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FLUIDIC DROPLET COALESCENCE

FIELD OF INVENTION

The present invention generally relates to systems and methods for the control of

fluidic species and, in particular, to the coalescence of fluidic droplets.

BACKGROUND
The manipulation of fluids to form fluid streams of desired configuration,

discontinuous fluid streams, droplets, particles, dispersions, etc., for purposes of fluid

delivery, product manufacture, analysis, and the like, is a relatively well-studied art. For

example, highly monodisperse gas bubbles, less than 100 microns in diameter, have been

produced using a technique referred to as capillary flow focusing. In this technique, gas

is forced out of a capillary tube into a bath of liquid, the tube is positioned above a small

orifice, and the contraction flow of the external liquid through this orifice focuses the gas

into a thin jet which subsequently breaks into equal-sized bubbles via a capillary

instability. In a related technique, a similar arrangement can be used to produce liquid

droplets in air.

An article entitled "Generation of Steady Liquid Microthreads and Micron- Sized

Monodisperse Sprays and Gas Streams," Phys. Rev. Lett., 80:2, January 12, 1998, 285-

288 (Ganan-Calvo) describes formation of a microscopic liquid thread by a laminar

accelerating gas stream, giving rise to a fine spray. An articled entitled "Dynamic

Pattern Formation in a Vesicle-Generating Microfiuidic Device," Phys. Rev. Lett., 86:18,

April 30, 2001 (Thorsen, et α/.) describes formation of a discontinuous water phase in a

continuous oil phase via mϊcrofluidic cross-flow, specifically, by introducing water, at a

"T" junction between two microfiuidic channels, into flowing oil.

U.S. Patent No. 6,120,666, issued September 19, 2000, describes a

microfabricated device having a fluid focusing chamber for spatially confining first and

second sample fluid streams for analyzing microscopic particles in a fluid medium, for

example in biological fluid analysis. U.S. Patent No. 6,116,516, issued September 12,

2000, describes formation of a capillary microjet, and formation of a monodisperse

aerosol via disassociation of the microjet. U.S. Patent No. 6,1 87,214, issued February

13, 2001, describes atomized particles in a size range of from about 1 to about 5 microns,



produced by the interaction of two immiscible fluids. U.S. Patent No. 6,248,378, issued

June 19, 2001, describes production of particles for introduction into food using a

microjet and a monodisperse aerosol formed when the microjet dissociates.

Microfluidic systems have been described in a variety of contexts, typically in the

context of miniaturized laboratory (e.g., clinical) analysis. Other uses have been

described as well. For example, International Patent Application No. PCTAJSOl/17246,

filed May 25, 2001, entitled "Patterning of Surfaces Utilizing Microfluidic Stamps

Including Three-Dimensionally Arrayed Channel Networks," by Anderson, et ah,

published as WO 01/89788 on November 29, 2001, describes multi-level microfluidic

systems that can be used to provide patterns of materials, such as biological materials

and cells, on surfaces. Other publications describe microfluidic systems including

valves, switches, and other components.

While significant advances have been made in dynamics at the macro or

microfluidic scale, improved techniques and the results of these techniques are needed.

SUMMARY OF THE INVENTION

The present invention generally relates the coalescence of fluidic droplets. The

subject matter of the present invention involves, in some cases, interrelated products,

alternative solutions to a particular problem, and/or a plurality of different uses of one or

more systems and/or articles.

The invention, in one aspect, involves a technique for causing droplets, or

microcapsules, to coalesce. In one embodiment, a method is provided comprising

providing a microfluidic system comprising a channel containing a first fluidic droplet

and a second fluidic droplet, causing the first droplet to move at a first velocity within

the channel and the second droplet to move at a second velocity substantially greater

than the first velocity within the channel, causing the second fluidic droplet to contact the

first fluidic droplet such that the first fluidic droplet and the second fluidic droplet do not

coalesce and applying an electric field to at least one of the first fluidic droplet and the

second fluidic droplet such that the first droplet and the second droplet coalesce into one

combined droplet.

In another embodiment, a method is provided comprising providing a first fluidic

stream f droplets, the droplets within the first fluidic stream having an average diameter

of less than about 100 microns and a distribution of diameters such that no more than



about 5% of the droplets have a diameter greater than about 10% of the average

diameter, providing a second fluidic stream of droplets, the droplets within the first

fluidic stream having an average diameter of greater than about 125% of the average

diameter of the droplets within the second fluidic stream, and applying an electric field to

at least one droplet of the first fluidic stream of droplets and at least one droplet of the

second fluidic stream of droplets such that the at least one droplet of the first fluidic

stream of droplets and the at least one droplet of the second fluidic stream of droplets

coalesce into one combined droplet.

In another aspect, the present invention is directed to a method of making one or

more of the embodiments described herein. In another aspect, the present invention is

directed to a method of using one or more of the embodiments described herein.

Other advantages and novel features of the present invention will become

apparent from the following detailed description of various non-limiting embodiments of

the invention when considered in conjunction with the accompanying figures. In cases

where the present specification and a document incorporated by reference include

conflicting and/or inconsistent disclosure, the present specification shall control. If two

or more documents incorporated by reference include conflicting and/or inconsistent

disclosure with respect to each other, then the document having the later effective date

shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting embodiments of the present invention will be described by way of

example with reference to the accompanying figures, which are schematic and are not

intended to be drawn to scale. In the figures, each identical or nearly identical

component illustrated is typically represented by a single numeral. For purposes of

clarity, not every component is labeled in every figure, nor is every component of each

embodiment of the invention shown where illustration is not necessary to allow those of

ordinary skill in the art to understand the invention. In the figures:

Fig. 1 illustrates that the velocity of a fluidic droplet within a channel may vary

as a function of the size of the fluidic droplet, according to one embodiment of the

invention;

Fig. 2 is a schematic diagram of one embodiment of the invention;



Figs. 3A and 3B are photomicrographs of various microfluidic devices containing

fluidic droplets, according to other embodiments of the invention;

Figs. 4A and 4B illustrate certain reactions that are controlled by coalescing

fluidic droplets, according to yet other embodiments of the invention; and

Figs. 5A-5C are schematic diagrams indicating certain other embodiments of the

invention.

DETAILED DESCRIPTION

The present invention generally relates to systems and methods for the control of

fluidic species and, in particular, to the coalescence of fluidic droplets. In certain

instances, the systems and methods are microfluidic. In one aspect, the invention relates

to systems and methods for causing two or more fluidic droplets within a channel to

coalescence. The fluidic droplets may be of unequal size in certain cases. In some

embodiments, a first fluidic droplet may be caused to move at a first velocity, and a

second fluidic droplet may be caused to move at a second velocity different from the first

velocity, for instance, substantially greater than the first velocity. The droplets may then

coalesce, for example, upon application of an electric field. In the absence of an electric

field, in some cases, the droplets may be unable to coalesce. In some cases, two series of

fluidic droplets may coalesce, one or both series being substantially uniform. For

instance, one series of droplets may have a distribution of diameters such that no more

than about 5% of the droplets have a diameter greater than about 10% of the average

diameter. In certain cases, one or more series of droplets may each consist essentially of

a substantially uniform number of entities of a species therein (i.e., molecules, cells,

particles, etc.). The fluidic droplets may be coalesced to start a reaction, and/or to stop a

reaction, in some cases. For instance, a reaction may be initiated when a species in a first

droplet contacts a species in a second droplet after the droplets coalesce, or a first droplet

may contain an ongoing reaction and a second droplet may contain a species that inhibits

the reaction. Other embodiments of the invention are directed to kits or methods for

promoting the coalescence of fluidic droplets.

In one aspect, the invention involves fluid channels, controls, and/or restrictions,

or combinations thereof, for the purpose of forming fluidic streams (which can be

droplets) within other liquids, combining fluids, combining droplets, etc., all at a variety

of scales. In certain embodiments, systems and methods are providing for causing two



droplets to fuse or coalesce, e.g., in cases where the two droplets ordinarily are unable to

fuse or coalesce, for example due to composition, surface tension, size, etc. For

example, in a microfluidic system, the surface tension of the fluidic droplets, relative to

their size, may prevent fusion of the fluidic droplets. The fluidic droplets may each

independently contain gas or liquid.

In one set of embodiments, an electric field may be applied to two (or more)

fluidic droplets to cause the droplets to fuse or coalesce. The electrical charge may be

created using any suitable techniques known to those of ordinary skill in the art; for

example, an electric field may be imposed on a channel containing the droplets, the

droplets may be passed through a capacitor, a chemical reaction may occur to cause the

droplets to become charged, etc. For instance, in one embodiment, an electric field may

be generated proximate a portion of a channel, such as a microfluidic channel. The

electric field may be generated from, for example, an electric field generator, i.e., a

system able to produce an electric field, e.g., directed substantially at the channel.

Techniques for producing a suitable electric field are known to those of ordinary skill in

the art. For example, an electric field may be produced by applying a voltage across

electrodes positioned proximate a channel, e.g., as shown in Fig. 3B. The electrodes can

be fashioned from any suitable electrode material, for example, as silver, gold, copper, .

carbon, platinum, copper, tungsten, tin, cadmium, nickel, indium tin oxide ("ITO"), etc.,

as is known to those of ordinary skill in the art. The electrodes may be formed of the

same material, or different materials. In some cases, transparent or substantially

transparent electrodes may be used.

In certain embodiments, the electric field generator may be constructed and

arranged to generate an electric field within a fluid of at least about 0.01 V/micrometer,

and, in some cases, at least about 0.03 V/micrometer, at least about 0.05 V/micrometer,

at least about 0.08 V/micrometer, at least about 0.1 V/micrometer, at least about 0.3

V/micrometer, at least about 0.5 V/micrometer, at least about 0.7 V/micrometer, at least

about 1 V/micrometer, at least about 1.2 V/micrometer, at least about 1.4 V/micrometer,

at least about 1.6 V/micrometer, or at least about 2 V/micrometer. In some

embodiments, even higher electric fields may be used, for example, at least about 2

V/micrometer, at least about 3 V/micrometer, at least about 5 V/micrometer, at least

about 7 V/micrometer, or at least about 10 V/micrometer or more.



The applied electric field may induce a charge, or at least a partial charge, on a

fluidic droplet surrounded by a liquid. In some cases, the fluid and the liquid may be

present in a channel, microfluidic channel, or other constricted space that facilitates the

electric field to be placed on the field, for example, by limiting movement of the fluid

within the liquid. The fluid within the fluidic droplet and the liquid may be essentially

immiscible, i.e., immiscible on a time scale of interest (e.g., the time it takes a fluidic

droplet to flow through a particular system or device). In some cases, the fluid may

contain other entities, for example, certain molecular species (e.g., as further discussed

below), cells (e.g., encapsulated by the fluid), particles, etc. In one embodiment, the

fluid is present as a series of fluidic droplets within the liquid.

If the liquid contains a series of fluidic droplets within the liquid, in one set of

embodiments, the series of droplets may have a substantially homogenous distribution of

diameters, e.g., the droplets may have a distribution of diameters in some cases such that

no more than about 10%, about 5%, about 3%, about 1%, about 0.03%, or about 0.01%

of the droplets have an average diameter greater than about 10%, about 5%, about 3%,

about 1%, about 0.03%, or about 0.01% of the average diameter of the droplets. If more

than one series of fluidic droplets is used (e.g., arising from two different sources), each

of the series may, in some cases, have a substantially homogenous distribution of

diameters, although the average diameters of the fluids within each series do not

necessarily have to be the same.

In another set of embodiments, a charge or partial charge on one or both droplets

may be induced that causes the two droplets to fuse or coalesce. Electronic charge may

be placed on fluidic droplets within a liquid using any suitable technique, for example,

by placing the fluid within an electric field, as previously discussed, or by causing a

reaction to occur that causes the fluid to have an electric charge, for example, a chemical

reaction, an ionic reaction, a photocatalyzed reaction, etc. In one set of embodiments,

the fluid within the fluidic droplet may be an electrical conductor. As used herein, a

"conductor" is any material having a conductivity of at least about the conductivity of 18

MOhm water. The liquid surrounding the fluidic droplet may have any conductivity less

than that of the fluidic droplet, i.e., the liquid may be an insulator or a "leaky insulator."

In one non-limiting embodiment, the fluidic droplet may be substantially hydrophilic and

the liquid surrounding the fluidic droplet may be substantially hydrophobic.



In one set of embodiments the charge placed on the fluidic droplet may be at

least about 10"22 C/micrometer3. In certain cases, about the charge may be at least about

IQ-2 1 /m icrome te r
3
5 an Jn other cases, the charge may be at least about 10 20

C/micrometer3, at least about 10 19 C/micrometer3, at least about 10 18 C/micrometer3, at

least about 10"17 C/micrometer3, at least about 10 16 C/micrometer3, at least about 1O !5

C/micrometer3, at least about 10 14 C/micrometer3, at least about 10 13 C/micrometer3, at

least about 10"12 C/micrometer3, at least about 10 11 C/micrometer3, at least about l O 10

C/micrometer3, or at least about 10 9 C/micrometer3 or more. In another set of

embodiments, the charge placed on the fluidic droplet may be at least about 10 2 1

C/micrometer2 (surface area of the fluidic droplet), and in some cases, the charge may be

at least about 10 20 C/micrometer2, at least about 10 19 C/micrometer2, at least about l O 18

C/micrometer2, at least about 10 17 C/micrometer2, at least about 10~16 C/micrometer2, at

least about 10 15 C/micrometer2, at least about 10 14 C/micrometer2, or at least about 10~13

C/micrometer2 or more. In yet another set of embodiments, the charge may be at least

about 10 14 C/droplet, and, in some cases, at least about 10 '13 C/droplet, in other cases at

least about 10 12 C/droplet, in other cases at least about 10 1 C/droplet, in other cases at

least about 10 10 C/droplet, or in still other cases at least about 10~9 C/droplet.

Additionally, due to the electronic nature of the electric field, very rapid

coalescence and/or reaction speeds may be achieved,.according to some embodiments of

the invention. For example, at least about 10 droplets per second may be fused or

coalesced, and in other cases, at least about 20 droplets per second, at least about 30

droplets per second, at least about 100 droplets per second, at least about 200 droplets

per second, at least about 300 droplets per second, at least about 500 droplets per second,

at least about 750 droplets per second, at least about 1000 droplets per second, at least

about 1500 droplets per second, at least about 2000 droplets per second, at least about

3000 droplets per second, at least about 5000 droplets per second, at least about 7500

droplets per second, at least about 10,000 droplets per second, at least about 15,000 .

droplets per second, at least about 20,000 droplets per second, at least about 30,000

droplets per second, at least about 50,000 droplets per second, at least about 75,000

droplets per second, at least about 100,000 droplets per second, at least about 150,000

droplets per second, at least about 200,000 droplets per second, at least about 300,000

droplets per second, at least about 500,000 droplets per second, at least about 750,000



droplets per second, at least about 1,000,000 droplets per second, at least about

1,500,000 droplets per second, at least about 2,000,000 or more droplets per second, or at

least about 3,000,000 or more droplets per second may be fused or coalesced. In

addition, the electric field can be readily activated or deactivated, applied to a certain

number or percentage of the fluidic droplets, or the like. Furthermore, the coalescence of

the fluidic droplets can occur at a specific, predetermined time, and/or location within a

channel. For example, a chemical reaction may occur (and/or cease to occur) once a first

fluidic droplet and a second fluidic droplet coalesce or fuse.

The fluidic droplets are contained, according to one set of embodiments, within a

channel, such as a microfluidic channel. A "channel," as used herein, means a feature on

or in an article (substrate) that at least partially directs the flow of a fluid. The channel

can have any cross-sectional shape (circular, oval, triangular, irregular, square or

rectangular, or the like) and can be covered or uncovered. In embodiments where it is

completely covered, at least one portion of the channel can have a cross-section that is

completely enclosed, or the entire channel may be completely enclosed along its entire

length with the exception of its inlet(s) and outlet(s). A channel may also have an aspect

ratio (length to average cross sectional dimension) of at least 2:1, more typically at least

3:1, 5:1, or 10:1 or more. An open channel generally will include characteristics that

facilitate control over fluid transport, e.g., structural characteristics (an elongated

indentation) and/or physical or chemical characteristics (hydrophobicity vs.

hydrophilicity) or other characteristics that can exert a force (e.g., a containing force) on

a fluid. The fluid within the channel may partially or completely fill the channel. In

some cases where an open channel is used, the fluid may be held within the channel, for

example, using surface tension (i.e., a concave or convex meniscus).

The channel may be of any size, for example, having a largest dimension

perpendicular to fluid flow of less than about 5 mm or 2 mm, or less than about 1 mm, or

less than about 500 microns, less than about 200 microns, less than about 100 microns,

less than about 60 microns, less than about 50 microns, less than about 40 microns, less

than about 30 microns, less than about 25 microns, less than about 10 microns, less than

about 3 microns, less than about 1 micron, less than about 300 nm, less than about 100

nm, less than about 30 nm, or less than about 10 nm. In some cases the dimensions of

the channel may be chosen such that fluid is able to freely flow through the article or



substrate. The dimensions of the channel may also be chosen, for example, to allow a

certain volumetric or linear flowrate of fluid in the channel. Of course, the number of

channels and the shape of the channels can be varied by any method known to those of

ordinary skill in the art. In some cases, more than one channel or capillary may be used.

For example, two or more channels may be used, where they are positioned inside each

other, positioned adjacent to each other, positioned to intersect with each other, etc.

The fluidic droplets to be fused or coalesced need not be the same size or have

the same volume or diameter, according to another set of embodiments. For example, a

first droplet (e.g., from a first series of droplets) may have a volume greater a second

fluidic droplet (e.g., from a second series of droplets), for instance, such that the first

droplet has an average diameter that is greater than about 125% of the second droplet,

and in some cases, greater than about 150%, greater than about 200%, greater than about

300%, greater than 400%, greater than 500%, etc., relative to the second droplet. A non-

limiting example is shown in Fig. 3B, with smaller fluidic droplets 32 being fused with

larger droplets 31.

In one set of embodiments, the two (or more) fluidic droplets that are brought

into contact with each other so that coalescence of the droplets can occur are

"synchronously" produced, i.e., the fluidic droplets are produced at substantially the

same time. For example, two series of fluidic droplets being produced at the same

frequency may be aligned such that the two series of fluidic droplets come into contact.

However, in other embodiments, the fluidic droplets are "asynchronously" produced, i.e.,

are not produced at substantially the same time. For instance, a first series of fluidic

droplets and the second series of fluidic droplets may be caused to fuse or coalesce,

where the first series and the second series are not produced at substantially the same

time, but are instead produced at different times, at random times, or the like. The rate at

which the first series of fluidic droplets and the second series of fluidic droplets may the

same, or different in some cases.

As an example, in one set of embodiments, a first series of fluidic droplets and a

second series of fluidic droplets may be introduced into a channel at different rates

and/or times, e.g., as is illustrated in Fig. 3A with a first series of droplets 31 in channel

33 and a second series of droplets 32 in channel 34 (the direction of fluid flow within the

channels is indicated by arrows 37). In Fig. 3A, the first series of droplets 3 1 enter



channel 35 at a rate that is greater than the rate at which the second series of droplets.

The fluidic droplets may then proceed at different velocities within the channel, such that

they are brought into contact.

One non-limiting method of causing fluidic droplets to move at different speeds

within a channel is to subject the fluidic droplets within the channel to parabolic flow,

i.e., where laminar flow exists within the channel. In such a system, a smaller fluidic

droplet moves more quickly than a larger fluidic droplet, as the smaller fluidic droplet

experiences higher fluid average velocities pressing against it than does a larger fluidic

droplet. Other non-limiting method of causing fluidic droplets to move at different

speeds within a channel is to use fluidic droplets having different physical

characteristics, e.g., different surface tensions, viscosities, densities, masses, or the like.

As a specific, non-limiting example, referring now to Fig. 5A, in channel 55

(which may be, e.g., circular or rectangular), a liquid within the channel may have a

parabolic flow profile 56. Smaller droplet 52 in channel 55 is subject to a higher fluid

average velocities pressing against it (e.g., as it experiences only the "apex" of parabolic

flow profile 56), while larger droplet 5 1 in channel 55 is subject to a lower fluid average

velocity. Thus, by selecting the size of the fluidic droplets that are produced (e.g., such

that the fluidic droplets within the channel would move at different average flowrates)

smaller fluidic droplets can then move at greater velocities than larger fluidic droplets.

Accordingly, in a channel, a smaller fluidic droplet may "catch up" with a larger fluidic

droplet, for instance, such that the two fluidic droplets come into physical contact, e.g.,

prior to causing their fusion or coalescence to occur. For instance, the smaller fluidic

droplet may move at a velocity that is at least about 125%, at least about 150%, at least

about 200%, at least about 300%, at least about 400%, or at least about 500% that of the

velocity of the larger fluidic droplet.

A non-limiting example is illustrated in Fig. 3A, where fluidic droplet 31 from

channel 34 enters channel 35 ahead of fluidic droplet 32 from channel 31. The fluidic

droplets are separated and not in contact, as indicated by group 36. However, as fluidic

droplet 32 moves at a velocity greater than that of fluidic droplet 31, fluidic droplet 3 1

"catches up" to fluidic droplet 32, as indicated by group 39. However, the droplets, even

when in physical contact as indicated by group 39, may not necessarily coalesce, e.g., in

the absence of an electric field.



As mentioned, one method of causing two or more droplets to fuse or coalesce is

to impart a charge or a partial charge on one or more of the droplets, e.g., through action

of an applied electric field. Thus, referring now to Fig. 3B, droplets 3 1 and 32 are in

physical contact, but do not coalesce or fuse due to their size and/or surface tension, etc.

The droplets may not be able to fuse even if a surfactant is applied to lower the surface

tension of the droplets. However, upon the application of an electric field, produced by

creating a voltage across electrodes 4 1 and 42 using voltage source 40, inducing the

droplets to assume opposite charges or electric dipoles on the surfaces closest to each

other, droplets 3 1 and 32 fuse to form a combined droplet 38. The droplets may fuse

through the creation of a "bridge" of fluid between the two droplets, which may occur

due to the charge-charge interactions between the two fluids. The creation of the

"bridge" of fluid between the two droplets thus allows the two droplets to exchange

material and/or coalesce into one dropl.et. An example of a "bridge" is shown in Fig. 5B,

where droplets fluidic 5 1 and 52 fuse via the formation of a "bridge" 68. Thus, in some

embodiments, the invention provides for the coalescence of two separate droplets into

one coalesced droplet in systems where such coalescence ordinarily is unable to occur,

e.g., due to size and/or surface tension, etc.

It should be noted, however, that when two droplets "coalesce," perfect mixing of

the two droplets does not instantaneously occur. Instead, as is shown in Fig. 5B, a

combined droplet 60 in channel 65 may initially be formed of a first region 63 (from first

droplet 61) and a second region 64 (from second droplet 62). In some cases, the two

regions may remain as separate regions, thus resulting in a non-uniform fluid droplet,

e.g., if the first fluidic droplet and the second fluidic droplet each have a different

composition. In some cases, the two regions within the droplet may remain separate

(without additional mixing factors) due to the flow of fluid within the droplet. The

droplet may also exhibit internal "counter-revolutionary" flow, which may prevent the

two fluids from substantially mixing in some cases. For example, in Fig. 5C, first

droplet 7 1 and second droplet 72 coalesce to form combined droplet 70 having a first

region 73 and a second region 74, which do not mix as combined droplet 70 moves in

direction 77.

However, in other cases, the two regions within the combined droplet may be

allowed to mix, react, or otherwise interact with each other, resulting in a



homogeneously (i.e., completely) mixed, or at least partially mixed, fluid droplet. The

mixing may occur through natural processes, for example, through diffusion (e.g.,

through the interface between the two regions), through reaction of the two fluids with

each other, or through fluid flow within the droplet (i.e., convection). However, in some

cases, mixing within the fluidic droplet may be enhanced in some fashion. For example,

the droplet may be passed through one or more regions which cause the droplet to

change direction in some fashion. The change of direction may alter convection patterns

within the droplet, allowing the two fluids to be mixed, resulting in an at least partially

mixed droplet.

In one set of embodiments, coalescence of two (or more) fluidic droplets may be

used to control a reaction involving one or more reactants contained within one or more

of the fluidic droplets. As one example, a first fluidic droplet may contain a first reactant

and a second fluidic droplet may contain a second reactant, where a reaction occurs when

the first reactant and the second reactant come into contact. Thus, prior to coalescence of

the first and second fluidic droplets, the first and second reactants are not in direct

contact and are thus unable to react. After coalesce, e.g., by application of an electric

field, the first and second reactants come into contact and the reaction may proceed.

Thus, the reaction may be controlled, for example, such that the reaction occurs at a

certain time and/or at a certain point within a channel, e.g., as determined by an applied

electric field. If the reaction is determinable in some fashion (e.g., using a color change),

the reaction may be determined as a function of time, or distance traveled in the channel.

The reaction, in one embodiment, may be a precipitation reaction (e.g., the two or more

reactants may react to produce a particle, for example, a quantum dot). The two

reactants may also be, for example, two reactive chemicals, two proteins, an enzyme and

a substrate, two nucleic acids, a protein and a nucleic acid, an acid and a base, an

antibody and an antigen, a ligand and a receptor, a chemical and a catalyst, etc.

As another example, one or both droplets may be a cell. For example, if both

droplets are (or contain) cells, the two cells may be fused together, for example, to create

a hybridoma. In another example, one droplet may be a cell and the other droplet may

contain an agent to be delivered to the cell, for example, a nucleic acid (e.g., DNA, for

example, for gene therapy), a protein, a hormone, a virus, a vitamin, an antioxidant, etc.



As yet another example, one of the two droplets to be fused or coalesced may

contain an ongoing chemical reaction (e.g., of an enzyme and a substrate), while the

other droplet contains an inhibitor to the chemical reaction, which may partially or

totally inhibit the reaction, for example, due to competitive or noncompetitive inhibition

(i.e., the second reactant reacts with the first reactant, inhibiting the first reactant from

participating in other reactions). Thus, coalescence of the droplets may inhibit the

ongoing chemical reaction, e.g., partially or totally. In some embodiments, additional

reactions and/or other steps may be performed on the coalesced droplet, before or after

mixing of the two original droplets.

The reaction may be very tightly controlled in some cases. For instance, the

fluidic droplets may consist essentially of a substantially uniform number of entities of a

species therein (i.e., molecules, cells, particles, etc.). For example, 90%, 93%, 95%

97%, 98%, or 99%, or more of the droplets may each contain the same number of entities

of a particular species. For instance, a substantial number of the droplets so produced

may each contain 1 entity, 2 entities, 3 entities, 4 entities, 5 entities, 7 entities, 10

entities, 15 entities, 20 entities, 25 entities, 30 entities, 40 entities, 50 entities, 60 entities,

70 entities, 80 entities, 90 entities, 100 entities, etc., where the entities are molecules or

macromolecules, cells, particles, etc. In some cases, the droplets may contain a range of

entities, for example, less than 20 entities, less than 15 entities, less than 10 entities, less

than 7 entities, less than 5 entities, or less than 3 entities. Thus, by controlling the

number or amount of reactants within each fluidic droplet, a high degree of control over

the reaction may be achieved.

In another set of embodiments, the coalesced fluidic droplet may be hardened

into a solid. As used herein, the "hardening" of a fluidic stream refers to a process by

which at least a portion of the fluidic stream is converted into a solid or at least a semi

solid state (e.g., a gel, a viscoelastic solid, etc.). Such hardening may occur after fusion

or coalescence of the droplets has occurred.

A variety of materials and methods can be used to form components of the

system, according to one set of embodiments of the present invention. In some cases

various materials selected lend themselves to various methods. For example,

components of the invention can be formed from solid materials, in which the channels

can be formed via micro machining, film deposition processes such as spin coating and



chemical vapor deposition, laser fabrication, photolithographic techniques, etching

methods including wet chemical or plasma processes, and the like. See, for example,

Angell, et al, Scientific American 248:44-55 (1983). In one embodiment, at least a

portion of the system is formed of silicon by etching features in a silicon chip.

Technology for precise and efficient fabrication of devices of the invention from silicon

is known. In another embodiment that section (or other sections) can be formed of a

polymer, and can be an elastomeric polymer, or polytetrafluoroethylene (PTFE;

Teflon®), or the like.

Different components can be fabricated of different materials. For example, a

base portion including a bottom wall and side walls can be fabricated from an opaque

material such as silicon or PDMS, and a top portion can be fabricated from a transparent

material such as glass or a transparent polymer, for observation and control of the fluidic

process. Components can be coated so as to expose a desired chemical functionality to

fluids that contact interior channel walls, where base supporting material does not have

the precise, desired functionality. For example, components can be fabricated as

illustrated, with interior channel walls coated with another material.

Material used to fabricate devices of the invention, or material used to coat

interior walls of fluid channels, may desirably be selected from among those materials

that will not adversely affect or be affected by fluid flowing through the device, e.g.,

material(s) that is chemically inert in the presence of fluids to be used within the device.

In one embodiment, components of the invention are fabricated from polymeric

and/or flexible and/or elastomeric materials, and can be conveniently formed of a

hardenable fluid, facilitating fabrication via molding (e.g. replica molding, injection

molding, cast molding, etc.). The hardenable fluid can be essentially any fluid art that

can be induced to solidify, or that spontaneously solidifies, into a solid capable of

containing and transporting fluids contemplated for use in and with the network

structure. In one embodiment, the hardenable fluid comprises a polymeric liquid or a

liquid polymeric precursor (i.e. a "prepolymer"). Suitable polymeric liquids can include,

for example, thermoplastic polymers, thermoset polymers, or mixture of such polymers

heated above their melting point; or a solution of one or more polymers in a suitable

solvent, which solution forms a solid polymeric material upon removal of the solvent, for

example, by evaporation. Such polymeric materials, which can be solidified from, for



example, a melt state or by solvent evaporation, are well known to those of ordinary skill

in the art. A variety polymeric materials, many of which are elastofneric, are suitable,

and are also suitable for forming molds or mold masters, for embodiments where one or

both of the mold masters is composed of an elastomeric material. A non-limiting list of

examples of such polymers includes polymers of the general classes of silicone

polymers, epoxy polymers, and acrylate polymers. Epoxy polymers are characterized by

the presence of a three-membered cyclic ether group commonly referred to as an epoxy

group, 1,2-epoxide, or oxirane. For example, diglycidyl ethers of bisphenol A can be

used, in addition to compounds based on aromatic amine, triazine, and cycloaliphatic

backbones. Another example includes the well-known Novolac polymers. Examples of

silicone elastomers suitable for use according to the invention include those formed from

precursors including the chlorosilanes such as methylchlorosilanes, ethylchlorosilanes,

and phenylchlorosilanes, and the like.

Silicone polymers are preferred in one set of embodiments, for example, the

silicone elastomer polydimethylsiloxane (PDMS). Exemplary polydimethylsiloxane

polymers include those sold under the trademark Sylgard by Dow Chemical Co.,

Midland, MI, and particularly Sylgard 182, Sylgard 184, and Sylgard 186. Silicone

polymers including PDMS have several beneficial properties simplifying fabrication of

the microfluidic structures of the invention. For instance, such materials are inexpensive,

readily available, and can be solidified from a prepolymeric liquid via curing with heat.

For example, PDMSs are typically curable by exposure of the prepolymeric liquid to

temperatures of about, for example, 65 0C to about 75 °C for exposure times of about, for

example, 1 hour. Also, silicone polymers, such as PDMS, can be elastomeric and thus

may be useful for forming very small features with relatively high aspect ratios,

necessary in certain embodiments of the invention. Flexible (e.g. elastomeric) molds or

masters can be advantageous in this regard.

One advantage of forming structures such as microfluidic structures of the

invention from silicone polymers, such as PDMS, is the ability of such polymers to be

oxidized, for example by exposure to an oxygen-containing plasma such as an air

plasma, so that the oxidized structures contain at their surface chemical groups capable

of cross-linking to other oxidized silicone polymer surfaces or to the oxidized surfaces of

a variety of other polymeric and non-polymeric materials. Thus, components can be



fabricated and then oxidized and essentially irreversibly sealed to other silicone polymer

surfaces, or to the surfaces of other substrates reactive with the oxidized silicone polymer

surfaces, without the need for separate adhesives or other sealing means. In most cases,

sealing can be completed simply by contacting an oxidized silicone surface to another

surface without the need to apply auxiliary pressure to form the seal. That is, the pre-

oxidized silicone surface acts as a contact adhesive against suitable mating surfaces.

Specifically, in addition to being irreversibly sealable to itself, oxidized silicone such as

oxidized PDMS can also be sealed irreversibly to a range of oxidized materials other

than itself including, for example, glass, silicon, silicon oxide, quartz, silicon nitride,

polyethylene, polystyrene, glassy carbon, and epoxy polymers, which have been

oxidized in a similar fashion to the PDMS surface (for example, via exposure to an

oxygen-containing plasma). Oxidation and sealing methods useful in the context of the

present invention, as well as overall molding techniques, are described in Duffy et a ϊ .,

Rapid Prototyping of Microfluidic Systems and Polydimethylsiloxane, Analytical

Chemistry, Vol. 70, pages 474-480, 1998, incorporated herein by reference.

Another advantage to forming microfluidic structures of the invention (or

interior, fluid-contacting surfaces) from oxidized silicone polymers is that these surfaces

can be much more hydrophilic than the surfaces of typical elastomeric polymers (where a

hydrophilic interior surface is desired). Such hydrophilic channel surfaces can thus be

more easily filled and wetted with aqueous solutions than can structures comprised of

typical, unoxidized elastomeric polymers or other hydrophobic materials.

In one embodiment, a bottom wall is formed of a material different from one or

more side walls or a top wall, or other components. For example, the interior surface of

a bottom wall can comprise the surface of a silicon wafer or microchip, or other

substrate. Other components can, as described above, be sealed to such alternative

substrates. Where it is desired to seal a component comprising a silicone polymer (e.g.

PDMS) to a substrate (bottom wall) of different material, it is preferred that the substrate

be selected from the group of materials to which oxidized silicone polymer is able to

irreversibly seal (e.g., glass, silicon, silicon oxide, quartz, silicon nitride, polyethylene,

polystyrene, epoxy polymers, and glassy carbon surfaces which have been oxidized).

Alternatively, other sealing techniques can be used, as would be apparent to those of



ordinary skill in the art, including, but not limited to, the use of separate adhesives,

thermal bonding, solvent bonding, ultrasonic welding, etc.

The following definitions will aid in the understanding of the invention. As used

herein, a "cell" is given its ordinary meaning as used in biology. The cell may be any

cell or cell type. For example, the cell may be a bacterium or other single-cell organism,

a plant cell, or an animal cell. If the cell is a single-cell organism, then the cell may be,

for example, a protozoan, a trypanosome, an amoeba, a yeast cell, algae, etc. If the cell

is an animal cell, the cell may be, for example, an invertebrate cell (e.g., a cell from a

fruit fly), a fish cell (e.g., a zebrafish cell), an amphibian cell (e.g., a frog cell), a reptile

cell, a bird cell, or a mammalian cell such as a primate cell, a bovine cell, a horse cell, a

porcine cell, a goat cell, a dog cell, a cat cell, or a cell from a rodent such as a rat or a

mouse. If the cell is from a multicellular organism, the cell may be from any part of the

organism. For instance, if the cell is from an animal, the cell may be a cardiac cell, a

fibroblast, a keratinocyte, a heptaocyte, a chondracyte, a neural cell, a osteocyte, a

muscle cell, a blood cell, an endothelial cell, an immune cell (e.g., a T-cell, a B-cell, a

macrophage, a neutrophil, a basophil, a mast cell, an eosinophil), a stem cell, etc. In

some cases, the cell may be a genetically engineered cell. In certain embodiments, the

cell may be a Chinese hamster ovarian ("CHO") cell or a 3T3 cell.

In some, but not all embodiments, all components of the systems and methods

described herein are microfluidic. "Microfluidic," as used herein, refers to a device,

apparatus or system including at least one fluid channel having a cross-sectional

dimension of less than 1 mm, and a ratio of length to largest cross-sectional dimension of

at least 3:1. A "microfluidic channel," as used herein, is a channel meeting these criteria.

The "cross-sectional dimension" of the channel is measured perpendicular to the

direction of fluid flow. Most fluid channels in components of the invention have

maximum cross-sectional dimensions less than 2 mm, and in some cases, less than 1 mm.

In one set of embodiments, all fluid channels containing embodiments of the invention

are microfluidic or have a largest cross sectional dimension of no more than 2 mm or 1

mm. In another embodiment, the fluid channels may be formed in part by a single

component (e.g. an etched substrate or molded unit). Of course, larger channels, tubes,

chambers, reservoirs, etc. can be used to store fluids in bulk and to deliver fluids to

components of the invention. In one set of embodiments, the maximum cross-sectional



dimension of the channel(s) containing embodiments of the invention are less than 500

microns, less than 200 microns, less than 100 microns, less than 50 microns, or less than

25 microns.

The fluidic droplets within the channels may have a cross-sectional dimension

smaller than about 90% of an average cross-sectional dimension of the channel, and in

certain embodiments, smaller than about 80%, about 70%, about 60%, about 50%, about

40%, about 30%, about 20%, about 10%, about 5%, about 3%, about 1%, about 0.5%,

about 0.3%, about 0.1%, about 0.05%, about 0.03%, or about 0.01% of the average

cross-sectional dimension of the channel.

As used herein, "integral" means that portions of components are joined in such a

way that they cannot be separated from each other without cutting or breaking the

components from each other.

A "droplet," as used herein is an isolated portion of a first fluid that is completely

surrounded by a second fluid. It is to be noted that a droplet is not necessarily spherical,

but may assume other shapes as well, for example, depending on the external

environment. In one embodiment, the droplet has a minimum cross-sectional dimension

that is substantially equal to the largest dimension of the channel perpendicular to fluid

flow in which the droplet is located.

The "average diameter" of a population of droplets is the arithmetic average of

the diameters of the droplets. Those of ordinary skill in the art will be able to determine

the average diameter of a population of droplets, for example, using laser light scattering

or other known techniques. The diameter of a droplet, in a non-spherical droplet, is the

mathematically-defined average diameter of the droplet, integrated across the entire

surface. As non-limiting examples, the average diameter of a droplet may be less than

about 1 mm, less than about 500 micrometers, less than about 200 micrometers, less than

about 100 micrometers, less than about 75 micrometers, less than about 50 micrometers,

less than about 25 micrometers, less than about 10 micrometers, or less than about 5

micrometers. The average diameter of the droplet may also be at least about 1

micrometer, at least about 2 micrometers, at least about 3 micrometers, at least about 5

micrometers, at least about 10 micrometers, at least about 15 micrometers, or at least

about 20 micrometers in certain cases.



As used herein, a "fluid" is given its ordinary meaning, i.e., a liquid or a gas. The

fluid may have any suitable viscosity that permits flow. If two or more fluids are

present, each fluid may be independently selected among essentially any fluids (liquids,

gases, and the like) by those of ordinary skill in the art, by considering the relationship

between the fluids. The fluids may each be miscible or immiscible. For example, two

fluids can be selected to be immiscible within the time frame of formation of a stream of

fluids, or within the time frame of reaction or interaction. Where the portions remain

liquid for a significant period of time then the fluids should be significantly immiscible.

Where, after contact and/or formation, the dispersed portions are quickly hardened by

polymerization or the like, the fluids need not be as immiscible. Those of ordinary skill

in the art can select suitable miscible or immiscible fluids, using contact angle

measurements or the like, to carry out the techniques of the invention.

As used herein, a first entity is "surrounded" by a second entity if a closed loop

can be drawn around the first entity through only the second entity. A first entity is

"completely surrounded" if closed loops going through only the second entity can be

drawn around the first entity regardless of direction. In one aspect, the first entity may

be a cell, for example, a cell suspended in media is surrounded by the media. In another

aspect, the first entity is a particle. In yet another aspect of the invention, the entities can

both be fluids. For example, a hydrophilic liquid may be suspended in a hydrophobic

liquid, a hydrophobic liquid may be suspended in a hydrophilic liquid, a gas bubble may

be suspended in a liquid, etc. Typically, a hydrophobic liquid and a hydrophilic liquid

are substantially immiscible with respect to each other, where the hydrophilic liquid has

a greater affinity to water than does the hydrophobic liquid. Examples of hydrophilic

liquids include, but are not limited to, water and other aqueous solutions comprising

water, such as cell or biological media, ethanol, salt solutions, etc. Examples of

hydrophobic liquids include, but are not limited to, oils such as hydrocarbons, silicon

oils, fluorocarbon oils, organic solvents etc.

The term "determining," as used herein, generally refers to the analysis or

measurement of a species, for example, quantitatively or qualitatively, or the detection of

the presence or absence of the species. "Determining" may also refer to the analysis or

measurement of an interaction between two or more species, for example, quantitatively

or qualitatively, or by detecting the presence or absence of the interaction. Example



techniques include, but are not limited to, spectroscopy such as infrared, absorption,

fluorescence, UV/visible, FTIR ("Fourier Transform Infrared Spectroscopy"), or Raman;

gravimetric techniques; ellipsometry; piezoelectric measurements; immunoassays;

electrochemical measurements; optical measurements such as optical density

measurements; circular dichroism; light scattering measurements such as quasielectric

light scattering; polarimetry; refractometry; or turbidity measurements.

The following documents are incorporated herein by reference: U.S. Patent

Application Serial No. 08/131,841, filed October 4, 1993, entitled "Formation of

Microstamped Patterns on Surfaces and Derivative Articles," by Kumar, et al, now U.S.

Patent No. 5,5 12,131, issued April 30, 1996; priority to International Patent Application

No. PCT/US96/03073, filed March 1, 1996, entitled "Microcontact Printing on Surfaces

and Derivative Articles," by Whitesides, et al, published as WO 96/29629 on June 26,

1996; U.S. Patent Application Serial No. 09/004,583, filed January 8, 1998, entitled

"Method of Forming Articles Including Waveguides via Capillary Micromolding and

Microtransfer Molding," by Kim, et al, now U.S. Patent No. 6,355,198, issued March

12, 2002; International Patent Application No. PCT/US0 1/16973, filed May 25, 2001,

entitled "Microfluidic Systems including Three-Dimensionally Arrayed Channel

Networks," by Anderson, et al, published as WO 01/89787 on November 29, 2001; .S.

Provisional Patent Application Serial No. 60/392,195, filed June 28, 2002, entitled

"Multiphase Microfluidic System and Method," by Stone, et al; U.S. Provisional Patent

Application Serial No. 60/424,042, filed November 5, 2002, entitled "Method and

Apparatus for Fluid Dispersion," by Link, et al; U.S. Provisional Patent Application

Serial No. 60/461,954, filed April 10, 2003, entitled "Formation and Control of Fluidic

Species," by Link, et al; International Patent Application No. PCT/US03/20542, filed

June 30, 2003, entitled "Method and Apparatus for Fluid Dispersion," by Stone, et al ,

published as WO 2004/002627 on January 8, 2004; U.S. Provisional Patent Application

Serial No. 60/498,091, filed August 27, 2003, entitled "Electronic Control of Fluidic

Species," by Link, et al; nternational Patent Application No. PCT/US2004/0 10903, filed

April 9, 2004, entitled "Formation and Control of Fluidic Species," by Link, et al,

published as WO 2004/091763 on October 28, 2004; International Patent Application

No. PCT/US2004/027912, filed August 27, 2004, entitled "Electronic Control of Fluidic

Species," by Link, et al, published as WO 2005/021 151 on March 10, 2005; U.S. Patent



Application Serial No. 11/024,228, filed December 28, 2004, entitled "Method and

Apparatus for Fluid Dispersion," by Stone, et al, published as U.S. Patent Application

Publication No. 2005-0172476 on August 11, 2005; U.S. Provisional Patent Application

Serial No. 60/659,045, filed March 4, 2005, entitled "Method and Apparatus for Forming

Multiple Emulsions," by Weitz, et al; U.S. Provisional Patent Application Serial No.

60/659,046, filed March 4, 2005, entitled "Systems and Methods of Forming Particles,"

by Garstecki, et al; and U.S. Patent Application Serial No. 11/246,91 1, filed October 7,

2005, entitled "Formation and Control of Fluidic Species," by Link, et al.

The following examples are intended to illustrate certain embodiments of the

present invention, but do not exemplify the full scope of the invention.

EXAMPLE 1

This example demonstrates controlled, high speed coalescence of droplets within

a microfluidic device. In low Reynolds number flows, such as in microfiuidic devices,

smaller droplets may flow at higher velocities than larger droplets due to the parabolic

flow velocity distribution in channels. The method described in this example uses this

property to provide synchronization of asynchronous droplets, thus allowing precise

control of the time and location of the coalescence.

Two streams of different-sized fluidic droplets were made independently with

different time scales, sizes, and compositions, and were merged in a single microfluidic

channel where the small droplets are able to "catch up" to and come in contact with

larger droplets. In the presence of surfactants, and in the absence of external forces, the

droplets touch without coalescing. However, when a pair of droplets in contact with

each other passes through a confined electric field, the stabilizing property of the

surfactant is overcome, and the droplets may coalesce. As a demonstration, in this

example, the reaction kinetics from a precise time point after adding a droplet containing

a substrate to a second droplet containing an enzyme were measured.

The microfluidic device used in this example was fabricated using standard soft

lithography methods. Briefly, a two-channel pattern of 25 micrometer-thick and 50

micrometer-wide negative photoresist was produced by UV photolithography on a

silicon wafer (see Fig. 3A). A mixture of PDMS elastomer and crosslinker with a weight

ratio of 5:1 was molded onto the channels and was peeled off after being partially cured.

Another mixture with a weight .ratio of 20:1 was spincast at 3000 rpm to a 30 micrometer



film on a glass substrate, on which has been patterned indium tin oxide (ITO) electrodes,

and also partially cured. The PDMS mold was bonded to the PDMS-coated ITO-glass

substrate and fully cured to enhance bonding between the two layers. A schematic cross

section of the sorting region of the fabricated microfluidic device is shown in Fig. 1.

In this example, a device was prepared to produce water droplets in hexadecane

(viscosity, ηoli (eta) = 3.4 x 10"3 Pa s; density 0.773 g/ml). 5 wt% surfactant (SPAN80)

was added to prevent coalescence. The size of the water droplets was controlled by

adjusting flow rates of oil and water using syringe pumps (Harvard Apparatus). Water

droplets produced with radii from 13 to 50 micrometers using water flow rates from 5 to

80 microliters/hr and oil flow rates from 100 to 200 microliters/hr. Droplet movement

was recorded by a high-speed camera at a frame rate of 10 kHz to measure relation

between droplet size and velocity.

Due to surface tension, the water droplets in this example had a generally

spherical shape with diameters smaller than the channel height of 25 micrometers. As

the diameters of the droplets were increased beyond 25 micrometers, the fluidic droplets

touched top and bottom surfaces of the rectangular channel, and their shape was

constricted by the channel shape as "pancakes," and above 50 micrometers, the droplets

touched four surfaces of the rectangular channel and become "plugs" (lower inserts in

Fig.l).

Droplet flow in rectangular channels appeared to be similar to cylindrical tubes,

where droplets have only spherical and plug-like shapes because of axial symmetry and

their velocity generally decreases proportional to the square of their size following the

parabolic flow pattern in the cylindrical tubes. As a first approximation, and without

wishing to be bound by any theory, this size-dependent droplet velocity dispersion can

be understood by considering liquid flux passing through a certain cross-sectional area of

droplets since the droplets were pushed by continuous phase liquid behind them. Thus,

the droplet velocity could be approximated as the average velocity of parabolic velocity

profile across the droplet cross section. With a velocity profile of uz(r) = A(d2 - r2), in

the absence of the droplets, the droplet velocity was calculated to be U(R) =

R

Ju(x, y) 2 7πrdr/πr2 A(d2 - R2/2), where d is the radius of the channel and A is a
o

constant related to pressure gradient and viscosity. This result appeared to be a good



approximation for the parabolic dependence of the droplet velocity on the droplet size.

Thus, for example, smaller droplets of continuous phase particle size will have maximum

velocity and larger droplets with the same diameter as the channel would flow with the

average velocity of the Poiseuille flow, which is half of the maximum.

The same analogy may be used for droplet flow in rectangular channels. From a

Poiseuille profile, uz(x,y), in rectangular channels in the absence of droplets, the velocity

of a droplet located in the center of the channel is given as a function of droplet length, 1,

by U(I) = Ju (X, y) dx dy/A(l) where A(I) is cross- section area of droplet.
A(I)

This result does not have an analytical form, but a numerical calculation is

plotted as a solid line in Fig 1. Comparing with experimental results for droplet

velocities (V) as a function of length (1), this approximation appears to explain the size

dependence of droplet velocity in the rectangular channels. However, the above

approximation does not consider change of droplet shape by shear force and velocity

profile due to presence of droplets.

This size-dependent droplet velocity dispersion was used as a passive way of

synchronization of two different size droplets. Once they were synchronized, they could

be easily coalesced. This was shown in a microfluidic device for combining droplets, as

illustrated in Fig. 2, with the direction of fluid flow indicated by arrows 27. Two streams

of droplets 2 1 (in channel 28) and 22 (in channel 29), independently formed at T-

junctions 23, 24, respectively, merged into a single channel 25. The mixed droplets were

synchronized as one stream of two droplets flowing in contact due to the size-dependent

droplet velocity dispersion, i.e., the smaller droplets 22 move more rapidly than the

larger droplets 2 1 in channel 25, such that the smaller droplets "catch up" with the larger

droplets until the droplets come into contact, shown by group 29. The droplets in contact

did not coalesce, and were stabilized by surfactant added in the oil.

Droplets with two different diameters, about 50 and 25 micrometers, were

produced and merged into a single channel in this example. The droplet formation rate

was fixed to be about 100 per second by adjusting flow rates of water and oil infused into

each of the T-junctions (e.g., 100 microliter/hr, 10 microliter/hr, 1 microliter/hr, etc.).

The smaller droplet of 25 micrometer diameter "catches up" the 50 micrometer droplet

while flowing downstream in channel 25 within about 1 mm, although the actual



distance before "catching up" depended on initial spacing between droplets and their

velocity difference (Fig. 3A). In this example, this took less than 100 ms.

Afterwards, by applying an electric field using electrodes, produced by creating a

voltage across electrodes 4 1 and 42 using voltage source 40, the two droplets were

coalesced into one combined droplet 20. The electrodes were in parallel and were

located about 1 cm from the intersection of channels 28 and 29, and were perpendicular

to the flow direction to generate electric field parallel to the flow direction. The droplets

then coalesced while passing by the electrode region (Fig. 3B). At least 100 V (AC) was

required ensure coalescence of all the droplets passing, in this example.

To use this device in a bioassay, in this example, an enzyme kinetic reaction

between an enzyme, beta-galactosidase, and a substrate, FDG (fluorescein di-b-D-

galactopyranoside), was measured. At one T-junction, a series fluidic droplets

containing a beta-galactosidase solution with picomolar concentrations were produced.

At the other T-junction, a series of fluidic droplets containing a FDG solution were

produced. Three different substrates concentrations of FDG (240, 120, and 60

micromolar), and a control fluorescein solution of 50 M were used to calibrate the

amount of product turnover by the enzyme, i.e., the enzymatic reaction rate. From

fluorescence imaging (the insert illustrates an example of a fluorescence image), the

reaction rates of beta-galactosidase for the three different substrate concentrations were

determined, as shown in Fig. 4A. Comparing this data with Michaelis-Menten equation,

as shown in Fig. 4B, kcat and K mcould be determined.

While several embodiments of the present invention have been described and

illustrated herein, those of ordinary skill in the art will readily envision a variety of other

means and/or structures for performing the functions and/or obtaining the results and/or

one or more of the advantages described herein, and each of such variations and/or

modifications is deemed to be within the scope of the present invention. More generally,

those skilled in the art will readily appreciate that all parameters, dimensions, materials,

and configurations described herein are meant to be exemplary and that the actual

parameters, dimensions, materials, and/or configurations will depend upon the specific

application or applications for which the teachings of the present invention is/are used.

Those skilled in the art will recognize, or be able to ascertain using no more than routine



experimentation, many equivalents to the specific embodiments of the invention

described herein. It is, therefore, to be understood that the foregoing embodiments are

presented by way of example only and that, within the scope of the appended claims and

equivalents thereto, the invention may be practiced otherwise than as specifically

described and claimed. The present invention is directed to each individual feature,

system, article, material, kit, and/or method described herein. In addition, any

combination of two or more such features, systems, articles, materials, kits, and/or

methods, if such features, systems, articles, materials, kits, and/or methods are not

mutually inconsistent, is included within the scope of the present invention.

All definitions, as defined and used herein, should be understood to control over

dictionary definitions, definitions in documents incorporated by reference, and/or

ordinary meanings of the defined terms.

The indefinite articles "a" and "an," as used herein in the specification and in the

claims, unless clearly indicated to the contrary, should be understood to mean "at least

one."

The phrase "and/or," as used herein in the specification and in the claims, should

be understood to mean "either or both" of the elements so conjoined, i.e., elements that

are conjunctively present in some cases and disjunctively present in other cases.

Multiple elements listed with "and/or" should be construed in the same fashion, i.e., "one

or more" of the elements so conjoined. Other elements may optionally be present other

than the elements specifically identified by the "and/or" clause, whether related or

unrelated to those elements specifically identified. Thus, as a non-limiting example, a

reference to "A and/or B", when used in conjunction with open-ended language such as

"comprising" can refer, in one embodiment, to A only (optionally including elements

other than B); in another embodiment, to B only (optionally including elements other

than A); in yet another embodiment, to both A and B (optionally including other

elements); etc.

As used herein in the specification and in the claims, "or" should be understood

to have the same meaning as "and/or" as defined above. For example, when separating

items in a list, "or" or "and/or" shall be interpreted as being inclusive, i.e., the inclusion

of at least one, but also including more than one, of a number or list of elements, and,

optionally, additional unlisted items. Only terms clearly indicated to the contrary, such



as "only one of or "exactly one of," or, when used in the claims, "consisting of," will

refer to the inclusion of exactly one element of a number or list of elements. In general,

the term "or" as used herein shall only be interpreted as indicating exclusive alternatives

(i.e. "one or the other but not both") when preceded by terms of exclusivity, such as

"either," "one of," "only one of," or "exactly one of." "Consisting essentially of," when

used in the claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase "at least one," in

reference to a list of one or more elements, should be understood to mean at least one

element selected from any one or more of the elements in the list of elements, but not

necessarily including at least one of each and every element specifically listed within the

list of elements and not excluding any combinations of elements in the list of elements.

This definition also allows that elements may optionally be present other than the

elements specifically identified within the list of elements to which the phrase "at least

one" refers, whether related or unrelated to those elements specifically identified. Thus,

as a non-limiting example, "at least one of A and B" (or, equivalently, "at least one of A

or B," or, equivalently "at least one of A and/or B") can refer, in one embodiment, to at

least one, optionally including more than one, A, with no B present (and optionally

including elements other than B); in another embodiment, to at least one, optionally

including more than one, B, with no A present (and optionally including elements other

than A); in yet another embodiment, to at least one, optionally including more than one,

A, and at least one, optionally including more than one, B (and optionally including other

elements); etc.

It should also be understood that, unless clearly indicated to the contrary, in any

methods claimed herein that include more than one step or act, the order of the steps or

acts of the method is not necessarily limited to the order in which the steps or acts of the

method are recited.

In the claims, as well as in the specification above, all transitional phrases such as

"comprising," "including," "carrying," "having," "containing," "involving," "holding,"

"composed of," and the like are to be understood to be open-ended, i.e., to mean

including but not limited to. Only the transitional phrases "consisting of and

"consisting essentially of shall be closed or semi-closed transitional phrases,



respectively, as set forth in the United States Patent Office Manual of Patent Examining

Procedures, Section 2 111.03.

What is claimed is:



CLAIMS

1. A method, comprising:

providing a microfluidic system comprising a channel containing a first

fhiidic droplet and a second fluidic droplet;

causing the first droplet to move at a first velocity within the channel and

the second droplet to move at a second velocity substantially greater than the first

velocity within the channel;

causing the second fluidic droplet to contact the first fluidic droplet such

that the first fluidic droplet and the second fluidic droplet do not coalesce; and

applying an electric field to at least one of the first fluidic droplet and the

second fluidic droplet such that the first droplet and the second droplet coalesce

into one combined droplet.

2. The method of claim 1 wherein the second velocity is at least about 150% of the

first velocity.

3. The method of claim 1, wherein the second velocity is at least about 200% of the

first velocity.

4. The method of claim 1 wherein the second velocity is at least about 300% of the

first velocity.

5. The method of claim 1, wherein the second velocity is at least about 500% of the

first velocity.

6. The method of claim 1, wherein the volume of the first fluidic droplet is greater

than the volume of the second fluidic droplet.

7. The method of claim 1, wherein the channel has an average cross-sectional

dimension of less than about 5 mm.



8. The article of claim 1, wherein the first fluidic droplet has a cross-sectional

dimension of less than about 100 microns.

9. The article of claim 1, wherein the first fluidic droplet has a cross-sectional

dimension of less than about 30 microns.

10. The article of claim 1, wherein the first fluidic droplet has a cross-sectional

dimension of less than about 10 microns.

11. The article of claim 1, wherein the first fluidic droplet has a cross-sectional

dimension of less than about 3 microns.

12. The method of claim 1, further comprising allowing fluid within the first fluidic

droplet and fluid within the second fluidic droplet to mix within the combined

droplet.

13. The method of claim 12, wherein the first fluid and the second fluid are

homogenously mixed.

14. The method of claim I wherein the first fluidic droplet and the second fluidic

droplet each have a different composition.

15. The method of claim 15 wherein at least one of the first fluidic droplet and the

second fluidic droplet comprises an enzyme.

16. The method of claim 1 wherein one of the first fluidic droplet and the second

fluidic droplet comprises two reactants interacting in a chemical reaction; and the

other fluidic droplet comprises an inhibitor to the chemical reaction.

17. The method of claim 1, wherein the first fluidic droplet is liquid.



18. The method of claim 1, wherein the second fluidic droplet is liquid.

19. The method of claim 1, wherein the microfluidic channel comprises a liquid

containing the first fluidic droplet and the second fluidic droplet.

20. The method of claim 1 further comprising hardening at least a portion of the

combined droplet.

2 1. A method, comprising:

providing a first fluidic stream of droplets, the droplets within the first

fluidic stream having an average diameter of less than about 100 microns arid a

distribution of diameters such that no more than about 5% of the droplets have a

diameter greater than about 10% of the average diameter;

providing a second fluidic stream of droplets, the droplets within the first

fluidic stream having an average diameter of greater than about 125% of the

average diameter of the droplets within the second fluidic stream; and

applying an electric field to at least one droplet of the first fluidic stream

of droplets and at least one droplet of the second fluidic stream of droplets such

that the at least one droplet of the first fluidic stream of droplets and the at least

one droplet of the second fluidic stream of droplets coalesce into one combined

droplet.

22. The method of claim 21, wherein the volume of the first fluidic droplet is greater

than the volume of the second fluidic droplet.

23. The method of claim 21, wherein the act of applying an electric field comprises

applying the electric field to a channel containing the first fluidic stream of

droplets and the second fluidic stream of droplets.

24. The method of claim 23, wherein the channel has an average cross-sectional

dimension of less than about 5 mm.



25. The article of claim 23, wherein the first fluidic droplet has a cross-sectional

dimension of less than about 100 microns.

26. The article of claim 23, wherein the first fluidic droplet has a cross-sectional

dimension of less than about 30 microns.

27. The article of claim 23, wherein the first fluidic droplet has a cross-sectional

dimension of less than about 10 microns.

28. The article of claim 21, wherein the first fluidic droplet has a cross-sectional

dimension of less than about 3 microns.

29. The method of claim 21, further comprising allowing fluid within the first fluidic

droplet and fluid within the second fluidic droplet to mix within the combined

droplet.

30. The method of claim 29, wherein the first fluid and the second fluid are

homogenously mixed.

3 1. The method of claim 21, wherein the first fluidic droplet and the second fluidic

droplet each have a different composition.

32. The method of claim 21, wherein at least one of the first fluidic droplet and the

second fluidic droplet comprises an enzyme.

33 . The method of claim 21, wherein one of the first fluidic droplet and the second

fluidic droplet comprises two agents interacting in a chemical reaction; and the

other fluidic droplet comprises an inhibitor to the chemical reaction.

34. The method of claim 21, wherein the first fluidic droplet is liquid.

35. The method of claim 21, wherein the second fluidic droplet is liquid.



36. The method of claim 21, wherein the microfluidic channel comprises a liquid

containing the first fluidic droplet and the second fluidic droplet.

37. The method of claim 21, further comprising hardening at least a portion of the

combined droplet.
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