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MULTIPLE EMULSIONS AND TECHNIQUES FOR THE FORMATION OF
MULTIPLE EMULSIONS

RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Patent Application Serial No.
61/505,001, filed July 6, 2011, and of U.S. Provisional Patent Application Serial No.
61/504,990, filed July 6, 2011, each of which is incorporated herein by reference in its

entirety.

TECHNICAL FIELD
Multiple emulsions and techniques for the formation of multiple emulsions are

generally described.

BACKGROUND

An emulsion is a fluidic state which exists when a first fluid is dispersed in a second
fluid that is typically immiscible or substantially immiscible with the first fluid. Examples of
common emulsions are oil in water and water in oil emulsions. Multiple emulsions are
emulsions that are formed with more than two fluids, or two or more fluids arranged in a
more complex manner than a typical two-fluid emulsion. For example, a multiple emulsion
may be oil-in-water-in-oil, or water-in-oil-in-water. Multiple emulsions are of particular
interest because of current and potential applications in fields such as pharmaceutical

delivery, paints and coatings, food and beverage, and health and beauty aids.

SUMMARY
Systems, articles, and methods related to multiple emulsions are provided. 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.
In one aspect, a method of forming droplets is described. In some embodiments, the
method comprises flowing a first fluid in a first conduit; expelling the first fluid from an exit

opening of the first conduit into a second fluid in a second conduit such that droplets of the
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first fluid are not formed at the exit opening of the first conduit; and expelling the first fluid
and the second fluid from an exit opening of the second conduit into a third fluid to form a
multiple emulsion droplets comprising the second fluid surrounding droplets of the first fluid.

The method comprises, in some embodiments, expelling a first fluid from an exit
opening of a first conduit into a second fluid in a second conduit; and expelling the first fluid
and the second fluid from an exit opening of the second conduit into a third fluid to form a
multiple emulsion droplets comprising a shell of the second fluid surrounding droplets of the
first fluid. In some embodiments, the shell has an average thickness of less than about 0.05
times the average cross-sectional diameter of the multiple emulsion and/or the shell has an
average thickness of less than about 1 micrometer.

In some embodiments, the method comprises expelling a first fluid from an exit
opening of a first conduit into a second fluid being transported through a second conduit via a
first entrance opening of the second conduit; and flowing a third fluid and a fourth fluid
through a second entrance opening of the second conduit to form multiple emulsion droplets
comprising a shell of the third fluid surrounding the second fluid and a shell of the second
fluid surrounding the first fluid.

In one aspect, a device is provided. In some embodiments, the device comprises a
first conduit, an outer injection conduit having an exit opening contained within the first
conduit, an inner injection conduit having an exit opening contained within the outer injection
conduit, and a collection conduit having an entrance opening contained within the first
conduit but not contained within the outer injection conduit. In some embodiments, the outer
injection conduit is at least partially coated with a hydrophobic coating, and the other tubes
are not coated with the hydrophobic coating.

In one aspect, an article is provided. In some embodiments, the article comprises a
microfluidic device comprising a double emulsion droplet production region, wherein the
double emulsion droplet production region consists essentially of a first conduit, an outer
injection conduit having an exit opening contained within the first conduit, an inner injection
conduit having an exit opening contained within the outer injection conduit, and a collection
conduit having an entrance opening contained within the first conduit but not contained

within the outer injection conduit.
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The article comprises, in some embodiments, a particle having a shell comprising a
polymer, the particle having an average diameter of less than about 1 mm, the shell at least
partially containing a fluid. In some embodiments, the shell has an average thickness of less
than about 0.05 times the average cross-sectional diameter of the particle and/or the shell has
an average thickness of less than about 1 micrometer; and substantially all of the polymer
within the shell has a glass transition temperature of at least about 85 °C and/or substantially
all of the polymer within the shell is at least partially soluble in octane.

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.

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. 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:

FIGS. 1A-1D are cross-sectional schematic diagrams illustrating use of a particle to
deliver a fluid and/or an agent to a target medium, according to some embodiments;

FIGS. 2-4 show, according to some embodiments, exemplary cross-sectional
schematic diagrams of systems that can be used to form multiple emulsions;

FIG. 5 is a schematic illustration outlining measurement of a contact angle of a
hydrophilic material;

FIGS. 6A-6E show (A) an exemplary cross-sectional schematic diagram illustrating a
system for producing certain multiple emulsions and (B-E) optical microscope images
illustrating a production of certain multiple emulsions, according to some embodiments;

FIGS. 7A-7E show, according to some embodiments, (A) a plot of a flow rate of an
inner stream as a function of a flow rate of a middle stream and (B-E) optical microscope

images illustrating a production of multiple emulsions;
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FIGS. 8A-8C show (A) an exemplary cross-sectional schematic diagram illustrating a
system for producing certain multiple emulsions and (B-C) optical microscope images
illustrating a production of certain multiple emulsions, according to some embodiments;

FIGS. 9A-9D show (A) a plot of droplet diameter as a function of Qs in accordance
with some embodiments, (B) optical microscope images of certain multiple emulsions, (C) a
plot of thickness as a function of flow ratios, and (D) optical microscope images of certain
multiple emulsions, according to some embodiments;

FIGS. 10A-10D show, according to some embodiments, (A-B) optical microscope
images of certain multiple emulsions and (C-D) confocal microscope images of certain
multiple emulsions;

FIGS. 11A-11C show (A) an exemplary cross-sectional schematic diagram illustrating
a system for producing certain multiple emulsions and (B-C) optical microscope images
illustrating a production of certain multiple emulsions, according to some embodiments;

FIGS. 12A-12D show (A) an exemplary plot of droplet diameters as a function of a
volumetric flow rate of an inner stream in accordance with some embodiments and (B-D)
optical microscope images illustrating a production of certain multiple emulsions, according
to some embodiments;

FIGS. 13A-13C show (A) an optical microscope image illustrating the production of
certain multiple emulsions, (B) an exemplary plot of the number of core droplets formed as a
function of the volumetric flow rate of the inner stream according to various embodiments,
and (C) optical microscope images illustrating a production of certain multiple emulsions,
according to some embodiments;

FIGS. 14A-14D show (A) an exemplary cross-sectional schematic diagram
illustrating a system for producing certain multiple emulsions and (B-D) optical microscope
images illustrating a production of certain multiple emulsions, according to some
embodiments;

FIGS. 15A-15D show (A) an exemplary cross-sectional schematic diagram
illustrating a system for producing certain multiple emulsions and (B-D) optical microscope
images illustrating the production of certain multiple emulsions, according to some

embodiments;
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FIG. 16 illustrates, according to one set of embodiments, a confocal microscope
image of a particle comprising a polystyrene shell;

FIGS. 17A-17B show (A) an optical microscope image illustrating the production of a
multiple emulsion, and (B) a confocal microscope image of a particle containing
fluorescently labeled polystyrene nanoparticles, according to some embodiments;

FIGS. 18A-18C show confocal microscope images illustrating a controlled release
mechanism, according to one set of embodiments;

FIGS. 19A-19C show (A-B) confocal microscope images of particles as they are
squeezed through a glass microfluidic channel and (C) a bright field image of a particle as it
is passed through a glass microfluidic channel, according to some embodiments; and

FIG. 20 is a schematic illustration of delivery of an agent to an oil-water interface,

according to one set of embodiments.

DETAILED DESCRIPTION

Multiple emulsions and techniques for the formation of multiple emulsions are
generally described. A multiple emulsion, as used herein, describes one or more larger
droplets that contain one or more smaller droplets therein. In some embodiments, the larger
droplets may be suspended in a carrying fluid containing the larger droplets that, in turn,
contain the smaller droplets. As described below, multiple emulsions can be formed in one
step in certain embodiments, with generally precise repeatability, and can be tailored in some
embodiments to include a relatively thin layer of fluid separating two other fluids.

The formation of emulsions and multiple emulsions containing droplets with a
uniform size, shape, and/or a uniform number of smaller droplets contained within larger
droplets is known in the art. For example, International Patent Publication No. WO
2008/121342 by Weitz, et al., describes the use of microfluidic systems to produce multiple
emulsions containing uniformly sized larger droplets each containing smaller droplets.
Generally, in these systems, multiple emulsions are formed by nesting multiple immiscible
fluids within a microfluidic conduit system. The multiple emulsions can be produced by first
producing one or more droplets of a first fluid within a second fluid at the exit of a first
conduit. These droplets are then transported to the end of a second conduit, where a multiple

emulsion is formed in which the second fluid surrounds the droplets of the first fluid.
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In addition, the formation of multiple emulsions in which the first and second droplets
are formed simultaneously is known in the art. For example, International Patent Publication
Number WO 2006/096571 by Weitz, et al., includes a description of various microfluidic
systems in which fluids are transported through two nested conduits contained within another
conduit to produce multiple emulsions. However, multiple conduits are typically used in
these systems, and in some cases, an inner conduit is nested within a surrounding conduit
such that the exit opening of the inner conduit extends past the exit opening of the
surrounding conduit. As another example, International Patent Publication Number WO
2011/028764, by Weitz, et al., describes the formation of multiple emulsions, but in various
systems that include certain intersections of different conduits.

The present invention is generally directed to surprising new methods of flowing
fluids in conduits (and associated articles and systems) to produce multiple emulsions. As
described in more detail below, it has been discovered that increasing fluid flow rates from a
stable operating regime produces an unstable operating regime, but unexpectedly, further
increases in flow rates produce a second stable operating regime. In some cases, the multiple
emulsions formed within the second, stable operating regime may comprise relatively thin
intermediate fluid shells. Rather than first producing droplets of a first fluid at an exit
opening of a first conduit and subsequently passing these droplets through an end of a second
conduit to produce a double emulsion (i.e., operating under a “droplet flow” regime), the first
and second droplets within the multiple emulsions of the present invention may be formed
simultaneously. Simultaneous formation of the first and second droplets can be achieved, in
some embodiments, by transporting a first fluid within a first conduit at a relatively high flow
rate such that the first fluid forms a continuous stream of fluid within the second fluid as the
first fluid exits the first conduit (i.e., a “jetting flow” regime). As the jet of the first fluid
exits a second conduit located downstream of the first conduit, the second fluid can surround
the first fluid, thereby forming a double emulsion. When operated under a jetting flow
regime, the multiple emulsions formed at the exit opening of the second conduit may contain,
in some embodiments, relatively thin shells of the second fluid. In addition, operation under
a jetting flow regime may allow for high speed production of multiple emulsions, relative to

the droplet flow regime, at least in some cases.
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One reason the benefits of operation under a jetting flow regime in certain
embodiments are surprising is because, in order to transition from the droplet flow regime to
the jetting flow regime, one must first pass through an intermediate regime in which the fluid
flow is unstable and generally unsuitable for producing multiple emulsions, especially
consistently-sized multiple emulsions. In the present invention, it has been unexpectedly
found that further increases in fluid flow rates do not lead to increased fluid instability, as
would be expected; rather, further increases in flow rates from an unsteady regime
surprisingly lead to more stability, not less. In particular, it has been found that increasing
the flow rate through the unsteady regime may lead to stable operation, for example, in which
consistently-sized multiple emulsions with the relatively thin shells can be produced at
relatively high speeds.

A multiple emulsion droplet may contain one or more droplets therein. A “droplet,”
as used herein, is an isolated portion of a first fluid that is surrounded by a second fluid. Itis
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 some embodiments, 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.

Using the methods and devices described herein, in certain embodiments, a consistent
volume and/or number of droplets are produced, and/or a consistent ratio of volume and/or
number of outer droplets to inner droplets (or other such ratios) are produced. In addition, as
described elsewhere, the relative volumes of the fluidic droplets within the multiple emulsion
are configured in some cases to include a relatively thin layer of fluid, e.g., separating two
other fluids. For example, in some cases, a single droplet within an outer droplet is
configured/formed such that the inner droplet occupies a relatively large percentage of the
volume of the outer droplet, thereby resulting in a thin layer of outer droplet fluid
surrounding the inner droplet fluid. The thin layer of outer droplet fluid surrounding the
inner droplet fluid, which may contain a polymer, may be subsequently dried to form a solid
shell containing a fluid. The ability to precisely control the dimensions of the thin layer of
outer droplet fluid can allow one to fabricate particles configured with thin shells, including

any of the thicknesses or other dimensions described elsewhere herein.



10

15

20

25

30

WO 2013/006661 PCT/US2012/045481

-8-

In some embodiments, a triple emulsion may be produced, i.e., an emulsion
containing an inner droplet (or first) fluid, surrounded by an outer droplet (or second) fluid,
which in turn is surrounded by a third or carrying fluid. In some cases, the carrying fluid and
the outer droplet fluid may be the same. These fluids are often of varying miscibilities due to
differences in hydrophobicity. For example, the inner droplet fluid may be water soluble, the
outer droplet fluid oil soluble, and the carrying fluid water soluble. This configuration is
often referred to as a W/O/W multiple emulsion (“water/oil/water”). Another multiple
emulsion may include an inner droplet fluid that is oil soluble, an outer droplet fluid that is
water soluble, and a carrying fluid that is oil soluble. This type of multiple emulsion is often
referred to as an O/W/O multiple emulsion (“‘oil/water/oil”). It should be noted that the term
“o1l” in the above terminology merely refers to a fluid that is generally more hydrophobic and
not miscible or soluble in water, as is known in the art. Thus, the oil may be a hydrocarbon
in some embodiments, but in other embodiments, the oil may comprise other hydrophobic
fluids.

In the descriptions herein, multiple emulsions are generally described with reference
to a three phase system, i.e., having an inner droplet fluid, an outer droplet fluid, and a
carrying fluid. However, it should be noted that this is by way of example only, and that in
other systems, additional fluids may be present within the multiple emulsion. As examples,
an emulsion may contain a first fluid droplet and a second fluid droplet, each surrounded by a
third fluid, which is in turn surrounded by a fourth fluid; or an emulsion may contain multiple
emulsions with higher degrees of nesting, for example, a first fluid droplet surrounded by a
second fluid droplet, which is surrounded by a third fluid droplet, which is contained within a
carrying fluid. Accordingly, it should be understood that the descriptions of the inner droplet
fluid, outer droplet fluid, and carrying fluid are for ease of presentation, and that the
descriptions herein are readily extendable to systems involving additional fluids, e.g.,
quadruple emulsions, quintuple emulsions, sextuple emulsions, septuple emulsions, etc.

FIG. 2 includes an exemplary schematic diagram of a system 200 to form multiple
emulsions, which may be used to form particles, according to some embodiments. In FIG. 2,
system 200 includes outer conduit 210, a first inner conduit (or injection tube) 220, and a
second inner conduit (or collection tube) 230. First inner conduit 220 includes an exit

opening 225 that opens into the outer conduit 210, and second inner conduit 230 includes an
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entrance opening 235 that opens within the outer conduit 210. System 200 also includes a
third inner conduit 240 disposed within first inner conduit 220. Inner conduit 240 includes an
exit opening 245 that opens into conduit 220. As illustrated in FIG. 2, conduits 210, 220,
230, and 240 are illustrated as being concentric relative to each other. However, it should be
noted that “concentric,” as used herein, does not necessarily refer to tubes that are strictly
coaxial, but also includes nested or “off-center’” tubes that do not share a common center line.
In some embodiments, however, the tubes may all be strictly coaxial with each other.

The inner diameter of conduit 220 generally decreases in a direction from left to right,
as shown in FIG. 2, and the inner diameter of conduit 230 generally increases from the
entrance opening in a direction from left to right as exhibited in FIG. 2. These constrictions,
or tapers, provide geometries that aid in producing consistent emulsions, at least in some
cases. While the rate of constriction is illustrated as being linear in FIG. 2, in other
embodiments, the rate of constriction may be non-linear.

As shown in FIG. 2, inner droplet fluid 250 flows through third inner conduit 240 and
out of exit opening 245 into conduit 220, in a left to right direction. In addition, outer droplet
fluid 260 is illustrated flowing through conduit 220 in a left to right direction, outside inner
droplet fluid 250 and conduit 240. Carrying fluid 270 is illustrated flowing in a left to right
direction in the pathway provided between outer conduit 210 and conduit 220.

As illustrated in FIG. 2, inner droplet fluid 250 exits from exit opening 225 and is
restrained from contacting the inner surface of conduit 220 by outer droplet fluid 260. As
shown in the example of FIG. 2, no portion of inner fluid 250 contacts the inner surface of
conduit 220 after its exit from conduit 240. In some embodiments, various system
parameters can be chosen such that droplets of the first fluid are not formed at the exit
opening of the first conduit. For example, in some embodiments, the flow rates of inner
droplet fluid 250 and outer droplet fluid 260 can be chosen such that inner droplet fluid 250
forms the inner fluid (or core) and outer droplet fluid 260 forms the outer fluid (or sheath) in
a core-sheath flow arrangement. As illustrated in FIG. 2, outer droplet fluid 260 does not
completely surround inner droplet fluid 250 to form a droplet, but rather, outer droplet fluid
260 forms a sheath that surrounds inner droplet fluid 250 about its longitudinal axis. In some
embodiments, conduit 240 has a capillary number such that no droplets are produced at the

exit opening of conduit 240. As another example, inner droplet fluid 250 and/or outer droplet
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fluid 260 can be selected to have viscosities such that no droplets are produced at the exit
opening of conduit 240.

Additionally, in some embodiments, outer droplet fluid 260 may not come into
contact with the surface of conduit 230, at least until after a multiple emulsion droplet has
been formed, because outer droplet fluid 260 is surrounded by carrying fluid 270 as the
droplet enters collection tube 230.

As inner droplet fluid 250 and outer droplet fluid 260 are transported out of exit
opening 225 of conduit 220, two droplets may be formed: an outer droplet 280 (including
outer droplet fluid 260) and an inner droplet 285 (including inner droplet fluid 250)
positioned within the outer droplet 280. As illustrated in FIG. 2, outer droplet 280 may form
a relatively thin shell around inner droplet 285. Droplets 280 and 285 may be formed
sequentially, or substantially simultaneously. For example, in FIG. 2, as fluids 250 and 260
are transported out of the exit opening 225 of conduit 220, the boundary between fluids 250
and 260 can be closed (e.g., by forming a substantially enclosed interface between the two
fluids) at substantially the same time as the boundary between fluids 260 and 270 is formed.
The droplets formed from the fluids exiting conduit 220 may be transported away from exit
opening 225 and through opening 235 of conduit 230 by carrying fluid 270 as the droplets are
transported through conduit 210.

While inner droplet fluid 250 is illustrated as forming a continuous jet extending from
conduit 240 to exit opening 225 of conduit 220 in FIG. 2, in some embodiments, inner
droplet fluid 250 may form one or more droplets prior to reaching exit opening 225. The
droplets produced within conduit 220 may be further broken up upon exiting exit opening
225 of conduit 220 in certain cases. In some embodiments, the flow rates of inner droplet
fluid 250 and/or outer droplet fluid 260 and/or other parameters within the system (e.g., fluid
viscosities, channel dimensions, channel wall properties, etc.) can be selected such that jetting
flow of inner droplet fluid 250 within outer droplet fluid occurs 260 within conduit 220. As
used herein, a “jetting flow” regime refers to a condition in which a continuous stream of a
first fluid (e.g., inner droplet fluid 250) extends longitudinally through a continuous stream of
a second fluid without, in the regime, breaking up to form droplets of the inner fluid within
the outer fluid (although breakup of the same fluid into droplets typically occurs outside of

the jetting flow regime). In some embodiments, the fluid in the jetting flow regime (e.g.,
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inner droplet fluid 250 in FIG. 2) can be continuous over a length of at least about 5, at least
about 10, or at least about 25 times the cross-sectional diameter of the droplets that are
eventually formed from the fluid, wherein the continuous length is measured from the exit
opening of the conduit through which the fluid is delivered to the point at which the fluid
breaks up to form droplets.

In contrast, a “dripping flow” regime refers to a condition in which a first fluid is
broken up into droplets in a second fluid within a distance from the exit of the conduit
through which it is delivered (e.g., conduit 240 in FIG. 2) that is less than or equal to about 2
times the average cross-sectional diameter of the first fluid droplets that are formed. As one
particular example, in the set of embodiments illustrated in FIG. 2, inner droplet fluid 250 is
illustrated as flowing from conduit 240 in a jetting flow regime, while inner droplet fluid 250
and outer droplet fluid 260 are illustrated as flowing from conduit 220 in a dripping flow
regime.

In some embodiments, inner droplet fluid 250 and outer droplet fluid 260 do not break
to form droplets until the fluids are inside of conduit 230 (i.e., to the right of end 235, which
defines the entrance orifice of conduit 230 in FIG. 2). In other embodiments, however, inner
droplet fluid 250 and outer droplet fluid 260 break to from droplets prior to entering conduit
230 (i.e., to the left of end 235). Under “dripping” conditions, the droplets are formed closer
to the orifice at end 235 of conduit 230, while under “jetting” conditions, the droplets are
formed further downstream, i.e., farther to the right as illustrated in FIG. 2. For example,
under certain “dripping” conditions, droplets are produced when positioned within a single
orifice diameter; this mode of operation can be analogized to a dripping faucet. Under some
jetting conditions, a long jet is produced that extends three or more orifice diameters
downstream down the length of the collection tube, where the jet breaks into droplets.

Droplet formation and morphology (and/or the corresponding morphology of particles
formed from the droplets) can be affected in a number of ways, in various embodiments of
the invention. For example, the geometry (physical configuration) of the device 200,
including the relationship of the outer conduit and the inner conduits, may be configured to
develop multiple emulsions of desired volume, frequency, and/or content. For example, the
diameters of the exit openings at exit openings 225 and/or 245 of conduits 220 and 240,

respectively, may be selected to help control the relative volumes of the formed droplets.
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Droplet formation may be affected, in some cases, by the rate of flow of the inner droplet
fluid, the rate of flow of the outer droplet fluid, the rate of flow of the carrying fluid, the total
amount of flow or a change in the ratios of any two of these, and/or combinations of any of
these flow rates.

The relative volumes of the inner droplet and the outer droplet may also be carefully
controlled in certain embodiments, i.e., the ratio of the size or volume of the inner and outer
droplets. The inner droplet may fill a relatively large portion of the outer droplet. Such
emulsions can be useful, for example, in forming particles with relatively thin shells, as
discussed herein. In some embodiments, the inner fluid droplet may fill greater than about
10%, about 20%, about 30%, about 40%, about 50%, about 60%, about 70%, about 90%,
about 95%, or about 99% of the volume of the outer droplet. In some cases, the outer droplet
can be considered a fluid shell, or coating, when it contains an inner droplet, as some or most
of the outer droplet volume may be filled by the inner droplet. In some embodiments, the
outer fluid shell thickness can be equal to or less than, for example, about 5%, about 4%,
about 3%, about 2%, about 1%, or about 0.1% of the outer fluid droplet radius. This allows,
in some embodiments, for the formation of multiple emulsions with only a very thin layer of
material separating, and thus stabilizing, two miscible fluids.

Of course, the invention is not limited to the formation of multiple emulsions
including thin outer droplets, and, in other embodiments, the inner droplet may fill only a
small portion of the outer droplet. In some embodiments, the inner droplets may fill less than
about 90%, less than about 80%, less than about 70%, less than about 60%, less than about
50%, less than about 30%, less than about 20%, or less than about 10% of the volume of the
outer droplet. The shell material can also be greater than or equal to, e.g., about 10%, about
20%, about 30%, about 40%, or about 50% of the outer fluid droplet radius.

In addition, by controlling the geometry (physical configurations) of the conduits
and/or the flow of fluid through the conduits, the average cross-sectional diameters of the
droplets that are produced may be controlled in certain embodiments. Those of ordinary skill
in the art will be able to determine the average cross-sectional diameter (or other
characteristic dimension) of a plurality or series of droplets, for example, using laser light
scattering, microscopic examination, or other known techniques. The average cross-sectional

diameter of a single droplet, in a non-spherical droplet, is the diameter of a perfect sphere
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having the same volume as the non-spherical droplet. The average cross-sectional diameter
of a droplet (and/or of a plurality or series of droplets) may be, for example, 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 in some
cases. The average cross-sectional diameter 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. In some embodiments, at least about 50%, at least about 75%, at least about 90%, at
least about 95%, or at least about 99% of the droplets within a plurality of droplets has an
average cross-sectional diameter within any of the ranges outlined in this paragraph.

The droplets may be of substantially the same shape and/or size (i.e.,
“monodisperse”), or of different shapes and/or sizes, depending on the particular application.
In some cases, the droplets may have a homogenous distribution of cross-sectional diameters,
i.e., the droplets may have a distribution of cross-sectional diameters 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 that is more than about 10%, about 5%, about 3%, about 1%, about
0.03%, or about 0.01% different from the average cross-sectional diameter of the droplets.
Some techniques for producing homogenous distributions of cross-sectional diameters of
droplets are disclosed in International Patent Application No. PCT/US2004/010903, filed
April 9, 2004, entitled “Formation and Control of Fluidic Species,” by Link et al., published
as WO 2004/091763 on October 28, 2004, incorporated herein by reference, and in other
references as described below and/or incorporated herein by reference.

In some cases, such as when the outer droplets (containing outer droplet fluid 260) are
formed at the same rate as are inner droplets (containing inner droplet fluid 250), there can be
a one-to-one correspondence between the number of inner droplets and the number of outer
droplets; for example, in some embodiments, each inner droplet is surrounded by an outer
droplet, and each outer droplet contains a single inner droplet of inner fluid. In other
embodiments, different ratios of the number of inner droplets and the number of outer
droplets may be present. In some embodiments, substantially all of the multiple emulsion

droplets that are produced are double emulsion droplets.
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In some embodiments of the invention, at least a portion of a multiple emulsion may
be solidified to form a particle, for example, an outer fluid and/or an inner fluid. A fluid can
be solidified using any suitable method. For example, in some embodiments, the fluid may
be dried, gelled, and/or polymerized, and/or otherwise solidified, e.g., to form a solid, or at
least a semi-solid. The solid that is formed may be rigid in some embodiments, although in
other cases, the solid may be elastic, rubbery, deformable, etc. In some cases, for example,
an outer fluid may be solidified to form a solid shell at least partially containing an interior
containing a fluid and/or an agent. Any technique able to solidify at least a portion of a
fluidic droplet can be used. For example, in some embodiments, a fluid within a fluidic
droplet may be removed to leave behind a material (e.g., a polymer) capable of forming a
solid shell. In other embodiments, a fluidic droplet may be cooled to a temperature below the
melting point or glass transition temperature of a fluid within the fluidic droplet, a chemical
reaction may be induced that causes at least a portion of the fluidic droplet to solidify (for
example, a polymerization reaction, a reaction between two fluids that produces a solid
product, etc.), or the like. Other examples include pH-responsive or molecular-recognizable
polymers, e.g., materials that gel upon exposure to a certain pH, or to a certain species.

In some embodiments, a fluidic droplet is solidified by increasing the temperature of
the fluidic droplet. For instance, a rise in temperature may drive out a material from the
fluidic droplet (e.g., within an outer fluid droplet) and leave behind another material that
forms a solid. For example, in embodiments illustrated in FIG. 2, fluid 260 (and therefore,
outer droplet 280) may contain a polymer suspended in a liquid (e.g., a hydrophobic liquid).
The liquid within fluid 260 may be removed from outer droplet 280 by heating the droplet,
leaving behind a solidified polymeric shell surrounding droplet 285 (containing inner droplet
fluid 250).

Thus, an outer droplet may be solidified to form a solid shell that encapsulates one or
more fluids and/or agents, for example, for delivery to a target medium, as described
elsewhere herein. For example, in FIG. 2, a particle similar to the particle described in
FIGS. 1A-1D, described in detail below, may be formed by hardened droplet 280 and fluid
250. Such particles can be used to deliver the agent within fluid 250 to a target medium, as

described elsewhere herein.
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In some embodiments, it may be desirable to control the temperature at which the
multiple emulsion droplet is dried. For example, in some such embodiments in which shells
are formed by drying a multiple emulsion, controlling the drying temperature can ensure that
the shell is configured so that it does not rupture during the drying process. In some
embodiments, the multiple emulsion may be dried at a temperature of between about 25 °C
and about 100 °C, between about 40 °C and about 80 °C, between about 50 °C and about
70 °C, or between about 55 °C and about 65 °C. In some embodiments, the multiple emulsion
may be washed prior to drying (or after, in some cases) using a variety of suitable solvents
including, but not limited to toluene and water. For example, in one set of embodiments,
after particles are formed, the carrying fluid containing the particles may be removed and/or
replaced with a vehicle (e.g., for delivery to a target medium), which may or may not be the
same as the carrying fluid.

It should be noted that FIG. 2 and the related description is only exemplary, and other
multiple emulsions (e.g., having differing numbers of droplets, nesting levels, etc.), and other
systems are also contemplated within various embodiments of the instant invention. For
example, the device in FIG. 2 may be configured to include other flow arrangements and/or
additional concentric tubes, for example, to produce more highly nested droplets. By
supplying fourth, fifth, sixth, etc. fluids, increasingly complex droplets within droplets can be
produced in certain embodiments. Some of these fluids may be the same, in certain
embodiments of the invention (e.g., the first fluid may have the same composition as the third
fluid, the second fluid may have the same composition as the fourth fluid, etc.).

As an example, FIG. 3 includes an exemplary schematic illustration of system 300 in
which triple emulsions are formed. In FIG. 3, system 300 includes outer conduit 310, a first
inner conduit (or injection tube) 320, and a second inner conduit (or collection tube) 330.
First inner conduit 320 includes an exit opening 325 that opens into the outer conduit 310,
and second inner conduit 330 includes an entrance opening 335 that opens within the outer
conduit 310.

As shown in FIG. 3, inner fluid 350 flows through conduit 320 and out of exit
opening 325 into conduit 310, in a left to right direction. In addition, fluid 360 is illustrated
flowing through conduit 310 in a left to right direction, outside inner fluid 350 and conduit

320. Near entrance opening 335 of conduit 330, fluid 360 surrounds fluid 350 to form the
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first nesting of the triple emulsion. Fluid 370 is illustrated entering conduit 310 from the
right side and flowing in a right to left direction. Upon contacting fluid 360, fluid 370
reverses direction, and surrounds fluids 350 and 360 near entrance opening 335 of conduit
330 to form the second nesting of the triple emulsion. Fluid 380 is illustrated entering
conduit 310 from the right side and flowing in a right to left direction. Fluids 370 and 380
are arranged such that fluid 370 forms the sheath and fluid 380 forms the core of a core-
sheath flow arrangement. Upon reaching entrance opening 335 of conduit 330, fluid 380
changes direction and surrounds fluids 350, 360, and 370 to form the third nesting of the
triple emulsion.

FIG. 4 includes an exemplary schematic illustration of system 400 in which quadruple
emulsions are formed. The arrangement of conduits in FIG. 4 is similar to the arrangement in
FIG. 3, including outer conduit 410, a first inner conduit (or injection tube) 420, and a second
inner conduit (or collection tube) 430. First inner conduit 420 includes an exit opening 425
that opens into the outer conduit 410, and second inner conduit 430 includes an entrance
opening 435 that opens within the outer conduit 410.

As shown in FIG. 4, inner fluid 450 flows through conduit 420 and out of exit
opening 425 into conduit 410, in a left to right direction. In addition, fluid 460 is illustrated
flowing through conduit 410 in a left to right direction, outside inner fluid 450 and conduit
420. Fluid 465 is illustrated flowing through conduit 410 in a left to right direction while
surrounding fluid 460. Fluid 470 is illustrated entering conduit 410 from the right side and
flowing in a right to left direction. Upon contacting fluid 465, fluid 470 reverses direction,
and flows toward entrance opening 435 of conduit 430. Fluid 480 is illustrated entering
conduit 410 from the right side and flowing in a right to left direction. Fluids 470 and 480
are arranged such that fluid 470 forms the sheath and fluid 480 forms the core of a core-
sheath flow arrangement. Upon reaching entrance opening 435 of conduit 430, fluid 480
changes direction. Near entrance opening 435 of conduit 430, fluid 460 surrounds fluid 450
to form the first nesting; fluid 465 surrounds fluids 450 and 460 to form the second nesting;
fluid 470 surrounds fluids 450, 460, and 465; and fluid 480 surrounds fluids 450, 460, 465,
and 570 to form the fourth nesting of the quadruple emulsion.

The multiple emulsions including more than two nestings (e.g., triple emulsions,

quadruple emulsions, etc.) can have any of the properties described elsewhere herein with
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respect to double emulsions. For example, the flow rates of the fluids can be controlled such
that each nesting includes a single droplet. In such embodiments, the multiple emulsion
comprises a core fluid surrounded by multiple layers of multiple outer fluids. Each droplet
within such multiple emulsions may have any of the properties (e.g., thicknesses, variations
in thickness (or lack thereof), cross-sectional diameter, etc.) described elsewhere herein. For
example, in the embodiments illustrated in FIG. 4, any of the shells formed by fluids 460,
465, and 470 within the quadruple emulsions may have any of the thicknesses and/or
variations in thicknesses described elsewhere herein. As another example, the quadruple
emulsions formed in FIGS. 3 and 4 (or in other embodiments comprising further nesting)
may have any of the cross-sectional diameters and/or distributions of cross-sectional
diameters described elsewhere herein.

While multiple emulsions containing a single droplet at each nesting level have been
described, it should be understood that the invention is not so limited, and, in some
embodiments, one or more nesting levels contain more than one droplet. For example, in
some embodiments, the inner fluid forms a plurality of droplets within a middle fluid, and the
middle fluid is surrounded by a thin layer of an outer fluid which is, in turn, surrounded by a
carrying fluid. Some such embodiments are illustrated in FIG. 13C. In some embodiments,
the outer fluid surrounds a middle fluid which surrounds a plurality of outer fluids, each of
which forms a thin layer of fluid around a plurality of innermost fluids within a carrying
fluid. By controlling the relative flow rates of the fluids used to form the multiple emulsion,
a plurality of droplets are formed within any nesting level of the multiple emulsion.

In some cases in which multiple droplets are present within a given nesting level, for a
given nesting level of a multiple emulsion droplet, each of the fluidic droplets of that level
may contain substantially the same number of inner fluidic droplets therein; for example,
substantially all of the droplets may contain substantially the same number of droplets
therein. It should be understood that, even if the droplets appear to be substantially identical
(in any portion of a multiple emulsion droplet), or to contain substantially the same number
of droplets therein, not all of the droplets will necessarily be completely identical. In some
cases, there may be minor variations in the number and/or size of droplets contained within a
surrounding droplet. Thus, in some cases, at least about 75%, at least about 80%, at least

about 85%, at least about 90%, at least about 92%, at least about 94%, at least about 95%, at
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least about 96%, at least about 97%, at least about 98%, or at least about 99% of a plurality of
droplets may each contain the same number of droplets therein.

The rate of production of multiple emulsion droplets may be determined by the
droplet formation frequency, which under many conditions can vary between approximately
1 Hz and 5000 Hz. In some cases, the rate of droplet production may be at least about 1 Hz,
at least about 10 Hz, at least about 100 Hz, at least about 200 Hz, at least about 300 Hz, at
least about 500 Hz, at least about 750 Hz, at least about 1,000 Hz, at least about 2,000 Hz, at
least about 3,000 Hz, at least about 4,000 Hz, or at least about 5,000 Hz.

Production of large quantities of emulsions may be facilitated by the parallel use of
multiple devices such as those described herein, in some instances. In some cases, relatively
large numbers of devices may be used in parallel, for example at least about 10 devices, at
least about 30 devices, at least about 50 devices, at least about 75 devices, at least about 100
devices, at least about 200 devices, at least about 300 devices, at least about 500 devices, at
least about 750 devices, or at least about 1,000 devices or more may be operated in parallel.
The devices may comprise different conduits (e.g., concentric conduits), openings,
microfluidics, etc. In some cases, an array of such devices may be formed by stacking the
devices horizontally and/or vertically. The devices may be commonly controlled, or
separately controlled, and can be provided with common or separate sources of various
fluids, depending on the application.

The systems and methods described herein can be used in a plurality of applications.
For example, fields in which the particles and multiple emulsions described herein may be
useful include, but are not limited to, food, beverage, health and beauty aids, paints and
coatings, chemical separations, and drugs and drug delivery. For instance, a precise quantity
of a fluid, drug, pharmaceutical, or other agent can be contained by a shell designed to release
its contents under particular conditions. In some instances, cells can be contained within a
droplet, and the cells can be stored and/or delivered, e.g., to a target medium, for example,
within a subject. Other agents that can be contained within a particle and delivered to a target
medium include, for example, biochemical species such as nucleic acids such as siRNA,
RNAIi and DNA, proteins, peptides, or enzymes. Additional agents that can be contained
within an emulsion include, but are not limited to, colloidal particles, magnetic particles,

nanoparticles, quantum dots, fragrances, proteins, indicators, dyes, fluorescent species,



10

15

20

25

30

WO 2013/006661 PCT/US2012/045481

-19-

chemicals, or the like. The target medium may be any suitable medium, for example, water,
saline, an aqueous medium, a hydrophobic medium, or the like.

In one particular set of embodiments, particles comprising thin shells can be formed
using the multiple emulsion techniques described herein. In some embodiments, as a non-
limiting illustrative example, one or more particles can be used to deliver a fluid and/or an
agent to a target medium, such as a hydrocarbon, crude oil, petroleum, or other medium. In
some cases, at least some of the particles may comprise a solid portion or shell at least
partially containing an interior containing a fluid and/or an agent. The shells of the particles
can comprise a polymer, and in some cases, substantially all of the polymer within the shells
is at least partially soluble in the target medium. The carrying fluid in which the particles are
formed may be used as a vehicle used to contact the particles with a target medium, and/or
the carrying fluid may be substituted by a suitable vehicle, as discussed elsewhere herein.
When the particles contact the target medium, at least a portion of the shells of the particles
can be disrupted, for instance, such that at least some of the fluid and/or agent within the
particles is expelled or otherwise transported from the particles and into the target medium.
Of course, it should be understood that the particles may be used in other applications as well,
e.g., as discussed herein.

In some embodiments, the inventive particles are configured to withstand relatively
high absolute pressures.

FIGS. 1A-1D are exemplary schematic diagrams illustrating use of a particle 100 to
deliver a fluid 112 and/or an agent 114 to a target medium 116 (e.g., a medium containing an
oil, such as crude oil, a hydrocarbon, etc.), in accordance with some embodiments of the
invention. Particle 100 may be, for example, suspended in vehicle 105. In these figures,
particle 100 includes shell 110, which partially or fully surrounds a fluid 112. As shown in
this example, fluid 112 contains an agent 114, such as a surfactant or other agent as is
discussed herein, although in other cases, there may be no agent present. In some
embodiments, shell 110 may partially or fully surround any suitable material. The material
may be, for example, a solid or a semisolid, an agent, etc. Also, in some cases, more than one
material may be present.

Shell 110 may comprise one or more polymers, such as polystyrene,

polycaprolactone, polyisoprene, poly(lactic acid), and the like. Shell 110 can be formed, for
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example, by removing a liquid from a suspension of droplets of polymers in an outer fluid,
leaving behind a solidified polymeric shell. Examples of this are discussed below.

Vehicle 105 may comprise any suitable fluid configured for delivering the particles
100 to the target medium 116. In some embodiments (e.g., in cases where target medium 116
contains crude oil and/or other hydrocarbons), vehicle 105 is hydrophilic (e.g., an aqueous
vehicle).

In some embodiments, when the particles 100 contained within vehicle 105 are
exposed to a medium 116 (e.g., a medium containing oil) such that the shell contacts the
medium (for example medium 116 in FIG. 1A), at least a portion of the shell 100 is disrupted.
For example, the polymer within the shell 110 may be configured to be at least partially
soluble in an oil (e.g., in crude oil) such that, when the shell 110 contacts a medium 116
containing the oil, at least a portion of the shell 110 dissolves in the medium 116, thereby
causing a disruption in the shell 110. The polymer may also be configured so that it is at least
partially soluble in a hydrocarbon, etc., as discussed herein, instead of (or in addition to) an
oil such as crude oil. In some cases, a hole may form (and grow in some cases), or the shell
110 may crack, fragment, become distorted, etc. as a result of the disruption. In some
embodiments, the fluid 112 and/or agent 114 contained by the shell 110 can be at least
partially exposed to the medium 116 containing the oil, for example, as a result of this
disruption in the shell 110.

FIGS. 1B-1D include schematic illustrations showing an exemplary process by which
a shell 110 of a particle 100 is disrupted, leading the particle 100 to release a fluid 112 and/or
an agent 114 contained therein. However, it should be understood that this discussion is by
way of example only, and is not intended to be a limiting description of the disruption of a
shell 110. In FIG. 1B, shell 110 of particle 100, contained within vehicle 105, is in contact
with medium 116. Upon contacting medium 116, portion 118 of shell 110 dissolves, as
illustrated in FIG. 1C. In some embodiments, after portion 118 dissolves, some or all of fluid
112 and/or agent 114 is transported out of shell 110 to be exposed to medium 116, as
illustrated in FIG. 1D. Transport may be, for example, by convection, diffusion, osmosis,
electrical drift, etc. In some embodiments, the shell 110 shrinks as its contents (e.g., fluid
112 and/or agent 114) are released. For example, shell 110 in FIG. 1D is depicted as smaller
than shell 110 in FIG. 1C to represent such shrinkage of the shell 110. In addition, the
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contents (e.g., fluid 112 and/or agent 114) of the shell 100 may be directionally released into
a medium 116 in certain embodiments. For example, in FIG. 1D, fluid 112 and/or agent 114
are shown as having been released from shell 110 in the direction of arrow 120.

In some embodiments, some or all of the polymer within the shell is configured to be
at least partially soluble in the target medium (e.g., a medium containing crude oil, a
hydrocarbon, petroleum, an oil, etc.). As used herein, a material is configured to be “soluble”
in a liquid medium when the material is exposed to a liquid medium at 25°C and 1 atm,
where the liquid medium has a mass of at least 100 times the mass of the material, and the
material enters the liquid medium such that, at equilibrium, all of the material is contained
within the liquid medium and no portion of the material forms a separate, macroscopic phase
(e.g., as a precipitated solid or a phase-separated fluid). It should be understood that
“solubility,” as used herein, does not necessarily require that the soluble material be dissolved
within the medium at a molecular level, for example, a finely-dispersed suspension, a
dispersion, an emulsion, etc. may be formed at equilibrium in some cases. In addition, a
material is configured to be “partially soluble” when some, but not all, of the material is
soluble within the liquid medium using the screening test discussed above. In certain cases,
one or more of the polymers within the shell may be configured to be at least partially soluble
in a chemical “indicative” of the target medium in certain cases, for instance, where the target
medium is one that is not readily compositionally defined. For example, in some
embodiments, one or more polymers within the shell may be configured to be at least
partially soluble in octane, which may be used as a chemical indicative of crude oil.

In some embodiments, the shell may comprise one or more materials that are
configured to not be soluble in hydrophilic fluids such as water, an alcohol, etc. The
materials may, in some embodiments, include one or more polymers such as those described
herein. The use of such shell materials in a particle allows, in some embodiments, for
delivery of fluids and/or agents contained within the particle to a medium that the particle
comes in contact with, for example, hydrocarbons, petroleum, an oil, etc.

In an example, a plurality of particles comprising water-insoluble shells and
containing a surfactant (or any other suitable fluid and/or agent such as those described
herein) are suspended in water, or another suitable vehicle. In this example, the suspension

of particles in water is transported to or otherwise brought into contact with a region or
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location containing, or at least suspected of containing, oil, such as an oil well, a subterranean
oil reservoir, a container of oil (e.g., a vial or a barrel), a chemical plant, a refinery, etc. In
this example, prior to contacting the oil, the water-insoluble shells of the particles are
configured to remain substantially intact, ensuring that the surfactant remains contained
within the particles. In some embodiments, once the shells of the particles contact the target
medium, the shell is disrupted, e.g., at least partially dissolving within the medium, thereby
exposing at least some of the surfactant to the medium.

As noted above, the shell may comprise a polymer in some embodiments. Exemplary
polymers suitable for use in shells include, but are not limited to, polystyrene (PS),
polycaprolactone (PCL), polyisoprene (PIP), poly(lactic acid), polyethylene, polypropylene,
polyacrylonitrile, polyimide, polyamide, and/or mixtures and/or co-polymers of these and/or
other polymers.

In some embodiments, the polymer may include a relatively linear polymer.
Generally, linear polymers dissolve more quickly than highly cross-linked polymers, and are
therefore be particularly useful in many applications. In some embodiments, the linear
polymers are not substantially crosslinked (i.e., the polymers include linear chains of carbon
atoms that do not include chemical bonding to other chains, although pendant groups may be
present). It should be understood that, while the linear polymers may not be cross-linked, the
linear polymers may be physically entangled with one another.

All or part of the shell of a particle may comprise a polymer that has a relatively high
glass transition temperature (T,), in some embodiments. Polymers with high glass transition
temperatures are more resistant to rupture or disruption at high temperatures and/or pressures,
which can make their use desirable for certain high temperature applications, such as some
enhanced oil recovery processes. However, in other applications, polymers with lower glass
transition temperatures may also be used. In some embodiments, substantially all of the
polymer within the shell has a glass transition temperature of at least about 85 °C, at least
about 100 °C, between about 85 °C and about 250 °C, or between about 85 °C and about
200 °C. One of ordinary skill in the art would be capable of determining the glass transition
temperature of a polymer used in a shell by, for example, using differential scanning
calorimetry (DSC). Generally, DSC defines the glass transition temperature as the

temperature at which the polymer matrix goes from the glass state to the rubber state.
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Generally, polymers with relatively long chain lengths have relatively smaller chain mobility
and relatively higher strength, toughness, and glass transition temperatures. Exemplary
polymers with relatively high glass transition temperatures include, but are not limited to,
polystyrene (PS), polycaprolactone (PCL), and polyisoprene (PIP), and/or mixtures and/or
co-polymers of these and/or other polymers.

The molecular weight of the polymeric material used in the shell of the particle can
also be selected to impart desirable physical properties, in accordance with some
embodiments of the invention. For example, in certain embodiments in which relatively
quick disruption of the shell of the particle is desired upon contact with the target medium,
polymers with low weight-averaged molecular weights (e.g., less than about 20,000 g/mol)
can be employed. In some embodiments in which it is desirable to rupture the shell relatively
slowly, polymers with relatively high weight-averaged molecular weights (e.g., greater than
about 20,000 g/mol, e.g., between about 20,000 g/mol and about 800,000 g/mol) can be
employed.

In some embodiments, the shell of the particle is configured to withstand the
application of relatively high pressures without rupturing. Mechanically robust shells may be
produced by fabricating the shell from a mechanically resistant material, such as polystyrene,
polycaprolactone, polyisoprene, and/or other mechanically resistant polymer or other
material. In some embodiments, one or more particles (e.g., after drying) may be subjected to
an absolute pressure of at least about 200 kPa, at least about 500 kPa, at least about 750 kPa,
between about 100 kPa and about 1000 kPa, or between about 200 kPa and about 750 kPa
(for example, in embodiments where the particles are suspended in water or another vehicle
that is pressurized for delivery to a subterranean oil reservoir) without rupturing. In some
embodiments, including some embodiments in which high pressure resistance is desired, the
materials used in the shell are relatively elastic. For example, in some embodiments, the
Young’s modulus of the polymeric material used in the shell may be at least about 1 MPa, at
least about 10 MPa, at least about 100 MPa, or at least about 1 GPa. In some embodiments,
the Young’s modulus of the polymeric material used in the shell may be less than about
10 GPa, less than about 5 GPa, or less than about 3 GPa.

The particles may be configured to be able to deliver a variety of agents. The agents

may be fluid or solid, and/or the agent may be contained within a fluid (e.g., dissolved,
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suspended, etc.) In some embodiments, for example, the agent may include one or more
surfactants. The surfactants can be delivered, for example, to a medium containing oil, or
other medium as discussed herein. When the surfactant is delivered to a medium containing
oil, for instance, the surfactant stabilizes the oil-water interface, which prevents the oil from
forming a fine emulsion in the water, thus making the oil easier to separate from the water. A
variety of surfactants may be contained within the particles. In some embodiments, for
example, the particles may contain an ionic (e.g., cationic or anionic) surfactant. Exemplary
anionic surfactants suitable for use include, but are not limited to, sodium dodecyl sulfate
(SDS), ammonium lauryl sulfate, sodium lauryl sulfate, sodium laureth sulfate, dioctyl
sodium sulfosuccinate, perfluorooctanesulfonate (PFOS), perfluorobutanesulfonate, alkyl aryl
ether phosphate, alkyl ether phosphate, alkyl carboxylates, fatty acid salts (soaps), sodium
stearate, sodium lauroyl sarcosinate, carboxylate fluorosurfactants, perfluorononanoate,
perfluorooctanoate (PFOA or PFO), or the like. Exemplary cationic surfactants suitable for
use include, but are not limited to, cetyl trimethylammonium bromide (CTAB), hexadecyl
trimethyl ammonium bromide, cetyl trimethylammonium chloride (CTAC),
cetylpyridiniumchloride (CPC), polyethoxylated tallow amine (POEA), benzalkonium
chloride (BAC), benzethonium chloride (BZT), or the like. In some embodiments, non-ionic
surfactants are used, including, but not limited to: sorbitan monooleate (also referred to as
Span 80); Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol),
Poly(propylene glycol)-block-poly(ethylene glycol)-block-poly(propylene glycol) (also
referred to as F 108); polyvinyl alcohol (PVA); cetyl alcohol, stearyl alcohol; cetostearyl
alcohol (e.g., consisting predominantly of cetyl and stearyl alcohols); oleyl alcohol;
polyoxyethylene glycol alkyl ethers (Brij); octaethylene glycol monododecyl ether;
pentaethylene glycol monododecyl ether; polyoxypropylene glycol alkyl ethers; glucoside
alkyl ethers; decyl glucoside; lauryl glucoside; octyl glucoside; polyoxyethylene glycol
octylphenol ethers; triton X-100; polyoxyethylene glycol alkylphenol ethers; nonoxynol-9;
glycerol alkyl esters; glyceryl laurate; polyoxyethylene glycol sorbitan alkyl esters;
polysorbates; sorbitan alkyl esters; cocamide MEA; cocamide DEA; dodecyldimethylamine
oxide; block copolymers of polyethylene glycol and polypropylene glycol; Poloxamers; or
the like.
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In some embodiments, the use of ionic surfactants is advantageous because the shells
may be more stable, for example in applications where the particles are suspended in a saline
environment (e.g., sea water) or other suitable vehicle. Not wishing to be bound by any
particular theory, it is believed that the use of ionic surfactants in saline provides an osmotic
balance between the fluid (or other contents) inside the shell, and the fluid outside the shell,
and this osmotic balance helps to stabilize the shell.

The particles may be suspended in any suitable vehicle (e.g., vehicle 105 in
FIGS. 1A-1D). In some embodiments, the vehicle in which the particles are suspended is
hydrophilic. In an example, vehicle 105 comprises seawater, which may be used, for
example, to deliver particles to crude oil or other hydrocarbons that have been released into a
sea and/or that lie within an oil reservoir beneath the surface of a sea. Examples of suitable
hydrophilic vehicles include, but are not limited to, water, alcohols (e.g., butanol (e.g., n-
butanol), isopropanol (IPA), propanol (e.g., n-propanol), ethanol, methanol, glycerin, or the
like), saline solutions, blood, acids (e.g., formic acid, acetic acid, or the like), amines (e.g.,
dimethyl amine, diethyl amine, or the like), mixtures of these, and/or other similar fluids. In
some embodiments, polar protic solvents (e.g., alcohols, acids, bases, etc.) can be used in the
hydrophilic vehicle. In some embodiments, polar aprotic solvents can be used in the
hydrophilic vehicle, including, for example, dimethyl sulfoxide (DMSO), acetonitrile
(MeCN), dimethylformamide (DMF), acetone, or the like. It should be understood that the
invention is not limited to hydrophilic vehicles, and, in other embodiments, hydrophobic
vehicles could be used.

The particles described herein may have any suitable average cross-sectional
diameter. Those of ordinary skill in the art will be able to determine the average cross-
sectional diameter of a single particle and/or a plurality of particles, for example, using laser
light scattering, microscopic examination, or other known techniques. The average cross-
sectional diameter of a single particle, in a non-spherical particle, is the diameter of a perfect
sphere having the same volume as the non-spherical particle. The average cross-sectional
diameter of a particle (and/or of a plurality or series of particles) may be, for example, 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,
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or between about 50 micrometers and about 1 mm, between about 10 micrometers and about
500 micrometers, or between about 50 micrometers and about 100 micrometers in some
cases. The average cross-sectional diameter 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. In some embodiments, at least about 50%, at least about 75%, at least about 90%, at
least about 95%, or at least about 99% of the particles within a plurality of particles has an
average cross-sectional diameter within any of the ranges outlined in this paragraph.

In some embodiments, the shell of the particle(s) are relatively thin. The use of thin
shells can provide a number of advantages. For example, thin shells can dissolve relatively
quickly in some cases. In some embodiments, this may allow a particle to deliver its contents
prior to being transported away from the target medium. Another advantage of using
particles with thin shells is that, during the process by which the outer liquid of a fluidic
droplet is dried to form the shell of a particle, where the outer liquid contains a polymer that
solidifies to form the shell, removal of the liquid can be performed relatively easily without
rupturing the shell that is formed, at least according to certain embodiments. In some
embodiments, when relatively thick shells are employed, the shells tend to rupture when the
liquid in which the polymer is suspended is removed. Not wishing to be bound by any
particular theory, it is believed that, when relatively thick shells are employed (e.g., shells
with thicknesses greater than about 10 micrometers), the outermost portion of the shell dries
more quickly than the innermost portion of the shell, producing a stress that can rupture or
otherwise disrupt the shell. Without wishing to be bound by any theory, it is believed that
using a middle phase with a very thin thickness allows the middle phase to act as a lubricant
such that the fluids are within a lubrication regime. In this regime, the drag force on the
innermost fluid is significantly increased. The increase in drag force is believed to enhance
the stability of thin shell fluid. For example, the migration velocity of a 98-micrometer
diameter inner droplet surrounded by a 100 micrometer shell is 100,000 times lower than the
migration velocity of a 50-micrometer diameter inner droplet surrounded by a
100 micrometer shell.

In some embodiments, the shell of a particle has an average thickness (averaged over

the entire particle) of less than about 0.05, less than about 0.01, less than about 0.005, or less
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than about 0.001 times the average cross-sectional diameter of the particle, or between about
0.0005 and about 0.05, between about 0.0005 and about 0.01, between about 0.0005 and
about 0.005, or between about 0.0005 and about 0.001 times the average cross-sectional
diameter of the particle. In some embodiments, the shell of a particle has an average
thickness of less than about 1 micron, less than about 500 nm, or less than about 100 nm, or
between about 50 nm and about 1 micron, between about 50 nm and about 500 nm, or
between about 50 nm and about 100 nm. In some embodiments, at least about 50%, at least
about 75%, at least about 90%, at least about 95%, or at least about 99% of the particles
within a plurality of particles includes a shell having an average thickness within any of the
ranges outlined in this paragraph. One of ordinary skill in the art would be capable of
determining the average thickness of a shell by, for example, examining scanning electron
microscope (SEM) images of the particles.

For many applications, it may be desirable to deliver a plurality of particles, at least
some of which contain a fluid and/or an agent such as a surfactant, to a target medium. In
order to ensure predictable agent delivery, some embodiments advantageously employ
particles with relatively consistent properties. For example, in some embodiments, a plurality
of particles are provided wherein the distribution of shell thicknesses among the plurality of
particles is relatively uniform. The use of particles with relatively uniform shell thicknesses
can ensure, in some cases, consistent shell dissolution times, making agent delivery more
predictable. In some embodiments, a plurality of particles are provided having an overall
average shell thickness, measured as the average of the average shell thicknesses of each of
the plurality of particles. In some cases, the distribution of the average shell thicknesses can
be such that no more than about 5%, no more than about 2%, or no more than about 1% of
the particles have a shell with an average shell thickness thinner than 90% (or thinner than
95%, or thinner than 99%) of the overall average shell thickness and/or thicker than 110% (or
thicker than 105%, or thicker than about 101%) of the overall average shell thickness.

The plurality of particles may have relatively uniform cross-sectional diameters in
certain embodiments. The use of particles with relatively uniform cross-sectional diameters
can allow one to control the viscosity of the particle suspension, the amount of agent
delivered to the target medium, and/or other parameters of the delivery of fluid and/or agent

from the particles. In some embodiments, the plurality of particles has an overall average
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diameter and a distribution of diameters such that no more than about 5%, no more than
about 2%, or no more than about 1% of the particles have a diameter less than about 90% (or
less than about 95%, or less than about 99%) and/or greater than about 110% (or greater than
about 105%, or greater than about 101%) of the overall average diameter of the plurality of
particles.

In some embodiments, the plurality of particles has an overall average diameter and a
distribution of diameters such that the coefficient of variation of the cross-sectional diameters
of the particles is less than about 10%, less than about 5%, less than about 2%, between about
1% and about 10%, between about 1% and about 5%, or between about 1% and about 2%.
The coefficient of variation can be determined by those of ordinary skill in the art, and may

be defined as:

c, =— [1]

wherein ¢ is the standard deviation and g is the mean.

As used herein, two fluids are immiscible, or not miscible, with each other when one
is not soluble in the other to a level of at least 10% by weight at the temperature and under
the conditions at which the emulsion is produced. For instance, two fluids may be selected to
be immiscible within the time frame of the formation of the fluidic droplets. In some
embodiments, two fluids (e.g., the carrying fluid and the inner droplet fluid of a multiple
emulsion) are compatible, or miscible, while the outer droplet fluid is incompatible or
immiscible with one or both of the carrying and inner droplet fluids. In other embodiments,
however, all three (or more) fluids may be mutually immiscible, and in certain cases, all of
the fluids do not all necessarily have to be water soluble. In still other embodiments, as
mentioned, additional fourth, fifth, sixth, etc. fluids may be added to produce increasingly
complex droplets within droplets, e.g., a carrying fluid may surround a first fluid, which may
in turn surround a second fluid, which may in turn surround a third fluid, which in turn
surround a fourth fluid, etc. In addition, the physical properties of each nesting layer of
fluidic droplets may each be independently controlled, e.g., by control over the composition
of each nesting level.

As used herein, the term “fluid” generally refers to a substance that tends to flow and

to conform to the outline of its container, i.e., a liquid, a gas, a viscoelastic fluid, etc.
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Typically, fluids are materials that are unable to withstand a static shear stress, and when a
shear stress is applied, the fluid experiences a continuing and permanent distortion. 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.

In an aspect of the present invention, as discussed, multiple emulsions are formed by
flowing fluids through one or more conduits. The system may be a microfluidic system.
“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 about 1 millimeter (mm), and in
some cases, a ratio of length to largest cross-sectional dimension of at least 3:1. One or more
conduits of the system may be a capillary tube. In some cases, multiple conduits are
provided, and in some embodiments, at least some are nested, as described herein. The
conduits may be in the microfluidic size range and may have, for example, average inner
diameters, or portions having an inner diameter, of less than about 1 millimeter, less than
about 300 micrometers, less than about 100 micrometers, less than about 30 micrometers, less
than about 10 micrometers, less than about 3 micrometers, or less than about 1 micrometer,
thereby providing droplets having comparable average diameters. One or more of the
conduits may (but not necessarily), in cross-section, have a height that is substantially the
same as a width at the same point. A conduit may include an opening that may be smaller,
larger, or the same size as the average diameter of the conduit. For example, conduit
openings may have diameters of less than about 1 mm, less than about 500 micrometers, less
than about 300 micrometers, less than about 200 micrometers, less than about 100
micrometers, less than about 50 micrometers, less than about 30 micrometers, less than about
20 micrometers, less than about 10 micrometers, less than about 3 micrometers, etc. In cross-
section, the conduits may be rectangular or substantially non-rectangular, such as circular or
elliptical. The conduits of the present invention may also be disposed in or nested in another
conduit, and multiple nestings are possible in some cases. In some embodiments, one conduit
may be concentrically retained in another conduit and the two conduits are considered to be
concentric. However, one concentric conduit may be positioned off-center with respect to

another, surrounding conduit, i.e., “concentric” does not necessarily refer to tubes that are
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strictly coaxial. By using a concentric or nesting geometry, two fluids that are miscible may
avoid contact.

In some embodiments, fluids, conduits (including conduit walls), and other materials
may be referred to as hydrophobic or hydrophilic. A material is “hydrophobic” when a
droplet of water forms a contact angle greater than 90° when placed in intimate contact with
the material in question in air at 1 atm and 25 °C. A material is “hydrophilic” when a droplet
of water forms a contact angle of less than 90° when placed in intimate contact with the
material in question in air at 1 atm and 25 °C. The “contact angle,” in the context of
hydrophobicity and hydrophilicity is the angle measured between the surface of the material
and a line tangent to the external surface of the water droplet at the point of contact with the
material surface, and is measured through the water droplet. FIG. 5 is a schematic illustration
of the contact angle 591 formed by a water droplet 592 on a hydrophilic material 593 in air
597. As shown in FIG. 5, contact angle 591 is measured from surface 594 of material 593
through droplet 592 and to a line 595 tangent to the external surface of droplet 592 at the
point of contact 596 between droplet 592 and material surface 594.

A variety of materials and methods, according to certain aspects of the invention, may
be used to form systems (such as those described above) configured to produce the multiple
emulsions and/or particles described herein. In some cases, the various materials selected
lend themselves to various methods. For example, various components of the invention are
configured from solid materials, in which the conduits are configured via micromachining,
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, Scientific American, 248:44-55, 1983 (Angell, et
al). In one embodiment, at least a portion of the fluidic system is formed of silicon by
etching features in a silicon chip. Technologies for precise and efficient fabrication of
various fluidic systems and devices of the invention from silicon are known. In another
embodiment, various components of the systems and devices of the invention are configured
of a polymer, for example, an elastomeric polymer such as polydimethylsiloxane (“PDMS”),
polytetrafluoroethylene (“PTFE” or 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
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such as silicon or PDMS, and a top portion can be fabricated from a transparent or at least
partially transparent material, such as glass or a transparent polymer, for observation and/or
control of the fluidic process. Components can be coated so as to expose a desired chemical
functionality to fluids that contact interior conduit walls, where the base supporting material
does not have a precise, desired functionality. For example, components can be fabricated as
illustrated, with interior conduit walls coated with another material. Material used to
fabricate various components of the systems and devices of the invention, e.g., materials used
to coat interior walls of fluid conduits, may desirably be selected from among those materials
that will not adversely affect or be affected by fluid flowing through the fluidic system, e.g.,
material(s) that is chemically inert in the presence of fluids to be used within the device. A
non-limiting example of such a coating is disclosed below; additional examples are disclosed
in Int. Pat. Apl. Ser. No. PCT/US2009/000850, filed February 11, 2009, entitled “Surfaces,
Including Microfluidic Channels, With Controlled Wetting Properties,” by Weitz, et al.,
published as WO 2009/120254 on October 1, 2009, incorporated herein by reference.

In some embodiments, various 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 may be essentially any fluid that can be induced to
solidify, or that spontaneously solidifies, into a solid capable of containing and/or
transporting fluids contemplated for use in and with the fluidic network. In some
embodiments, the hardenable fluid comprises a polymeric liquid or a liquid polymeric
precursor (i.e. a “prepolymer”). Suitable polymeric liquids include, for example,
thermoplastic polymers, thermoset polymers, or mixture of such polymers heated above their
melting point. As another example, a suitable polymeric liquid may include 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 of polymeric materials, many of which are elastomeric,
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,
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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. Non-limiting examples of silicone
elastomers suitable for use according to the invention include those formed from precursors
including the chlorosilanes such as methylchlorosilanes, ethylchlorosilanes,
phenylchlorosilanes, etc.

Silicone polymers are utilized in some embodiments, for example, the silicone
elastomer polydimethylsiloxane. Non-limiting examples of PDMS 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, about 65 °C to
about 75 °C for exposure times of, for example, about an 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.

An 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
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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 the art, for example,
in an article entitled “Rapid Prototyping of Microfluidic Systems and Polydimethylsiloxane,”
Anal. Chem., 70:474-480, 1998 (Dufty et al.), incorporated herein by reference.

In some embodiments, certain microfluidic structures of the invention (or interior,
fluid-contacting surfaces) may be formed from certain oxidized silicone polymers. Such
surfaces may be more hydrophilic than the surface of an elastomeric polymer. Such
hydrophilic conduit surfaces can thus be more easily filled and wetted with aqueous
solutions.

In some embodiments, a bottom wall of a microfluidic device of the invention is
formed of a material different from one or more side walls or a top wall, or other
components. For example, in some embodiments, the interior surface of a bottom wall
comprises the surface of a silicon wafer or microchip, or other substrate. Other components
may, 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, the substrate may 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 may be used, as would be
apparent to those of ordinary skill in the art, including, but not limited to, the use of separate
adhesives, bonding, solvent bonding, ultrasonic welding, etc.

The following documents are incorporated herein by reference in their entirety for all
purposes: International Patent Publication Number WO 2004/091763, filed April 9, 2004,
entitled “Formation and Control of Fluidic Species,” by Link et al.; International Patent
Publication Number WO 2004/002627, filed June 3, 2003, entitled “Method and Apparatus

for Fluid Dispersion,” by Stone et al.; International Patent Publication Number WO
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2006/096571, filed March 3, 2006, entitled “Method and Apparatus for Forming Multiple
Emulsions,” by Weitz et al.; International Patent Publication Number WO 2005/021151, filed
August 27, 2004, entitled “Electronic Control of Fluidic Species,” by Link et al.;
International Patent Publication Number WO 2008/121342, filed March 28, 2008, entitled
“Emulsions and Techniques for Formation,” by Chu ef al.; International Patent Publication
Number WO 2010/104604, filed March 12, 2010, entitled “Method for the Controlled
Creation of Emulsions, Including Multiple Emulsions,” by Weitz et al.; International Patent
Publication Number WO 2011/028760, filed September 1, 2010, entitled “Multiple
Emulsions Created Using Junctions,” by Weitz et al.; International Patent Publication
Number WO 2011/028764, filed September 1, 2010, entitled “Multiple Emulsions Created
Using Jetting and Other Techniques,” by Weitz et al; and a U.S. Provisional Patent
Application, filed on July 6, 2011, entitled “Delivery to Hydrocarbons or Oil, Including
Crude Oil,” by Abbaspourrad ef al. Also incorporated herein by reference in their entireties
are U.S. Provisional Patent Application Serial No. 61/505,001, filed July 6, 2011, entitled
“Delivery to Hydrocarbons or Oil, Including Crude Oil,” by Abbaspourrad, et al., and of U.S.
Provisional Patent Application Serial No. 61/504,990, filed July 6, 2011, entitled “Multiple
Emulsions and Techniques for the Formation of Multiple Emulsions,” by Kim, et al.

All other patents, patent applications, and documents cited herein are also hereby
incorporated by reference in their entirety for all purposes.

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 describes an approach to making relatively monodisperse double
emulsion droplets including a thin middle layer of fluid, using microfluidic techniques. Two
immiscible streams confined in a microfluidic channel can form a stable jet or droplets under
certain physical conditions, and the streams can be emulsified together to form double
emulsion droplets, as discussed herein. The resultant double emulsion droplets have a thin
outer layer which can enhance the stability of the double emulsion. The systems and methods
described in this example can be applied to any viscous organic solvent, and in some

embodiments, can facilitate the making of particles having a shell containing material, with a
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small amount of shell material. In addition, the systems and methods described in this
example can produce double emulsions, or higher-order multiple emulsions, in a single step,
at least in some cases. Relatively monodisperse particles with a shell thicknesses of less than
100 nm may be formed in some instances by evaporation of an outer phase (such as toluene)
to leave behind a polymer (such as poly(lactic acid)) that solidifies to form the shell.

Two immiscible fluids flowing through a single microfluidic channel can show
different distinct flow patterns of droplets and jets, depending upon several physical
parameters. The fluid with the higher affinity to the walls of the microfluidic channel may
form a continuous phase, while the fluid with the lower affinity may flow in the form of
droplets or jets without contacting the walls of the channel. In many instances, the flow may
produce a jet that is unstable due to Rayleigh-Plateau instability, which results in the breakup
of the jet into separate droplets; however, spatial confinement of the interface may be used to
produce a more stable jet. When the interface is formed proximate to a channel wall, the
instability may be reduced in some cases.

In some experiments in this example, double emulsion droplets were produced
through emulsification of a stable biphasic jet into a continuous phase. To make water-in-oil-
in-water (W/O/W) double emulsion droplets, microfluidic devices were employed. FIG. 6A
includes a schematic illustration of a microfluidic device used for the preparation of double
emulsion droplets. The microfluidic devices used here included a hydrophobic tapered
injection channel 610 inserted in a second square channel 612 whose inner dimension was
slightly larger than that of an outer diameter of injection channel 610 as depicted in FIG. 6A.
By using a square channel with an inner diameter slightly larger than the outer diameter of
the injection channel, the two channels fit snugly, which can allow for easier channel
alignment of the tubes in the system. (Although a square channel was used here, channels
having other shapes may also be used.) To flow two immiscible fluids (“oil” phase 602 and
“water” phase 604) into the single injection channel, channel 614 was inserted into injection
channel 610. In addition, a collection tube 616 was inserted into the square channel to
confine the flow near the injection tip, thereby increasing the flow velocity and to collect
droplets that are produced from injection channel 610. To produce W/O/W double emulsion

droplets, n-octadecyltrimethoxyl silane (Aldrich) was coated on the injection capillary wall to
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render it hydrophobic, and 2-[methoxy(polyethyleneoxy)propyl] trimethoxyl silane (Gelest,
Inc.) was coated onto the collection capillary wall to render it hydrophophilic.)

In these experiments, 25 wt% aqueous solution of poly(ethylene glycol) (PEG, MW
6000) and hexadecane (“oil” phase 602) with 1 wt% SPAN 80 was passed through the
injection channel to form a dispersed phase of droplets, and 10 wt% aqueous solution of
poly(vinyl alcohol) (PVA, MW 13,000-23,000) (“water” phase 606) was passed through
channel 612 to form a continuous phase. It should be noted that the “oil” phase is used here
to conveniently refer to a phase that is not substantially miscible in water or the “aqueous”
phase (which is miscible in water). The “oil” phase should not be construed as being limited
only to oils, and may include any fluid that is not substantially miscible in water.

Depending on the inner diameter of the injection channel that was used in the
microfluidic device, different resulting flow patterns were observed. For example, in an
injection channel with an inner diameter of 580 micrometers, a variety of water droplet
formations for a wide range of flow rates were observed. As a specific non-limiting example,
when the ratio of the volumetric flow rate of the inner fluid stream to the volumetric flow rate
of the outer fluid was set at 4:1, a “train” of plug-like or elongated droplets was observed, as
shown in the optical microscope image in FIG. 6B; these droplets were emulsified into a
cocurrent continuous fluid stream, flowing along the outer surface of the injection capillary
in the same direction with the inner and outer fluid streams. When the plug-like droplets
passed through the opening at the end of the channel, relatively monodisperse double
emulsion droplets having relatively thin outer layers were generated, while large oil
(hexadecane) blobs were generated for oil flow between water droplets. The discontinuous
generation of double emulsion droplets is shown in the optical microscope image in FIG. 6C.

As another non-limiting example, when an injection channel with an inner diameter of
200 micrometers was used, a stable water jet was formed under these particular conditions, as
shown in the optical microscope image in FIG. 6D. This jet was emulsified at or near the
opening of the collection tube in a continuous manner, resulting in monodisperse double
emulsion droplets. The use of a channel with a smaller inner diameter provided higher
confinement of the interface under these conditions, thereby reducing perturbations and

producing a stable jet. As seen in FIGS. 6C and 6E, the thickness of the outer layer of the
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resultant double emulsion droplet was too thin to accurately measure with an optical
microscope.

The flow rates of the entering streams influenced the flow pattern in the injection
channel and thus, the generation of double emulsion droplets. FIG. 7A shows a plot of the
flow behavior in the system as a function of the flow rates of the inner or “core” stream (fluid
604 in FIG. 6A) and the outer or “cladding” stream (fluid 602 in FIG. 6A), indicating various
flow regimes observed at different flow rates of each, including regimes in which a stable jet
and/or dropets are produced and in which unstable flow occurs and droplets are not produced.
For example, when the flow rate of the inner stream was sufficiently high relative to a given
flow rate of the outer stream, a stable water jet (circles) was formed in the injection channel,
as shown in the top optical microscope image of FIG. 7B. In contrast, when the flow rate of
the inner stream decreased, the jet became unstable and showed fluctuations of the interface
without breakup (triangles), as shown in the middle optical microscope image of FIG. 7B. A
further reduction of the flow rate of the inner stream yielded plug-like water droplets
(crosses), as shown in the bottom optical microscope image of FIG. 7B.

Although a high flow rate of the inner stream could produce a stable jet, a double
emulsion was not always generated from the jet. High inertia of the inner stream at a high
flow rate can cause leakage of the inner stream into the continuous phase near the tip of the
injection channel, which corresponds to region (a) in FIG. 7A. Setting the flow rate of the
inner stream to a value within region (b) allows double emulsion droplets to be generated in
both jetting and dripping modes. For example, for an inner stream flow rate of about 1200
microliters/hour, the biphasic jet passed through the opening at the end of the collection
channel and subsequently broke up into double emulsion droplets at the end of the jet, well
inside the collection channel, as shown in the optical microscope image in FIG. 7C. By
contrast, the biphasic jet was emulsified near the opening of the collection channel in the
dripping mode for an inner stream flow rate of 800 microliters/hour in this particular device,
as shown in the optical microscope image in FIG. 7D. When the flow rate of the inner stream
was set to 400 microliters/hour (or any other flow rate within region (d) of FIG. 7A),
discontinuous generation of double emulsion droplets was observed, as shown in the optical
microscope image in FIG. 7E. For all of the experiments illustrated in FIGS. 7C-7E the flow

rate of the cladding stream was maintained at 100 microliters/hour.
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O/W/O double emulsion droplets may be prepared in a similar manner. To produce
O/W/O double emulsion droplets, 2-[methoxy(polyethyleneoxy)propyl] trimethoxyl silane
(Gelest, Inc.) was coated onto the injection capillary wall to render it hydrophilic, and n-
octadecyltrimethoxyl silane (Aldrich) was coated onto the collection capillary wall to render
it hydrophobic. Using a microfluidic device with the same geometry but opposite surface
modifications, double emulsion droplets of silicone oil (AR 20)/1 wt% aqueous solution of
F108/ 2 wt% silicone oil of DC749 were prepared, as illustrated in FIGS. 8A-8C. FIG. 8A is
a schematic illustration of the microfluidic device used to prepare O/W/O double emulsion
droplets. FIGS. 8B-8C are optical microscope images showing generation of O/W/O double
emulsion droplets in the dripping mode and the resultant monodisperse double emulsion
droplets.

When operating in the dripping mode, droplet generation appeared to be governed by
two competing forces: the capillary force that holds the droplet to the end of the channel and
the drag force that pulls the droplet downstream. The size of double emulsion droplets may
be controlled, for example, by controlling the flow rate of the continuous phase (which is
proportional to the drag force). FIG. 9A includes a plot of emulsion diameter as a function of
the rate of a continuous fluid flow in the outer channel 612, Qs, and FIG. 9B shows optical
microscope images of relatively monodisperse double emulsion droplets prepared at the
denoted flow rates of the continuous phase. When the flow rate was increased, the diameter
of the double emulsion droplets decreased, as shown in FIGS. 9A-9B. The resultant double
emulsion droplets were relatively monodisperse, and the diameter had a coefficient of
variation in range of 1.0-1.9%.

The thickness, ¢, of the outer layer of the double emulsion droplets was difficult to
accurately measure from optical microscope images. However, the thicknesses of the outer
layer could also be estimated by comparing the radius of the double emulsion droplet (R) to
the radius of a single “oil” droplet (R,,,) prepared by rupturing the double emulsion droplet
such that the inner “water” phase is transported out of the “oil” shell and into the continuous
“water” phase, leaving behind an “oil” droplet. The thickness of the “oil” shell prior to
rupturing can be calculated using the following mass balance equation, noting that the

volume of the initial “oil” shell (the left-hand side of Equation 2) will be equivalent to the
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volume of the “oil” droplet formed after rupturing the double emulsion (the right-hand side of
Equation 2):

4R’ 4Am(R-1) _41R),
3 3 3

Rearranging Equation 2 to calculate the shell thickness yields:

[2]

t—R- (7 -RL, ) [3]

As an example, two optical microscope images are shown in FIG. 9D, which exhibits
rupturing of double emulsion droplets by applying a mechanical force to the double emulsion
suspension. Specifically, the double emulsion droplets were ruptured by placing a suspension
of double emulsion droplets on the top of a glass slide and tapping the glass slide on a solid
surface, such as a tabletop. Rupturing a double emulsion droplet resulted in a single
emulsion droplet (denoted with the dotted circle in FIG. 9D). The radii observed in these two
images were R = 61 micrometers and R,,, = 19 micrometers, resulting in a thickness of
620 nm.

In the same manner, using various double emulsion droplets produced at various
relative flow rates of inner stream 604 (Q;) to outer stream 602 (()-), the thicknesses of the
outer layers of these double emulsion droplets were calculated (see FIG. 9C). In FIG. 9C, the
top curve shows the thicknesses of the outer fluids of the double emulsion droplets prepared
by the stable jetting or dripping modes, while the two data points at the bottom of the plot are
from double emulsion droplets prepared using discontinuous dripping. The top curve in
FIG. 9C fitted to the data is related to the mass balance equation. Specifically, Equations 4

and 5 below can be derived from mass conservation:

Q= fm [4]
3
_ (4R 4m(R-1)’
Q, —f{ 3 3 ] [5]

where f is frequency of drop generation. By dividing Equation 5 by Equation 4, and
rearranging, the following equation can be obtained:

£ ; Qi)’?
—=f—f1 =23
. ( £ 20

Qz [6]
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By contrast, the discontinuous dripping mode produced double emulsion droplets
including outer fluid layers with very small relative thicknesses, regardless of the flow rates.
Not wishing to be bound by any particular theory, this regime may have formed consistently
thin outer fluid layers because the amount of the oil phase positioned between the plug-like
water droplets and the inner wall of the injection channel (which eventually formed the outer
layer of the double emulsion droplets) was very small. In fact, in this flow regime, most of
the injected oil was situated between the plug-like water droplets, producing relatively large
oil plugs contained between the water droplets that eventually formed the cores of the double-
emulsion droplets. Because very little oil was positioned adjacent the water droplets, little oil
was available to produce the outer layers, and the outer layers were very thin. Most of the
injected oil flow was between two neighboring water droplets, forming large oil droplets at
the exit opening rather than double emulsion droplets. Although the discontinuous dripping
mode produced both relatively monodisperse double emulsion droplets with a thin outer fluid
layer, as well as large oil (single-emulsion) droplets, separation of the double emulsion
droplets from the mixture was easily achieved by taking advantage of the density difference
between the the double emulsion droplets and the single emulsion droplets: the average
density of the double emulsion droplets was almost same as the density of the aqueous inner
fluid, while the density of the single emulsion oil droplets was almost the same as the density
of the oil solution surrounding the droplets. Thus, the two types of droplets could readily be
separated based on their density differences.

Double emulsion droplets were used to make microcapsules by removing fluid from
the outer phase to produce a solid phase from material that was originally contained within
the fluid of the outer phase. As a specific example, in some cases, a concentrated organic
solution of polymers with high molecular weights in water was used as the outer phase.
Double emulsion droplets containing a relatively thin outer fluid layer were produced, and
this relatively thin outer fluid layer was solidified to form a shell that provided stability to the
resulting particles. These particles could maintain their respective solidified shells around the
contained inner fluid without being disrupted for relatively long times.

To illustrate some of the advantages discussed herein, polymeric particles having a
shell containing a fluid were prepared, in which the shell was formed from poly(lactic acid)

(PLA, MW 15,000). To produce W/O/W double emulsion droplets, a 10 wt% aqueous
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solution of PVA containing a green dye, 8-hydroxyl-1,3,6-pyrenetrisulfonic acid, trisodium
salt, was used for the inner phase. 20 wt% of PLA in toluene containing a red dye, nile red,
was used for the outer phase. A 3 wt% aqueous solution of PVA was employed for the
carrying fluid. Approximately 1,000 double emulsion droplets were generated each second in
the dripping mode. The resultant droplets, illustrated in the optical microscope images in
FIGS. 10A-10B, were found to be relatively monodisperse.

To remove toluene from the outer fluid layer, the suspension was exposed to a
temperature of 65 °C for 2 hours. During this process, the toluene diffused from the outer
phase to the PVA carrying fluid, from which the toluene was subsequently evaporated at
65°C. After the consolidation step, polymeric particles were produced, as shown in the
confocal microscope images of FIGS. 10C-10D. At the maximum magnification, the
thickness of the shells of the particles were observed to be smaller than 500 nm, as seen in
FIG. 10D. A scanning electron microscope (SEM) image of the shell cross-section was also
taken, showing that the thickness of the shell was about 80 nm, as shown in the inset of
FIG. 10D. This was consistent with the confocal microscope images, especially considering
that the outer fluid layer may have shrunk significantly during consolidation.

Higher-order multiple emulsion droplets were produced through a single-step
emulsification process using a stable coaxial flow in a confining microfluidic channel. The
device configuration used for producing triple emulsion droplets of water-in-oil-in-water-in-
oil (W1/02/W3/Qy) is illustrated schematically in FIG. 11A, including three cross-sectional
schematics taken along the A-A’ plane, the B-B’ plane, and the C-C’ plane. The device
included a tapered injection channel 702 and a collection channel 704 inserted in a third
square channel 706. A small tapered channel 708 was also inserted into the space between
the collection and square channel 706, as shown in the cross-section taken along C-C’ to flow
two immiscible fluids at the same time. An aqueous phase fluid 710 was passed through the
injection channel to form the inner cores, while an oil phase fluid 712 was passed through
channel 706 around injection channel 702 to form an outer layer of fluid for the resulting
multiple emulsion droplets.

In this example, inner surface of channel 706 has a hydrophilic surface, while the
outer surfaces of channels 702 and 704 (facing channel 706) are hydrophobic. 2-
[methoxy(polyethyleneoxy)propyl] trimethoxyl silane (Gelest, Inc.) was used to make the
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walls of channel 706 hydrophilic, while n-octadecyltrimethoxyl silane (Aldrich) was used to
make the walls of channels 702 and 704 hydrophobic. To prepare triple emulsion droplets,
water was used for the innermost phase 710, hexadecane with 1 wt% SPAN 80 surfactant was
used for oil phase 712 (i.e., for the first, “o0il” shell), an aqueous solution of 3 wt% poly (vinyl
alcohol) (PVA) and 1 wt% F108 surfactant was used for water phase 714 (i.e., for the second,
“water” shell), and hexadecane with 1wt% SPAN 80 was used as continuous phase 716.
When both water 714 and oil 716 were introduced from the right side of channel 706,
between collection channel 704 and channel 706, oil passed along the outer surface of
collection channel 704 with water 714 shielding oil 716, as shown in the cross-section of B-
B’. In this arrangement, the fluids formed coaxial interfaces in the opening of collection
channel 704, which facilitated the formation of triple emulsion droplets in a single step
emulsification process.

For the preparation of triple emulsion droplets, water (W) and hexadecane with 1
wt% SPAN 80 surfactant (O,) were passed through injection channel 702 and the channel
between injection channel 702 and channel 706, respectively, while both an aqueous solution
of 3 wt% poly(vinyl alcohol) (PVA) and 1 wt% F108 surfactant (W3) and hexadecane with 1
wt% SPAN 80 (O,4) were passed through the channel between collection channel 704 and
square channel 706. The aqueous (W3) and the hexadecane surfactant solutions (Oy4) formed
a coaxial interface, and were passed into the opening of collection channel 704, together with
the water (W) and the hexadecane (O-) from the left side. Using this arrangement, triple
emulsion droplets of W/O,/W3/O,4 were prepared in collection channel 704. The triple
emulsion droplets are displayed in the optical microscope images of FIGS. 11B-11C. The
white arrows in FIG. 1B denote the aqueous stream for fluid layer Ws. The three phases of
0., W3, and O4 were passed through the opening of collection channel 704 by forming two
coaxial interfaces of O,/W3; and W3/O,4 while the inner fluid water droplets (W) (which were
produced at the tip of injection channel 702 in a dripping mode, at least in this example)
triggered the breakup of the coaxial interfaces to form the final multiple emulsion droplets.

In this arrangement, the flow rate of the aqueous inner phase (Q;) determined the
sizes of the triple emulsion droplets. FIG. 12A is a plot of the diameters of the inner (D), the
middle (D,) and the outer fluid droplets (D3) in a W/O/W/O triple emulsion droplets as a

function of the flow rate of the inner aqueous phase (Q;), where the flow rates of the middle



10

15

20

25

30

WO 2013/006661 PCT/US2012/045481

- 43 -

fluid (Qy), the outer fluid (Q3), and the carrying oil fluid (Q) phases were kept at 2 ml/h, 1
ml/h, and 3 ml/h, respectively. Triangles ( A ) and upside down triangles ('¥) denote the
calculated diameters D, and D3 from mass balances. As the flow rate of the aqueous inner
phase Q; was increased, the frequency by which inner fluid droplets were generated increased
without a significant change of diameter (D) under dripping conditions. In addition, as Q;
increased, the frequency of breakup increased, which resulted in the reduction of the diameter
of the middle droplets (D,) and the outer droplets (Ds). Not wishing to be bound by any
particular theory, the slight increase of inner droplet diameter D; may be attributable to a
change in the position of the contact line of the aqueous inner stream on the tip of the
hydrophobic injection channel. Diameters D, and D5 can be calculated using the following
mass balance equations, which describe core drop-triggered breakup:
13 1/3
D2=D1(1+&] and D, =D{1+M] (7]
o) )

where Q» and Qs are volumetric flow rates of O, and W3, respectively. The calculated
diameter of D3 appeared to be consistent with the experimentally measured diameters.

FIG. 12B shows optical microscope images of the downstream emulsions at Q; values
of 50 microliters/hour (top), 200 microliters/hour, 800 microliters/hour, and
2600 microliters/hour (bottom). Optical microscope images of the monodisperse triple
emulsion droplets produced at two different values of Q; (0.2 ml/h and 1.6 ml/h) are
displayed in FIGS. 12C and 12D, respectively.

For larger values of Q, the droplet breakup mechanism changed from core drop-
triggering to jetting. The coaxial interfaces formed a long jet, and plug-like droplets
containing any desirable number of core droplets could be produced, as illustrated in the
optical microscope image of FIG. 13A. FIG. 13B is a plot of the number of inner fluid
droplets formed in the emulsion as a function of the volumetric flow rate of the inner fluid
stream (Qp). As shown in FIG. 13B, the number of inner fluid droplets may be controlled by
adjusting Q;, which determined the relative frequency of inner droplet generation and
interface breakup. In FIG. 13B, the flow rates of the middle oil (Q,), the outer aqueous (Q3),
and the carrying oil (Q4) phases were kept at 4.0 ml/h, 1.4 ml/h, and 3.0 ml/h, respectively.
FIG. 13C shows optical microscope images showing the triple emulsion droplets containing

various numbers of core droplets, as denoted in each respective microscope image.
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Substantially monodisperse quadruple emulsion droplets were also prepared using a
single-step emulsification process. The device used to produce quadruple emulsion droplets
was similar to the device used to produce triple emulsion droplets, and is illustrated
schematically in FIG. 14A (including cross-sectional schematic illustrations along planes A-
A’, B-B’, C-C’, and D-D’). Two biphasic streams from both the left and right sides of
channel 806 formed three coaxial interfaces. Quadruple emulsion droplets were made by
breaking up the interfaces triggered by core droplets. For W/O0,/W3/O4/Ws quadruple
emulsion droplets, injection channel 802 and portion 804 of the square channel 806 on the
opposite side of the injection channel were treated to be hydrophobic, and the collection
channel 808 and the remaining part 810 of square channel are treated to be hydrophilic, using
techniques similar to those described above. To modify the inner wall of square channel 806
into two distinct regions, two square channels were treated with different silane coupling
agents and then connected together to form a single channel. The gap between the two
channels was sealed by an epoxy resin to form a single channel. The breakup of the three
concentric interfaces of O2/Ws, W1/Oy4, and O4/Ws was triggered by the injection of inner
fluid droplets, resulting in substantially monodisperse quadruple emulsion droplets as shown
in the optical microscope images of FIGS. 14B-14D. The breakup occurred sequentially
from the inner interfaces to the outer interfaces.

Inverse quadruple emulsion droplets with an O/W/O/W/O arrangement were also
produced using a device with the same geometry as the device used to produce W/O/W/O/W
emulsions, but with the opposite chemical modifications, as illustrated schematically in
FIG. 15A (including cross-sectional schematic illustrations along planes A-A’, B-B’, C-C’,
and D-D’). FIGS. 15B-15D include optical microscope images showing the resultant

quadruple emulsions.

EXAMPLE 2
This example describes the use of certain microfluidic techniques to make polymer
particles comprising shells with nano-scale thicknesses. The polymer shell was designed
such that it remained solid during transit and liquefied upon contact with a suitable target
medium, such as hydrocarbons or oil (e.g., any aromatic or short chain hydrocarbon oil, or

other oil as discussed herein), locally transporting a fluid and/or an agent contained within the
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particle to the oil (or other target medium). Release of the contents of the particles was
triggered when the solid polymer shell was exposed to the oil, after which the shell became
disrupted. For example, at least a portion of the shell may liquefy and/or behave like a
viscoelastic fluid, exposing the fluid and/or agent within the particle to the target medium.
The liquefied shell of the particle may shrink rapidly in some embodiments, expelling or
otherwise transporting the fluid and/or agent out of the particle, into the oil. Not wishing to
be bound by any particular theory, it is believed that the shell of the particle shrinks in some
cases in order to decrease the interfacial area and/or the surface energy of the particle. The
time required for the particle to expose the agent and/or fluid to the target medium (e.g., by
expelling the fluid and/or agent from the particle) may be tuned, for instance, by varying the
molecular weight of the polymer. This may also be adjusted depending on the composition
of the oil or other target medium. This method of triggered release may be used for a variety
of different applications, for example, for reservoir applications such as enhanced oil
recovery (EOR), or other applications such as those described herein.

A double emulsion template using microfluidic devices (generally described in
Example 1) was used to contain one or more agents within shells having thicknesses ranging
from, e.g., about 100 nm to about 1 micrometer. The microfluidic devices allowed for the
control of particle properties, for example, mechanical stability, release, and/or loading
efficiencies in various embodiments. The microfluidic devices also allowed for easy
fabrication, e.g., for the production of particles having desirable properties and/or for
tailoring the properties of the particles for use in various applications.

In this example, the carrying fluid was prepared by dissolving 10 g PVA (MW =
13000-23000, Aldrich) in 90 mL of water. The outer fluid was formed using a solution of 8
wt% linear polystyrene (MW = 20000-800000, Aldrich) and 0.01 g of Nile Red (fluorescent
dye, Sigma) dissolved in toluene. The inner or core fluid was prepared by dissolving 1 g of
PVA (MW = 13000-23000, Aldrich) in 9 mL of water. To visualize the core via confocal
microscopy, 0.05 g Dex-FITC (Polysciences) was added to the inner fluid solution. All fluids
were pumped into the microfluidic device using syringe pumps (Harvard PHD 2000 series).
Flow rates for the continuous, middle and the core fluids were set at 300, 500, and 20,000
microliters/h, respectively. In FIG. 16, as an example, the confocal microscope image shows

a polystyrene (PS) shell encapsulating a labeled surfactant, 10 wt% PVA.
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The outer fluid was solidified to form shells by evaporating the solvent (toluene)
inside the outer fluid away from the droplets using a heat treatment process (65°C for
2 hours) to form a shell comprising the solid linear polymer.

The ability to produce thin particle shells offers several advantages. For example, the
thin shell was found to be robust, and could contain a wide range of materials without failing
mechanically, while the shell was still able to be disrupted upon contact with even small
concentrations or amounts of oils or hydrocarbons (or other suitable target medium).

In this example, the microfluidic fabrication process was monitored using an inverted
optical microscope (DM-IRB, Leica) fit with a fast camera (Phantom V9, Vision Research).
Confocal images of the particles were obtained using a scanning confocal microscope (Leica

TCS-SPS).

EXAMPLE 3

This example describes the production of particles comprising thin polymeric shells
that were configured to controllably release their contents. In this example, the carrying fluid
was prepared by dissolving 10 g PVA (weight-averaged MW = 52500-23000; Aldrich) in
90 mL of water. The outer fluid was formed using a solution of 8 wt% linear polystyrene
(MW = 20,000-800,000, Aldrich) and 0.01 g of Nile Red (fluorescent dye, Sigma) dissolved
in toluene. The inner or core fluid was prepared by dispersing 0.1 g of fluorescently labeled
magnetic poly styrene particles (Polyscience, size = 1 micrometers) in 5 mL of water. All
fluids were pumped into the microfluidic device using syringe pumps (Harvard PHD 2000
series). Flow rates for the core, middle, and continuous fluids were set at 650, 400 and
12,000 microliters/h, respectively.

FIG. 17A illustrates the microfluidic production of a particle having a thin PS shell
containing smaller magnetic nanoparticles as an example agent. The particles having the thin
PS shells were produced at the opening of an injection channel inside the collection channel.
The microfluidic system was similar to the ones discussed above. The confocal microscope
image in FIG. 17B shows a particle containing fluorescently labeled PS nanoparticles
contained within an unlabeled PS shell. The PS nanoparticles were found to be confined to

the PS container, as discussed below, confirming a high encapsulation efficiency.
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Controlled release of fluids or agents contained within the particles may be achieved
by first contacting the shells of the particles with an oil, after which, in some cases, the shell
absorbs the oil and becomes more fluid or otherwise disrupted. This solid to fluid-like
transition created a shell defect, which initiated shell collapse and subsequent release of agent
contained within the shell. FIGS. 18A-18C include three confocal microscope images
illustrating the controlled release mechanism. In FIGS. 18 A-18C, the shells of various
particles containing a divinyl benzene/polystyrene (DVB-PS) shell viscoelastically
transformed from solid to liquid. The period of time over which this transition occurred
varied depended on the oil composition. As the shell of the particle absorbed the oil, the
solid shell became more like a liquid-like viscoelastic material. During contact with oil, a
small amount of the shell dissolved in the oil, producing a defect in the shell. In FIG. 18A,
the particle forced the nanoparticles contained within the particle out through the defect of the
shell into the surrounding oil. The nanoparticles were pushed out of the collapsing particle
while the particle decreased in size. Expelling of nanoparticles proceeded through the shell
defect until substantially all of the nanoparticles were completely forced out of the particle
(FIGS. 18B and 18C).

In another set of experiments, additional particles were formed that comprised a
triblock copolymer (PS-PIP-PS) inside a shell. These particles exhibited a similar release
mechanism as the one discussed above. The shells of these particles comprising the PS-PIP-
PS triblock copolymer were relatively flexible, which allowed the particles to be passed
through confined geometries smaller than the particle diameter without disruption or release
of agents contained within the particles. FIGS. 19A-19B include confocal microscope
images of the PS-PIP-PS capsules (Diameter = 150 micrometers) as they were squeezed
through a confined glass microfluidic channel (diameter = 80 micrometers). FIG. 19C
includes a bright field image of the same process. The use of flexible shells in the particles
can allow the particles to retain their mechanical integrity, e.g., while being manipulated,
packed, passed through confined channels, openings, etc.

FIG. 20 includes a schematic illustration showing how particles may be used in an
enhanced oil recovery (EOR) process, according to certain embodiments of the invention. In
FIG. 20, particle 902 includes a shell 904 encapsulating a surfactant 906. Particle 902 may

be suspended in an aqueous vehicle 907 (e.g., water) and transported to a target medium 908
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containing oil. Upon encountering interface 910 between vehicle 907 and target medium
908, at least a part of shell 904 of particle 902 may absorb oil and undergo a viscoelastic
solid-to-liquid transition, which may initiate shell 904 liquefaction to expose agents contained
within the particles to target medium 908. In some cases, the agent may be locally released
to the target medium, as illustrated in FIG. 20.

The polymer shell in these examples may be formed using a variety of polymers
including polystyrene (PS), polycaprolactone (PCL), and/or a variety of other polymers. As
an example, by incorporating PCL in the shell of particle, controlled release of a fluid and/or
an agent contained within the particle may be made dependent upon the pH of the
environment, e.g., of the target medium. The use of pH-dependent materials in the shell
could also be useful in applications such as targeted drug delivery. As an example, targeted
delivery of magnetic particles (useful, for example, for identification of residual oil in place
(ROIP) by NMR sensing) may also be achieved. Examples of magnetic particles that may be
used include iron oxide, magnetite, hematite, other compounds containing iron, or the like.

For all experiments in this example, the microfluidic fabrication process was
monitored using an inverted optical microscope (DM-IRB, Leica) fit with a fast camera
(Phantom V9, Vision Research). Brightfield images of dried particles were taken with an
inverted optical microscope (DM-IRB, Leica) equipped with a camera (QImaging QICAM).
Confocal images of the particles were obtained using a scanning confocal microscope (Leica
TCS-SP5). SEM (scanning electron microscopy) images were collected with a Zeiss Ultra55
field emission microscope (FESEM) (field emission scanning electron microscopy).

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. It is, therefore, to be understood that

the foregoing embodiments are presented by way of example only and that, within the scope
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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.

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. 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 unless clearly
indicated to the contrary. 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 without B (optionally including elements other than B); in another
embodiment, to B without A (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

29 ¢

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
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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.

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

29 Cc;

“comprising,” “including,

29 << 29 ¢ 29 C¢l

carrying,” “having,” “containing,” “involving,” “holding,” 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 2111.03.

What is claimed is:
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CLAIMS

1. A method of forming droplets, the method comprising:

flowing a first fluid in a first conduit;

expelling the first fluid from an exit opening of the first conduit into a second fluid in
a second conduit such that droplets of the first fluid are not formed at the exit opening of the
first conduit; and

expelling the first fluid and the second fluid from an exit opening of the second
conduit into a third fluid to form a multiple emulsion droplets comprising the second fluid

surrounding droplets of the first fluid.

2. A method of forming droplets, the method comprising:

expelling a first fluid from an exit opening of a first conduit into a second fluid in a
second conduit; and

expelling the first fluid and the second fluid from an exit opening of the second
conduit into a third fluid to form a multiple emulsion droplets comprising a shell of the
second fluid surrounding droplets of the first fluid, wherein:

the shell has an average thickness of less than about 0.05 times the average cross-
sectional diameter of the multiple emulsion and/or the shell has an average thickness of less

than about 1 micrometer.

3. The method of any one of claims 1-2, wherein the first fluid is hydrophilic, and the
second fluid is hydrophobic.

4. The method of any one of claims 1-2, wherein the first fluid is hydrophobic, and the
second fluid is hydrophilic.

5. The method of any one of claims 1-4, wherein the first fluid and the second fluid are

substantially immiscible.

6. The method of any one of claims 1-2, wherein the first conduit is at least partially

coated with a hydrophobic coating.

2729626 .1
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7. The method of any one of claims 1-6, wherein the flow rate of the first fluid and the
flow rate of the second fluid are selected such that jetting flow of the first fluid within the

second fluid occurs within the second conduit.

8. The method of any one of claims 1-7, further comprising collecting the multiple

emulsion droplets in a third conduit.

9. The method of claim 8, wherein the multiple emulsion droplets are formed within the

third conduit.

10. The method of claim 8, wherein the first fluid and the second fluid ejected from the

second conduit form multiple emulsion droplets prior to entering the third conduit.

1. The method of any one of claims 1-10, wherein substantially all of the multiple

emulsion droplets produced are double emulsion droplets.

12. The method of any one of claims 1-11, wherein the first conduit has a capillary

number such that no droplets are produced at the exit opening of the first conduit.

13. The method of any one of claims 1-12, wherein the first fluid and the second fluid are
selected to have viscosities such that no droplets are produced at the exit opening of the first

conduit.

14. The method of any one of claims 1-13, wherein the first fluid and the second fluid are

expelled from the exit opening of the second conduit into a third conduit.

15. The method of any one of claims 1-14, wherein the second fluid comprises a polymer

suspended in the fluid.
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16. The method of any one of claims 1-15, wherein the polymer is not substantially cross-
linked.

17. The method of any one of claims 1-16, wherein substantially all of the polymer has a

glass transition temperature of at least about 85 °C.

18. The method of any one of claims 1-17, wherein substantially all of the polymer is at

least partially soluble in octane.

19. The method of any one of claims 1-18, wherein substantially all of the polymer has a

weight-averaged molecular weight of less than about 20,000 g/mol.

20. The method of any one of claims 15-19, further comprising heating the second fluid
to transport at least a portion of the second fluid into the third fluid, thereby forming a solid

polymer shell.

21. The method of claim 20, wherein the solid polymer shell can be subjected to an

absolute pressure of at least about 200 kPa without rupturing.

22. The method of claim 20, wherein heating the second fluid comprises exposing the

second fluid to an environment at a temperature of between about 25 °C and about 100 °C.

23. The method of any one of claims 1-22, wherein the multiple emulsion droplets have
an overall average diameter and a distribution of diameters such that the coefficient of
variation of the cross-sectional diameters of the multiple emulsion droplets is less than about
10%.

24, A device, comprising:
a first conduit, an outer injection conduit having an exit opening contained within the

first conduit, an inner injection conduit having an exit opening contained within the outer
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injection conduit, and a collection conduit having an entrance opening contained within the
first conduit but not contained within the outer injection conduit;
wherein the outer injection conduit is at least partially coated with a hydrophobic

coating, and the other tubes are not coated with the hydrophobic coating.

25. The device of claim 24, wherein at least two of the first conduit, the outer injection

conduit, the inner injection conduit, and the collection conduit are concentrically arranged

26. The device of claim 24, wherein all of the first conduit, the outer injection conduit, the

inner injection conduit, and the collection conduit are concentrically arranged.

27.  The device of any one of claims 24-26, wherein the exit opening of the inner injection

conduit is contained within the first conduit.

28.  The device of any one of claims 24-26, wherein the exit opening of the inner injection

conduit is positioned outside the first conduit.

29. An article, comprising:
a microfluidic device comprising a double emulsion droplet production region,
wherein the double emulsion droplet production region consists essentially of a first
conduit, an outer injection conduit having an exit opening contained within the first conduit,
an inner injection conduit having an exit opening contained within the outer injection conduit,
and a collection conduit having an entrance opening contained within the first conduit but not

contained within the outer injection conduit.

30. The article of claim 29, wherein at least two of the first conduit, the outer injection

conduit, the inner injection conduit, and the collection conduit are concentrically arranged.

31. The article of claim 29, wherein all of the first conduit, the outer injection conduit, the

inner injection conduit, and the collection conduit are concentrically arranged.
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32.  The article of any one of claims 29-31, wherein the exit opening of the inner injection

conduit is contained within the first conduit.

33.  The article of any one of claims 29-31, wherein the exit opening of the inner injection

conduit is positioned outside the first conduit.

34, An article, comprising:

a particle having a shell comprising a polymer, the particle having an average
diameter of less than about 1 mm, the shell at least partially containing a fluid, wherein:

the shell has an average thickness of less than about 0.05 times the average cross-
sectional diameter of the particle and/or the shell has an average thickness of less than about
1 micrometer; and

substantially all of the polymer within the shell has a glass transition temperature of at
least about 85 °C and/or substantially all of the polymer within the shell is at least partially

soluble in octane.

35. The article of claim 34, wherein the shell has an average thickness of less than about 1

micrometer.

36. The article of any one of claims 34-35, wherein the shell has an average thickness of

less than about 0.05 times the average cross-sectional diameter of the particle.

37.  The article of any one of claims 34-36, wherein the shell comprises polystyrene.

38.  The article of any one of claims 34-37, wherein the shell comprises polycaprolactone.

39.  The article of any one of claims 34-38, wherein the shell comprises polyisoprene.

40. The article of any one of claims 34-39, wherein the shell comprises poly(lactic acid).

41. The article of claim 40, wherein the fluid comprises a surfactant.
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42. The article of claim 41, wherein the surfactant is an ionic surfactant.

43.  The article of any one of claims 34-42, wherein substantially all of the polymer within

the shell has a glass transition temperature of at least about 85 °C.

44. The article of claim 43, wherein substantially all of the polymer within the shell has a

glass transition temperature of between about 85 °C and about 200 °C.

45.  The article of any one of claims 34-44, wherein substantially all of the polymer within

the shell is at least partially soluble in octane.

46. The article of any one of claims 34-45, wherein the polymer within the shell has a

Young’s modulus of at least about 1 MPa.

47. The article of any one of claims 34-46, wherein the particle can be subjected to an

absolute pressure of at least about 200 kPa without rupturing.

48. A collection of particles as defined in any one of claims 34-47, wherein the collection
has an overall average diameter and a distribution of diameters such that the coefficient of

variation of the cross-sectional diameters of the particles is less than about 10%.

49. A method of forming droplets, the method comprising:
expelling a first fluid from an exit opening of a first conduit into a second fluid being
transported through a second conduit via a first entrance opening of the second conduit; and
flowing a third fluid and a fourth fluid through a second entrance opening of the
second conduit to form multiple emulsion droplets comprising a shell of the third fluid

surrounding the second fluid and a shell of the second fluid surrounding the first fluid.

50. The method of claim 49, wherein the first, second, third, and fourth fluids are

transported through the entrance opening of a third conduit to form the multiple emulsion.
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51. The method of any one of claims 49-50, comprising flowing a fifth fluid through the
first entrance opening of the second conduit to form a multiple emulsion comprising a shell
of the third fluid surrounding the fifth fluid, a shell of the fifth fluid surrounding the second

fluid, and a shell of the second fluid surrounding the first fluid.

52. The method of claim 51, wherein the first, second, third, fourth, and fifth fluids are

transported through the entrance opening of a third conduit to form the multiple emulsion.

53. The method of any one of claims 49-52, wherein a polymer is suspended in the

second fluid.

54.  The method of any one of claims 49-53, wherein a polymer is suspended in the third
fluid.

55.  The method of any one of claims 49-54, wherein a polymer is suspended in the fourth
fluid.

56. The method of any one of claims 49-55, wherein an agent is contained within the first
fluid.

57. The method of claim 56, wherein the agent comprises a surfactant.

58. The method of any one of claims 49-57, wherein the first fluid is in direct contact

with the second fluid.

59. The method of any one of claims 49-58, wherein the third fluid is in direct contact

with the fourth fluid.

60. The method of any one of claims 49-50 and 53-59, wherein the second fluid is in
direct contact with the third fluid.
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61. The method of any one of claims 51-59, wherein the second fluid is in direct contact

with the fifth fluid.
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