are needed to make and use emulsions having
droplets that are more stable to storage, thermal cycling, a
high packing density, and/or fluidic manipulation.
60

SUMMARY

The present disclosure provides a system, including methods, apparatus, compositions, and kits, for assays with an
emulsion including capsules. A method of performing an
65 assay is provided. In the method, an aqueous phase may be
provided. The aqueous phase may include a sample and an
effective concentration of one or more skin-forming proteins.
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An emulsion may be formed. The emulsion may include
present at a concentration of at least about 0.01%, 0.03%, or
0.1%, by weight, among others. In some cases, although the
droplets of the aqueous phase disposed in a nonaqueous conskin may form at a concentration of 0.01%, the skin may not
tinuous phase. The emulsion may be heated to create an
be amplification-compatible unless formed at a higher coninterracial skin between each droplet and the continuous
phase, to transform the droplets into capsules. Assay data 5 centration of skin-forming protein, such as at least about
0.03%. An amplification-compatible skin (which may be
related to the sample may be collected from the capsules.
termed a PCR-compatible skin) permits amplification, such
as by PCR, of a nucleic acid target. In other words, the skin
BRIEF DESCRIPTION OF THE DRAWINGS
does not inhibit amplification enough, if at all, to prevent the
FIG. 1 is a schematic diagram illustrating exemplary for- 10 amplification reaction from occurring efficiently. In any
event, the skin-forming protein(s) may be present at a conmation of skins to encapsulate droplets of an emulsion, in
centration of about 0.01% to 10%, 0.01% to 3%, 0.01% to
accordance with aspects of the present disclosure.
1%, 0.03% to 10%, 0.03% to 3%, 0.03% to 1%, 0.05% to 2%,
FIG. 2 is a flowchart illustrating an exemplary method of
or 0.1% to 1% by weight, among others. The protein(s) may,
forming a stabilized emulsion including droplets encapsulated by a skin and of using the encapsulated droplets to 15 for example, be selected from the group consisting of albumin
(e.g., bovine serum albumin (BSA)), gelatin, globulin (e.g.,
perform an assay, in accordance with aspects of the present
beta-lactoglobulin), and casein, among others. The skin may
disclosure.
be a proteinaceous (protein-containing) skin composed at
FIG. 3 is a schematic illustration of an exemplary approach
least substantially of the skin-forming protein(s). Alternaof removing a continuous phase selectively from an emulsion
to increase the volume fraction of the dispersed phase, in 2o tively, or in addition, the skin may not form substantially
when the protein(s) is omitted from the aqueous phase (everyaccordance with aspects of the present disclosure.
thing else being equal). In other words, the protein(s) may be
FIG. 4 is a schematic illustration of an exemplary approach
required for skin formation. The surfactant may, for example,
of covering a primary emulsion with an overlay emulsion, in
include a block copolymer of polypropylene oxide and polyaccordance with aspects of the present disclosure.
FIG. 5 is a schematic illustration of an exemplary approach 25 ethylene oxide.
A nonaqueous phase may be provided and the emulsion
of covering an emulsion with an overlay phase that is immismay be formed with the nonaqueous phase as a continuous
cible with at least the continuous phase of the emulsion, in
phase (or a dispersed phase). The nonaqueous phase may be
accordance with aspects of the present disclosure.
an organic or oil phase including at least one fluorinated oil
FIGS. 6A and 6B are a pair ofmicrographs of capsules that
have been exposed to a spacing fluid composed of an oil phase 30 and a fluorinated surfactant (e.g., a fluorinated polyether and/
or a fluorinated alcohol, among others).
lacking the surfactant that was present during droplet generaA method of emulsion preparation is provided. In the
tion (FIG. 6A) or containing the surfactant (FIG. 6B), in
method, aqueous droplets may be generated in a continuous
accordance with aspects of the present disclosure.
phase that includes a fluorinated oil and a fluorinated surfacFIGS. 7A-7D are a set ofmicrographs of capsules formed
as in FIGS. 6A and 6B and exposed to the same spacing fluid 35 tant. The droplets may be transformed to capsules each
including an aqueous phase encapsulated by a proteinaceous,
as in FIG. 6B but viewed at higher magnification, in accorinterfacial skin. A spacing fluid may be added to the continudance with aspects of the present disclosure.
ous phase, with the spacing fluid being miscible with the
continuous phase and having a different composition than the
DETAILED DESCRIPTION
40 continuous phase.
The present disclosure provides an emulsion chemistry for
A method of performing an assay is provided. In the
a system, including methods, apparatus, compositions, and
method, an aqueous phase including a sample and an effective
concentration of one or more skin-forming proteins may be
kits, for making and using droplets encapsulated by a skin.
The skin-encapsulated droplets, or capsules, may be resistant
provided. An emulsion also may be formed, with the emulto coalescence, aggregation, and breakage over a wide range 45 sion including droplets of the aqueous phase disposed in a
of thermal and mechanical processing conditions. The capnonaqueous continuous phase. The emulsion may be heated
sules may be used to provide more stable encapsulation of
(e.g., to a temperature above about 50° C., 55° C. or 90° C.),
samples or analytes, such as nucleic acids, proteins, cells, or
to create an interfacial skin between each droplet and the
the like, and may be used in a wide range of biomedical
continuous phase, to transform the droplets into capsules. In
applications, such as assays, drug and/or vaccine delivery, 5o some embodiments, the emulsion may be thermally cycled to
housing biomolecular libraries, clinical imaging applicapromote amplification of one or more nucleic acid targets in
the capsules. Assay data related to the sample may be coltions, and the like.
A method of generating a stabilized emulsion is provided.
lected from the capsules. The assay data may be processed to
In the method, an aqueous phase may be provided, which
determine an aspect of the sample, such as a concentration of
includes an effective concentration of one or more skin-form- 55 an analyte (e.g., one or more nucleic acid targets) in the
ing proteins. An emulsion also may be formed, with the
sample.
emulsion including droplets of the aqueous phase disposed in
Another method of performing an assay is provided. An
aqueous phase may be provided that includes an effective
a nonaqueous continuous phase. Alternatively, an emulsion
may be formed with the emulsion including droplets of the
concentration of one or more skin-forming proteins. An oil
nonaqueous phase disposed in an aqueous continuous phase. 6o phase may be provided that includes at least one fluorinated
Accordingly, the emulsion may be an oil-in-water emulsion
oil and a fluorinated surfactant. An emulsion may be formed
or a water-in-oil emulsion, among others. The emulsion may
that includes droplets of the aqueous phase disposed in the oil
be heated to create an interfacial skin between each droplet
phase, or vice versa. The droplets may be transformed into
and the continuous phase, to transform the droplets into capcapsules by creating an interfacial skin between each droplet
sules.
65 and the oil phase (or aqueous phase). The capsules may be
The aqueous phase provided may include the skin-forming
thermally cycled to amplify a nucleic acid target in the capproteins and at least one surfactant. The protein(s) may be
sules. Amplification data may be collected from the capsules.
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A composition for generating a stabilized emulsion is provided. The composition may comprise a continuous phase
including a fluorinated oil and at least one fluorinated surfactant. The composition also may comprise a plurality of aqueous droplets disposed in the continuous phase and including
an effective concentration of a skin-forming protein. Heating
the emulsion above a threshold temperature may create an
interfacial skin between each droplet and the continuous
phase, to transform the droplets into capsules.
A stabilized emulsion is provided. The emulsion may comprise a continuous phase including a fluorinated oil and at
least one fluorinated surfactant. The emulsion also may comprise a plurality of capsules disposed in the continuous phase,
with each capsule including a proteinaceous, interfacial skin
encapsulating an aqueous phase.
An assay kit is provided. The assay kit may include an
aqueous phase including an effective concentration of one or
more skin-forming proteins and a nonaqueous continuous
phase including a fluorinated oil and at least one fluorinated
surfactant. The assay kit also may include a droplet generator
capable of forming an emulsion including droplets of the
aqueous phase disposed in the nonaqueous continuous phase.
Heating the emulsion above a threshold temperature may
create an interfacial skin between each droplet and the continuous phase, to transform the droplets into capsules.
The present disclosure provides methods for preparing
capsules of aqueous phases, including aqueous phases suitable for sample analysis, and the capsules prepared thereby.
These capsules may be particularly useful for small volume
PCR analysis. The disclosed methods may involve separating
samples, such as clinical or environmental samples, into
many small capsules containing an analyte of interest. For
example, each capsule may contain less than about one copy
of a nucleic acid target (DNA or RNA). The nucleic acid or
other analyte in these capsules may be reacted, detected,
and/or analyzed, using any suitable technique(s). The preparation, reaction, detection, and/or analysis of the disclosed
capsules may be performed in series and/or in parallel, alone,
or in combination with other processes. The present disclosure emphasizes, but is not limited to, capsules suitable for
performing capsule-based amplification assays.
Further aspects of the emulsion chemistry and a system
that uses the emulsion chemistry are described in the following sections, including: (I) definitions, (II) system overview,
(III) aqueous phase, (IV) nonaqueous phase, (V) formation of
emulsions, (VI) droplet transformation, (VII) capsules, (VIII)
spacing fluid, (IX) capsule and data processing, and (X)
examples.

Reaction chemical reaction, a binding interaction, a
phenotypic change, or a combination thereof. An exemplary
reaction is enzyme-catalyzed conversion of a substrate to a
product and/or binding ofa substrate or product to a binding
partner.
Reagent a compound, set of compounds, and/or composition that is combined with a sample in order to perform a
particular test on the sample. A reagent may be a targetspecific reagent, which is any reagent composition that confers specificity for detection of a particular target or analyte 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, a
potential &rug, a lipid, a carbohy&cate, an inorganic substance, or any combination thereof, among others. In exemplary embodiments, the reagent may be an amplification
reagent, such as at least one primer or a pair of primers for
amplification of a target, and/or at least one probe to provide
an amplification signal.
Nucleic aci 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., nucleic acid reagents such as primers and
probes) typically being shorter and biologically produced
nucleic acids (e.g., nucleic acid analytes) typically being
longer.
A nucleic acid can have a natural or artificial structure, or a
combination thereof. Nucleic acids with a natural structure,
namely, deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA), 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 hy&cogen 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
adenine-thymine and guanine-cytosine base pairs with the
other nucleic acid is termed "complementary."
Replication a process forming a complementary copy of
a nucleic acid or a segment thereof. The nucleic acid and/or
segment replicated is a template (and/or a target) for replication.
Amplification process in which a copy number
increases. Amplification may be a process in which replication occurs repeatedly over time to form multiple copies of a
template. Amplification can produce an exponential or linear
increase in the number of copies as amplification proceeds.
Exemplary amplification strategies include polymerase chain
reaction (PCR), loop-mediated isothermal amplification
(LAMP), rolling circle replication (RCA), cascade-RCA,
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5o
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, 55
as described below.
Assay procedure that incorporates one or more reactions, and that is used to characterize a sample of interest.
Such characterization may be obtained by virtue of one or
more signal(s), value(s), data, and/or result(s) obtained from 6o
the procedure(s) and/or reaction(s). An assay may be performed using at least one "assay mixture" which is a composition from which one or more test signals are detected,
before, during, and/or after processing of the composition to
permit a reaction, if any, to occur. A test or assay may deter- 65
mine a presence (e.g., concentration) or activity, among others, of one or more analytes in a sample.
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nucleic acid based amplification (NASBA), and the like.
Also, amplification can utilize a linear or circular template.
Amplification can be performed under any suitable temperature conditions, such as with thermal cycling or isothermally.
Furthermore, amplification can be performed, or tested for its
occurrence, in an amplification mixture, which is any composition capable of amplifying a nucleic acid target, if any, in
the mixture. An amplification mixture can include any combination of at least one primer, 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), deoxynucleotide
(and/or nucleotide) triphosphates (dNTPs and/or NTPs), a
magnesium salt, or any combination thereof, among others.
The amplification mixture may include at least one magnesium-dependent enzyme.
PC amplification that relies on repeated cycles of heating and cooling (i.e., thermal cycling) to achieve successive
rounds of replication. PCR can be performed by thermal
cycling between two or more temperature setpoints, such as a
higher denaturation temperature and a lower annealing/extension temperature, or among three or more temperature
setpoints, such as a higher denaturation temperature, a lower
annealing temperature, and an intermediate extension temperature, among others. PCR can be performed with a thermostable polymerase, such as Taq DNA polymerase. PCR
generally produces an exponential increase in the amount of
a product amplicon over successive cycles.
RT-PCR (reverse transcription-PCR)@CR 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.
Amplico a product of an amplification reaction. An
amplicon can 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.
Primeval 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, or an analog thereof (i.e., an artificial nucleic acid), and
may have any suitable length, such as at least about 10, 15, or
20 nucleotides. Exemplary primers are synthesized chemically. Primers may be supplied as a pair of primers for amplification of a nucleic acid target. The pair of primers may be a
sense primer and an antisense primer that collectively define
the opposing ends (and thus the size) of a resulting amplicon.
In some embodiments, at least one primer may be described
as a molecular inversion probe (MIP).
Probe nucleic acid connected to a label. A probe may be
a sequence-specific binding partner for a nucleic acid target
and/or amplicon. An exemplary probe 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 respectively
provide first and second emitters or an emitter (a reporter) and
a quencher. Fluorescence emission from the pair of dyes
changes when the dyes are separated from one another, such
as by cleavage of the probe (e.g., a Taqman probe) during
primer extension, or when the probe (e.g., a molecular beacon
probe) binds to an amplicon. A "molecular inversion probe"
may or may not be connected to a label.
Label’s identifying and/or distinguishing marker or
identifier connected to or incorporated into any entity, such as

a molecule, molecular complex, compound, biological particle, or droplet. The label may be described as labeling the

5

particular entity to produce a labeled entity. A label may, for
example, be a dye that renders an entity optically detectable or
at least more optically detectable. Exemplary dyes used for
labeling are fluorescent dyes (fluorophores) and fluorescence
quenchers.
Binding partner

10

a member of a pair of members that bind

to one another. Each member may be an atom, molecule,
molecular complex, compound, and/or biological particle (a
cell, virus, organelle, or the like), among others. Binding
partners may bind specifically to one another. Specific bind-

15

ing can be characterized by a dissociation constant of less
than about 10-4, 10-6, 10-8, or 10-l° M. Exemplary specific
binding partners include biotin and avidin!streptavidin, a
sense nucleic acid and a complementary antisense nucleic
acid, a primer and its target, an antibody and a corresponding
antigen, a receptor and its ligand, a nucleic acid and a protein

20 that recognizes a sequence motif present in the nucleic acid,
and the like.
Fluorinated

including fluorine, typically substituted for

hydrogen. Any of the fluorinated compounds disclosed herein
may be polyfluorinated, meaning that such compounds each
25 include many fluorines, such as more than five or ten fluorines, among others. Any of the fluorinated compounds disclosed herein also or alternatively may be perfluorinated,
meaning that most or all hydxogens have been replaced with
fluorine.
3o
II. SYSTEM OVERVIEW

35

4o

45
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55
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The system of the present disclosure exploits an emulsion
chemistry that enables formation of skins to encapsulate and
stabilize droplets of an emulsion. The droplets may be stabilized against thermal and mechanical stress, among others, to
reduce breakage and coalescence.
FIG. 1 shows a schematic diagram illustrating exemplary
formation of skins around droplets. An emulsion 20 is
obtained that includes droplets 22 of an aqueous dispersed
phase 24 disposed in a nonaqueous continuous phase 26. The
droplets may be spaced from one another by any suitable
average distance to generate any suitable packing density. For
example, the droplets may be packed closely together, such as
with a packed arrangement having a high packing density. A
high packing density is a packed arrangement of droplets in
which the collective droplet volume of the packed arrangement (i.e., the dispersed phase volume) is at least about as
great as the interstitial volume of the packed arrangement
(i.e., the volume of the continuous phase (or portion thereof)
that is disposed among droplets within the packed arrangement). In other words, in a high packing density, the dispersed
phase volume is at least about 50% of the sum of the dispersed
phase volume and the interstitial volume. A packed arrangement may be produced by a density difference between the
dispersed phase and the continuous phase that causes the
droplets to be buoyant or to sink in the continuous phase, in
response to gravity and/or application of a centripetal force. If
the droplets are monodisperse, the high packing density may
be provided by a substantially regular arrangement (a lattice
arrangement) of the droplets.
The aqueous phase may be a skin-forming mixture and
may include one or more skin-forming materials 30, such as
at least one skin-forming protein. For example, at least one
skin-forming material may be localized interfacially, that is,
near or at an interface or droplet boundary 32 created between
each droplet 22 and continuous phase 26.
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The droplets may be transformed to capsules. For example,
the droplets, the emulsion, and/or the continuous phase may
be heated, indicated at 34, to form capsules 36. Each capsule
includes an interracial skin 38 formed near or at interface 32,
to encapsulate an aqueous phase of each &oplet 22. The
capsules, relative to the progenitor droplets, may be more
stable to various treatments. For example, the capsules may
permit longer storage (such as at about 4° C. to 40° C.)
without substantial loss of droplet integrity. Also, the capsules may be more resistant to coalescence and breakage
when heated and/or thermocycled to promote reaction and/or
amplification. Further, the capsules may be more resistant to
breakage and/or coalescence produced by an electric field or
mechanical stress (such as fluidic manipulations). Capsules
(and/or an emulsion) resistant to coalescence exhibit less than
about 5%, 2%, or 1% of the capsules coalescing to form larger
capsules/droplets in a given time period, at a given temperature, and with a given capsule packing density. In some cases,
the capsules may be resistant to coalescence when incubated
at 70° C., 80° C., or 90° C., for at least 1, 2, 5, or 10 minutes,
with the capsules at a high packing density. Alternatively, or
in addition, the capsules may be resistant to coalescence when
stored at 4° C., 20° C., or 37° C. for at least one week or one
month, with the capsules at a high packing density. Furthermore, the capsules may be more resistant to coalescence
when subjected to an electric field (e.g., from a static charge),
and more resistant to coalescence and breakage when
manipulated flnidically, such as at relatively high flow rates
and/or with changes in flow direction or pressure. Moreover,
the skin may form a biocompatible interface (e.g., in place of
an oil-water interface) that reduces adsorption of analytes
and/or reagents to the interface from within the &oplets.
FIG. 2 illustrates an exemplary method 50 of forming
droplets encapsulated by a skin and of using the encapsulated
droplets to perform an assay. The method steps presented here
may be performed in any suitable order, in any suitable combination, and may be combined with any other method steps
or features described elsewhere in the present disclosure or in
the documents listed above under Cross-References, which
are incorporated herein by reference, particularly U.S. Provisional Patent Application Ser. No. 61/309,845, filed Mar. 2,
2010; U.S. Provisional Patent Application Ser. No. 61/317,
635, filed Mar. 25, 2010; U.S. Provisional Patent Application
Ser. No. 61/380,981, filed Sep. 8, 2010; U.S. Provisional
Patent Application Ser. No. 61/409,106, filed Nov. 1, 2010;
U.S. Provisional Patent Application Ser. No. 61/409,473,
filed Nov. 2, 2010; U.S. Provisional Patent Application Ser.
No. 61/410,769, filed Nov. 5, 2010; U.S. Provisional Patent
Application Ser. No. 61/417,241, filed Nov. 25, 2010; and
U.S. Patent Application Publication No. 2010/0173394 A1,
published Jul. 8, 2010.
Phases for an emulsion may be provided, indicated at 52.
The phases generally include an aqueous phase and a nonaqueous phase that are immiscible with one another. The
phases may be formulated to promote skin formation when
the emulsion is heated. For example, the aqueous phase may
include one or more skin-forming components. A skin-forming component is any component of a skin-forming mixture
that is necessary for skin formation: omitting only the skinforming component from the mixture causes the skin not to
form, everything else being equal. An exemplary skin-forming component is a skin-forming protein. The skin-forming
protein (or proteins) may be present at an effective concentration, which is a concentration sufficient to form a detectable skin when the droplets are appropriately heated or
treated otherwise to promote skin formation. The aqueous
phase also may include a sample and may be configured to

perform a reaction involving the sample. In exemplary
embodiments, the aqueous phase provides a reaction mixture
for amplification of at least one nucleic acid target.
The sample may include nucleic acid. The nucleic acid
may, for example, be DNA (e.g., genomic DNA), RNA (e.g.,
messenger RNA and/or genomic RNA), and/or cDNA (DNA
produced by reverse transcription of RNA), among others.
An emulsion may be formed, indicated at 54. The emulsion
may include droplets of the aqueous phase disposed in a
continuous phase provided by the nonaqueous phase. The
nonaqueous phase may include oil and/or may be formed
predominantly by oil, such that the emulsion is a water-in-oil
emulsion. In some embodiments, each droplet may be separated from the nonaqueous phase by an interfacial layer that is
composed substantially of one or more skin-forming components.
The emulsion may be heated to create capsules in which
droplets are encapsulated by a skin, indicated at 56. Heating
may be performed at a temperature and for a time period
sufficient to form the skin, such as to convert an interfacial
layer composed of one or more skin-forming components to
an interfacial skin. The emulsion may be held by a container
(e.g., a vial, a chamber, a well of a multi-well plate, etc.) while
heated (and/or reacted, see below), or may be disposed in
and/or flowing along a channel.
In some embodiments, the emulsion may be heated while
held in a container (e.g., a well of a multi-well plate) that is
sealed with a pierce-able sealing member (e.g., a foil, a film,
or the like). The sealing member may be conformable. The
sealing member may be pierced with a tip of a fluid transfer
device, such as a pipet tip, a needle, or the like, to permit
removal of the emulsion from the container and/or addition of
fluid (and/or reagent) to the container. Removal of at least a
portion of the emulsion from the container may be performed
after skin formation and/or after reaction of the capsules (e.g.,
amplification of a nucleic acid target in the capsules), among
others.
The capsules may be used immediately or may be stored
for any suitable time period before use (e.g., in some cases,
stored for at least one day, week, or month, among others).
The resulting capsules generally are more stable than the
droplets. For example, the capsules may be more stable to
shear, and may be stored for extended periods without degradation. The stability of the capsules enables bulk processing
and manipulation that can substantially damage droplets not
encapsulated by skin.
In some embodiments, the droplets may not be encapsulated by a skin. Accordingly, any of the steps described in this
section, elsewhere in the present disclosure, or in the documents listed above under Cross-References, which are incorporated herein by reference, may be performed with &oplets
instead or in addition to capsules.
The phase ratio of the emulsion may be changed, indicated
at 58, before heating to create capsules (56). Changing the
phase ratio is optional and includes any procedure that substantially increases and/or decreases the volume fraction of
the aqueous phase in the emulsion. For example, the volume
fraction of the aqueous phase may be increased by selectively
removing a portion of the continuous phase (relative to the
aqueous phase) from the emulsion. In some cases, excess
continuous phase may be removed to produce a high volume
fraction of the aqueous phase, such as at least about 50%,
among others, in the emulsion. To permit selective removal of
droplets or the continuous phase, the emulsion may be formulated with the aqueous and nonaqueous phases having
different densities, such that the droplets tend to sink or float
in the emulsion, to promote sedimentation or creaming,
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respectively. In exemplary embodiments, the droplets are
buoyant (or sink) in the continuous phase, permitting the
emulsion to be concentrated by selectively removing droplets
from a top portion (or bottom portion) of the emulsion and/or
selectively removing the continuous phase from a bottom
portion (or top portion) of the emulsion. Further aspects of
changing the phase ratio of an emulsion are described below
in Example 1 of Section X.
In some embodiments, removing a portion of the continuous phase may improve stability of droplets prior to and/or
after the transformation to capsules. For some cases, such as
when the concentration of at least one ionic surfactant in the
oil phase (continuous phase) is above the CMC (critical
micelle concentration), there may be an excess of ionic surfactant that exists in micelles, and these micelles may cornpete with the droplets or capsules through a thermodynamic
driving force that draws water out of the droplets or capsules,
causing them to shrink or even tear (in the case of the skinbearing capsules). Accordingly, any approach that reduces
the amount of excess ionic micelles in the continuous phase
may improve droplet or capsule stability. Some examples of
steps that can be taken include (1) removal of at least a portion
of excess continuous phase (in other words, removal of some
micelles) prior to transformation of droplets to capsules and/

continuous and aqueous phases, respectively. In any event,
the overlay may reduce droplet damage (e.g., breakage) that

or (2) use of reduced surfactant concentration in (a) the continuous phase at the time of emulsion formation (provided a
sufficient amount of surfactant is present to generate and
sustain intact droplets), and/or (b) the continuous phase for
any capsule spacing or transport fluids (described in more
detail elsewhere in the present disclosure).
Another pre-transformation step that may be effective to
reduce loss of water from droplets/capsules to the continuous
phase is to "pre-saturate" or "pre-hydxate" the continuous
phase with water, rather than or in addition to removing
excess continuous phase to reduce the number of micelles.
The continuous phase may be exposed to water before emulsion formation to achieve pre-hydration. For example, the
continuous phase may be overlaid or otherwise disposed in
contact with a volume of water or an aqueous, pre-hydration
solution that more closely resembles (ionic, osmotic balance)
the aqueous solution that will be disposed in the droplets
when they are subsequently formed with the pre-hydrated
continuous phase. The pre-hydration solution can, for
example, be the buffered base for the reaction mixture within
the droplets, generally excluding any nucleic acids or proteins/enzymes. The skin-forming material and any aqueous
phase surfactants also may be excluded from the pre-hydration solution in some cases.
The emulsion optionally may be overlaid, indicated at 60.
In some embodiments, where the droplets are buoyant cornpared to the continuous phase, an overlay may be useful to
protect droplets from breakage or other degradation during
exposure to air and/or other interfaces (e.g., the air-emulsion
interface during a heating step to form capsules). An overlay
also may be useful where the droplets sink compared to the
interface, although continuous phase above the droplets may
render an overlay unnecessary. In any event, an overlay may
be placed onto the emulsion to cover a top surface of the

can occur before capsule formation with some formulations,
5

as the emulsion is being heated, and/or capsule damage (e.g.,
desiccation!shrinkage) that can occur near an emulsion-air
interface at relatively higher temperatures, such as during
thermal cycling for PCR amplification.
The overlay may be fluid or solid when applied, and, if fluid
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when applied, may remain fluid or may solidify. The overlay
(or a continuous phase thereof) may have a lower density than
the continuous phase of the underlying emulsion, such that
the overlay floats on the primary emulsion. A fluid overlay
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may have any suitable composition. For example, the fluid
overlay may be an overlay emulsion (containing droplets
and/or capsules) or an overlay phase. Further aspects of fluid
overlays are described in Example 2 of Section X.
The emulsion may be reacted, indicated at 62. Generally,
reaction of the emulsion involves treating the emulsion to

20 promote individual reactions in capsules of the emulsion. For
example, the emulsion may be heated and/or thermally cycled
to promote amplification of a nucleic acid target in the capsules. Accordingly, heating may be part of a thermal cycling
process or may be a pre-incubation (e.g., reverse transcrip25 tion, uracil removal, endo- or exonuclease digestion, etc.)
prior to a thermal cycling process. The pre-incubation step or
first incubation step in an RT-PCR or PCR protocol may be
used to transform droplets to capsules, to form the interfacial
skin at a high packing density, at a lower packing density, or
30

even with the droplets not packed (such as spaced in fluid
under flow but exposed to heating), in order to further resist
coalescence in subsequent manipulations of the capsules.
This may be particularly useful where subsequent manipula-

tions involve a high packing density of the capsules.
35
The droplets may be reacted in parallel, such as in a batch
reaction performed in a container. If reacted in a batch reaction, the capsules may be at a high packing density. Alternatively, the droplets may be reacted in parallel or serially as the
4o droplets flow along a channel of a continuous flow reactor,
and/or the droplets may be heated in batch (e.g., at a high
packing density) to form the skin, and then flowed through the
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emulsion, before (or after) the emulsion is heated to create
capsules (56). The overlay contacts the emulsion and forms a 60
layer that generally remains above the emulsion. Stated differently, the overlay may completely cover an air-exposed,
top surface of the emulsion, to replace an emulsion-air interface with an emulsion-overlay interface, thereby reducing
exposure of the emulsion to air. The overlay may reduce 65
evaporation of a component(s) from either or both phases of
the emulsion, such as evaporation of oil and water from the

continuous flow reactor (e.g., see U.S. Patent Application
Publication No. 2010/0173394 A1, published Jul. 8, 2010,
which is incorporated herein by reference), among others.
Signals may be detected from capsules of the emulsion,
indicated at 64. Stated differently, assay data related to a
sample in the aqueous phase may be collected from the capsules. The data may relate to at least one reaction involving
one or more analytes in the sample. In exemplary embodiments, the data relates to amplification of a nucleic acid target
in the capsules.
The capsules of the emulsion optionally may be spaced
from one another, indicated at 66. Spacing the capsules may
be performed one or more times before and/or after reaction
of the emulsion and before detection of signals from the
capsules. Spacing the capsules generally includes any
manipulation that increases the average or local spacing
between capsules of the emulsion.
The capsule spacing may be increased to facilitate fluidic
manipulation of capsules that are in a packed arrangement of
high density after reaction in a container. The packed arrangement may be the result of creaming/sedimentation alone or in
combination with changing the phase ratio (58), such as by
removal of excess continuous phase from the emulsion. In
some embodiments, the packed arrangement may form a
substantial lattice of capsules and/or may dispose the cap-
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sules in a substantial crystalline state, if the capsules are
monodisperse (and, optionally, if the aqueous fraction is
high).
The use of a spacing fluid to facilitate spacing the capsules
from one another may be based on the volume fraction of the
aqueous phase. The emulsion may have a more fluid consistency if the aqueous phase fraction is lower, such as approximately equal to or less than the continuous phase fraction. In
this case, the capsules may (or may not) be dispersed readily
(i.e., spaced farther from one another) without addition of a
spacing fluid, such as by agitation of the emulsion. Alternatively, the emulsion may have a less fluid or more "gel-like"
consistency, if the aqueous phase fraction is higher, such as
higher than the continuous phase fraction. In this case (and/or
with the fluid-like emulsion), the capsules may be dispersed
with the aid of a spacing fluid added to the emulsion. In any
event, the capsules may be spaced to facilitate flow, such as
flow into a conduit of a fluid transport device that picks up
droplets from the container, for example, via a tip of the
device disposed in the emulsion. In some cases, thermally
cycling capsules makes them "sticky" and more difficult to
disperse. Addition of a spacing fluid may facilitate dispersal
of sticky capsules.
Capsules also or alternatively may be spaced farther from
one another to enable detection of individual droplets.
Accordingly, a spacing fluid may be added to droplets flowing
in a channel to a detection region that is operatively disposed
with respect to a detector. The spacing fluid may be described
as a focusing fluid, and may singulate the droplets before they
reach the detection region. The singulated droplets may travel
serially through the detection region. Further aspects of spacing droplets upstream of a detection region are disclosed in
the documents listed above under Cross-References listed
above, which are incorporated herein by reference, particularly U.S. Provisional Patent Application Ser. No. 61/317,
635, filed Mar. 25, 2010; U.S. Provisional Patent Application

embodiments, the analyte is nucleic acid and amplification
data from individual capsules may be analyzed to determine

Ser. No. 61/409,106, filed Nov. 1, 2010; U.S. Provisional
Patent Application Ser. No. 61/409,473, filed Nov. 2, 2010;
U.S. Provisional Patent Application Ser. No. 61/410,769,
filed Nov. 5, 2010; and U.S. Patent Application Publication
No. 2010/0173394 A1, published Jul. 8, 2010.
The emulsion optionally may be manipulated fluidically,
indicated at 68. If the phase ratio is changed (66), such as by
selective removal of dxoplets/capsules or the continuous
phase, fluidic manipulation may be performed before, during,
and/or after this change.
Fluidic manipulation generally involves moving the emulsion or droplets/capsules thereof by fluid flow. For example,
fluidic manipulation may include dispersing droplets/capsules disposed in a container, introducing dloplets/capsules
from the container into a flow stream, dispersing droplets/
capsules in the flow stream (e.g., singulating the capsules),
and/or driving flow of capsules to a detection region, where a
detector may collect data from the capsules serially or in
parallel (e.g., by imaging).
Collected data may be processed, indicated at 70. Data
processing may include determining at least one aspect of one
or more analytes of one or more samples included in the
aqueous phase of the emulsion. The data processing may
include subtracting background, normalizing capsule data
based on capsule size, applying a threshold to capsule signals
to distinguish positive from negative capsules for the assay,
determining a concentration of an analyte (e.g., a nucleic acid
target) in the sample (e.g., based on Poisson statistics), or any
combination thereof, among others.
The capsules may be used to perform any suitable assay to
measure any suitable characteristic of an analyte. In some

whether or not amplification of one or more nucleic acid
5

targets occurred in individual droplets, in a digital amplification assay. In other words, the amplification data may be
processed to provide a digital description of the presence or
absence of each target in each droplet analyzed. In any event,
the amplification data may be processed to provide informa-
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tion about any suitable aspect of a sample, such as the presence or absence of at least one single nucleotide polymorphism, methylation of a target site, copy number variation of
a target, a rare mutation!target (e.g., a mutation associated
with cancer), fetal aneuploidy, a haplotype, and the like.
Further aspects of assays that may be suitable are described in
the documents listed above Cross-References, which are
incorporated herein by reference, particularly U.S. Patent
Application Publication No. 2010/0173394 A1, published
Jul. 8, 2010; U.S. Provisional Patent Application Ser. No.

20 61/380,981, filed Sep. 8, 2010; U.S. Provisional Putent Application Ser. No. 61/409,106, filed Nov. 1, 2010; U.S. Provisional Patent Application Ser. No. 61/410,769, filed Nov. 5,
2010; and U.S. Provisional Patent Application Ser. No.
25

61/417,241, filed Nov. 25, 2010.
Further aspects of emulsions, emulsion phases, phase components, generating droplets/forming emulsions, reacting
emulsions, detecting signals, fluidic manipulation, and data
processing, among others, that may be suitable are described

30

in the documents listed above Cross-References, which are
incorporated herein by reference, particularly U.S. Provisional Patent Application Ser. No. 61/341,218, filed Mar. 25,
2010; U.S. Provisional Patent Application Ser. No. 61/317,
635, filed Mar. 25, 2010; U.S. Provisional Patent Application

35 Ser. No. 61/409,106, filed Nov. 1, 2010; U.S. Provisional
Patent Application Ser. No. 61/409,473, filed Nov. 2, 2010;
U.S. Provisional Patent Application Ser. No. 61/410,769,
filed Nov. 5, 2010; U.S. Provisional Patent Application Ser.
No. 61/417,241, filed Nov. 25, 2010; and U.S. Patent Appli40 cation Publication No. 2010/0173394 A1, published Jul. 8,
2010.
III. AQUEOUS PHASE
45

50

55

6o
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The aqueous phase is substantially and/or predominantly
water, but may incorporate a variety of additional components. The components may be soluble and/or miscible in
water, such as one or more salts, buffering agents, reagents,
samples of interest, analytes of interest, and/or whatever additional components may be necessary for a desired reaction(s)
that may be intended to occur within a formed droplet or
capsule. All such additional components may be selected to
be compatible with the desired reaction or intended assay.
Additionally, the aqueous phase may include one or more
skin-forming components.
In some cases, the components may include droplets disposed in the aqueous phase, such as one more simple or
compound droplets. For example, the aqueous phase may
contain one or more oil droplets, which in turn may (or may
not) contain one or more aqueous droplets, and so on. Accordingly, the skin may encapsulate aqueous droplets that fuse
with one another within the skin, during and/or after skin
formation. Further aspects of forming multiple emulsions and
inducing droplet fusion within multiple emulsions are
described in U.S. patent application Ser. No. 12/862,542,
filed Aug. 24, 2010, which is incorporated herein by reference.
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Salts and/or Buffers
Any suitable salt or combination of salts may be present in
the aqueous phase. Each salt may or may not be a physiologically compatible salt. Exemplary salts for the aqueous phase
include any one or combination ofNaC1, KC1, CaC12 , MgC12 ,
and MgSO4 , among others.
Any suitable buffer(s) or buffering agent(s) may be present
in the aqueous phase. The buffer or buffering agent may be
configured to maintain the pH of the aqueous phase near or at
any suitable pH, such as a pH near or at which a desired
reaction or set of reactions occurs efficiently (e.g., near an
optimum pH for an enzyme activity). In some cases, the pH
may, for example, approximate a physiological pH, such as
about 6.5 to 8.5, 7 to 8, or about 7.5 among others. In any
event, a particular buffering agent may be selected that has a
pKa relatively close to the desired pH to be maintained and
that is compatible with the reaction(s) to be performed. For
example, the buffering agent may be physiologically compatible. Exemplary buffering agents that may be suitable include
Tris (2-Amino-2-hydloxymethyl-propane-l,3-diol), MES
(2-(N-morpholino) ethanesulfonic acid), MOPS (3-morpholinopropane-l-sulfonic acid), HEPES (2-[4-(2-hydloxyethyl)piperazin- 1 -yl] ethanesulfonic acid), and the like.
Reagents
Where the aqueous phase includes one or more reagents,
the reagent is understood to be a compound, set of compounds, and/or composition that is combined with a sample of
interest in order to perform a particular test on the sample. A
reagent may be a target-specific reagent, which is any reagent
composition that confers specificity for reaction with or
detection of a particular target or analyte 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, a potential drug, a lipid,
a carbohydrate, an inorganic substance, or any combination
thereof, among others. In exemplary embodiments, the
reagent may be an amplification reagent, such as a polymerase (e.g., a heat-stable polymerase that may or may not
require a hot start to activate the polymerase), a reverse transcriptase, a ligase, an exonuclease, at least one primer or at
least one set of primers for amplification of a target, at least
one probe to provide an amplification signal for the amplified
target, or any combination thereof, among others. In some
cases, the aqueous phase and droplets/capsules may include a
molecular inversion probe (MIP). Further aspects of molecular inversion probes and their use in droplet-/capsule-based
assays are described in U.S. Provisional Patent Application
Ser. No. 61/380,981, filed Sep. 8, 2010; and U.S. Provisional
Patent Application Ser. No. 61/417,241, filed Nov. 25, 2010;
each of which is incorporated herein by reference.
Samples
Where the aqueous phase includes a sample, the sample is
understood to be a compound, composition, and/or mixture of
interest, from any suitable source(s). A sample may be 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, partitioning, further processing, or
any combination thereof, among others. Clinical samples
may include blood, saliva, urine, stool, sputum, mucous,
milk, a fluid aspirate, and/or tissue, among others. Environmental samples may include water, soil, and/or air, among
others. Research samples may include cultured cells, primary

cells, viruses, small organisms, tissue, a body fluid, or the
like. Additional samples may include foodstuffs, weapons
components, suspected contaminants, and so on.
5

Analytes
Where the aqueous phase includes an analyte of interest,
the analyte is understood to be a component(s) or potential
component(s) of a sample that is analyzed in a test. An analyte
is a more specific subject of interest in a test for which the

10

sample is a more general subject of interest. An analyte may,
for example, be a nucleic acid, a protein, an enzyme, a cell, a
virus, an organelle, a macromolecular assembly, a drug candidate (and/or potential drug), a lipid, a carbohydrate, an
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inorganic substance, or any combination thereof, among others. An analyte may be tested for its concentration, activity,
and/or other characteristic in a sample. The concentration of
an analyte may relate to an absolute or relative number, binary
assessment (e.g., present or absent), or the like, of the analyte
in a sample or in one or more partitions thereof.

2o Surfactants
A surfactant is a surface-active substance capable of reducing the surface tension of a liquid in which it is present. A
surfactant, which also or alternatively may be described as a
detergent and/or a wetting agent, may incorporate both a
25 hydrophilic portion and a hydrophobic portion, which may
collectively confer a dual hydrophilic-hydrophobic character
on the surfactant. A surfactant may, in some cases, be characterized according to its hydlophilicity relative to its hydrophobicity. The aqueous phase would typically incorporate at
3o least one hydrophilic surfactant. The aqueous phase may
include at least one nonionic surfactant and/or ionic surfactant. In some embodiments, the aqueous phase may include a
surfactant that is a block copolymer of polypropylene oxide
and polyethylene oxide. More particularly, the surfactant may
35 be a block copolymer of polypropylene oxide and polyethylene oxide sold under the trade names PLURONIC and
TETRONIC (BASF). In some embodiments, the surfactant
may be a nonionic block copolymer of polypropylene oxide
and polyethylene oxide sold under the trade name PLU4o RONIC F-68. In some embodiments, the surfactant of the
aqueous phase may be a water-soluble and/or hydrophilic
fluorosurfactant. Exemplary fluorosurfactants for the aqueous phase are sold under the trade name ZONYL (DuPont),
such as ZONYL FSN fluorosurfactants. In some cases, the
45 surfactant may include polysorbate 20 (sold under the trade
name TWEEN-20 by ICI Americas, Inc.). The concentration
of a particular surfactant or total surfactant present in the
aqueous phase may be selected to stabilize emulsion droplets
prior to heating. An exemplary concentration of surfactant for
5o the aqueous phase is about 0.01 to 10%, 0.05 to 5%, 0.1 to 1%,
or 0.5% by weight, among others. In some cases, a skinforming protein may function as a surfactant, although proteins generally are not classified as surfactants for the purposes of the present disclosure.
55 Skin-Forming Components
The aqueous phase may include one or more skin-forming
components. A skin-forming component is any substance that
promotes formation of a skin near or at the droplet boundary,
for example, by serving as a structural element of the skin.
6o Each skin-forming component may have any suitable distribution with respect to each droplet prior to skin formation.
The skin-forming component may be localized selectively
near or at the droplet interface, to form an interface layer, or
may be distributed more uniformly throughout the aqueous
65 phase. If distributed more uniformly, the skin-forming component may be recruited to the interface during skin formation.
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The skin-forming components may include at least one
skin-forming protein. The protein may be present at an effec-

restriction enzyme, which targets specific sites (or cuts the
DNA nonspecifically). As long as the specific sites are outside

tive concentration, which is an amount sufficient for detectable skin formation under the appropriate conditions (e.g.,
heating). Exemplary effective concentrations include at least
about 0.01% or 0.03%, 0.03% to 3%, 0.05% to 2%, 0.1% to
1%, or about 0.1% by weight, among others. The protein may
be described as a "non-specific blocking" or "non-specific
binding" protein. The phrase "non-specific blocking" or
"non-specific binding" as used herein refers generally to a
capability to non-specifically bind to surfaces, that is, hydrophobic and/or hydrophilic surfaces, sometimes with the aid of
heating. Non-specific blocking/binding proteins are typically
water-soluble proteins, may be relatively large serum or milk
proteins (among others), and/or may not interact with any of
the other components of the aqueous phase in a specific
binding fashion. Exemplary non-specific blocking/binding
proteins that may be suitable as skin forming proteins include
albumins (such as a serum albumin (e.g., from bovine (BSA),
human, rabbit, goat, sheep or horse, among others)), globulins (e.g., beta-lactoglobulin), casein, and gelatin (e.g.,
bovine skin gelatin type B), among others.
Additional Additives
The aqueous phase optionally further includes any of a
variety of additives. The additives, may, for example, be
intended to act as preservatives, enzyme enhancers, enzyme
inhibitors, cofactors, and the like, including, for example,

of the target of interest, the copy number of target measured is
5

preserved in the sample. The digestion may or may not go to
completion. In many cases, only a partial digestion may be
necessary to reduce the average DNA fragment size to a level
that does not impact droplet formation.

Selected Embodiments of the Aqueous Phase
10
The aqueous phase may be formulated to perform one or
more enzyme reactions, such as reverse transcription, amplification, restriction enzyme digestion, ligation, uracil cleavage from carry-over amplicons (to prevent amplification of
15 contaminating targets), any combination thereof, or the like.
For example, the aqueous phase may be formulated to perform RT-PCR and may include any suitable combination of
the components listed in the follow formulations:
Aqueous Phase Formulation 1
20

Reaction Buffer (-50-70 mM [salt]): -45-55 mM KC1,
-10-15 mM Tris, -pH 7.5-8.5)
MgC12 and/or MgSO4 (-1.5-5 mM)
BSA or bovine gelatin (-0.1 - 1% w/v)
Nonionic polyethylene oxide (PEO)/polypropylene oxide
25
(PPO) block copolymer surfactant (-0.1-1% w/v)
Heat-stable Polymerase (-0.04 Units/p.L)
Reverse Transcriptase (-0.04 Units/gL)
sodium azide, betaine, trehalose, and RNase inhibitors,
dNTPs (-200-400 gM each (dATP, dCTP, dGTP, dTTP) or
among others. Other exemplary additives are enzymes, such
-300-500 gM each (with dUTP in place of dTTP))
as a restriction enzyme, a ligase, a reverse transcriptase, 3o
UNG (Uracil-DNA N-Glycoslyase) (optional; -0.025-0.1
Uracil-DNA N-Glycosylase (LING), and the like.
Units/gL)
Treatment Prior to Droplet Formation
Total nucleic acid (-pg to ng range/nL, with the target
The sample and/or the aqueous phase may be treated, prior
nucleic acid present at less than -10 copies/nL or less
to droplet generation, to facilitate formation of droplets.
than-1 copy/nL)
Treatment may be particularly suitable with a relatively high 35
Primers (-0.1-1.0 gM)
concentration and/or relatively long fragments of nucleic acid
Probe(s) for Fluorescence Detection (-0.1-0.25 gM)
in the aqueous phase. When droplets are formed under stanAqueous Phase Formulation 2 (Selected Components)
dard conditions, the aqueous phase may be subjected to a
KC1 (-50 raM)
rapid decrease in cross sectional area, elongation, followed by
Tris (-15 raM, pH 8.0)
separation and formation of the droplet. When DNA, RNA, or 4o
MgC12 (-3.2 raM)
another long-chain polymer is present above certain concenBSA or bovine gelatin (-0.1% w/v)
trations, the ability to form droplets may be impaired. For
Pluronic F-68 (surfactant, -0.5% w/v)
example, these polymers may become entangled with each
dNTPs (-200 gM each (dATP, dCTP, dGTP, dTTP))
other in the rapid process of droplet formation, and may not
Primers (-0.5 gM each)
have sufficient time to separate through diffusion, there form- 45
Probe(s) for Fluorescence Detection (-0.25 gM)
ing a cord that causes the droplets not to form efficiently. The
cord may result in jetting, microsatellites, and coalescence,
IV. NONAQUEOUS PHASE
and other features of poor emulsion formation. Alternatively,
or in addition, the polymers may be interacting with the
The nonaqueous phase may serve as a carrier fluid forming
droplet interface, decreasing surface tension and preventing 5o a continuous phase that is immiscible with water, or the
droplet formation.
nonaqueous phase may be a dispersed phase. The nonaqueous
In any event, an approach is needed to overcome this effect
phase may be referred to as an oil phase comprising at least
one oil, but may include any liquid (or liquefiable) compound
on droplet formation. One exemplary approach is to slow
down the rate of droplet formation so that the droplet has time
or mixture of liquid compounds that is immiscible with water.
to pinch off and form. However, this approach reduces the 55 The oil may be synthetic or naturally occurring. The oil may
throughput of droplet formation. Another mechanical soluor may not include carbon and/or silicon, and may or may not
tion may be to redesign the droplet generator to force the
include hydrogen and/or fluorine. The oil may be lipophilic or
formation of droplets under these high concentration condilipophobic. In other words, the oil may be generally miscible
tions. Another exemplary approach is to fragment the polyor immiscible with organic solvents. Exemplary oils may
mer(s) to a smaller size. The polymer may be fragmented by 6o include at least one silicone oil, mineral oil, fluorocarbon oil,
heating the aqueous phase before emulsion formation. For
vegetable oil, or a combination thereof, among others.
example, the aqueous sample may be heated to at least about
In exemplary embodiments, the oil is a fluorinated oil, such
as a fluorocarbon oil, which may be a perfluorinated organic
80° C., 90° C., or 95° C. for at least about 1, 2, 5, 10, 15, or 30
minutes, among others. Suitable heating may result in the
solvent. A fluorinated oil may be a base (primary) oil or an
ability to form droplets at high DNA concentrations under 65 additive to a base oil, among others. Exemplary fluorinated
normal conditions. A further exemplary approach is to fragoils that may be suitable are sold under the trade name FLUOment DNA in the aqueous phase by digesting the DNA with a
RINERT (3M), including, in particular, FLUORINERT Elec-
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tronic Liquid FC-3283, FC-40, FC-43, and FC-70. Another
example of an appropriate fluorinated oil is sold under the
trade name NOVEC (3M), including NOVEC HFE 7500
Engineered Fluid.
Surfactants
As discussed above with respect to the aqueous phase, a
surfactant is a surface-active substance capable of reducing
the surface tension of a liquid in which it is dissolved, and
may incorporate both a hydrophilic portion and a hydrophobic portion, which may collectively confer a dual hydrophilic-hydrophobic character on the surfactant. In contrast to
the surfactant present in the aqueous phase, the nonaqueous
phase would typically incorporate a hydrophobic surfactant.
The nonaqueous phase may include one or more surfactants,
each of which may be disposed/dissolved in the nonaqueous
phase prior to, during, and/or after capsule formation. The
surfactants may include a nonionic surfactant, an ionic surfactant (a cationic (positively-charged) or anionic (negatively-charged) surfactant), or both types of surfactant. Exemplary anionic surfactants that may be suitable include
carboxylates, sulphonates, phosphonates, and so on. The one
or more surfactants may be present, individually or collectively, at any suitable concentration, such as greater than
about 0.001% or 0.01%, or about 0.001% to 10%, 0.05% to
2%, or 0.05% to 0.5%, among others.
An ionic surfactant (e.g., a negatively-charged surfactant)
may be preferred for capsule formation. The ionic surfactant
may promote attraction for the purpose of assembly of components at the interface that can lead to the formation of a skin
upon heating. For example, ionic pairing may occur between
an ionic surfactant in the continuous phase and a skin-forming
protein in the dispersed phase (or vice versa if the continuous
phase is aqueous). With the skin-forming protein bound at the
interface by the ionic surfactant, application of heat may
change the conformation of the protein (by denaturation)
and/or decrease its solubility in the aqueous phase, which
may lead to formation of skin. Alternatively, or in addition, if
an ionic or nonionic surfactant is included in an oil composition used for emulsion formation, hydrophobic interactions
may recruit a skin-forming protein and/or other skin-forming
material to the interface.
The one or more surfactants present in the nonaqueous
phase (or oil phase) may be fluorinated surfactants (e.g.,
surfactant compounds that are polyfluorinated and/or perfluorinated). Exemplary fluorinated surfactants are fluorinated
polyethers, such as carboxylic acid-terminated peril
uoropolyethers, carboxylate salts of peril uoropolyethers,
and/or amide or ester derivatives of carboxylic acid-terminated perfluoropolyethers. Exemplary but not exclusive perfluoropolyethers are commercially available under the trade
name KRYTOX (DuPont), such as KRYTOX-FSH, the
ammonium salt of KRYTOX-FSH ("KRYTOX-AS"), or a
morpholino derivative of KRYTOX-FSH ("KRYTOX-M"),
among others. Other fluorinated polyethers that may be suitable include at least one polyethylene glycol (PEG) moiety.
A primary surfactant, such as a fluorinated polyether, may
be present at any suitable concentration, such as about 0.02%
to 10%, or about 1% to 4%, by weight. The primary surfactant
may be present at either a relatively higher concentration
(about 1% or greater by weight) or a relatively lower concentration (less than about 1% by weight, such as about 0.02 to
0.5% by weight). In some cases, use of the lower concentration may enable capsules to be created by heating &oplets
without use of an overlay and without substantial droplet
breakage. The primary surfactant may (or may not) have a
molecular weight of at least about 1, 2, or 5 kilodaltons.

2O
The nonaqueous phase may further include one or more
additional surfactants selected to modify one or more physical properties of a selected oil. For example, an additional
surfactant may be used to lower the evaporation potential of
5 the selected oil. By lowering the evaporation potential, the
additional surfactant may reduce or minimize the effect of
evaporation on droplets at an emulsion-air interface. In exemplary embodiments, the nonaqueous phase may include a
fluorinated oil, which may be the predominant component, a
10 primary surfactant (e.g., a fluorinated polyether), and a secondary/additional surfactant, among others. The secondary/
additional surfactant may be a fluorinated alcohol with only
one (a monoalcohol) or two hydroxyl groups, such as perfluorodecanol or perfluorooctanol, among others. The addi15 tional surfactant may have a molecular weight of less than
about 1000 or 500 daltons, may have no more than about 20,
15, or 12 carbons, and may be present at a concentration of
about 0 to 10%, 0% to 5%, 0 to 2.5%, 0.1% to 2.5%, or
0.001% to 0.5% by weight, among others.
20
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The nonaqueous phase may include any combination of a
fluorosurfactant, a fluorinated oil, one or more fluorinated
additives to lower evaporation potential, and one or more
fluorinated co-surfactants, among others. The following formulations correspond to exemplary embodiments of the nonaqueous phase of the present disclosure.
Oil Phase Formulation 1 (High Surfactant)
HFE 7500 fluorinated oil
KRTOX-AS and/or KRYTOX-M (-1-4% w/w)
Oil Phase Formulation 2
HFE 7500 fluorinated oil
KRYTOX-AS and/or KRYTOX-M (-0.45-2.85% w/w)
Perfluorodecanol (0.009-2.25% w/w or -1.8% w/w)
Oil Phase Formulation 3
HFE 7500 fluorinated oil
KRYTOX-AS or KRYTOX-M (-1.8% w/w)
Perfluorodecanol (-0.18% w/w)
Oil Phase Formulation 4
FC-40 fluorinated oil
KRYTOX-AS and/or KRYTOX-M (-0.45-2.85% w/w or
-1.8% w/w)
Perfluorodecanol (0.009-2.25% w/w or -0.18% w/w)
Oil Phase Formulation 5
FC-43 fluorinated oil
KRYTOX-AS and/or KRYTOX-M (-0.45-2.85% w/w or
-1.8% w/w)
Perfluorodecanol (-0.009-2.25% w/w or-0.18% w/w)
Oil Phase Formulation 6
FC-70 fluorinated oil
KRYTOX-AS and/or KRYTOX-M (-0.45-2.85% w/w or
-1.8% w/w)
Perfluorodecanol (-0-2.25% w/w or -0.18% w/w)
Oil Phase Formulation 7 (Low Surfactant)
HFE 7500 fluorinated oil solvent
KRTOX-AS and/or KRYTOX-M (greater than -0.01 to
0.5% w/w, -0.02 to 0.5% w/w, or -0.18% w/w)
V. FORMATION OF EMULSIONS

The aqueous and nonaqueous phases containing the components discussed above may be provided (e.g., obtained
and/or prepared), and then utilized to form an emulsion.
65
An emulsion generally includes droplets of a dispersed
phase (e.g., an aqueous phase) disposed in an immiscible
continuous phase (e.g., a nonaqueous phase such as an oil
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phase) that serves as a carrier fluid for the droplets. Both the

That is, heating the droplets at a relatively low temperature
may require a longer heating time than heating the droplets at

dispersed and continuous phases generally are at least predominantly liquid. The emulsion may be a water-in-oil (W/O)
emulsion, an oil-in-water (O/W) emulsion or a multiple emulsion (e.g., a W/O/W or a W/O/W/O emulsion, among others).
Any suitable method and structure may be used to form the
emulsion. Generally, energy input is needed to form the emulsion, such as shaking, stirring, sonicating, agitating, or otherwise homogenizing the emulsion. However, these
approaches generally produce polydisperse emulsions, in
which droplets exhibit a range of sizes, by substantially
uncontrolled generation of droplets. Alternatively, monodisperse emulsions (with a highly uniform size of droplets) may
be created by controlled, serial droplet generation with at
least one droplet generator. In exemplary embodiments, the
droplet generator operates by microchannel flow focusing to
generate an emulsion of monodisperse droplets. Other
approaches to and structures for droplet generation that may
be suitable are described above in the documents listed above
under Cross-References, which are incorporated herein by
reference, particularly U.S. Provisional Patent Application
Ser. No. 61/341,218, filed Mar. 25, 2010; U.S. Provisional
Patent Application Ser. No. 61/409,106, filed Nov. 1, 2010;
U.S. Provisional Patent Application Ser. No. 61/409,473,
filed Nov. 2, 2010; U.S. Provisional Patent Application Ser.
No. 61/410,769, filed Nov. 5, 2010; U.S. patent application
Ser. No. 12/862,542, filed Aug. 24, 2010; and U.S. Patent
Application Publication No. 2010/0173394 A1, published

5
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15

2o

25

Jul. 8, 2010.
A surfactant present in the aqueous phase may aid in the 3o
formation of aqueous droplets within a nonaqueous phase.
The surfactant may do so by physically interacting with both
the nonaqueous phase and the aqueous phase, stabilizing the
interface between the phases, and forming a self-assembled
interfacial layer. The surfactant generally increases the 35
kinetic stability of the droplets significantly, substantially
reducing coalescence of the droplets, as well as reducing
aggregation. The droplets (before transformation to capsules)
may be relatively stable to shear forces created by fluid flow
during fluidic manipulation. For example, the droplets may be 4o

a relatively higher temperature. However, skin formation may
occur rapidly above a threshold temperature and much more
slowly a few degrees below the threshold temperature. For
example, skin formation may occur or be complete in less
than about five minutes or less than about one minute when
the emulsion is heated above the threshold temperature. In
any event, transformation of droplets into capsules may
decrease the solubility of one or more skin-forming proteins
(and/or other skin-forming material(s)) in the aqueous phase
(i.e., the dispersed phase or continuous phase), such that the
proteins/materials become less soluble (e.g., substantially
insoluble) in the aqueous phase. Accordingly, the skin may be
substantially insoluble in the aqueous phase.
In some embodiments, the threshold temperature may correspond to the denaturation temperature of a skin-forming
protein in the aqueous phase. Accordingly, formation of the
skin may be a consequence of protein denaturation that
occurs much more rapidly above the threshold temperature
than below. As an example, BSA has been reported to denature at about 50° C. to 55° C., and droplets incorporating BSA
as a skin-forming protein are induced to form a skin rapidly at
about the same temperature. Accordingly, use of another
skin-forming protein with a different denaturation temperature may require heating to a corresponding different temperature before skin is formed.
Heating the droplets to a temperature above 55° C. may
convert a self-assembled interfacial layer to an interfacial
skin. The skin may be composed of protein, or protein and
surfactant, among others. In some cases, the droplets may be
heated via thermal cycling, such as is performed during PCR
amplification. The thermal cycling profile may include variations in temperature from about 4° C. to about 99° C. The
droplets optionally may be heated via thermal cycling as a
result of transport of the droplets through a flow-based thermocycling system. Further aspects of an exemplary flowbased thermocycling system are disclosed in U.S. Patent
Application Publication No. 2010/0173394 A1, published
Jul. 8, 2010, which is incorporated herein by reference.

stable to flow rates of at least 40 tL/min or 50 tL/min in a 100
VII. CAPSULES
tm or 200 tm channel using selected combinations of nonaqueous and aqueous phase formulations.
Capsules enclose droplets in a skin, which can be visualThe resulting droplets may have any suitable shape and
size. The droplets may be spherical, when shape is not con- 45 ized microscopically when wrinkled, deformed, or damaged.
The skin is a solid or semi-solid phase disposed interfacially,
strained. The average diameter of the droplets may be about 1
that is, near or at an interface between each droplet boundary
to 500 tm, 5 to 500 tm, or 50 to 500 tm, and the average
and the continuous phase. Accordingly, in contrast to the fluid
volume of the droplets may be about 50 pL to 500 nL, or 100
interface present in standard droplets, a decrease in capsule
pL to 10 nL, among others.
The droplets may be formed and then collected as an emul- 5o volume generally results in a microscopically visible change
in appearance of the skin. The skin may lose its smooth
sion in a reservoir, such as vial, a test tube, a well of a plate, a
spherical geometry, as less tension is applied to the skin, and
chamber, or the like. In some embodiments, the droplets may
appear somewhat wrinkled or shriveled, reflecting a substanbe collected as an emulsion in a PCR vial or plate, which is
tial degree of solidity. For example, the presence (or absence)
then thermocycled. Alternatively, or in addition, the droplets
may be collected in a reservoir and then transferred to a 55 of a skin may be detected by spreading capsules/dloplets on a
microscope slide, encouraging capsule/droplet shrinkage
different container for thermocycling and/or may be maniputhrough evaporation, and then observing the capsules/droplated and/or transported via fluidics, such as microfluidics.
lets under a microscope. Similarly, when the capsules are
VI. DROPLET TRANSFORMATION
exposed to a non-optimal spacing fluid and/or are subjected to
60 excessive shear force, the skin may tear, leaving distinct openDroplets may be transformed into capsules in which the
ings, with ragged edges, in the skin itself (e.g., see Example
droplets are encapsulated by a skin. Generally, droplets are
3).
transformed by heating. The droplets, the continuous phase,
The skin may remain pliant and flexible, such that the
and/or the emulsion may be heated to a temperature sufficient
capsules are viscoelastic. However, by suffering deformation
for skin formation and for a time sufficient to produce the 65 and physical damage that is readily observed visually (e.g.,
skin. An inverse relationship may exist between the temperavia microscope), the skins are revealed to be at least substanture and the time sufficient for such a conversion to occur.
tially semi-solid or solid, and not a freely deformable liquid.
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The enhanced stability of the capsule, relative to the original droplet formulation, is reflected in the stability of the

visualized microscopically. Exemplary effects of distinct

capsule with respect to physical manipulation. The capsules
may be transported, sorted, flow focused, and dispensed with
little or no damage to the capsule wall (i.e., the skin). In
contrast to the precursor droplets, the capsules may be stable
to fluidic processing operations that generate relatively high
shear. For example, the capsules may be stable in fluid flowing at a flow rate of up to at least about 200, 300 or 400 btL/min

spacing fluids on capsule integrity are described below in
Example 3.
In some examples, the continuous phase and the spacing
5

fluid both may contain ionic (primary) fluorosurfactants, or
the continuous phase may contain an ionic (primary) fluorosurfactant and the spacing fluid a nonionic (primary) fluorosurfactant. If both contain an ionic fluorosurfactant, the primary fluorosurfactant concentration may be selected to be

in a channel with a diameter of about 125 btm or less or about 10 substantially lower in the spacing fluid than in the continuous
250 btm or less, among others, and/or may be stable flowing
phase. Otherwise, if the concentration of the ionic fluorosurthrough 90-degree turns (as may be formed by valves).

factant in the spacing fluid is too high, the ionic fluorosurfac-

The capsules may be used in any suitable manner. The

tant may draw water out of the capsules, causing them to
capsules may be collected, manipulated, and/or sorted. They 15 shrink (which may wrinkle/tear the skin). Ifa non-ionic fluomay be used in an assay or other biomedical application, or
rosurfactant is used in the spacing fluid, then capsule shrinkmay be collected and stored. The capsules disclosed herein
are typically stable with respect to storage, and may be stored

age generally does not occur at either low or high concentrations of surfactant. However, shrinkage may depend on the

at room temperature for one month or longer. The capsules

purity of the non-ionic surfactant. If a non-ionic surfactant is

may be stored at a wide range of temperatures, but preferably 20 not 100% pure, ionic impurities may exist (such as reactive
from about 4° C. to about 40° C., among others.
precursors or reaction by-products). At higher concentrations
of an impure non-ionic surfactant, these ionic impurities may
A portion (e.g., a majority) of the continuous phase may be
removed prior to heating of the droplets to create capsules.
reach a concentration high enough to cause damage to the
Where the majority of the continuous phase has been
capsules (e.g., by withdrawal of water from the capsules to
removed, the resulting capsules may occupy a high fraction of 25 cause shrinkage or breakage). In any event, the nonionic
the emulsion, resulting in a composition that resembles a gel
fluorosurfactant may be present in the spacing fluid at a subin some respects. The capsules may be densely packed in such
stantially lower, about the same, or a substantially higher
cases and, where the capsules originate from monodisperse
concentration than the primary (or total) surfactant in the
droplets, may pack in a highly ordered arrangement.
continuous phase (and/or an oil phase or oil composition used
Where the continuous phase is not removed prior to heat- 30
to form an emulsion).
ing, the resulting composition typically resembles a fluid.
The spacing fluid may be formulated according to the
Although the capsules may settle into a close-packed arrangenonaqueous phases presented above in Section IV. Additional
ment, agitation of the composition typically results in disperexemplary formulations for a spacing fluid are as follows:
sion of the capsules in the continuous phase.
35 Spacing Fluid Formulation 1
HFE 7500, FC-40, FC-43, and/or FC-70 fluorinated oil
VIII. SPACING FLUID
Perfluorinated alcohol (-0-10% w/w or -0.18% w/w)
KRTOX-AS and/or KRYTOX-M (0-0.1%, 0-0.01%, or
A spacing fluid may be added to the emulsion. The spacing
0-0.001% w/w)
fluid generally is miscible with the current/original continuous phase of the emulsion and may have the same composi- 40 Spacing Fluid Formulation 2
HFE 7500, FC-40, FC-43, and/or FC-70 fluorinated oil
tion as, or a different composition from, the current/original
Pegylated-fluorosurfactant (0-0.1%, 0-0.01%, 0-0.001%,
continuous phase. Accordingly, the spacing fluid may be nonaqueous or aqueous, based on the type of emulsion to which
or 0.00001% w/w)
the fluid is being added.
IX. CAPSULE AND DATA PROCESSING
For use with a water-in-oil emulsion, the spacing fluid may 45
include the same base oil as the continuous phase or a different base oil. (A base oil is the predominant or primary oil (or
The capsules of the present disclosure, once prepared, may
oils) in an oil (continuous) phase.) For example, the continube processing. Processing may include subjecting the capous phase may have a fluorinated oil as the base oil, and the
sules to any condition or set of conditions under which at least
spacing fluid may have the same (or a different) fluorinated oil so one reaction of interest can occur (and/or is stopped), and for
as its base oil.
any suitable time period. Accordingly, processing may
In exemplary embodiments, the spacing fluid includes a
include maintaining the temperature of the capsules at or near
different surfactant than the continuous phase, and/or suba predefined set point, varying the temperature of the capsules
stantially less total surfactant by weight than the continuous
between two or more predefined set points (such as thermally
phase (e.g., at least about 2-, 5-, 10-, or 100-fold less total 55 cycling the capsules), exposing the capsules to light, changsurfactant, among others). Alternatively, or in addition, the
ing a pressure exerted on the capsules, applying an electric
spacing fluid may have no surfactant that is present at a
field to the capsules, or any combination thereof, among
concentration above the critical micelle concentration of the
others.
surfactant (which includes having at least substantially no

Signals may be detected from the capsules before, during,
surfactant at all). Use of a concentration of surfactant below 6o
and/or after processing. The signals may be detected optiits critical micelle concentration may minimize unwanted
cally, electrically, chemically, or a combination thereof,
formation of new droplets, while providing a cleaning funcamong others. The signals may correspond to at least one
tion in a flow system. Also, with some emulsion formulations,
reaction of interest performed in the capsules. In exemplary
use of the same surfactant and approximately the same
amount of surfactant in the spacing fluid as in the original 6s embodiments, the signals may be detected as fluorescence
signals, which may include two or more types of signals
continuous phase of the emulsion may cause capsules to
shrink, shrivel, and/or rupture, which permits the skin to be
distinguishable fluorescence signals.
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Data corresponding to the detected signals may be processed. Data processing may determining an assay result for
each encapsulated assay mixture analyzed, which may be an

interface may render the emulsion more susceptible to heatinduced damage to droplets (e.g., droplet breakage).
FIG. 4 illustrates an approach 110 to overlaying an emulsion 112 by using an overlay emulsion 114. The overlay
emulsion may or may not have substantially the same continuous phase 116 as underlying or primary emulsion 112, but
generally has a continuous phase that is miscible with the
continuous phase of the primary emulsion. The overlay emulsion may include aqueous overlay droplets 118 that are distinguishable from droplets 120 in the underlying emulsion,
such as based on size, a difference in detectability, or the like.
For example, the overlay droplets may be "blanks" or
"dummy" droplets that lack the probe(s), label(s), and/or
marker(s) that is present in the underlying (sample) droplets.
These "blank" droplets can be configured to produce no interfeting signal during detection of assay signals. Alternatively,
or in addition, the overlay droplets may include a visible dye
122 that permits the presence, position, and integrity of the
overlay to be seen by eye without interfering with assay
results. The visible dye may be a compound that is at least
substantially nonfluorescent, such as bromphenol blue or
Allura Red, among others. In any event, the overlay droplets,
even if the same density as the underlying sample droplets,
will tend to remain above the sample droplets to form a
distinct droplet layer, as shown schematically in the figure.
The overlay droplets may serve as sacrificial droplets that are
selectively damaged when the primary emulsion and overlay
emulsion are heated (such as during thermal cycling),
because the overlay droplets are closer to the air interface.
Overlay droplets may be placed over sample droplets
before any of the droplets (overlay or sample) are transformed
by heat to capsules. Alternatively, overlay droplets can be
pre-treated with a heat incubation step to transform the droplets into overlay capsules before the overlay capsules are
placed over sample droplets.
Furthermore, overlay dxoplets/capsules may be used as a
control/calibrator for an assay system. For example, these
droplets/capsules can be blank or configured to have an indicator (such as a dye) to be used as a control/standard that
provides information about an instrument or process that
sample droplets/capsules are exposed to, including thermal
cycling, detection of assay analytes in flow, and so on. In
exemplary embodiments, dye-loaded overlay droplets/capsules can be used as controls/standards for calibrating a detector or detection method, such as providing signals that correspond to amplification-positive and/or amplification-negative
droplets/capsules. Further aspects of using droplets as controis/calibrators are described in U.S. Patent Application Publication No. 2010/01733 94 A1, published Jul. 8, 2010, which
is incorporated herein by reference.
Blank capsules (or droplets) also can be used in a carrier

analog or digital value.
5

X. EXAMPLES
The following examples describe selected aspects and
embodiments of the present disclosure related to systems for
making and using emulsions, particularly emulsions includ- 10
ing droplets encapsulated by a skin. These examples are
intended for illustration and should not limit the entire scope
of the present disclosure.
Example 1

15

Selective Removal of Continuous Phase from an
Emulsion
This example describes an exemplary approach 80 to
removing a continuous phase 82 selectively (relative to a
dispersed phase 83) from an emulsion 84, to increase the
volume fraction occupied by droplets (or capsules) 86; see
FIG. 3.
Emulsion 84 may be held by a reservoir 88 having a port
90. The port may be formed near or at the bottom of the
reservoir, if droplets 86 are buoyant in the continuous phase
(as shown here), or may be formed at a higher position of the
reservoir if the droplets sink in the continuous phase.
Buoyant droplets may move within the continuous phase
over time toward the top of the emulsion, in a process termed
creaming, if the droplets initially have a more uniform distribution in the entire volume of the continuous phase. As a
result, the droplets accumulate over time in an upper region of
the continuous phase, to form a droplet layer 92 of aggregated
droplets that grows downward as buoyant droplets are added
to the bottom of the layer. A lower portion 94 of the emulsion
becomes progressively depleted of droplets as droplets
migrate upward to layer 92. The density difference between
the aqueous phase and the continuous phase, and the viscosity
of the continuous phase, determine how much time (e.g.,
seconds, minutes, or hours) is needed for most of the droplets
to join layer 92. In any event, a pressure drop may be created
between the top of the emulsion and port 90, to drive lower
portion 94 of continuous phase 82 selectively from the reservoir, indicated at 96, via port 90. For example, pressure,
indicated at 98, may be applied to the top of the emulsion,
such as by regulating air pressure above the emulsion, or a
vacuum may be applied to port 90 to draw the continuous
phase through the port. In any event, a concentrated emulsion
99 produced after selective removal of continuous phase 82 is
shown in the right half of FIG. 3. In other embodiments,
droplets that sink in the continuous phase may be driven
through port 90 to separate droplets from an upper portion of
the continuous phase.
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fluid to clean, and/or assess the cleanliness of, an instrument
within which sample capsules (or droplets) are transported.
The blank capsules can, for example, be introduced after a
55 detection run of sample capsules, to follow the sample capsules along a flow path through a detection region of the
Example 2
instrument. The blank capsules may help to urge residual
sample capsules along the flow path, such as by mechanically
Overlaying an Emulsion
shearing away such residual capsules. Accordingly, the use of
60 blank capsules may help to determine if unwanted sample
capsules are still remaining in the instrument (which could
This example describes exemplary approaches to overlaying an emulsion with liquid; see FIGS. 4 and 5. The use of an
contaminate future runs of sample capsules).
overlay may be suited for use with an emulsion having buoyNon-sample capsules (or droplets) therefore may be useful
ant droplets. In this case, buoyancy causes droplets to collect
as part of an overlay (to protect sample droplets/capsules
near the interface of the emulsion with air, which renders the 65 from breakage and/or degradation) or when used separately
droplets less protected by the continuous phase and more
from sample dloplets/capsules. In other words, non-sample
vulnerable to evaporative loss. Also, the presence of an air
capsules can serve multiple functions in some cases.
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FIG. 5 shows an approach 130 to covering an emulsion 132
with an overlay phase 134. The overlay phase is immiscible
with underlying continuous phase 136 of the emulsion, and
optionally immiscible with an aqueous phase 138 that composes droplets 140 of emulsion 132. The overlay phase also
may have a lower density than continuous phase 136 and,
optionally, aqueous phase 138. For example, the underlying
continuous phase may be formed at least predominantly of
fluorinated oil and the overlay phase may be formed at least
predominantly offluorophobic and/or lipophilic oil, such as a
hydrocarbon oil (e.g., mineral oil). In some embodiments,
overlay phase 134 may be aqueous, and phases 134 and 138
may have at least substantially the same density and/or composition of salt, buffer, and/or surfactant, among others. In
other words, the overlay phase may have a similar composition to the aqueous phase and/or may be osmotically balanced
with respect to the aqueous phase. Accordingly, an aqueous
overlay phase may include any combination of the components described above in Section III, such as salt, buffer,
protein, surfactant, a visible dye as described above, or any
combination thereof, among others.

1. A method of preparing stable capsules of an aqueous
phase, comprising: (A) preparing an aqueous phase including

5

a buffering agent, a first surfactant at a concentration of 0.1 to
1.0% by weight, and a non-specific binding protein at a concentration of 0.1 to 1.0% by weight; (B) preparing an organic

phase including a fluorinated oil and a fluorinated surfactant;
(C) forming droplets of the aqueous phase disposed within
the organic phase, where each droplet has a defined droplet
boundary; and (D) heating the droplets sufficiently to convert
10 the droplet boundary to a semi-solid or solid skin that encapsulates the aqueous phase.
2. The method of paragraph 1, wherein the first surfactant
is a nonionic surfactant.
3. The method of paragraph 1, wherein the fluorinated
15 surfactant is a nonionic surfactant or an anionic surfactant.
4. The method of paragraph 1, wherein the fluorinated
surfactant is a carboxylic acid-terminated perfluoropolyether,
an ammonium salt of a carboxylic acid-terminated perfluoropolyether, or a morpholino derivative ofa carboxylic acid2o terminated perfluoropolyether.

5. The method of paragraph 1, wherein the formed droplets
are non-coalescing, stable to flocculation, and stable with
respect to flow rates of at least 40 tL/min.
Spacing Fluids and Capsule Damage
6. A method of sample analysis within discrete encapsuThis example describes exemplary spacing fluids with dis- 25 lated droplets, comprising: (A) preparing an aqueous phase
including a PCR reaction buffer, a magnesium salt, a nonionic
tinct effects on capsule shape and integrity, and presents
surfactant that is a block copolymer of polypropylene oxide
micrographs showing these effects; see FIGS. 6A, 6B, and
7A-D.
and polyethylene oxide at a concentration of 0.1 to 1.0% by
FIGS. 6A and 6B show a pair of micrographs of capsules
weight, a blocking protein at a concentration of 0.1 to 1.0% by
from emulsions that have been exposed to a spacing fluid 3o weight, a heat-stable polymerase, dNTPs, and a target nucleic
composed of a base oil without surfactant (FIG. 6A) or with
acid; (B) preparing an organic phase including a fluorinated
surfactant (FIG. 6B). Droplets were generated in HFE 7500
oil and a fluorinated surfactant; (C) forming droplets of the
fluorinated oil with 1.8% w/w of Krytox-AS as surfactant.
aqueous phase disposed within the organic phase, where the
Excess continuous phase was removed, and then the droplets
droplets each have a defined droplet boundary; (D) heating
were heated to form capsules. A spacing fluid was added to 35 the droplets sufficiently to convert the droplet boundary to a
the continuous phase, which substantially increased the volsemi-solid or solid skin that encapsulates the aqueous phase;
ume fraction of the continuous phase in the emulsion. The
and (E) detecting PCR amplification of a nucleic acid target
spacing fluid was either base oil (HFE 7500) without surfacwithin the droplets.
tant (FIG. 6A) or with surfactant at the same concentration as
7. The method of paragraph 6, wherein detecting PCR
for droplet generation (1.8% w/w of Krytox-AS). In other
words, the spacing fluid had the same composition as the 4o amplification includes optically detecting PCR amplification.
8. The method of paragraph 7, wherein optically detecting
original continuous phase (FIG. 6B) or was the same except
PCR amplification includes detecting a fluorescently-labeled
that the surfactant was omitted (FIG. 6A).
probe.
The absence or presence of surfactant in the spacing fluid
9. The method of paragraph 6, further comprising a step of
can have a dramatically different effect on capsule shape and
integrity. FIG. 6A shows that, without surfactant in the spac- 45 manipulating the converted droplets by one or more of trans-

Example 3

ing fluid, capsule boundaries in FIG. 6A appear smooth and
porting, sorting, focusing, diluting, concentrating, and disspherical. In other words, elimination of surfactant from the
pensing the converted droplets.
spacing fluid may have no negative effect on capsule shape
10. The method of paragraph 9, wherein manipulating the
and integrity when the spacing fluid is added to the continuconverted droplets includes manipulating using microfluidous phase. FIG. 6B shows that, with the same surfactant in the 50 ics.
spacing fluid and continuous phase, and at the same concentration, the capsules appear to shrink and shrivel. The capsule
Example 5
boundaries become more irregular and wrinkled and less
spherical.
Selected Embodiments II
FIG. 7 shows a set ofmicrographs of capsules treated as in
55
FIG. 6B but viewed at higher magnification. Many of the
This example describes selected aspects and embodiments
capsules exhibit a skin that has been damaged. The skin is
related to preparation and use of stabilized emulsions, preoften wrinkled and in many cases torn, with ragged edges
sented without limitation as a series of numbered paragraphs.
visible.
Example 4

60

Selected Embodiments I

This example describes selected aspects and embodiments
related to preparation and use of emulsions containing capsules, presented without limitation as a series of numbered
paragraphs.

65

1. A method of generating a stabilized emulsion, comprising: (A) providing an aqueous phase including an effective
concentration of one or more skin-forming proteins; (B)
forming an emulsion including droplets of a dispersed phase
disposed in a continuous phase, the aqueous phase being the
continuous phase or the dispersed phase; and (C) heating the
emulsion to create an interfacial skin between each droplet
and the continuous phase, to transform the droplets into capsules.
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2. The method of paragraph 1, wherein the step of heating
includes a step of heating the emulsion to a temperature of at
least about 55° C.
3. The method paragraph 1, further comprising a step of
thermally cycling the capsules through multiple rounds of
heating and cooling after the step of heating.
4. The method of paragraph 1, wherein the step of heating
is part of a thermal cycling process that includes multiple
rounds of heating and cooling.
5. The method of paragraph 1, further comprising a step of
amplifying a nucleic acid target in one or more of the capsules.
6. The method of paragraph 1, wherein the step of heating
the emulsion includes a step of heating the emulsion to at least
a threshold temperature.
7. The method of paragraph 6, wherein the threshold temperature is a denaturation temperature of the skin-forming
protein.
8. The method of paragraph 1, wherein the aqueous phase
provided includes the skin-forming proteins at a concentration of at least about 0.01% by weight.
9. The method of paragraph 1, wherein the aqueous phase
provided includes the skin-forming proteins at a concentration of at least about 0.03% by weight.
10. The method of paragraph 1, wherein the aqueous phase
provided includes the skin-forming proteins at a concentration of at least about 0.1% by weight.
11. The method of paragraph 1, wherein the aqueous phase
provided includes a surfactant including a block copolymer of
polypropylene oxide and polyethylene oxide.
12. The method of paragraph 11, wherein the aqueous
phase provided includes the surfactant at a concentration of
about 0.01% to 10% by weight.
13. The method of paragraph 1, wherein the aqueous phase
comprises nucleic acid.
14. The method of paragraph 1, wherein the step of providing an aqueous phase includes a step of providing an
aqueous phase including a surfactant and the skin-forming
proteins, and wherein the surfactant is not required for creation of the interfacial skin.
15. The method of paragraph 1, further comprising a step of
providing an oil phase that is used as a continuous phase for
the step of forming an emulsion, and wherein the oil phase
includes a fluorinated surfactant that is negatively charged.
16. The method of paragraph 15, wherein the fluorinated
surfactant is a carboxylate.
17. The method of paragraph 15, wherein the continuous
phase also includes a fluorinated alcohol.
18. The method of paragraph 1, further comprising a step of
providing an oil phase that is used as a continuous phase for
the step of forming an emulsion, and wherein the oil phase
includes at least one fluorinated surfactant at a concentration
of about 0.02% to 0.5% by weight.
19. The method of paragraph 1, wherein the skin-forming
proteins are required for formation of the interfacial skin.
20. The method of paragraph 1, wherein the skin-forming
proteins are selected from the group consisting of albumin,
casein, gelatin, and globulin.
21. The method of paragraph 1, wherein the step of heating
the emulsion is performed with the droplets disposed in a
three-dimensional arrangement having a high packing density.
22. The method of paragraph 1, further comprising a step of
selectively removing a portion of the continuous phase after
the step of forming an emulsion and before the step of heating
the emulsion.

3O
23. The method of paragraph 1, wherein the step of forming
an emulsion includes a step of generating droplets serially
using a droplet generator.
24. The method of paragraph 1, wherein the step of forming
5 an emulsion includes a step of generating monodisperse droplets of the aqueous phase.
25. The method of paragraph 24, wherein the step of generating monodisperse droplets includes a step of generating
monodisperse droplets having a diameter of about 1 pm to
10 500 pm.
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26. The method of 1, wherein the capsules are buoyant in
the continuous phase.
27. The method of paragraph 1, further comprising a step of
placing an overlay onto the emulsion before the step of heating the emulsion.
28. The method of paragraph 1, wherein the step of heating
is performed without an overlay on the emulsion such that the
emulsion is in contact with air.
29. A composition for generating a stabilized emulsion,
comprising: (A) a continuous phase formed with an oil composition including a fluorinated oil and at least one fluorinated
surfactant; and (B) a plurality of aqueous droplets disposed in
the continuous phase and including an effective concentration
of one or more skin-forming proteins, wherein heating the
continuous phase and the aqueous droplets above a threshold
temperature creates an interfacial skin between each droplet
and the continuous phase, to transform the droplets into capsules.
30. The composition of paragraph 29, where the capsules
provide individual reaction mixtures for performing a reaction in the capsules.
31. The composition of paragraph 30, wherein the capsules
provide individual reaction mixtures for amplification of a
nucleic acid target.
32. The composition of paragraph 29, wherein the aqueous
droplets include the one or more skin-forming proteins at a
concentration of about 0.01% to 10% by weight.
33. A stabilized emulsion, comprising: (A) a continuous
phase formed with an oil composition including a fluorinated
oil and at least one fluorinated surfactant; and (B) a plurality
of capsules disposed in the continuous phase, each capsule
including a proteinaceous, interfacial skin encapsulating an
aqueous phase.
34. The stabilized emulsion of paragraph 33, wherein the
aqueous phase provides a reaction mixture for performing a
reaction in individual capsules.
35. The stabilized emulsion of paragraph 34, wherein the
aqueous phase provides a reaction mixture for performing
amplification of a nucleic acid target in individual capsules.
36. The stabilized emulsion of paragraph 33, wherein the
proteinaceous skin includes at least one protein selected from
the group consisting of albumin, casein, gelatin, and globulin.
37. The stabilized emulsion of paragraph 33, wherein the at
least one fluorinated surfactant includes a first fluorinated
surfactant that is negatively charged and a second fluorinated
surfactant that is an alcohol.
38. A stabilized emulsion, comprising: (A) a continuous
phase formed with an oil composition including a fluorinated
oil and at least one fluorinated surfactant; and (B) a plurality
of capsules disposed in the continuous phase and each containing an aqueous phase, wherein the capsules are resistant
to coalescence if disposed at a high packing density and
incubated at 90° C. for at least one minute.
39. The stabilized emulsion of paragraph 38, wherein the
capsules are resistant to coalescence if incubated at 90° C. for
at least ten minutes.
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40. A method of emulsion preparation, comprising: (A)
generating aqueous droplets in a continuous phase that
includes a fluorinated oil; (B) transforming the droplets to
capsules each including an aqueous phase encapsulated by a
proteinaceous, interfacial skin; and (C) adding a spacing fluid
to the continuous phase, the spacing fluid being miscible with
the continuous phase and having a different composition than
the continuous phase.
41. The method of paragraph 40, wherein the step of transforming is performed with the capsules disposed in a threedimensional arrangement having a high packing density.
42. The method of paragraph 40, wherein the step of transforming includes a step of heating the continuous phase.
43. The method of paragraph 42, wherein the step of heating the continuous phase includes a step of heating the continuous phase to a temperature of at least about 55° C.
44. The method of paragraph 40, further comprising a step
of selectively removing a portion of the continuous phase
after the step of generating aqueous droplets and before the
step of transforming the droplets.
45. The method of paragraph 40, further comprising a step
of amplifying a nucleic acid target in individual capsules.
46. The method of paragraph 45, further comprising a step
of thermally cycling the capsules to promote amplification of
the nucleic acid target.
47. The method of paragraph 40, further comprising a step
of driving flow of capsules through a detection region, and a
step of collecting assay data from capsules as such capsules
travel through the detection region.
48. The method of paragraph 40, further comprising a step
of imaging capsules to detect assay data from capsules.
49. The method of paragraph 40, wherein the spacing fluid
contains no surfactant that is present at a concentration substantially above the critical micelle concentration of the surfactant.
50. The method of paragraph 40, wherein the step of generating is performed with an aqueous phase and an oil phase,
wherein each of the oil phase and the spacing fluid has a
percent by weight of surfactant, and wherein the percent by
weight of surfactant in the oil phase is substantially higher
than in the spacing fluid.
51. The method of paragraph 50, wherein the percent by
weight of surfactant in the oil phase is at least about ten-fold
higher than in the spacing fluid.
52. The method of paragraph 40, wherein the step of generating is performed with an aqueous phase and an oil phase,
wherein each of the oil phase and the spacing fluid has a
percent by weight of ionic surfactant, and wherein the percent
by weight of ionic surfactant in the oil phase is substantially
higher than in the spacing fluid.
53. The method of paragraph 40, wherein the step of generating is performed with an aqueous phase and an oil phase,
and wherein the oil phase includes an ionic surfactant, and
wherein the spacing fluid includes a nonionic surfactant.
54. The method of paragraph 53, wherein each of the ionic
surfactant and the nonionic surfactant is a fluorinated polyether.
55. The method of paragraph 53, wherein the nonionic
surfactant has a concentration in the spacing fluid that is about
the same as or greater than a concentration of the ionic surfactant in the oil phase.
56. The method of paragraph 40, wherein the step of generating is performed with an aqueous phase and an oil phase,
and wherein each of the oil phase and the spacing fluid
includes a different primary or exclusive surfactant.
57. The method of paragraph 40, further comprising a step
of selectively removing a method of paragraph 40, wherein

the step of adding a spacing fluid does not substantially
wrinkle or break the skin of more than a minority of the
capsules.
58. The method of paragraph 40, wherein the step of adding
a spacing fluid does not substantially wrinkle or break the skin
of more than a minority of the capsules.
59. A kit for emulsion preparation, comprising: (A) an
aqueous phase including an effective concentration portion of
the continuous phase before the step of transforming.
59. A kit for emulsion preparation, comprising: (A) an
aqueous phase including an effective concentration of one or
more skin-forming proteins; (B) a nonaqueous continuous
phase including a fluorinated oil and at least one fluorinated
surfactant; and (C) a droplet generator capable of forming an
emulsion including droplets of the aqueous phase disposed in
the nonaqueous continuous phase, wherein heating the emulsion above a threshold temperature creates an interfacial skin
between each droplet and the continuous phase, to transform
the droplets into capsules.
60. The kit of paragraph 59, wherein the aqueous phase
includes one or more reaction components for amplification
of a nucleic acid target.
61. The kit of paragraph 59, wherein the step of heating the
emulsion reduces a solubility of the one or more skin-forming
proteins in the aqueous phase.
62. A method of generating a stabilized emulsion, comprising: (A) providing an oil phase including a fluorinated oil and
at least one ionic surfactant that is fluorinated and negativelycharged; (B) forming an emulsion including droplets of an
aqueous phase disposed in the oil phase, wherein the aqueous
phase provides a reaction mixture for amplification of a
nucleic acid target; and (C) heating the emulsion to a temperature of at least about 50° C.
63. The method of paragraph 62, wherein the at least one
ionic surfactant is a fluorinated polyether.
64. The method of paragraph 62, wherein the reaction
mixture includes at least one magnesium-dependent enzyme.
65. A method of generating a stabilized emulsion, comprising: (A) providing an oil phase including a fluorinated oil, a
fluorinated alcohol, and a fluorinated surfactant; (B) forming
an emulsion including droplets of an aqueous phase disposed
in the oil phase; and (C) heating the emulsion to a temperature
of at least about 50° C.
66. The method of paragraph 65, wherein the fluorinated
alcohol has no more than two hydroxyl groups.
67. The method of paragraph 65, wherein the fluorinated
alcohol has no more than twenty carbons.
68. The method of paragraph 65, wherein the fluorinated
alcohol is perfluorodecanol.
69. The method of paragraph 65, wherein the fluorinated
surfactant is a fluorinated polyether.
70. The method of paragraph 69, wherein the fluorinated
polyether is negatively charged.
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 appli-
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cation. Such claims, whether directed to a different invention

17. The method of claim 1, wherein the aqueous phase
provided includes the skin-forming proteins at a concentra-

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.

tion of about 0.01% to 10% by weight.
5

18. The method of claim 1, wherein the aqueous phase
provided includes the skin-forming proteins at a concentration of about 0.03% to 3% by weight.

We claim:
1. A method of performing an assay, comprising:
providing an aqueous phase including a sample and an
effective concentration of one or more skin-forming proteins;
forming an emulsion including droplets of the aqueous
phase disposed in a nonaqueous continuous phase;
placing an overlay containing droplets disposed in a continuous phase onto the emulsion;
heating the emulsion, after the step of placing the overlay,
to create an interfacial skin between each droplet and the
continuous phase, to transform the droplets into capsules; and
collecting assay data related to the sample from the capsules.
2. The method of claim 1, wherein the step of heating
includes a step of heating the emulsion to a temperature above
about 55° C.
3. The method of claim 2, wherein the step of heating
includes a step of heating the emulsion to a temperature above
about 90° C.
4. The method of claim 1, further comprising a step of
amplifying a nucleic acid target in individual capsules.
5. The method of claim 4, further comprising a step of
thermally cycling the emulsion to promote amplification of
the nucleic acid target.
6. The method of claim 1, wherein the aqueous phase
provided includes the skin-forming proteins at a concentration above about 0.01% by weight.
7. The method of claim 1, wherein the aqueous phase
provided includes the skin-forming proteins at a concentration above about 0.03% by weight.
8. The method of claim 1, further comprising a step of
providing an oil phase that is used as a nonaqueous continuous phase for the step of forming an emulsion, and wherein
the oil phase includes a negatively-charged, fluorinated surfactant in the continuous phase.
9. The method of claim 8, wherein the fluorinated surfactant is present at a concentration of about 0.05% to 0.5% by
weight.
10. The method of claim 1, wherein the capsules have a
high packing density after the step of heating, and wherein the
step of collecting data includes a step of collecting data from
capsules traveling serially through a detection region.
11. The method of claim 1, wherein the aqueous phase
includes at least one surfactant.
12. The method of claim 11, wherein the surfactant is
present at a concentration of about 0.01% to 5% by weight.
13. The method of claim 11, wherein the surfactant is
present at a concentration of about 0.1% to 1% by weight.
14. The method of claim 11, wherein the surfactant is
present at a concentration of about 0.5% by weight.
15. The method of claim 11, wherein the surfactant
includes a block copolymer ofpolypropylene oxide and polyethylene oxide.
16. The method of claim 1, wherein the step of providing an
aqueous phase includes a step of providing an aqueous phase
including a surfactant and the skin-forming proteins, and
wherein the surfactant is not required for creation of the
interfacial skin.

19. The method of claim 1, wherein the aqueous phase
provided includes the skin-forming proteins at a concentra10

tion of about 0.1% to 1% by weight.
20. The method of claim 1, wherein the skin-forming proteins are selected from the group consisting of serum albumin, casein, gelatin, and globulin.
21. The method of claim 20, wherein the skin-forming

15 proteins include bovine serum albumin (BSA).
22. The method of claim 1, wherein the step of forming an
emulsion includes a step of generating droplets having an
average diameter of about 1 grn to 500 tm.
23. The method of claim 1, wherein the step of forming an
2o emulsion includes a step of serially generating droplets that
are monodisperse.
24. The method of claim 1, further comprising a step of
providing an oil phase including a fluorinated oil and at least
one fluorinated surfactant, wherein the step of forming an
25 emulsion includes a step of generating droplets of the aqueous phase disposed in the oil phase.
25. The method of claim 24, wherein the at least one
fluorinated surfactant includes a fluorinated polyether.
26. The method of claim 24, wherein the oil phase provided
3o includes a fluorinated surfactant at a concentration of about
0.001% to 10% by weight.
27. The method of claim 24, wherein the oil phase provided
includes a fluorinated surfactant at a concentration of about
0.05% to 2% by weight.
35
28. The method of claim 24, wherein the oil phase provided
includes a fluorinated surfactant at a concentration of about
0.05% to 0.5% by weight.
29. The method of claim 1, wherein the sample includes a
4o nucleic acid target, and wherein the step of collecting assay
data includes a step of collecting assay data related to amplification of the nucleic acid target in capsules of the emulsion.
30. The method of claim 1, wherein the step of heating the
emulsion is performed with the emulsion disposed in a con45 tainer that is sealed with a sealing member, further comprising a step of piercing the sealing member after the step of
heating.
31. The method of claim 1, wherein the step of heating the
emulsion is performed with the emulsion disposed in a con5o tainer, further comprising a step of disposing a tip of a fluid
transport device in the emulsion and a step of moving capsules from the container into the fluid transport device via the
tip.
55

32. The method of claim 1, further comprising a step of
driving flow of capsules through a detection region, wherein
the step of collecting assay data is performed as the capsules
travel through the detection region.
33. The method of claim 32, wherein the step of collecting

6o assay data includes a step of collecting assay data from individual capsules traveling serially through the detection
region.
34. The method of claim 1, wherein the step of collecting
assay data includes a step of imaging capsules.
35. The method of claim 1, further comprising a step of
65
driving flow of capsules in a continuous phase at a flow rate
above about 100 pL/min.
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36. The method of claim 1, further comprising a step of
selectively removing a portion of the continuous phase after
the step of forming an emulsion and before the step of heating
the emulsion.
37. The method of claim 1, wherein the droplets of the

5

overlay do not interfere with the step of collecting assay data.
38. The method of claim 1, wherein the overlay is an
aqueous phase or an oil phase that is immiscible with the
continuous phase.

transforming the droplets, after the step of placing an overlay, into capsules by creating an interfacial skin between
each droplet and the oil phase;
thermally cycling the capsules to amplify a nucleic acid
the emulsion, wherein the spacing fluid is miscible with the
target in individual capsules; and
continuous phase.
collecting amplification data from the capsules.
40. The method of claim 39, further comprising a step of
15
51. The method of claim 50, wherein the aqueous phase
picking up capsules of the emulsion with a fluid transport
provided includes the skin-forming proteins at a concentradevice after the step of adding a spacing fluid.
tion above about 0.01% by weight.
41. The method of claim 39, wherein the spacing fluid
52. The method of claim 50, wherein the aqueous phase
contains no surfactant that is present at a concentration above
provided includes the skin-forming proteins at a concentrathe critical micelle concentration of the surfactant.
2o
tion above about 0.03% by weight.
42. The method of claim 39, further comprising a step of
53. The method of claim 50, wherein the oil phase provided
providing an oil phase that is used as a continuous phase for
includes a fluorinated surfactant at a concentration of about
the step of forming an emulsion, wherein each of the oil phase
0.05% to 0.5% by weight.
and the spacing fluid has a percent by weight of surfactant,
54. The method of claim 50, wherein the capsules have a
and wherein the percent by weight of surfactant in the oil
25 high packing density after the step of transforming, and
phase is higher than in the spacing fluid.
wherein the step of collecting amplification data includes a
43. The method of claim 42, wherein the percent by weight
step of collecting amplification data from capsules traveling
of surfactant in the oil phase is above about ten-fold higher
serially through a detection region.
than in the spacing fluid.
55. The method of claim 50, wherein the step of transform44. The method of claim 39, further comprising a step of 30 .
lng includes a step of heating the emulsion to a temperature
providing an oil phase that is used as a continuous phase for
above about 50° C.
the step of forming an emulsion, wherein the oil phase
56. A method of performing an assay, comprising:
includes an ionic surfactant and the spacing fluid includes a
providing an oil phase including a fluorinated oil and at
nonionic surfactant.
least one ionic surfactant that is fluorinated and nega45. The method of claim 1, further comprising (1) a step of 35
tively-charged;
driving flow of capsules in a carrier fluid along a flow path
forming an emulsion including volumes of an aqueous
extending through a detection region, and (2) a step of adding
phase disposed in the oil phase;
a spacing fluid to the carrier fluid in the flow path to space
placing an overlay containing droplets disposed in a concapsules before such capsules reach the detection region.
tinuous phase onto the emulsion;
46. The method of claim 45, wherein the spacing fluid 40
heating the emulsion, after the step of placing the overlay,
contains no surfactant that is present at a concentration above
to a temperature above about 50° C.;
the critical micelle concentration of the surfactant.
amplifying a nucleic acid target in the volumes; and
47. The method of claim 45, further comprising a step of
collecting assay data related to amplification of the nucleic
providing an oil phase that is used as a continuous phase for
acid target in individual volumes.
the step of forming an emulsion, wherein each of the oil phase 45
57. The method of claim 50, wherein the droplets of the
and the spacing fluid has a percent by weight of surfactant,
overlay do not interfere with the step of collecting assay data.
and wherein the percent by weight of surfactant in the oil
58. The method of claim 50, wherein the overlay is an
phase is higher than in the spacing fluid.
aqueous phase or an oil phase that is immiscible with the
48. The method of claim 47, wherein the percent by weight
continuous phase.
of surfactant in the oil phase is above about 100-fold higher 50
59. The method of claim 56, wherein the droplets of the
than in the spacing fluid.
overlay do not interfere with the step of collecting assay data.
49. The method of claim 45, further comprising a step of
60. The method of claim 56, wherein the overlay is an
providing an oil phase that is used as a continuous phase for
aqueous phase or an oil phase that is immiscible with the
the step of forming an emulsion, wherein the oil phase
continuous phase.
includes an ionic surfactant and the spacing fluid includes a 55
nonionic surfactant.
39. The method of claim 1, further comprising a step of
adding a spacing fluid to the emulsion after the step of heating
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50. A method of performing an assay, comprising:
providing an aqueous phase including an effective concentration of one or more skin-forming proteins;
providing an oil phase including a fluorinated oil and at
least one fluorinated surfactant;
forming an emulsion including droplets of the aqueous
phase disposed in the oil phase;
placing an overlay containing droplets disposed in a continuous phase onto the emulsion;

